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Abstract: The expanding human activities in coastal areas increase the need for developing solutions
to limit impacts on the marine environment. Sea disposal affects the marine environment, but despite
the growing knowledge of potential impacts, there are still no standardized leaching tests for sea
disposal. The aim of this study was to contribute to the development of leaching tests, exemplified
using mine tailings, planned for submarine disposal in the Repparfjord, Norway. The mine tailings
had elevated concentrations of Ba, Cr, Cu, Mn and Ni compared to background concentrations in the
Repparfjord. Variables known to affect metal leaching in marine environments (DOC, pH, salinity,
temperature, aerated/anoxic) were studied, as was the effect of flocculant (Magnafloc10), planned
to be added prior to discharge. Stirred/non-stirred setups simulated the resuspension and disposal
phases. Leaching of metals was below 2% in all experiments, with the highest rate observed for
Cu and Mn. Multivariate analysis revealed a different variable importance for metals depending
on their association with minerals. Higher leaching during resuspension than disposal, and lower
leaching with the addition of Magnafloc10, especially for Cu and Mn, was observed. The leaching
tests performed in this study are transferable to other materials for sea disposal.

Keywords: leaching tests; metals; mine tailings; sea disposal; multivariate models; PLS

1. Introduction

The anthropogenic impact on the marine environment has increased over the past
75 years due to the rise in human activities in offshore and coastal areas [1]. There is a
growing international concern for the management of the marine environment and strong
focus on measures to reduce the impacts of anthropogenic pressures [2]. One of these
pressures is sea disposal as part of national waste management practices. Despite the
increased focus on using waste as a resource in a circular economy [3,4], and the potential
for reuse in construction materials [5,6], the practice of reuse is only implemented on a
smaller scale; accordingly, there will still be need for disposal options for many years to
come. Historically, the uncontrolled discharge, disposal and dumping of waste at sea has
had negative impacts on the marine environment [7]. The past 40–50 years has caught
up with the ‘out of sight, out of mind’ practice and through international conventions
and national environmental regulations, sea disposal is presently conducted under more
controlled conditions. There is still an international consensus of reducing sea disposal [8]
and thereby pressure on the aquatic environment. However, in some cases sea disposal is
considered a more environmentally friendly option (e.g., disposal of dredged sediments)
than the alternatives (e.g., disposal on land) [9]. The local impacts of sea disposal are mainly
biological and physical alterations to the seabed, including local effects on biodiversity [10],
while dewatering and disposal on land can increase contaminant transport to neighboring
areas and increase the risk of exposure of flora, fauna and humans [11].
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Norway is one of the countries that continues to include sea disposal as a waste
management option for dredged sediments and mine tailings. Since the mid-2000s, con-
fined aquatic disposal has played an important part in management of dredged polluted
sediments from clean-up of harbors or dredging to increase navigational depth. Mine
tailings disposal at sea has been a common practice in Norway since the emergence of
the mining industry in the 19th century. Harbor sediments and mine tailings differ in
characteristics. Harbor sediments are fine-coarse grained with a complex composition of
pollutants [12], while mine tailings are fine grained (clay-silt texture) with elevated concen-
tration of metals and process chemicals [13]. Despite these differences in characteristics, the
type of environmental impacts encountered during placement and disposal are comparable.
During release through a pipe or from a split hull barge over/in the confined disposal
area, increased turbidity in the water column due to dispersion of particles, and leaching
of pollutants, is expected [14]. Technical solutions for pipe placement and release of par-
ticles can minimize these effects and monitoring is applied to ensure that the dispersion
of particles and pollutants are within acceptable limits, set by environmental authorities.
During disposal on the seabed, the environmental impacts include smothering of benthic
organisms [15,16], physical/geochemical alterations to the seabed [17], reduced levels of
organic carbon and reduced biodiversity of marine communities [18] with potential long-
term effects [19]. Environmental impacts are accepted in the area regulated for disposal,
but not expected outside the disposal area. There are, however, historical examples of
particle dispersion [20], pollutant leaching [21,22] and bioaccumulation [23] outside the
disposal areas. In order to limit these effects, actions are often taken to stabilize pollutants
and particles in confined aquatic disposal of polluted dredge sediment, e.g., by capping
with a clean material [24]. Upon cessation of mine tailings disposal, actions to stabilize
particles and pollutants have not been a common practice.

There are strict regulations and guidelines for sea disposal, both with regards to map-
ping the seabed in the designated disposal area to assess potential for dispersal (current
conditions, salinity) environmental impacts, as well as monitoring programs to assess
dispersion of particles and pollutants during and after placement of waste [25]. As opposed
to disposal on land, there are no standardized leaching tests for characterization of marine
sediments [26]. Leaching tests do not only provide information as to whether waste can
be considered inert or hazardous [27], but also provide knowledge on the availability of
pollutants and quantification of leaching on a short-term basis. In addition, this provides
foundation for assessment of actions to be taken if leaching is at levels with high risk for
adverse effects for the marine environment. In some cases, leaching tests based on waste
disposal have been used (e.g., EN-14405, EN-12457-2, USEPA SW-846 [28]), and although
these can be conducted using sea water or varying pH [29] they do not simultaneously
take into account conditions that prevail and vary in marine environments, such as pH,
temperature, salinity and dissolved organic carbon (DOC), nor the use of flocculants during
discharge of mine tailings. These are all factors known to influence the availability and
leaching of pollutants [29–35]. Flocculants are used in mineral processing to separate min-
erals, dewatering and as agents for enhancing sedimentation of submarine tailings [36,37].
Flocculation increases the settling rate, decreases turbidity and decreases the risk of re-
suspension upon settling. Adsorption of the flocculant polymer onto the surface of the
target molecule occurs through hydrogen bonding, electrostatic interaction, van der Waals
forces, or chemical bonding [38]. In the mineral processing industry, polyacrylamide-based
flocculants are most commonly used (>90%) and the advantage of polyacrylamide is it can
be designed according to solid–liquid separation conditions, such as differing contents of
suspended solids, dissolved solids, pH, temperature and mineral/metal composition [39].

The Repparfjord is located in the arctic region of Norway and was used for submarine
mine tailings disposal during mining operations in the 1970s. There are plans to reopen the
copper mine in the near future. Several studies have been conducted to assess the long-term
effects of the historic tailings disposal and these have shown that dispersion of particles
and metals outside the designated disposal area has taken place, mainly during the mine



J. Mar. Sci. Eng. 2022, 10, 405 3 of 19

operating period in the 1970s [40,41]. Dispersion continues to this day, but is confined to
the disposal area in the inner part of the fjord [42]. The future discharge of mine tailings
will take place in another part of the fjord [43] and in 2015 the mining company, Nussir
ASA, received a permit for annual discharge of up to 2 million tonnes of mine tailings
in a 30-year operational period. The mining company is planning to use Magnafloc10, a
polyacramide flocculant, due to its properties to dewater after flotation processing and
enhance the sedimentation rate of discharged tailings. According to the zoning plan, the
boundary for the new disposal area is 8.5 km2 and the majority of the discharged tailings
(approximately 98%) is expected to settle in an area of 2.4 km2 [44]. Studies have shown
that the historic and new mine tailings have different mineral composition [42,45], due to
mining of a new ore body at Nussir, in addition to the ore body at Ulveryggen, mined in
the 1970s. The new mine tailings have a higher content of carbonate, known to function
as a buffer with the potential of limiting metal leaching from the tailings. Leaching tests
can give indications of whether there is risk of similar leaching and dispersion of metals
from the mine tailings as observed in the 1970s and whether actions are needed to limit
dispersion of metals outside the disposal area.

The main objective of this study was to provide a foundation for assessment of
metal leaching, exemplified by leaching tests of new mine tailings planned for disposal
in the Repparfjord. The leaching tests included different settings of parameters known
to affect metal desorption in fjords (salinity, pH, DOC, temperature, air/nitrogen) as
well as conditions specific to the mine tailings. The resuspension and disposal phases
were represented by stirred/non-stirred conditions and the effect of adding the flocculant,
Magnafloc10, planned to be used prior to discharge of tailings to increase the sedimentation
rate, was also tested. The mine tailings were mixed with natural sediments from the
disposal area in the leaching tests, to simulate effects of resuspension. The leaching tests
were conducted in an experimental domain representative of Arctic conditions, resulting in
low leaching of metals (<2%) with the highest leaching levels for Cu and Mn. The influence
of variables on the leaching varied between the metals. Generally higher leaching of metals
is expected in the resuspension phase (stirred setup) and ensuring sedimentation can limit
the leaching. Magnafloc10 was also shown to limit the leaching, especially for Cu and Mn.

2. Materials and Methods
2.1. Mine Tailings and Sediments Used in the Leaching Experiments

Mine tailings used in the leaching experiments were purchased from Nussir ASA and
consisted of rock sourced from the Nussir (90%) and Ulveryggen (10%) ores in Kvalsund,
Norway. The rock was processed at SGS Mineral Services, Canada, to simulate the commer-
cial mining metal extraction processes planned to take place at the mine in 2022. To separate
the copper minerals, the ore is processed by crushing into a fine material (clay/silt texture)
followed by flotation. After flotation and removal of copper minerals, the remaining mine
tailings are dewatered by flocculation and planned to be directly discharged to the Rep-
parfjord. XRF analysis showed difference in the mineral composition of the two ores. The
main mineral in the Ulveryggen ore was quartz (53.8%), and in the Nussir ore the content
was 25.8%. The main mineral in the Nussir ore was calcite (28.4%), while in the Ulveryggen
ore the content of calcite was 0.04%. The copper minerals in the two ores were associated
with chalcopyrite, bornite, covellite and chalcocite, however, varying in composition. In the
Nussir ore, the content of Cu minerals was in the order bornite (1.14–1.53%) > chalcopyrite
(0.11–1%) > chalcocite (0.05–0.5) > covellite (0.02%), while the order of Cu minerals in the
Ulveryggen ore was chalcocite (0.88%) > bornite (0.87%) > chalcopyrite (0.27%) > covellite
(0.02%). [46]. In a previous study [31], the 90:10 mixture of mine tailings was characterized
as calcareous (20% carbonate), with a high pH (9.2) and a low content of organic matter
(<0.5%). The content of fine particles (<63 µm) was 72%.

Sediments used in the experiments were sampled from the area planned for submarine
mine tailings disposal. Description of core sampling in 2017, location of core stations and
sampling depth are given in Sternal et al. 2017 [40]. In this study, the surface sediment
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(0–10 cm) of core HH13-005 (sediment surface depth 53 m) was used in the leaching
experiments. The sediments used had low content of carbonate (1.7–2.4%), alkaline pH
(8.0–8.2), 1.1–1.5% total organic carbon content and a fine particles (<63 µm) fraction
of 41–49%.

2.2. Chemical Analysis

For metal analysis (aluminum (Al), barium (Ba), calcium (Ca), iron (Fe), potassium (K),
magnesium (Mg), manganese (Mn), arsenic (As), cadmium (Cd), chromium (Cr), copper
(Cu), nickel (Ni), lead (Pb), and zinc (Zn)), tailings were digested (Norwegian standard
NS4770); dry mine tailings (1.0 g) and HNO3 (9 M, 20 mL) were autoclaved (200 kPa,
120 ◦C, 30 min). Solid particles were removed by vacuum filtration through a 0.45 µm
filter and the liquid was diluted with distilled water to 100 mL. Metal concentrations in
the liquid were measured by inductively coupled plasma–optical emission spectrometry
(ICP-OES) on a Varian 720-ES with standards and internal controls PlasmaCAL from SCP
Science (Courtaboeuf, France).

Metal partitioning analysis was conducted by sequential extraction in four steps
based on the improvement of the three-step method [47] described by the Standards,
Measurements and Testing Program of the European Union [48]. In the first step, acetic
acid (0.11 M, 20 mL, pH 3) was agitated with dry mine tailings (0.5 g) for 16 h. In the
second step, the solid particles were agitated with hydroxylammonium chloride (0.1 M,
20 mL; pH 2) for 16 h. In the third step, the solid particles were agitated with hydrogen
peroxide (8.8 M, 5 mL) for 1 h, subsequently heated and kept at 85 ◦C for 1 h, then the lid
was removed to allow evaporation of liquid at 85 ◦C, followed by agitation of the cooled
solid fraction with ammonium acetate (1 M, 25 mL, pH 2) for 16 h. In the fourth step, the
remaining solid particles were digested as described above. The liquids from each step
represented the exchangeable, reducible, oxidizable and residual fractions, respectively,
and were analyzed for metals by ICP–OES.

2.3. Leaching Experiments

Leaching experiments were made to investigate the influence of fjord conditions,
addition of Magnafloc10, and resuspension/disposal on the leaching and partitioning of
metals in the mine tailings/sediment slurries. The range of the fjord conditions parameters
investigated was based on the variance in Arctic and sub-Arctic climates: pH (6–9), salinity
(0.5–40 ppt), dissolved organic carbon (DOC) (0.5–20 mg/L), temperature (4–20 ◦C) and
aerated/anoxic conditions (air/nitrogen). In addition, resuspension was investigated by
stirred setups. The mining company has a discharge permit for Magnafloc10 concentra-
tion of 30 µg/g [49] and the range of Magnafloc10 concentration in the experiments was
0–60 µg/g.

For testing the comparative influence of the seven experimental variables, multivariate
experimental design was employed. The continuous variables were pH, salinity, DOC,
temperature and Magnafloc10. The discrete variables were aerated/anoxic conditions
(air/nitrogen) and stirring. By assuming that the interaction effects compared to the main
effects were negligible, the number of experiments could be reduced from a complete
27 factorial design to a 27−4 fractional factorial design consisting of 8 experiments (1–8)
and 3 replicate experiments (9–11) representing the center of the continuous experimental
domain to validate the multivariate models. The experimental design is given in Table 1.

In the experiments, 10 g of Repparfjorden sediments and 10 g of mine tailings were
transferred to a 100 mL Pyrex© glass bottle and 50 mL of liquid with concentrations of
salinity and DOC in accordance with the experimental design were transferred to the
bottles. Salinity was based on 40 ppt stock solution of artificial seawater (27.5 g NaCl,
5.0 g MgCl2, 2.0 g MgSO4, 1.0 g KCl, 0.5 g CaCl2, 0.001 g FeSO4 per 1000 L of distilled
water). DOC was based on 1 g/L stock solution (0.25 g humic acid per 250 mL of distilled
water). All stock solutions were prepared in volumetric flasks. To achieve salinity of 0.5 ppt
and 20 ppt, respectively, 12.5 mL and 500 mL of the 40 ppt stock solution were used per
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litre. To achieve DOC of 0.5 mg/L, 10 mg/L and 20 mg/L, respectively, 0.5 mL, 10 mL
and 20 mL of the 1 g/L stock solution were used per liter. Magnafloc10 was added to the
sediment–tailings slurries in solution (1.2 g/L by 0.3 g Magnafloc10 per 250 mL distilled
water), prepared in a volumetric flask and left for 3–4 h to achieve a viscous liquid. In
order to achieve 30 µg/g tailings and 60 µg/g tailings, respectively, 0.5 mL and 1.0 mL
were added to the sediment–tailings slurries in accordance with the experimental design.
Between 0.5 and 2.5 mL of 1 M HCl were added to the slurry in increments of 0.5mL, and
the pH was measured after each addition using a radiometer analytical electrode, to ensure
final pH values of 6 or 7.5. After addition of stock solutions and acid to the mine tailings,
silicone rubber stopper plugs (Verneret) were applied to the glass bottles. In the aerated
experiments, needle holes were made in the plugs. In the anoxic bottles, nitrogen gas was
added every 24 h. To ensure low temperature settings, the experiments were placed in one
of two fridges with temperatures of 4 and 12 ◦C, or on a laboratory bench at an ambient
temperature of 21 ◦C. Stirring was achieved by stirring magnets at 1000 rpm.

Table 1. Experimental design of the leaching experiments.

Exp. No. Salinity
(ppt) pH Aerated/Anoxic Stirring DOC

(mg/L)
Temperature

◦C
Magnafloc10

(µg/mg)

1 0.5 6 Air No 0.5 4 0

2 40 6 Nitrogen No 0.5 20 60

3 0.5 6 Air Yes 20 20 60

4 40 6 Nitrogen Yes 20 4 0

5 0.5 9 Nitrogen No 20 4 60

6 40 9 Air No 20 20 0

7 0.5 9 Nitrogen Yes 0.5 20 60

8 40 9 Air Yes 0.5 4 0

9 20 7.5 Air Yes 10 20 30

10 20 7.5 Air Yes 10 20 30

11 20 7.5 Air Yes 10 20 30

The duration of the experiments was 3 weeks, assuming chemical equilibrium as is the
foundation of leaching tests developed for waste for land disposal (standard EN-12457-2).
Twenty milliliters of the water in the slurries was sampled at the end of the experiments,
through a syringe with a 0.45 µm filter and kept for later metal analysis. Solid particles
were subsequently separated from the slurries by vacuum filtration through a 0.45 µm filter.
The solid particles were used in analysis of metal and sequential extraction.

2.4. Multivariate Analysis

SimcaP11 software was used for the multivariate modeling, by projection onto latent
structures (PLS), based on reducing the number of dimensions to facilitate interpretation of
the results. In PLS, the quantitative relation between a descriptor matrix, X, and a response
matrix, Y, is used to assess the comparative influence of descriptors on the responses, and to
predict responses at given descriptor settings within the studied experimental domain [50].
The X-matrix consisted of the experimental variables and discrete variables were included
by arbitrarily setting them to 1 or −1. The Y-matrix consisted of the concentrations of
leached metals (mg/kg dw). To assess viability and stability of the calculated PLS models,
correlation coefficients, R2Y (the fraction of the Y-matrix explained by the model) and
predictive powers, Q2 (an estimate of the reliability of the model calculated by cross-
validation) were used. In order to obtain a high predictive power, R2Y should be high. A
value of R2Y > 0.9 is excellent, while a value above 0.5 is good. The difference between
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R2Y and Q2 should be as low as possible and a difference larger than 0.2–0.3 may indicate
outliers or the presence of irrelevant variables in the X block [51].

Influence of variables on leaching. Variable importance in the projection (VIP) values
present the absolute importance of each parameter in the PLS model with respect to its
correlation to all the responses (Y) and to the projection (X). The VIP values are calculated
for each X variable by summing the squares of the PLS loading weights, weighted by the
amount of sum of squares explained in each model component. The sum of squares of all
VIPs is equal to the number of terms in the model; accordingly, the average VIP is equal
to 1. High VIP values (>1) represent high influence of the variable(s) in the model, and VIP
values < 0.5 indicate low influence of the variable(s) on the model. VIP plots were used to
assess the variable importance in the calculated models. To evaluate if the variables had
positive or negative impacts on the model responses, coefficient plots were used.

Quantification of leaching. The experimental domain of this study provides good
representation of variable ranges in Arctic and sub-Arctic fjords, and the PLS models
can be used to estimate leaching at specific conditions in a given fjord. For the quantifi-
cation of leaching at specific variable settings, the model calculations were based on
the 11 experiments as prediction set, and predictions included all components of the
PLS models.

3. Results
3.1. Metal Concentrations

The sediments used in the leaching experiments represent background concentrations
in the Repparfjord [40]. The mine tailings had concentrations of Ba, Ca, Mg, Mn, Cr, Cu
and Ni, exceeding the background concentrations in the Repparfjord sediments by 2 (Ni)
to 100 (Cu) times (Table 2). The higher concentration of Ca (×35) was associated with
the high content of carbonate in the mine tailings. The Repparfjord sediments had higher
concentrations of Al, Fe, As, Pb and Zn (Table 2), from 1.5–9 times the concentrations in the
mine tailings. Cd and K had similar concentrations in the mine tailings and Repparfjord
sediments. In the 1:1 tailings and sediment mixture used in the leaching experiments, the
concentration of metals was within the ranges of the original materials, apart from Ba, Cr,
K and Ni. For these four metals, the concentrations in the mixture exceeded concentrations
of the original materials and may have been due to inhomogeneity in the mine tailings.

Table 2. Metal concentrations (mg/kg TS) in the mine tailings with data from [31], Repparfjord sediment,
and the mixture of mine tailings and the Repparfjord sediment, used in the leaching experiments.

Mine Tailings Repparfjord Sediment 1:1 Mine Tailing and
Repparfjord Sediment

Al 6580 ± 30 9010 ± 100 7740 ± 240

Ba 140 ± 3 29 ± 4 145 ± 6

Ca 78,300 ± 105 2285 ± 110 36,600 ± 1800

Fe 9600 ± 105 16,680 ± 105 11,350 ± 350

K 5170 ± 50 4720 ± 140 5400 ± 160

Mg 19,400 ± 125 6590 ± 60 15,020 ± 440

Mn 2700 ± 40 147 ± 1.3 1450 ± 60

As 0.3 ± 0.03 2.7 ± 0.3 2.3 ± 0.5

Cd 0.1 ± 0.01 <0.05 <0.05

Cr 58 ± 1.0 20 ± 2.0 72 ± 1.7

Cu 1000 ± 10 11 ± 3.5 230 ± 13

Ni 22 ± 1.0 12 ± 1.1 30 ± 0.8

Pb 1.3 ± 0.1 5.4 ± 1.3 4.0 ± 1.3

Zn 11 ± 1.3 19 ± 2.7 17 ± 2.7
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Seven of the analyzed metals (As, Cd, Cr, Cu, Ni, Pb and Zn) are included in the
Norwegian environmental quality standards (EQS) [52], in line with the water framework
of the European Union (EU) and applied in many countries outside the EU (e.g., Australia,
Canada, New Zealand, Russia and the United States). The Norwegian EQS values for
pollutants are based on technical guidelines for the calculation of EQS from the EU [53].
Apart from Cu, all the priority metals in the mine tailings were well below the Norwegian
threshold values for the annual average EQS (AA-EQS). The concentration of Cu in the
mine tailings and in the mixture of mine tailings and Repparfjord sediment exceeded the
threshold values for maximum acceptable concentration under EQS (MAC-EQS) for acute
toxicity. Although there are no EQS for Ba and Mn, there has recently been increased focus
on their effects on the aquatic environment with suggestions of implementing EQS for Ba
in the EU water framework [54], and EQS for Mn in guidelines for Australia and New
Zealand [55].

3.2. Leaching and Metal Partitioning

The focus of the leaching tests was Cu, due to the high concentrations in the mixture
of mine tailings and Repparfjord sediment with potential toxic effect on the marine envi-
ronment. The toxicity of metals is not related to the total concentrations; rather it is related
to how available the metals are for mobilization and uptake in marine organisms. For this
reason, priority metals with elevated concentrations compared to background levels in the
Repparfjord were included in the leaching tests (Cr and Ni) as well as Ba and Mn due to
elevated concentrations and potential inclusion in priority metals in the future. Al and Fe,
known to be bound in stable minerals in the mine tailings and Repparfjord sediments [41],
were included in the leaching tests as reference metals.

In the leaching experiments, low percentages of Al, Ba, Fe, Mn, Cr, Cu and Ni were
leached, <2% of the original content of metals in the tailings–sediment slurry (Table 3). The
highest leaching percentages were observed for Cu and Mn, while the lowest were observed
for Al and Fe. The trends in leached amount in the different experiments appeared to
vary depending on the metal. The highest leaching was for instance observed in different
experiments: Al and Fe (exp. 7), Ba (exp. 3), Cr (exp. 11), Cu (exp. 8), and Mn and Ni
(exp. 4). This is an indication of different associations of the metals with minerals and
different influences of variables on the mobilization of metals.

Table 3. Leaching of metals (%) from the mine tailing–sediment mixture calculated as the quantity of
metals in the liquid phase compared to the total content of metals in mine tailings and liquid at the
end of the leaching experiments.

Exp. No. Al Ba Fe Ca Mn Cr Cu Ni

1 <0.01 0.31 <0.01 4.1 0.71 <0.01 0.05 0.11

2 <0.01 0.17 <0.01 10 0.84 <0.01 0.15 0.23

3 <0.01 0.40 <0.01 3.9 0.56 <0.01 0.06 0.16

4 <0.01 0.29 <0.01 7.3 1.57 <0.01 0.14 0.41

5 <0.01 0.08 <0.01 0.3 0.01 <0.01 0.06 <0.01

6 <0.01 0.10 <0.01 1.4 0.19 <0.01 0.07 0.09

7 0.03 0.17 0.05 0.5 0.08 <0.01 0.03 <0.01

8 <0.01 0.14 <0.01 1.1 0.02 <0.01 0.78 0.16

9 <0.01 0.11 <0.01 1.8 0.25 0.02 0.09 0.07

10 <0.01 0.11 <0.01 1.4 0.10 0.02 0.08 0.03

11 <0.01 0.11 <0.01 1.7 0.18 0.03 0.08 <0.01

More than 85% of the total content of Al, Fe, Cr and Ni was bound in stable miner-
als in the tailings–sediment slurry particles (residual fraction, Figure 1), meaning that a
large amount of these metals was not available for leaching in the studied pH range 6–9.
Approximately 20% of Ba, 55% of Cu and 90% of Mn were bound in the more available
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fraction in the particles, with the potential of higher leaching via ion exchange and car-
bonate dissolution (exchangeable fraction), reducing conditions (reducible fraction) and
oxidizing conditions (oxidizable fraction). Seven percent of Ba, 10% of Cu, 60% of Mn and
less than 5% of Al, Fe, Cr and Ni were bound in the most available fraction (exchangeable).
Metal partitioning indicated metal availability for leaching in the order Mn > Cu > Ba >>
Al~Fe~Cr~Ni and this was largely in line with the results of the leaching tests (Table 3).

Figure 1. Metal partitioning before (original) and after leaching experiments 1–11 in the mine
tailings–sediment particles for (a) Al, (b) Fe, (c) Ba, (d) Mn, (e) Cr, (f) Cu and (g) Ni.
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Metal partitioning was largely the same in the tailings–sediment particles before and
after the leaching experiments (Figure 1). Confidence intervals of the metal concentrations
for each of the partitioning fractions were narrow (Table 4), indicating low variability in
metal partitioning in the experiments. The confidence intervals were generally lower than
20% of the mean concentrations, except for oxidizable Cr and iron, and reducible Cu, which
had confidence intervals of 36–50% of the mean concentrations. The confidence intervals of
leaching (Table 4) showed high variability for Ba, Mn, Cu and Ni. The widest confidence
interval was observed for Cu and was almost equal to the mean concentration. In 10 of the
11 experiments, Al and Fe had leaching concentrations below the detection limit; the same
was the case for Cr in 8 experiments.

Table 4. The range and mean metal concentrations (mg/kg TS), and confidence interval in the
11 leaching experiments, for the mine tailing–sediment slurry fractions: leaching, exchangeable,
reducible, oxidizable and residual.

Al Ba Fe Mn Cr Cu Ni

Metal leaching

Min. concentration <0.01 0.12 <0.01 0.08 <0.01 0.08 <0.01

Max. concentration 1.9 0.58 5.7 25 0.02 1.9 0.11

Mean concentration -* 0.26 -* 6.2 -* 0.35 0.04

Confidence interval -* 0.10 -* 5.1 -* 0.34 0.03

Exchangeable fraction

Min. concentration 16 6.8 490 560 0.02 14 0.04

Max. concentration 24 14 740 920 0.07 21 0.27

Mean concentration 20 9.8 585 820 -* 19 0.18

Confidence interval 1.1 1.6 43 65 -* 1.6 0.05

Reducible fraction

Min. concentration 5.7 14 525 250 0.07 0.8 0.04

Max. concentration 15 18 625 350 0.09 3.6 0.27

Mean concentration 10 15 555 280 0.08 1.9 0.18

Confidence interval 1.7 0.9 20 20 0.01 0.7 0.05

Oxidizable fraction

Min. concentration 90 5.9 34 1590 0.4 100 1.0

Max. concentration 210 13 550 2780 2.7 140 1.4

Mean concentration 116 9.2 210 235 0.9 120 1.2

Confidence interval 22 1.5 100 32 0.4 7.9 0.1

Residual fraction

Min. concentration 6620 98 9470 112 55 94 22

Max. concentration 7940 115 11650 132 75 114 30

Mean concentration 7360 108 10180 120 64 104 25

Confidence interval 320 3.6 420 4.5 5.0 4.4 1.8
* Less than 3 datapoints (<3 leaching concentrations above detection limit).

3.3. Variable Importance for Leaching

PLS models for leaching of Mn, Ba, Cu and Ni were calculated to assess the influence
of experimental variables on leaching. Al, Fe and Cr were not included in the models due
to limited results above the detection limit. The PLS models were good (R2Y 0.57–0.84),
had low Q2 values (0.1) for Mn and Ba and good Q2 values (0.65–0.68) for Cu and Ni.
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Despite some instability in the PLS models for Mn and Ba, they can still be used as
indications of the influence of experimental variables on leaching of metals. The variable
importance calculated in the models was different depending on the metal (Figure 2). All
the experimental variables showed high influence (VIP > 1) of one or several of the metals.

Figure 2. Cont.
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Figure 2. Variable importance in the projection (VIP) and coefficient plots for the PLS models of
metal leaching. Parameters with VIP values > 1 have high, 0.5–1 have moderate and <0.5 have low
influence on the desorption of metals from the mine tailings. Parameters with coefficient values > 0
have positive correlation and coefficient values < 0 have opposite correlation with desorption of
metals. (a) VIP plot of Mn, (b) coefficient plot of Mn, (c) VIP plot of Ba, (d) coefficient plot of Ba,
(e) VIP plot of Cr, (f) coefficient plot of Cr, (g) VIP plot of Cu and (h) coefficient plot of Cu.

pH was the most important variable for Mn, Ba and Ni, and had a low influence on the
leaching of Cu (VIP < 0.5). The coefficient plots of Mn, Ba and Ni (Figure 2) show that the
low setting of pH increased the leaching. Salinity was the most important variable for Cu
and had a moderate influence on Ba and Mn (VIP 0.5–1), and a low influence on leaching of
Ni (VIP < 0.5). The coefficient plots for Cu, Ba and Mn show effects of salinity. For Cu and
Mn, high salinity increased the leaching, while low salinity increased the leaching of Ba.

Temperature was an important variable for Cu (VIP > 1) and had a moderate influence
on the leaching of the three other metals (VIP 0.5–1). The influence of temperature varied in
that high temperature increased the leaching of Mn, while low temperature increased the
leaching of Ba, Cu and Ni. DOC was an important variable for Cu and Mn (VIP > 1) and had
a moderate influence on Ba (VIP 0.5–1) and a low influence on Ni (VIP < 1). The coefficient
plots show different trends in the influence of DOC on the leaching of the metals. High
DOC increased the leaching of Cu, while low concentrations of DOC increased leaching
of Ba and Mn. Aerated/anoxic conditions had a high influence on Ni (VIP > 1), but a low
influence on the other three metals (VIP < 0.5). Anoxic conditions caused higher leaching
of Ni, compared to aerated conditions.

Stirring was used to simulate resuspension and was important for leaching of Ba and
Ni (VIP > 1) and had a moderate influence on Cu (VIP 0.5–1) and a low influence on Mn
(VIP < 0.5). Magnafloc10 was an important variable for Cu (VIP > 1) and had a moderate
influence on Mn (VIP 0.5–1) and a low influence on Ba and Ni (VIP < 0.5). The addition of
Magnafloc10 to the tailings–sediment slurries decreased the leaching of metals.

3.4. Model Prediction for Leaching of Metals from Mine Tailings Sediments

In the fractional factorial design used for the experimental design in this study, experi-
ments did not cover all corners of the experimental domain. Experiments with variable
settings that ensured minimum or maximum leaching also differed depending on the metal,
as presented in the previous section and seen in Figure 2. Even though experiments were
not conducted in all the corners of the experimental domain, the PLS models were able
to predict leaching ranges in the entire experimental domain. By applying settings of the
variables (high/low) representing the leaching range in the experimental domain for each
metal, the minimum and maximum leaching of each metal was predicted. The setting



J. Mar. Sci. Eng. 2022, 10, 405 12 of 19

of variables at high/low setting (Table 5) was made in accordance with coefficient plots
(Figure 2). The prediction set was the 11 experiments, and the predicted leaching range
is summarized in Table 5. The metal with the lowest leaching concentrations and narrow
range was Ni (0.01–0.17 mg/kg). Ba had a leaching range in the experimental domain of
0.1–0.65 mg/kg. Cu had a wider leaching range (0.03–1.5 mg/kg), and Mn had the widest
range and highest leaching concentrations of 0.06–98 mg/kg.

Table 5. Predicted leaching of metals in the experimental domain of the leaching experiments.
Minimum leaching was predicted in the PLS models by using the experimental settings of each
variable that gave the lowest leaching for each metal. Maximum leaching was predicted in the PLS
models by using experimental settings of each variable that gave the highest leaching for each metal.

Ba Cu Mn Ni

Min. Max. Min. Max. Min. Max. Min. Max.

Experimental settings

pH 9 6 9 6 9 6 9 6

Salinity (ppt) 40 0.5 0.5 40 0.5 40 0.5 40

Stirring No Yes No Yes No Yes No Yes

Temperature (◦C) 20 4 20 4 4 20 20 4

DOC 20 0.5 0.5 20 20 0.5 20 0.5

Aerated/anoxic Aerated Anoxic Anoxic Aerated Anoxic Aerated Aerated Anoxic

Magnafloc10 (µg/kg) 60 0 60 0 60 0 60 0

PLS prediction

Leaching (mg/kg) 0.10 0.65 0.03 1.5 0.06 98 0.01 0.17

Conditions in the Repparfjord are within the ranges used in the leaching experiments
and the PLS models were used to predict leaching from mine tailings and sediment under
natural fjord conditions. This was done by using average values of seasonal variations of
DOC, pH, salinity and temperature, measured in the fjord 2010–11. The average salinity
was 33.0 ppt, the temperature 4.5 ◦C, pH 8.02 and DOC 1.6 mg/L [56]. Two scenarios were
used in the prediction calculations: disposal (i.e., no stirring, anoxic) and resuspension
(stirring, aerated). The calculated leaching predictions show 30–60% higher leaching of
Ba, Cu and Mn, and 20% lower leaching of Ni during resuspension compared to disposal
(Figure 3). The lower leaching of Ni during resuspension is related to aerated conditions,
found to have the highest influence of all variables on the leaching of Ni (Figure 2) rather
than to the positively correlated influence of stirring.

Figure 3. Cont.
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Figure 3. PLS predicted leaching of (a) Ba, (b) Cu, (c) Mn and (d) Ni in two different scenarios:
disposal (no stirring, anoxic) and resuspension (stirring, aerated) in the Repparfjord. The prediction
of metal leaching with the addition of Magnafloc10 is given for each of the scenarios (+MF10). For
the prediction of leaching, the following settings were used: salinity 33.0 ppt, pH 8.02, temperature
4.5 ◦C and DOC 1.6 mg/L, representing average conditions in the Repparfjord.

The addition of Magnafloc10 to the mine tailings prior to discharge is to ensure fast
sedimentation and minimize the dispersion of mine tailing particles in the fjord. The
addition of Magnafloc10 also influences leaching (Figure 3). For Cu and Mn, leaching
is reduced by 31–34% in both the disposal and resuspension phase, while the leaching
of Ba and Ni is reduced by 3–7%. The difference in the effect of Magnafloc10 on the
metals is reflected in the VIP plots (Figure 2), where it was found that Magnafloc10 had
moderate–high influence on Cu and Mn, and a low influence on Ba and Ni.

4. Discussion
4.1. Metal Concentration Discrepancy

For the metals Ba, Cr, K and Ni there was a discrepancy between the concentrations
in the mine tailings and the Repparfjord sediments, and the analyzed concentrations of
the mixture of the two (1:1, Table 2), used in the leaching experiments. The concentrations
of the Repparfjord sediment found in this study are similar to previous findings from the
same core and within the variation of metal concentrations found for each cm in the 20 cm
core (005, [40]). The discrepancy found in the mixture of sediment and tailings is likely
caused by inhomogeneity in the mine tailings. The inhomogeneity in the finer fractions
(<104 µm) of the mine tailings, making up more than 80% of the tailings, was partly
studied previously [46] in different grain size fractions, and generally metal concentrations
were highest in the finest fraction (<37 µm). The concentrations of Ba, Cr, K and Ni were
generally higher in all the analyzed fine fractions than in the concentrations in Table 2. The
total concentrations of these four metals based on summary of the sequential extraction
fractions in this study also revealed higher concentrations for Ba (211 mg/kg dw), Cr
(145 mg/kg dw), K (6240 mg/kg dw) and Ni (44 mg/kg dw), while other analyzed metals
were within concentrations (+/− standard deviation) of those in the mine tailings in Table 2.

The inhomogeneity of the mine tailings illustrates the need for leaching tests of several
mine tailings samples to include the variation in metal concentrations. This will provide a
better estimation of the variations in leaching.

4.2. Variable Importance

The variability in variable importance for metal leaching, as determined by the PLS
models (Figure 2), between the different metals is related to how the metals are bound in
the sediment–tailings particles. Other studies have shown that the influence of variables on
leaching can differ for the same metal, depending on which minerals the metals are associ-
ated with [57–59]. In the timeframe of this study, significant changes to metal partitioning
were not observed. The low leaching percentages and limited effect on metal partitioning
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indicated low dissolution of minerals as well as low impact of experimental variables on
reactions between different fractions (exchangeable, reducible, oxidizable, residual). In
other studies, effects on metal partitioning were observed for the variables included in this
study, but at more extreme settings, such as pH < 2 [60], or similar experimental domains
but higher initial content of metals in some of the more available fractions [61].

For the purpose of evaluating the influence of variables on metal leaching, the focus
remains for variables with the highest impact on the PLS models (VIP values > 1) of the four
metals (Ba, Cu, Mn and Ni). pH had a high influence on all metals and the trend of higher
leaching at the low setting (pH 6) is in line with other studies that have included Ba, Cu, Ni
and/or Mn [31,62,63]. The highest reported metal leaching was at pH < 2 [64,65], which is
outside the experimental domain of this study. The reason for keeping the lowest setting at
pH 6 in this study is that lower pH levels would represent an extreme marine environment
and would not be relevant for sea disposal of metal polluted sediment/tailings. Leaching
caused by changes in pH is most likely predominantly from the exchangeable fraction, since
pH in the range 6–9 is known to impact ion exchange and dissolution of carbonates, while
dissolution of other minerals occurs at lower pH [66]. The effect of pH in ion exchange
is related to charge surfaces and at neutral and high pH, the surface charge is negative
on clay minerals and organic matter, enabling adsorption of cations. With decreasing pH,
there are more cations in solution to compete for the negative charged sites, and in addition
surfaces become more positively charged due to protonation of functional groups [67]. The
sediment–tailing mixture had a high content of calcite (approximately 10%) and the total
concentration of Ca (Table 2) indicates that most of it was bound in calcite; accordingly, Ca
can be used as measure for dissolution of carbonates in the sediment–tailings slurry. In
the experiments, 4–10% Ca was leached at the low pH setting and 0.3–1.1% was leached
at the high pH setting (Table 3). These levels of calcite dissolution are in line with calcite
dissolution kinetics [68,69]; complete dissolution of carbonates would occur at pH levels
below 4.

The high influence of pH, compared to salinity and DOC, was confirmed in a recent
study of metal adsorption–desorption in sediments [70]. The higher influence of salinity
on Cu in this study indicates difference in Cu availability between the sediments in the
previous study and the sediment–tailings mixture used in this study. The higher levels
of leaching with increasing salinity are related to strong influence of ion exchange on the
leaching of Cu from the sediment–tailings mixture.

Temperature had a high influence on Cu leaching, with the highest leaching levels
found at the low setting (4 ◦C). It is well known that desorption of Cu from clay min-
erals increases with increasing temperatures [71], and the opposite correlation in this
study indicates that there are other temperature-dependent reactions that dominate the
adsorption–desorption of Cu in the sediment–tailings slurries. One of these could be the
adsorption of Cu to organic material, e.g., humic substances, as it has been shown that
adsorption of Cu increases with increasing temperature [72]. Thus, the lower Cu leaching
observed at the high temperature could be related to higher adsorption to humic substances.
The high influence of DOC on the leaching of Cu, with lowest leaching concentrations
at high settings of DOC (20 mg/L), underlines the importance of adsorption to humic
substances for Cu in the sediment–tailings slurry. DOC is also important for leaching of Mn,
however, with an opposite correlation than Cu; in fact, this is also the case for temperature
(although moderate influence). This suggests that adsorption of Mn to humic substances is
not a dominating process and confirms that Cu has a higher affinity for humic substances
than Mn [73].

Anoxic conditions (nitrogen) increased the leaching of Ni, indicating the effect of
reducing conditions. The highest leaching of Ni was observed in experiments 2 and 4, which
also had low setting of pH and salinity. In these experiments the highest concentration
of Ca and Mn was observed. In addition to anoxic conditions, Ni leaching is most likely
influenced by which minerals it is associated with and the water composition. It is uncertain
whether the higher concentrations of Ca and Mn have an impact on Ni leaching from the
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sediment–tailings, as was the case in other studies for Ni mobilization from degradation of
pyrite in groundwater aquifers [74,75].

Stirring of the sediment–tailings slurry increases the contact between water and solids,
and the governing leaching reactions of Ba and Ni from the suspended solids. For Cu
and Mn other variables are more important for leaching. The addition of the flocculant
chemical Magnafloc10 had high influence on Cu and decreased leaching. Magnafloc10 has
previously been shown to have high affinity for Cu, compared to the other metals included
in this study [31,76].

The influence of mixing the tailings with sediment was not included as a variable in
this study. However, previous leaching experiments of the same mine tailings, conducted
within the same experimental domain, showed lower leaching of Cu, Mn and Ni and higher
leaching of Ba than was the case in this study [61]. It is not clear whether leaching of Cu,
Mn and Ni is higher in the Repparfjord sediments, or whether leaching from the mine
tailings is affected by interactions with the sediment. This warrants further investigations
in the future.

The results of variable importance have shown that leaching of metals is largely related
to how metals are associated with minerals in the sediment. Multivariate analysis can
provide a powerful tool for interpretation of variable importance and correlation between
variables and leaching. The variation in the influence of variables dependent on the metal
has demonstrated the importance of including more variables than is usual in standard
leaching tests for disposal on land, as well as testing different settings to better understand
the effect of conditions specific to the disposal area. Design of leaching tests will depend
on sediment characteristics, local fjord/sea conditions as well as the properties of the
pollutant(s) in question.

4.3. Leaching Tests—Implications for the Repparfjord and Future Outlook

The application of stirred and non-stirred setups in the leaching tests represents
upwhirling and mixing with sea water, and stationary disposal on the seafloor. Based
on the leaching tests, leaching estimations can be made. Since they are on lab scale, it is
important to supplement with monitoring measurements. In addition to estimations of
leaching, the tests can be used to screen and identify important pollutants for monitoring,
and which variable settings trigger higher leaching, thereby providing a foundation for
potential actions to limit leaching.

In the case of submarine mine tailings disposal in the Repparfjord, metal leaching
during resuspension was estimated from the experimental settings of stirred setup and
aeration. The estimate of metal leaching represents the total potential leaching from a
short-term perspective, in line with the frames of standard leaching tests for disposal on
land [77,78]. The PLS prediction of metal leaching using average seasonal measurements of
salinity, temperature and DOC in the Repparfjord showed leaching concentrations in the
order Mn > Cu > Ba > Ni (Figure 3).

Metal leaching during disposal was estimated from the experimental settings of non-
stirred setup and anoxic conditions. In the center of the disposal area, the mine tailings are
expected to be continuously covered. In the boundary of the disposal, the seawater and cur-
rents may provide aerated conditions. Based on the leaching tests, it is possible to estimate
metal leaching for both scenarios. The estimations represent a short-term perspective. The
PLS prediction of metal leaching in the Repparfjord during disposal showed the same order
of metal leaching as during resuspension, namely Mn > Cu > Ba > Ni (Figure 3). Based
on these results, it would be recommended to include all four metals in the monitoring
program of the submarine mine tailings, with focus on Mn and Cu.

Based on the variable importance analysis, the leaching tests can also be used as a
foundation for suggesting actions to limit metal leaching. Leaching can be limited by
adjusting controllable variables with high influence, by ensuring fast sedimentation (low
stirring) and addition of flocculant. Magnafloc10 is planned to be used for dewatering and
to ensure fast sedimentation and in this study, it was shown to have an added value to limit
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leaching, especially for the two metals with highest leaching levels, Cu and Mn (Figure 3).
The implications of using Magnafloc10 for the marine environment must also be taken into
consideration, and other studies have investigated the effects of Magnafloc10 on selected
marine species [79–81]. These studies show limited effects of Magnafloc10 for the planned
use of Magnafloc10 concentrations (30 µg/kg tailings).

The leaching tests indicate low influence of aeration on leaching and for this reason
covering the mine tailings with clean material upon cessation will not influence the avail-
ability of metals for leaching. Capping the mine tailings would primarily be for other
reasons, e.g., stabilization or recultivation.

In this study, the beneficial use of leaching tests prior to initiating physical actions
that interfere with sediments was exemplified through the study of planned submarine
mine tailings disposal in the Repparfjord. The results and knowledge gained are easily
transferable to other sites by adjusting the variable settings according to local conditions,
and expanding the experimental domain with other variables, if necessary. The stirred
leaching tests can for instance be applied to dredging operations to assess the potential
leaching and the influence of aeration, mixing and changes in salinity, temperature and
DOC during the operation. Application of silt curtains can limit leaching outside the
dredging area; however, dredging can lead to higher concentrations of suspended solids
with the risk of dispersion and leaching after dredging of an area [8]. Application of
non-stirred leaching tests can be applied for sea disposal, when this is assessed as the best
available technology for disposal. Leaching tests can assist in assessment of sea disposal
and actions to limit leaching. In this study, there was a positive effect of Magnafloc10 on
the leaching of Cu and Mn. In the establishment of sea disposal sites, flocculants can not
only enhance sedimentation but also limit leaching during disposal. Different flocculants
target different pollutants [82] and mapping flocculants to match pollutants is important
prior to the use.

Leaching tests are valuable tools for assessing leaching from polluted sediments and,
by including different variables at realistic settings, they can be used to better understand
leaching and conditions that trigger leaching for a specific site and for specific pollutants.
In this way they can contribute to better understanding of environmental risks, coupled
with environmental studies of effects of sea disposal on the marine environment.
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