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Abstract

:

Underwater disposal of mine tailings in lakes and seas has been considered favorable due to the geochemical stability obtained during long-term storage in anoxic sediments. Sulfides are stable in the ore; however, oxidation and transformation of some substances into more soluble forms may impact bioavailability processes and enhance the risk of toxic effects in the aquatic environment. The goal of this work was to construct a model for simulating the nickel (Ni) cycle in the water column and upper sediments and apply it to the mine tailing sea deposit in the Jøssingfjord, SouthWest Norway. A one-dimensional (1D) benthic–pelagic coupled biogeochemical model, BROM, supplemented with a Ni module specifically developed for the study was used. The model was optimized using field data collected from the fjord. The model predicted that the current high Ni concentrations in the sediment can be a potential source of Ni leaching to the water column until about 2040. The top 10 cm of sediments were classified as being of “poor” environmental state according to the Norwegian Quality Standards. A numerical experiment predicted that with complete cessation of the discharges there would be an improvement in the environmental state of sediment to “good” in about 20 years. On the other hand, doubling of discharge would lead to an increase in the Ni content in the sediment, approaching the boundary of the “very poor” environmental state. The model results demonstrated that Ni leaching from the sea deposits may be increased due to sediment reworking by bioturbation at the sediment–water interface. The model can be an instrument for analysis of different scenarios for mine tailing activities from point of view of reduction of environmental impact as a component of the best available technology.
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1. Introduction


Tailings from the mining industry are fine-grained rock materials left over from the process of separating the valuable fraction from the uneconomic fraction of an ore. In addition to fragmented rock material, tailings may contain potentially harmful substances such as trace metals and remnants of production chemicals [1]. Even the particles themselves may have detrimental effects on living organisms related to hypersedimentation and altered size and shape which may disturb vital habitat and physiological functions of some species [2].



The global mineral production in 2012 was 16 billion tons per year [3]. The production, along with the problem of waste disposal, is rising exponentially with increasing demand for metals and other mineral products [4].



Underwater disposal in lakes and seas has been considered favorable due to the geochemical stability obtained during long-term storage in anoxic sediments [5,6,7]. Some ores contain sulfide minerals. Metal sulfides are stable in the ore, but bioavailability and risk of toxic effects may increase in the water environment due to oxidation and transformation into more soluble forms [8]. Therefore, the leaching of metals such as Cu, Ni, Co, As, Cd, Zn, Pb, and Hg is a major issue in the disposal of tailings and mineral products from these mines [7,9,10,11]. Leaching of trace metals from waste rocks and tailings has been reported to be a source of trace metal input for many decades after the cessation of mining activities. Oxidation and dissolution may be prolonged in lake or sea deposits due to sediment reworking by bioturbation at the sediment–water interface [12,13,14].



In Norway and other coastal countries, sea deposits are convenient due to the availability of sea areas near the mineral ore locations [2,15,16].



One of these sea deposits is the Jøssingfjord located in southwestern Norway, in the county of Rogaland, close to Egersund town (Figure 1). The length of the fjord is 3 km, and the width is about 250–300 m. It is surrounded by mountains oriented to the northeast.



Geologically the area consists of several large bodies of intrusive rocks in a magma chamber, collectively known as the Rogaland Anorthosite Province [17]. The province was formed during the Mesoproterozoic time, and the anorthosites were formed at 932–920 Ma [18,19].



The Rogaland Anorthosite Province contains numerous Fe-Ti oxide deposits, including the famous Tellnes ilmenite deposit [20]. The Tellnes deposit is fairly homogeneous, and the average composition is 53 vol. % euhedral plagioclase (An45–42), 29 vol. % interstitial hemo-ilmenite, and 10 vol. % orthopyroxene, with some Ti-biotite, olivine, and Fe-Ni-Co-Cu sulfides [18,21]. The ilmenite mineral (norite) in the Tellnes ore is a mixture of Fe- and Ti-oxides with small amounts of Fe-Ni-Co-Cu sulfides. Some of these sulfides are not produced and pass through to the tailings together with remnants of production chemicals such as tall oil, Xanthate, flocculants, and sulfuric acid [21,22]. Production was launched in 1916. Nowadays, it has the potential to continue for another 100 years at current production rates of about 3 million tons per year [15]. The tailings were disposed of in several deposits on land and in the sea in the Jøssingfjord and Dyngadjupet, off the southwest coast of Norway (Figure 1).



A major deposit was established in Jøssingfjorden during the period 1960–1984, when 2.5 × 106 tons were deposited annually [23]. As a result, the depth was reduced from the maximum of 85 m to present depths close to the sill depth of 30 m [24]. After 1984, the discharge of tailings to the Jøssingfjord was significantly reduced. In 2016, about 1840 kg Ni was discharged to the inner part of Jøssingfjorden [25]. Suspended particles are also discharged to the inner part of Jøssingfjorden. In 2016, this amounted to 496 tons, most of which originated in drainage water pumped from the bottom of the mine [25]. Because of their different origin, the physical properties and mineral composition of these particles may be different from those of the tailings.



An assessment of mobilization and bioavailability of trace metals, essentially Ni, and potential impacts of tailings on the composition and functioning of the benthic ecosystem addressed as macrofauna communities and fluxes of O2 and nutrient species in the Jøssingfjord was recently made by Schaaning et al. [24]. The observations revealed higher Ni and Fe concentrations in the regions affected by tailings than in the baseline regions. Analysis of these observations results is needed to understand processes that lead to the present environmental state of the fjord and its potential future changes.



Models can be optimally used for numerical analyses of a system’s environmental state and for predictions of the possible changes. The goal of this work was to elaborate a model for simulations of cycling of Ni in the water column, the benthic boundary layer, and upper sediments (distributions, fluxes, rate of processes) and apply it to the case of abandoned mine tailing sea deposits in the Jøssingfjord.



The present work is a new version of the 1D benthic–pelagic coupled biogeochemical Bottom RedOx Model, BROM [26], supplemented with a Ni module specifically developed for the study (Figure 2). The model was optimized using field data collected in the Jøssingfjord. The fjord baseline water column, sediment biogeochemistry, and nickel cycling were simulated for the period before tailings disposal, during the intensive deposition of tailings, and during the restoration period after the stop of the intensive tailing deposition. Potential future dumping scenarios were numerically analyzed.




2. Materials and Methods


Here, we aim to model a specific environment of the fjord affected by the deposition of mine tailings, i.e., a mixture of gangue contaminated with leachates/precipitates settled onto the sediment, consisting of Si, Fe2O3, and NiS (see details in Section 2.4.2).



2.1. Model Description


This benthic–pelagic transport biogeochemical model BROM [26] combines a relatively simple ecosystem model with a detailed biogeochemical model for the water column, benthic boundary layer (BBL), and sediments, with a focus on oxygen and redox state. BROM consists of a 1-dimensional vertical transport module (BROM-transport) and a biogeochemical module (BROM-biogeochemistry) coupled through the Framework for Aquatic Biogeochemistry Model (FABM) [27].



BROM simulates a simple ecosystem composed of autotrophic (Phy) and heterotrophic (Het) organisms as well as four types of bacteria (aerobic heterotrophic and autotrophic bacteria and anaerobic heterotrophic and autotrophic bacteria).



BROM considers interconnected transformations of species (N, P, Si, C, O, S, Mn, Fe) and resolves organic matter (OM) in nitrogen currency. OM dynamics include parameterizations of OM production (via photosynthesis and chemosynthesis) and OM decay via oxic mineralization, denitrification, metal reduction, sulfate reduction, and methanogenesis, with a decreasing rate of OM decay in this sequence. To provide a detailed representation of changing redox conditions, OM in BROM is mineralized by several different electron acceptors, and dissolved oxygen is consumed during both mineralization of OM and oxidation of various reduced compounds. Organic matter is described in the model as dissolved labile, dissolved semilabile, particulate labile, and particulate semilabile OM. Following the approach of ERSEM [28], the decay of the labile forms results in the release of phosphate and ammonia and the transformation of labile forms into semilabile ones. During the decay of labile and semilabile OM, electron acceptors are consumed and carbon dioxide is released. Process inhibition in accordance with redox potential is parameterized by various redox-dependent switches. BROM also includes a module describing the carbonate equilibria; this allows BROM to be used to investigate acidification and impacts of changing pH and saturation states on water and sediment biogeochemistry. A detailed description of the model can be found in [26]. The source code and description are available at https://github.com/BottomRedoxModel (accessed on 27 March 2021). BROM-biogeochemistry code is divided into 20 different modules that can be used independently (brom_bio for ecosystem processes, brom_nitrogen for nitrogen species transformations, brom_fe for iron species transformations, etc.).



In this work, a new module, brom_ni, was elaborated. This module considers the transformation of different species of Ni in line with changes of other BROM variables (Figure 2). We parametrized reactions of Ni(II) and NiS (formation, dissolution, oxidation) and Ni(II) adsorption on oxides of Fe and Mn as well as on FeS and FeS2. We also parameterized Ni(II) partitioning with particulate and dissolved organic matter (labile POM and labile DOM) and its bioaccumulation by biota (Figure 2). Adsorption and bioaccumulation were parametrized according to Katsev et al. [29]. Bioaccumulation by biota includes autotrophs, heterotrophs, and all types of bacteria. The code of this module with the comments and the values of coefficients used is available at https://github.com/BottomRedoxModel/brom_niva_module/tree/master/brom (accessed on 27 March 2021).




2.2. Boundary Conditions


The model domain spans from the sea surface (upper boundary) down to 10 cm depth in the sediment (lower boundary). At the upper boundary, the fluxes of O2, CO2, NO3−, PO43−, Si, Fe(III) and Mn(IV) oxides, and Ni(II) were defined. Fluxes for all other modeled chemical constituents were set to zero. For CO2, the surface fluxes were calculated as proportional to the difference of their concentrations in the surface water and constant atmospheric concentrations of CO2 (380 ppmv). The exchange of O2 was parameterized as a function of O2 saturation in the surface water.



Inputs of PO43−, NO3−, Fe, and Mn from atmospheric deposition and coastal discharges were taken into account by setting constant or seasonally changeable concentrations on the water surface. There seasonal variability of inputs of PO43− and NO3− was parameterized. Maximum concentrations in the winter–spring period were assumed to be 1.6 μM for PO43− and 7 μM for NO3−. Minimum concentrations are assumed to be zero (depleted) in the summer period. Surface concentrations were set constant at 0.1 μM Fe(III), 0.1 μM Mn(IV), and 0.0001 μM Ni(II).



With an exception for alkalinity (Alk) and sulfate (SO42−), the concentrations at the lower boundary were calculated from the processes that occurred in the water column, BBL and upper sediment. Therefore, the model biogeochemistry is predominantly forced by the upper boundary conditions.



Besides this, the water column concentrations are “relaxed” (i.e., they change their values towards the “climate” data from a database) to account for lateral exchange with the open sea (following an approach described in [26]).




2.3. Hydrophysics


BROM-transport requires forcing for temperature, salinity, and turbulent vertical diffusivity at all depths in the water column and for each day of the simulation.



For the Jøssingfjord, we used the output from model ROMS [30]. The vertical diffusion coefficient kz was calculated based on vertical density distributions, following an approach by Gargett (1984) such that


   k z  =  a 0   N  − q    



(1)




where   N =   −  g ρ    ∂ ρ   ∂ z         and represents the buoyancy frequency; a0 and q are empirical coefficients.



For the specific case of the Jøssingsfjord, values of a0 and q were set to 0.5 × 10−6 and 0.5, respectively. For theBBL, kz was assumed to be constant with a value of 0.5 × 10−6 m2 s−1.



In the sediments, kz was parameterized as a sum of the pore water molecular diffusion coefficient    k  z _ m o l   =   1 × 10−11 m2 s−1 and the bio-irrigation and sediment biomixing coefficient with a maximum value 0.1 × 10−11 m2 s−1 in the upper 5 mm of the sediments and exponentially decreasing with the increase in depth, as described in Yakushev et al. [26]. Bioturbation occurs in cases where oxygen concentrations in the bottom water are higher than 5 μM.




2.4. Forcing


2.4.1. Water Column


We used nutrient and dissolved oxygen data from the World Ocean Database 2013 (WOD13) https://www.ncei.noaa.gov/products/world-ocean-database (accessed on 27 March 2021). WOD13 is the largest scientifically quality-controlled database of selected historical in situ surface and subsurface oceanographic measurements and is produced by the Ocean Climate Laboratory (OCL) at the National Oceanographic Data Center (NODC), Silver Spring, Maryland, USA. The analyzed dataset includes all data from the stations within the approximately 50 km distance from the mouth of the Jøssingfjord. Within this polygon, only the stations with depths less than 360 m and data starting from the year 1950 were included. All the imported data had quality flags of 0 (accepted value). The World Ocean Database 2013 (WOD13) database was used to set climatic seasonal relaxation data and upper boundary conditions for the water column [26].




2.4.2. Sediment


The data of observations [31] was used to set up low boundary conditions for alkalinity (4300 µM), sulfate (15,000 µM), and dissolved inorganic carbon (8000 µM).




2.4.3. Tailings


Analysis of the chemical composition of tailings shows that dominant fractions of solids are SiO2 (43.7%, weight percentages), Al2O3 (16.5%), and Fe2O3 (14.4%). The share of Ni is about 0.03% [32].



On the basis of these estimates we parameterized the modeled tailings as having a constant ratio between particulate Si, Fe2O3, and NiS as molar percentages of 76.86%, 23.06%, and 0.08%, respectively, assuming that modeled share of particulate Si includes parameters not considered in the model (i.e., salts of Al and Mg).



For the period of intensive tailing deposition, 1960–1984, we parameterized injection to the surface as a 50 × 50 m layer of 5 mmol Ni/s, which corresponds to the dumping of 2.3 million tons of suspended solids (SS) annually to all the fjord. After 1984, the injection was abruptly reduced to 0.0015 mmol Ni/sec; this corresponds to an annual supply to the fjord of 1550 kg of Ni and 699 tons of SS, which is close to the present-day discharge of 1840 kg of Ni and 496 tons of SS [25].



The simulations started from homogeneous initial conditions of all the parameters in the water column and the sediments. The model was spun up for 10 model years with repeated-year forcing and boundary conditions. After this time, a quasi-stationary solution with seasonally forced oscillations of the biogeochemical variables was reached.





2.5. Scenarios


Three different scenarios were modeled in addition to the main scenario:




	
Total cessation of mine tailing deposition into the fjord in 2030.



	
Doubling of the intensity of mine tailing deposition into the fjord in 2030.



	
Increased bioturbation activity from 2020. Bioturbation activity was changed by an increase in parameters of sediment diffusivity (Table 1).










3. Results


3.1. Simulated Interannual Variability


The constructed model was applied for simulations of the benthic–pelagic systems under seasonally changing hydrophysical and biogeochemical forcing.



We first simulated the “baseline solution” for the system for conditions of the natural fjord seasonal variability with relatively low content of iron and nickel species entering the system and low burying rate (natural state (NS); model years 1940–1960, including the “spin-up” period 1940–1949 not shown in the figures). Then we simulated a 24-year period of high rates of deposition of tailings containing particulate Si, Fe2O3, and NiS (intensive deposition (ID); from 1960 to 1984). After 1984, restoration with the current low discharge (CLD) was modeled until 2040 (Figure 3). Burying velocity calculated in BROM depends on the amount of particulate matter that reaches the bottom. Therefore, during the period of natural conditions (years 1955–1960), the model reproduced the seasonal changes in burying velocity within the limits of 0.5–4.4 cm/year with a maximum following the period of synthesis of organic matter in the productive periods of the year. During the intensive tailing deposition, the burying rate oscillates within the limits of 30–130 cm/year, with an average value of about 50 cm/year. These oscillations can be explained by the seasonality of the mixing in the water column. During the winter period, an intense vertical mixing keeps the particles in suspended condition, while in the summer period under developed stratification, particles precipitate to the bottom. Therefore, the model predicted a 12-m decrease in the average depth of the fjord during the discharge period.



According to historic maps, the maximum depth decreased by 50 m from 80 to 30 m, so the decrease in the average depth predicted by the model appears realistic. After the intensive discharge was ended in 1984, the burying rate decreased to 0.6–4.5 cm/year, which is close to the predeposition rate. That means that the current small discharge did not contribute to a significant increase in the burying velocity.



Intense deposition of mine tailings resulted in changes of biogeochemical composition both in the water column and the upper sediment layer. The oxygen concentration in the water column became about 10% lower, and the minimum O2 concentration in the bottom layer decreased from 150 to 100 µM (Figure 4). However, the high burying rate allowed some O2 (1–10 µM) to penetrate deeper into the sediment, i.e., down to 1 cm (Figure 4). Increased turbidity during the intense tailing deposition period led to changes in the model ecosystem, i.e., limitation of photosynthesis, decrease in organic matter, and disappearance of heterotrophs in the sediment. The concentrations of many dissolved (Mn(II), DOM) and solid (MnO2, POM) substances decreased in the sediment under intensive tailing, followed by an increase again after 1984 (Figure 4). The concentration of dissolved Fe(II) increased from 20–50 µM to 1–10 mM under intensive deposition from 1960. After the decrease in deposition rate, the concentration of Fe(II) reached an absolute maximum level of 30 mM, which was maintained for several years and was a result of the very intensive reductive dissolution of Fe(III) under oxidation of the restored high amount of OM and slow burial rate. Under these conditions, a low concentration of hydrogen sulfide (up to 25 µM) appeared in the porewater (Figure 4).



The concentration of total dissolved Ni in the water column increased from 0.009 to 20 µM under intensive tailing deposition, followed by a sharp decrease after 1984 to 0.06 µM (Figure 4). The concentration of total dissolved Ni in porewater increased significantly after intensive deposition was ended. Lower burial rate after 1984 allowed a high amount of NiS to remain available for oxidation in upper sediment layers; dissolution rate of NiS increased up to one order of magnitude and resulted in a concentration of total dissolved Ni in porewater of 50–200 µM until 1998. During the next 5 years, its concentration sharply decreased to 5 µM, and it did not exceed 2 µM after 2008. The concentration of NiS in the sediment decreased slowly after intensive deposition was ended. Even in 2020, its concentration was greater than 1000 µM below 4 cm depth and about 300–500 µM in the upper 4 cm (Figure 3). During NS conditions, the concentration of Ni in biota amounted to 0.01 µM in the water column and 0.4 µM in sediment. Maximum values of 0.24 µM for the water column and 1.3 µM for sediment were observed during the first 3 years after intensive deposition was ended. After 2008, the concentration of Ni in biota had a maximum of 0.12 µM in the water column and 1 µM in sediment.




3.2. Comparison with the Field Data


3.2.1. Porewater Concentrations


Comparisons of model results and observed field data are shown in Figure 5. The observations of dissolved Fe, Mn, and Ni distributions in the porewater were performed in the open sea (stations REF11, REF27, and REF30) and in the Jøssingfjord (stations JF5, JF7, JF11, JF28, and JF29) in 2015 [24] (Figure 1). Data for the open sea were taken to represent distributions before mine tailing deposition (natural state (NS)), and data in the fjord reflect a present state with low tailing deposition into the fjord (current low discharge (CLD)). According to the field data, concentrations of dissolved Fe and Ni are higher in the fjord than in the open sea, while the concentration of dissolved Mn is lower. This was consistent with high concentrations of solid Fe and Ni and low concentration of solid Mn in the tailings. Modeled porewater concentration levels of studied metals were consistent with the field data both for the period before mine tailing deposition and for the present day. High model concentrations of reduced Fe and Mn near the sediment surface result from the low penetration of O2 causing reduced Fe(II) and Mn(II) to be stable all the way up to the sediment surface. This is a typical distribution of Fe and Mn in many coastal and fjord sediments [34]. The distribution of dissolved Fe and Mn in the porewater has usual seasonality with maximum followed by high productivity period and intensive oxidation of OM by Fe and Mn oxides [35].



Modeled distribution of total dissolved Ni in porewater is characterized by a maximum at a sediment depth of 1–2 cm. According to the model, before 1960, for NS, the maximum concentration of total dissolved Ni did not exceed 0.009 µM in the water column and 0.6 µM in porewater. In 2009–2018, under CLD, the concentration of total dissolved Ni did not exceed 0.06 µM in the water column and 1.6 µM in porewater. Generally, modeled porewater distribution and concentration levels were reasonably consistent with the measured ones (Figure 5).




3.2.2. Benthic Fluxes


In a natural state without any input of Ni from the mining activity, the model calculations gave a benthic release flux of Ni varying over the year between 0.001 and 0.009 mmol/m2 day, 0.005 mmol/m2 day on average. At the current low discharge, the flux increased to 0.008–0.062 mmol/m2 day, 0.037 mmol/m2 day on average. Maximum fluxes occurred during the high production season. Field measurements of Ni benthic fluxes were carried out during low productivity and varied within the range 0.0004–0.0012 mmol/m2 day at reference stations and 0.003–0.010 mmol/m2 day in Jøssingfjord [24]. Another experiment with sediment covered by 2 cm of fresh Titania tailings showed release fluxes of dissolved Ni of 0.025–0.058 mmol/m2 day, 0.038 mmol/m2 day on average [25]. Thus, the modeled Ni release fluxes agreed reasonably well with the fluxes measured from tailings proper and at the deposit sites.




3.2.3. Ni in Sediment


Modeled concentration of Ni in the upper 10 cm of sediment for CLD amounted to 200–1000 µM (µmol Ni/L wet sediment) or 120–590 mg Ni/kg dry sediment. This agreed well with the observations of 115–200 mg/kg dw Ni in the upper 1 cm of sediment in Jøssingfjord [24].



If we accept that the modeled concentrations of dissolved Fe, Mn, and Ni, as well as NiS and Ni benthic fluxes, fit well to the field data, we can use the model to make predictions of further changes of Ni fate in the Jøssingfjord, for example, under different Ni discharge rates or intensity of bioturbation.





3.3. Numerical Experiments


3.3.1. Total Cessation of All Discharge of Mine Tailings


After the current low discharge was set to zero in 2030, the concentration of total dissolved nickel in the water column decreased significantly during the first two years (down to 0.01 µM), while its concentration in porewater returned to its natural state in about 10 years (Figure 6). The concentration of NiS in the top 5 cm of sediment decreased to below 100 µM in about 20 years after total cessation of tailings input.




3.3.2. Doubling of Deposition Intensity


After doubling the current low rate of Ni discharge, the annual average benthic flux of total dissolved Ni from the sediment increased from 0.037 to 0.051 mmol/m2 day. The maximum concentration of dissolved Ni reached 0.08 µM in the water column and 1.6 µM in porewater (Figure 6). The concentration of NiS remained at a relatively high level—about 500 µM in the upper 3 cm of sediment and about 900 µM down to 10 cm.




3.3.3. Increase in Bioturbation Activity


A numerical experiment with an increase in bioturbation that was initiated in 2020 clearly showed the importance of this factor for enhanced Ni leaching from sediment (Figure 7). After more active bioturbation was induced, dissolved Ni concentration increased from 0.06 to 0.15 µM in the water column, from 0.08 to 0.8 µM in BBL, and from 1.2 to 30 µM in porewater. The average annual benthic flux of dissolved Ni increased from 0.037 to 0.09 mmol/m2 day with a maximum of 0.18 mmol/m2 day. After 18–20 years, dissolved Ni concentration did not exceed 0.075 µM in the water column, 0.5 µM in BBL, and 20 µM in porewater. In this long-term perspective, the average Ni benthic flux decreased to 0.06 mmol/m2 day.






4. Discussion


In this paper, we have described an application of a mathematical model for analyzing the fate of nickel leaching from a sea deposit of mine tailings. In our model, we considered how the processes in the water column, the benthic boundary layer (BBL), and the sediments were affected by a simulated seasonality of production–decay processes of organic matter.



4.1. Ni Species Fate


In summary, we can describe the following features of the Ni transformation:



In natural conditions, Ni is characterized by low concentrations both in the water column (0.009 µM) and in porewater (maximum 0.6 µM). Practically all Ni is associated with DOM (Figure 8). The highest concentration of total dissolved Ni was observed in summer when active oxidation/reduction processes took place, resulting in desorption of Ni2+ adsorbed on Fe2O3, MnO2, and POM under their oxidative/reductive dissolution. Release of Ni to the bottom water followed the maximum concentration of Ni adsorbed on these suspended particles (Figure 8). In the natural condition, the model showed a significant seasonal variation of the benthic release flux of Ni following the annual OM formation/decay processes.



Under the current low discharge of mine tailings, Ni was assumed to enter the fjord in the form of particulate NiS. The oxidation and dissolution of discharged Ni led to the release of Ni2+ to the water, followed by its adsorption mainly on Fe2O3 and POM. Thus, Ni_POM and Ni_Fe2O3 concentrations increased 5 and 10 times, respectively, compared to the natural conditions without any discharge from the mining activity (Figure 8). The maximum concentration of total dissolved Ni occurred in the summer period after the dissolution of POM and Fe2O3 and desorption of Ni2+. Total dissolved Ni concentration in the water column was 6 times higher (0.06 µM) than in natural conditions, and porewater concentration was 2 times higher (1.2 µM) (Figure 8). Benthic release of Ni increased 6 times to 0.06 mmol/m2 day as maximum and reached 0.037 mmol/m2 day on average. The share of dissolved Ni associated with DOM decreased in comparison to the situation before the deposition, especially in porewater. The concentration of Ni in biota increased 2.5–10 times under current low deposition in comparison with the natural state.



An increase in bioturbation activity resulted in the intensification of oxidation and reduction processes in the upper sediment. The amount of NiS in the upper sediment decreased significantly in comparison to the low bioturbation conditions (Figure 8) because of active oxidation. The concentration of Fe2O3 remained practically at the same level because of its constant input with tailings, while the concentrations of Fe2+, MnO2, and Mn2+ increased one order of magnitude as a result of intensive diagenesis [35,36]. The concentration of total dissolved Ni in the porewater increased to 22 µM due to enhanced downwards mixing of O2 for the oxidation of NiS. In the water column, the concentration of dissolved Ni increased to a maximum of 0.15 µM shortly after the induction of intensive bioturbation, and this was followed by a decrease to 0.06 µM. The benthic flux of total dissolved Ni first increased 3 times to a maximum of 0.18 mmol/m2 day, followed by a decline to 0.12 mmol/m2 day (Figure 7). Notably, the increase in Ni in porewater did not result in an increase in the benthic flux to the same extent, because most of the released Ni was adsorbed on Fe and Mn oxides and POM. Meanwhile, the concentration of Ni in biota increased up to 100 times under intense bioturbation in comparison with current low deposition conditions.



Schaanning et al. [24] showed that sediment concentrations in the top layer (0–1 cm) of the sediments remained elevated for more than 20 years after the deposition was ended in the open area (Dyngadjupet) and explained this by upwards mixing of tailings enhanced by the high density of conveyor belts and other bioturbators in the area. Near-surface oxidation of recycled metal sulfides caused increased concentrations of metals in pore water and elevated fluxes from the sediments to the overlying water. Consistent with the relatively high loss of Ni, they also showed that the Ni/Cu ratio decreased from about 2:1 in the tailings and deep deposit layers to about 1:1 in the top layer (Figure 2A in Schaanning et al., 2019). The BROM model was able to reproduce this complex mechanism and demonstrated that bioturbation has a large potential to postpone restoration of predeposition conditions with NS metal spreading to surrounding environments and biota.




4.2. Environmental Status of Water and Sediment in Jøssingfjord for Different Scenarios


Compared to the Norwegian Quality Standards [37], the calculated concentrations of dissolved Ni in the natural state correspond to the quality classes “very good” in the water column, BBL, and, sediment and “moderate” in pore water (Table 2). At present-day low discharge, concentrations correspond to “good” in the water column and BBL and “poor” in porewater and sediment (Table 2). The upper 10 cm of the sediments remained “poor” until 2040, while the upper 1 cm of sediment reached the “moderate” condition at about 2030 (Figure 3).



The model predicted that complete cessation of the discharges would result in an improvement of sediment state to “good” in about 5–7 years for the top 1 cm layer and in about 22 years for the top 10 cm of sediment. (Figure 6). Ten years after ending the deposition of tailings, porewater was predicted to improve from “poor” to “moderate” state. Doubling of deposition intensity did not change status in the water column or porewater but caused the sediments to approach the boundary of “very poor” (Figure 6).



Increased bioturbation led to the change of the BBL and porewater conditions to “poor” and “very poor”, while sediment state improved to “moderate” (Table 2, Figure 8). This clearly demonstrates that an increase in bioturbation activity can worsen the environmental status of the Jøssingfjord provided that the concentration of Ni in sediment stays at a high level.



The application of the model described in this paper allowed numerical analysis of the fate of Ni under abundant mine tailing deposition to be performed. It was possible to reveal specific features of its transformation (i.e., role of bioturbation) and perform numerical experiments on future changes. The application of a complex biogeochemical benthic–pelagic coupled model for these purposes is a new perspective methodology, but naturally, there are limitations associated with the model development, application, and validation. We hope that we have taken into account all the important processes, but further studies are needed, and a similar approach can be used for analyzing the fate of other chemical elements (e.g., Cu and Co) found in these tailings.





5. Conclusions


A 1D benthic–pelagic coupled biogeochemical model, BROM, supplemented with an elaborated Ni module was applied for analyzing the Ni fate in the Jøssingfjord, which hosts an abundant mine tailing deposit and is affected by the current-day Ni waste discharge. The model was satisfactorily validated against the measurements. The model demonstrated that two decades are required to return the fjord’s sediment state to conditions close to natural conditions before the discharge of tailings. Transformations of dissolved Ni are connected with the formation and decay of OM, resulting in significant seasonal changes in Ni benthic flux. Bioturbation intensity plays a large role in the leaching of Ni from the sediment. The model can be an instrument for analysis of different scenarios for mine tailing activities from point of view of reduction of environmental impact as a component of the best available technology.
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Figure 1. Position of stations in the Jøssingfjord (stations JF15, JF1, JF7, JF29, and JF28) and in the open sea (REF11, REF27, and REF30). 
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Figure 2. Nickel transformations in aquatic ecosystems parametrized in the brom_ni module. Brown rectangles correspond to the state variables in the brom_ni module, red rectangles correspond to the state variables of BROM, whose concentrations are used in calculations of Ni transformations. Uni-directional arrows reflect the processes considered in the model. Open brom_ni rectangles represent dissolved species and shaded ones represent particulate species. The processes occur both in the pelagic and benthic parts of the model. 
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Figure 3. Interannual variability of the burying rate and Fe2O3 and NiS concentrations (µmol/L wet sediment). 
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Figure 4. Modeled interannual variability of concentration (µM) of dissolved O2, Fe(II), Mn(II), DOM, H2S, POM, total dissolved Ni, and bioaccumulated Ni. 
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Figure 5. Vertical distributions of dissolved Fe(II) and Mn(II) and total dissolved Ni simulated for different periods (brown lines) and observed in 2015 in the fjord (red circles ) and the open regions (blue circles). 
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Figure 6. Modeled interannual variability of total dissolved nickel (left) and NiS (right) concentrations after total cessation (top) or doubling (bottom) of the current low deposition rate discharge in 2030. 
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Figure 7. Modeled interannual variability of total dissolved nickel concentration (μM, left) and its benthic release flux (mmol/m3 day, right) for present-day bioturbation intensity (top) and in case of increased intensity of bioturbation from 2020 (bottom). 
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Figure 8. Modeled seasonal variability of concentrations of NiS, Ni adsorbed on Fe2O3 and MnO2, Ni associated with POM, bioaccumulated Ni, and total dissolved Ni (μM) and share of Ni_DOM in total dissolved Ni (%) and Ni benthic release flux (mmol/m3day): natural state before deposition (left), current low discharge with low bioturbation (middle), and current low discharge with increased bioturbation (right). 
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Table 1. Parametrization of bioturbation activity for different scenarios.
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	.
	Basic Scenario
	Increased Bioturbation Scenario





	kz_bioturb_max, m2/s
	1 × 10−11
	20 × 10−11



	z_const_bioturb, m
	0.0001
	0.01



	z_decay_bioturb, m
	0.01
	0.1







kz_bioturb_max is maximum diffusivity due to bioturbation in the sediments, range (0.3–30) × 10−11 m2/s [33]; z_const_bioturb is the thickness of the sediment layer with maximum diffusivity, range 0.01–0.05 m [33]; z_decay_bioturb is the decay scale of bioturbation diffusivity below z_const_bioturb; value 0.01m [33].
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Table 2. Environmental Quality Standards (EQS) for nickel in coastal water and sediments [37] and environmental conditions of the Jøssingfjord under different modeled scenarios.
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	Condition
	Class I

Background

“Very Good”
	Class II

AA-EQS “Good”
	Class III

Mac-EQS

“Moderate”
	Class IV

“Poor”
	Class V

“Very Poor”





	Coastal water, μg/L (μM)
	<0.5 (0.01)
	0.5–8.6 (0.01–0.15)
	8.6–34 (0.15–0.58)
	34–67 (0.58–1.14)
	>67 (1.14)



	Sediment, mg/kg
	<30
	30–42
	42–271
	271–533
	>533



	Water column
	NS
	CLD, CLDib
	
	
	ID



	BBL (water)
	NS
	CLD
	
	CLDib
	ID



	Porewater
	
	
	NS
	CLD
	CLDib



	Sediment
	NS
	
	CLDib
	CLD
	ID







NS, natural state; ID, intensive mine tailing deposition (1960–1984); CLD, current low discharge with present bioturbation; CLDib, current low discharge with increased bioturbation.
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