

[image: image1]
Assessing the Risk of Contaminant Dispersion From Fibrous Sediments of Industrial Origin












	 
	ORIGINAL RESEARCH
published: 08 September 2021
doi: 10.3389/fmars.2021.729243





[image: image]

Assessing the Risk of Contaminant Dispersion From Fibrous Sediments of Industrial Origin

Gunnel Göransson1*, Anna Apler2, Anna-Karin Dahlberg3, Hjördis Löfroth1, Sarah Josefsson2, Karin Wiberg3, Paul Frogner-Kockum1, Per Nylander1, Jim Hedfors1 and Ian Snowball4

1Swedish Geotechnical Institute, Linköping, Sweden

2Geological Survey of Sweden, Uppsala, Sweden

3Department of Aquatic Sciences and Assessment, Swedish University of Agricultural Sciences, Uppsala, Sweden

4Department of Earth Sciences, Uppsala University, Uppsala, Sweden

Edited by:
Julian Blasco, Consejo Superior de Investigaciones Científicas (CSIC), Spain

Reviewed by:
Cindy Lee, Clemson University, United States
Jenny Norrman, Chalmers University of Technology, Sweden
Xiaolei Liu, Ocean University of China, China

*Correspondence: Gunnel Göransson, gunnel.goransson@sgi.se

Specialty section: This article was submitted to Marine Pollution, a section of the journal Frontiers in Marine Science

Received: 22 June 2021
Accepted: 20 August 2021
Published: 08 September 2021

Citation: Göransson G, Apler A, Dahlberg A-K, Löfroth H, Josefsson S, Wiberg K, Frogner-Kockum P, Nylander P, Hedfors J and Snowball I (2021) Assessing the Risk of Contaminant Dispersion From Fibrous Sediments of Industrial Origin. Front. Mar. Sci. 8:729243. doi: 10.3389/fmars.2021.729243

Unregulated discharges of wastewater from pulp and paper factories resulted in the formation of relatively thick organic (cellulose) rich sediments in shallow waters along the Swedish coast. These deposits are known as fiberbanks and are contaminated by persistent organic pollutants (POPs), metals and methylmercury, which can be dispersed by diffusion and advective processes coupled to propeller wash, high river discharges, strong wind waves and submarine landslides. Based on a case study of polychlorinated biphenyls (PCBs), one group of prevalent POPs in the fiberbanks, we present a probabilistic approach to estimate the potential risk of dispersion of fiberbank contaminants. The approach allows for estimation of the dispersal pathways that dominates the risk within a given time and provides more insight about the significance of various dispersion processes. We show that it is highly likely that chemical diffusion and advection triggered by ship-induced resuspension will disperse PCBs (sum of seven congeners; Σ7PCB) above a threshold level for environmental impact, while the likelihood of river and wind-wave generated resuspension dispersion pathways are lower (∼20%, respectively). We further show that there is approximately 5% likelihood that a submarine landslide will disperse Σ7PCB above the threshold level. The study implies that the governing parameters for risk assessment specifically should include reliable data on contaminant concentration, water depth above the fiberbank, estimation of concerned fiberbank areas, time duration of erosive fluid flows and measured diffusion. The approach provides insight into the importance of various dispersion processes. We suggest that it can be applied to support risk assessment, especially when there are limited available data and/or knowledge about the system under study.
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INTRODUCTION

Historical and contemporary discharges of pollutants into water have caused sediments to become polluted with toxins, such as persistent organic pollutants (POPs), metals and methylmercury, which may pose a risk to exposed ecosystems (e.g., Apitz et al., 2006; Gerbersdorf et al., 2011; Dahlberg et al., 2021; USEPA, 2021). Globally, efforts are made to manage contaminated sediments, but many remediation measures are costly (Reible, 2014; Jersak et al., 2016a). Consequently, risk assessments are carried out to prioritize sites for remediation. Sediment can act both as a contaminant sink in calm accumulation areas and a contaminant source if the accumulated sediment is exposed to diffusive and advective dispersion processes (Förstner and Westrich, 2005), which can be continuous or intermittent. The sink or source perspective affects the risk scenario and the management options. Understanding and assessing the likelihood of dispersion thus becomes an important part of risk assessment (Reible, 2014).

Sediments have been (and are still) contaminated with metals and POPs by a range of point and diffuse sources. In Sweden, historically unregulated discharges of wastewater from pulp and paper factories resulted in the accumulation of sediments rich in cellulose fibers and wood chips along the Swedish coast (Apler et al., 2019, 2020; Dahlberg et al., 2020, 2021). Subaqueous, relatively thick cellulose rich deposits (further denoted as fiberbanks) have been found in shallow-water coastal areas close to the mills, and on nearby deeper seabed areas, fiber-rich sediments have formed. These coastally located fiberbanks may be a result of the relatively sheltered conditions that prevail in the Baltic Sea, which has no significant tides. Fiberbank deposits and fiber-rich sediments along the north-eastern coast of Sweden are estimated to cover an area of at least 2,500,000 m2 (estimated volume: 7,000,000 m3) and 26,500,000 m2 (estimated volume: 11,000,000 m3), respectively (Norrlin and Josefsson, 2017). Overall, little is known about the behavior of the fibrous material and the fibrous sediments that the pulp and paper industry have generated. The pulp and paper industry is an important industrial sector in the boreal forest region (Burton et al., 2003; Suhr et al., 2015). Occurrence of similar fibrous rich sediments has been reported from Canada (e.g., Poole et al., 1977; Krishnappan, 2000; Young and Smith, 2001; Hall, 2003; Hoffman et al., 2017), Finland (Kokko et al., 2018), Switzerland (Kienle et al., 2013), and Norway (Polovodova Asteman et al., 2015), albeit not reported using the terms “fiberbanks” or “fibrous sediments” and mostly occurring in riverine or lake environments.

In Sweden, the industrial discharge of suspended solids (e.g., cellulose fibers) ceased more than four decades ago. Yet, the offshore deposits remain, even in areas where hydrodynamics do not currently favor sedimentation, and deposition of less contaminated particles is generally low or non-existing (Norrlin and Josefsson, 2017). The fiberbanks differ from more natural, minerogenic sediments by their high fibrous organic content and low densities; some fiberbanks are almost buoyant due to inherent gas production from microbial degradation (Apler et al., 2019; Snowball et al., 2020). No organisms seem to thrive in the fiberbank deposits with the exception of some bacteria (Dahlberg et al., 2021) and the deposits are contaminated with POPs, such as polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs), polychlorinated biphenyls (PCBs), dichlorodiphenyltrichloroethane (DDT) and polycyclic aromatic hydrocarbons (PAHs), and many metals, including mercury (Hg) (Norrlin and Josefsson, 2017; Apler et al., 2019; Dahlberg et al., 2020). Analyses of benthic biota from fiber-rich sediments show that organisms bioaccumulate the contaminants present in their habitat, thus acting as a vector for transfer to organisms at higher trophic levels (Dahlberg et al., 2021). Dispersion of larger amounts of cellulose fibers may occur and worsen the situation. For example, bathymetric surveys show clear traces of submarine landslides in fiberbank areas (Apler et al., 2014, 2019; Norrlin et al., 2016).

There is currently no national (Swedish) method for risk assessment of contaminated sediments. Common practice is to use the national guidelines for contaminated soils and international guidelines for contaminated sediments. From this viewpoint, our research was designed to assess: (i) the degree to which contaminants disperse from the fiberbanks to the surrounding water system, while considering the uncertainties; (ii) if dispersion becomes a risk to the environment; and (iii) the dispersion path(s) that determine(s) risk. Pathways for dispersion include diffusion and advection (e.g., Meddah et al., 2015). Differences in chemical potential between sediment and pore water, and concentration gradients between pore water and overlying bottom water drive lake and sea diffusion processes of POPs (e.g., Schwarzenbach et al., 1993; Parnish and Mackay, 2020). Chemical diffusion is a continuous process that disperses contaminants at a relatively slow rate, but it will persist until the chemical potential and concentration differences are equalized (Schwarzenbach et al., 1993; Parnish and Mackay, 2020). Advective processes generally disperse contaminants at a higher rate (e.g., Schnoor, 1996; Chanson, 2004), e.g., by resuspension of sediment particles due to ship traffic or during storms, high flow events and even submarine landslides. It is known that major flood events may re-mobilize contaminants from contaminated sediments (e.g., Haag et al., 2001; Westrich and Förstner, 2005; Roberts, 2012) and that propeller wash may re-suspend contaminated sediments (e.g., Michelsen et al., 1998; Superville et al., 2014; Prygiel et al., 2015). It has also been shown that extreme weather-events like hurricanes may increase dispersion of contaminants from contaminated sediments (Howell and Rifai, 2015; Dellapenna et al., 2020). Only a few studies have considered submarine landslides and other underwater mass movements as a pathway for contaminant dispersion, but they have been highlighted in a review paper by Kane and Clare (2019). Underwater mass movements are rare events and can be considered as more disastrous compared to other extreme discharge and storm events, not at least because of the potential to expose and redistribute large volumes of archived contaminants further downslope (e.g., Kane and Clare, 2019). Submarine landslides are driven by an imbalance between driving and resisting forces. Main driving forces are mass and shape of sediment formation (gravitation), excess pore water pressure, and the erosion at the toe of the slope, while the resistance is primarily determined by the strength of the materials involved. When the driving forces exceed the resisting forces, the slope gives way and a mass movement occurs.

The overall aim of this work was to develop a probabilistic method to estimate the risk for dispersion of POPs (here represented by Σ7PCB) from fiberbanks, considering several dispersion pathways, and to apply the method in a field case scenario. The method uses (mathematical) analytical solutions to estimate the likelihood of exceeding a level of pollution that is assumed to have a negative effect on the environment. The method is especially useful when available data and/or knowledge about a system under study are incomplete, because it considers several possible outcomes instead of one (e.g., UNDRR, 2021). A probabilistic approach can also help to identify parameters for which uncertainty needs to be reduced to improve assessments. Although the method is developed from a fiberbank perspective, it can be applied on contaminated sediments in general with the aim to consider slow continuous dispersion as well as extremely fast dispersion events.



MATERIALS AND METHODS

A simplified probabilistic approach was used to assess the likelihood of contaminant dispersion from submerged anthropogenic fibrous pulp waste deposited on the near shore seabed outside an old pulp and paper factory (Figure 1). The approach can be used to discern the importance of possible dispersion pathways. Probable pathways for dispersion include chemical diffusion and advection caused by currents from propeller action, river discharge and wind-waves, and dispersion due to submarine landslides.
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FIGURE 1. Schematic illustration of the situation with near shore fiberbank deposition. Illustration: Geological Survey of Sweden.



Case Study Site

The case study site constitutes the contaminated fiberbank outside of Väja pulp and paper factory. The fiberbank is situated in the inner part of the Ångermanälven river estuary, along the northern Bothnian Sea coast, Sweden (Figure 2). The estuary is shaped as a fjord-like basin that formed in a prolonged tectonic rift (Heinemo, 1999). The mean river discharge is ∼500 m3 s–1 at the river mouth. Between the years 1999 and 2015, a maximum of ∼2,300 m3 s–1 and a minimum of ∼90 m3 s–1 were recorded. The water in the estuary mostly contains 70–80% freshwater, but at discharges above 830 m3 s–1, the inflow of seawater is blocked and the proportion of freshwater temporarily becomes higher (Heinemo, 1999).
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FIGURE 2. Location of the case study site. The contaminated fiberbank outside Väja pulp and paper factory is situated in the inner part of Ångermanälven river estuary, Sweden.


During the peak discharge of oxygen consuming organic fiber material from the industry in the post-war years of the 1950s, a clear expansion of anoxic seabed in the Ångermanälven river estuary was identified (Jerkeman and Norrström, 2018; Valeur, 2020). Many industries have closed down since then (Heinemo, 1999; Apler et al., 2020), and a recovery has been observed in some of the areas. However, several contaminated fiberbanks have been identified along the river estuary (Apler et al., 2014, 2019), and the mere presence of a fiberbank means that it has affected the natural sediment substrate and habitat at that location.

The studied contaminated sediment site is located adjacent to a sulfate pulp and paper factory (Figure 3) that has been in operation since the 1910s. Up to the 1980’s, oxygen consuming organic fiber material had accumulated on the seabed close to the factory’s water outlet. Although the discharge of suspended solids (including fibers) has essentially stopped, a large fiberbank, divided into two parts, remains, together covering an area of ∼70,000 m2 (Apler et al., 2019). The fiberbank is anoxic and consists mostly of cellulose fibers with a thickness exceeding 6 m in places. The fiberbank is resting upon natural minerogenic sediments some 20 m below the water surface and the surface of the deposit is located at ∼15 m water depth (Apler et al., 2019). The natural sediments successively slope about 10 degrees seaward down to a water depth of ca 50 m some 200 m out from the shoreline. The seabed next to the bank contains fiber-rich sediments that have been estimated to cover 800,000 m2, i.e., >10 times larger than the fiberbank itself. Several scars from submarine landslides are visible in 3D models of the seabed created from bathymetrical data (Figures 3, 4). The factory quay today receives about 40 vessels a year (personal communication with staff from Väja factory) for the handling of goods.
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FIGURE 3. The fiberbank deposit and fiber-rich sediments outside Väja pulp factory, Ångermanälven river estuary, Sweden.
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FIGURE 4. The same as Figure 3 but rotated to enhance the 3D image.




Field and Laboratory Measurements

All field measurements are presented in Apler et al.(2014, 2019, 2020), Dahlberg et al. (2020), Dahlberg et al. (2021), and Löfroth et al. (2021).

Geological and geotechnical surveys (2015 and 2017) show that the fiberbank is underlain by a thin layer of bark on top of a clayey silt, followed deeper down by laminated black-gray clayey silts that transition toward the base into glaciomarine varved clay (Löfroth et al., 2021). An interbedded coarse-grained layer was detected about 1–2 m down into the minerogenic sediment. The geotechnical investigation indicates that this layer has higher permeability and higher porewater pressure than the surrounding sediments (Löfroth et al., 2021).

Field samples were taken during a field study in Väja in August and September 2015. Subsequent laboratory studies of the samples showed that the fibers easily swirl during physical disturbance and that the fibers tend to tangle up and form small clumps (Lamparski, 2016). This observation shows that the resuspended fibers are thus of sufficiently low density to stay in suspension, disperse by currents and not settle until they reach calmer areas outside the fiberbank. Further, laboratory studies on particles obtained from two fiberbanks in the study area also indicate low settling velocities and indicate that the density of the pulp fibers is similar to the density of water (Löfroth et al., 2021). Figures 5, 6 show two photos of the fiberbank and fiberbank material at Väja.
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FIGURE 5. Underwater photo of the smooth surface of the fiberbank that is located in the shallow water outside Väja pulp and paper factory. Pockmarks are visible as round dark marks. The size of the pockmarks is ca 5 cm in diameter. Photo: Geological Survey of Sweden.
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FIGURE 6. Photo of the thread-like cellulose fibers that makes up the fiberbank material looks like when it is taken up from the seabed. Photo: Geological Survey of Sweden.


Sediment-to-water fluxes of PCBs were measured in situ using benthic flux chambers (BFCs) equipped with semipermeable membrane devices (SPMDs) as passive samplers (see Eek et al. (2010) for detailed description of the BFCs used in this study). Seven indicator PCB congeners (CB-28, −52, −101, −118, −138, −153, −180) were measured and their sum concentrations (Σ7PCB) were used to illustrate the suggested methodology. The following matrices were analyzed with respect to levels of Σ7PCB: sediment (fiberbank, ng g–1 dw); porewater (pg L–1); diffusive flux (ng m–2 day–1) from SPMD samplers placed on the seabed; and dissolved fraction of the PCBs in sediment pore water (%). In addition, sediment (fiberbank) organic carbon content (% TOC), was determined. Detailed information on the chemical analyses is given in Dahlberg et al. (2020), Dahlberg et al. (2021).

River flow and wind data were obtained from SMHI. These data were used to theoretically calculate possible current conditions that may affect fiber particle mobility.



Assessing Likelihood of Dispersion

Dispersion pathways considered in this study were chemical diffusion and mechanical advection caused by current induced resuspension (propeller wash, wind-waves, river flow velocity) and submarine landslides (Figures 7A–E). The risk can be explained as a chain of events. In our study, the risk chain contains the following three events:
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FIGURE 7. Schematic illustration of five different pathways for dispersion of contaminants and (contaminated) fiber particles from submerged fiberbank considered in our study: (A) chemical diffusion, (B) advection through ship (propeller) current induced resuspension, (C) advection through river flow current induced resuspension, (D) advection through wind-wave current induced resuspension, and (E) advection through submarine landslide induced resuspension. PCBs, polychlorinated biphenyls.



•Event 1 — the fiberbank is contaminated. (Note, however, that even if the fiber bank is not polluted, it poses an environmental problem due to the anaerobic and acidic conditions it creates.)

•Event 2 — the contaminants are dispersed from the fiberbank through one of the following dispersion pathways:




∘Event 2A — chemical diffusion (Figure 7A)

∘Event 2B — advection through ship (propeller) current induced resuspension (Figure 7B)

∘Event 2C — advection through river flow current induced resuspension (Figure 7C)

∘Event 2D — advection through wind-wave current induced resuspension (Figure 7D)

∘Event 2E — advection through submarine landslide induced resuspension (Figure 7E)




•Event 3 — the dispersed contaminants in the water reach concentrations that exceed relevant contaminant impact thresholds.



If the probability of event 1 is equal to 1.0 (100%), the probability of exceeding a relevant contaminant threshold can be estimated by combining event 2 and 3. Here, event 2 concerns dispersion through five separate dispersion pathways and exceedance is estimated for each of them. Event 2 is expressed as PX in Eq. 1 and event 3 is expressed as P[FX > IT] in Eq. 1, further explained below.

Assessing the likelihood of contaminant dispersion thus consists of two parts: (1) assessing the likelihood that each of the five dispersion pathways in Figures 7A–E will occur within a given time; and (2) assessing the likelihood that one or several dispersion pathways will result in contaminant dispersal above a certain impact threshold considered likely to have negative impact on the environment. A general formula for assessing the probability of impact follows Göransson et al. (2014), Göransson et al. (2018) and is
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where P is the probability, PI,X is the probability of impact (I) for a particular dispersion event (X), PX is the probability that this particular event will occur within a given time (here set to 1 year), FX is the flux of contaminants from such an event if it occurs, and IT is the impact threshold. For each of dispersion event, a method to calculate Px and Fx is determined. For the calculation of Fx, parameters are designated a probability distribution to account for uncertainties in the parameter values. Fluxes are presented in the unit of mg m–2 year–1.

In our study, we measured diffusion (Figure 7A) in the field using BFCs (Dahlberg et al., 2021). For other pathways (Figures 7B–E), we must rely on mathematical calculations based on sediment and contaminant characteristics measured in the field or using field samples, and empirical relationships found in the literature. For the specific dispersion pathway, X is here replaced by D for diffusion, S for ship (propeller) current induced resuspension, Q for river flow current induced resuspension, WC for wind-wave current induced resuspension, and L for submarine landslide-induced resuspension.


Chemical Diffusion (D)

The probability of diffusion, PD, is assumed equal to one because diffusion occurs more or less continuously (Miljødirektoratet, 2015). The flux FD can be calculated by using Fick’s law (see for example Schnoor, 1996; Miljødirektoratet, 2015), but in our case, FD was measured in the field using benthic flux chamber deployed at the surface of the fiberbank (Dahlberg et al., 2021). The contaminant flux was calculated as (i.e., Dahlberg et al., 2021),
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where MSPMD is the amount (ng) of the target compound accumulated in the SPMD in the BFC and Ased is the sediment surface area (m2) covered by the chamber and tdeployment is the sampling time (days), then recalculated to represent the yearly flux and presented in the unit of mg m–2 year–1.



Ship (Propeller) Current Induced Resuspension (S)

According to Miljødirektoratet (2015), sediments located at water depths shallower than about 20 m can be dispersed as a result of propeller swirling. The water depth at possible ship impact area varies between 10 and 16 m. A conservative assumption is thus that all resuspended sediment will be redistributed outside the fiberbank and PS equals 1 for all calls. The formula by Miljødirektoratet (2015) was used to calculate the advective contaminant flux from resuspended fibers caused by the ship traffic (FS),
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where FS is in mg m–2 year–1, 2Ns is the yearly number of vessel calls to the site where 2 accounts for the arrival and the departure, msed is the amount of resuspended fine fraction of sediment (here fibers) from each vessel call (kg), Csed is the contaminant concentration in the sediment (mg kg–1), fdiss is the dissolved fraction of the contaminant content in the sediment and that can become dissolved after resuspension (Miljødirektoratet, 2015), fsusp is the suspended fraction of the contaminant content in the sediment (i.e., proportion < 2 μm for minerogenic sediments; Miljødirektoratet, 2015), As is the sediment area (m2) affected by ship traffic. According to Miljødirektoratet (2015), msed can be calculated by,
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where hs is the average water depth (m) at the ship impacted area, dp is the propeller depth (m), Bs is the ship width (m), ffine is the fraction fine sediment < 63 μm, and Tr is the ship trajectory length (m).



River Flow Current Induced Resuspension (Q)

PQ is the probability of erosive river flows (i.e., flow velocities) and it is calculated by estimating the probability that river flow will induce a bed shear stress greater than the critical shear stress for fiber particle mobility. Based on frequency analysis, recurrence interval for critical discharges was calculated according to (see for example Maidment, 1993),
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that describes the probability that a certain event (X) will exceed a certain level (xT) once in N years, where T is the return period for the specific event (n) during the recorded time (t).

If we assume that the sedimentation rate is sufficiently low and that the resuspended fibers/fiber particles do not settle until they reach calm condition where the flow and wave action is very low (i.e. deposition flux occurs outside the fiberbank area), then the settling velocity above the deposit can be neglected. The advection flux from river current induced resuspension (FQ) can then be written,
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where FQ is in mg m–2 year–1, E is the sediment erosion rate (kg m–2 s–1), or sediment erosion flux, generated by river flow, tQ is the yearly time duration with erosive flows, if such flows occur (s). The sediment erosion rate (E) can be written as Patheniades (1965), Kandiah (1974), and Ariathurai and Arulananda (1978),
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where E0 is the erodibility coefficient (kg m–2 s–1), τ0 is the average shear stress (N m–2) created by the flowing fluid (water) and τc is the critical shear stress (N m–2) for particle mobility. Hanson and Simon (2001) suggested that E0 can be calculated by,
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where τc is the critical sediment shear stress for mobility (N m–2).



Wind-Wave Current Induced Resuspension (WC)

Waves can disturb sediment and currents can transport it. Wavelength relative to undisturbed water depth determines situations of shallow water wave, intermediate wave, or deep-water wave induced sediment mobilization (Bridge and Demicco, 2008). For simplicity, we assume that linear wave theory can be applied, and that refraction and diffraction can be neglected. The surface of the contaminated deposit is assumed smooth (i.e., no ripples) which is consistent with our field observations. It is further assumed that the mean bed shear stress is in the direction of the combined velocity. Average bed shear stress from waves and currents was calculated using the derived formulas and procedure presented in Soulsby and Clarke (2005). The formulas include bed shear-stresses (τwc) for laminar, smooth-turbulent and rough-turbulent wave-plus-current flows. The flow regime was estimated based on the calculation of current Reynolds Number (Rec) and wave Reynolds Number (Re).

We used the approach for river flow induced resuspension to calculate the recurrence interval for critical wind-waves. The advection flux from wind-wave induced erosion (FWC) can then be written (modified after Miljødirektoratet, 2015),
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where FWC is in mg m–2 year–1, EWC is the erosion rate for wind-wave generated erosion (kg m–2 s–1), Csed is the sediment concentration (mg kg–1), fdiss is the dissolved fraction, fsusp is the suspended fraction and tWC is the yearly duration (s) with erosive wind-wave currents, if wind-wave driven currents occur. The yearly duration for on shore critical winds (critical direction and critical wind speed) was assessed using open data from the Swedish Meteorological and Hydrological Institute (SMHI). EWC can then be calculated by the same formula as in Eq. 7, but τ0 is the bed shear stress from waves and currents (N/m2), denoted τwc.



Submarine Landslide Induced Resuspension (L)

A specific landslide does not occur at the same place twice (within the timescale considered in this study) and, therefore, frequency analysis becomes difficult to apply. According to L’Heureux (2009) and L’Heureux et al. (2010), nearshore landslides often occur within a period of unfavorable stability such as during low tide (tides are not relevant for the Baltic Sea) or following a period of heavy rainfall that successively builds up a pore pressure in the soil and sediment. The sediment pore pressure thus depends on the precipitation that falls over land and infiltrates into the ground.

A method to calculate submarine landslide probability was developed based on Persson (2008), Berggren et al. (2011), and Göransson et al. (2014) and is briefly described here. First, landslide probability is determined for non-transient condition and only with respect to knowledge uncertainty. The stability of a slope can be calculated using SLOPE/W, or a similar tool, and the evaluation of the probability of failure using the point estimation method (see for example Rosenblueth, 1975, 1981; Odén et al., 2017). Knowledge uncertainty is then assessed for the most crucial/selected parameters, in this case undrained shear strength, friction angle, bulk density and level of permeable layer. Second, natural variations of high pore water pressures are evaluated. Here, we used a modification of the HBV-model (Persson, 2008) developed by the Swedish Meteorological and Hydrological Institute (SMHI), to analyze variation in groundwater levels (variation in precipitation as input to pore water pressures). Third, landslide probability is calculated including variations in pore water pressure. Fourth, annual landslide probability (PL), or for an arbitrary time, is determined (see further in Supplementary Material).

The advection flux from a submarine landslide (FL) can then be written as,
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where FL is the contaminant flux triggered by landslide (mg m–2 year–1), Msed is the amount (kg) contaminated sediment involved in a landslide (volume⋅density). AL is the area (m2) involved in a slide. Msed can be estimated by assessing the surficial extent of a slide times the depth and density of the fiber bank deposit,

[image: image]

where AL is the area of contaminated sediment involved in a potential landslide/mud flow (m2), BL is the depth of the contaminated deposit that is involved in a potential landslide/mudflow (m), and ρFB is the bulk density (kg m–3). The surficial landslide extent (AL) can for example be estimated based on landslide scars detected by bathymetric surveys. Density was estimated based on laboratory testing.



Determination of Environmental Impact Threshold (IT)

In absence of guiding data for Σ7PCB fluxes from sediments, a reasonable impact threshold had to be selected. In this study, the impact threshold is based on measured fluxes from a reference site and normalized for the area. The reference site is located in Bollsta Bay near the study site: X-coordinate: 638505.00, Y-coordinate: 6986179.00 in the Swedish Reference Frame 1999 (Transverse Mercator). This location is the same as site FV3 in Dahlberg et al. (2021). Measured Σ7PCB flux amounted to 0.000013 mg m–2 year–1 (Dahlberg et al., 2021) and an impact threshold 10 times this value was initially chosen, i.e., IT = 0.00013 mg m–2 year–1. This threshold is an assumption and it is possible that that the background level harms the environment. We do not have data to be able to make a more rigorous assessment at this stage, but the chosen value can be seen as an approach to illustrate the methodology. We elaborate how this threshold value for flux relates to the Norwegian guideline values for the concentration of PCBs in surface waters in the discussion section.



Input Parameters and Probability Distributions

Assumptions made for the site-specific calculations of PX are shown in Supplementary Table 1. Input parameters and probability distributions for the calculation of FX (Eq.1) are shown in Supplementary Tables 2, 3. Monte Carlo simulations (10,000 trials per run) were used to calculate PX[Fx > IT] using the Crystal Ball add-in to Excel. The likelihood of exceeding the impact threshold was then calculated by multiplying PX with FX.



Possible Contribution to the Load

Once the above data are in place, the analysis can be developed to estimate the possible load of Σ7PCB and the amount of resuspended fiber particles from each of the dispersion pathways (Table 1).


TABLE 1. Calculation of possible Σ7PCB loads and amount resuspended fiberbank particles generated by each of the dispersion pathways.

[image: Table 1]


Sensitivity Analysis

A sensitivity analysis provide information on which input parameters that influence the output the most. In Crystal Ball, sensitivity is calculated by computing Spearman’s rank correlation between every assumption and forecast, which is done simultaneously while the simulation is running. A sensitivity chart is produced for each forecast and it ranks the assumptions from the most important down to the least important in the model.



RESULTS

The yearly probabilities of exceedance for the dispersion pathways, including both the probability of dispersion occurring and the probability of dispersion resulting in exceedance of the impact threshold, if it occurs, are shown in Table 2. Given the impact threshold, the yearly probability of exceedance is high for diffusion (100%) and advection of Σ7PCB fluxes triggered by ship-induced resuspension (100%). The yearly probabilities of failure of Σ7PCB fluxes through advection triggered by river flow and wind-wave currents are almost equal (18 and 19%, respectively), while submarine landslide poses the lowest risk (5%). If the time period increases from 1 to 10 years, the probability of dispersion rises to 86% for river flow, 89% for wind-wave currents, and 18% for submarine landslides, which also increases the overall probability of exceeding the impact threshold.


TABLE 2. Calculated annual probability of exceeding the threshold level for environmental impact.

[image: Table 2]Given the dispersion, Monte Carlo simulated 50 and 90% percentiles, respectively, confidence levels, of Σ7PCB flux (mg m–2 year–1), Σ7PCB load (g year–1) and particle load from each dispersion pathways are shown in Table 3. These results indicate that, for example, 90% of the Σ7PCB flux from ship current induced resuspension is 0.60 mg m–2 year–1 or lower. However, there is a 90% confidence that the yearly Σ7PCB from ship current induced resuspension probably will lie somewhere between 0.11 and 0.74 mg m–2 year–1. The results (Table 3) further indicate that chemical diffusion will contribute least to the overall dispersion of Σ7PCB from the fiberbank deposit, followed by river flow, wind wave and ship current induced resuspension of Σ7PCB, in that order. A submarine landslide will release far most Σ7PCB and fiber particles. The estimated confidence intervals reflect the uncertainties in input parameters and hence, the amount that might be dispered in case of an event.


TABLE 3. Calculated 50 and 90% percentiles and the 50 and 90% confidence intervals for Σ7PCB flux, Σ7PCB load, and particle resuspension, given dispersion from the fiberbank.

[image: Table 3]The MC simulated fluxes and loads (Table 3) were compared to calculated fluxes and loads (Supplementary Table 4) for each of the dispersion pathways by using fixed mean and maximum data in Supplementary Table 2 (except for Manning’s M for which minimum value should be used to yield higher shear stress). Calculated results based on fixed data showed in principle a greater amount of dispersion than if uncertainties are taken into account.

The fiberbank may amount to about 19,000 tons of matter (Supplementary Table 4) or even more if the true values are closer to the maximum than the average. Given the fact that the fiberbank is still there 40 years after the discharges forming it had ceased, it is possible that parts of the resuspended fibers resettle on the fiberbank, except for submarine landslide induced resuspension. However, the formation of fiber-rich sediments outside the fiberbank indicates that resuspension and redeposition of fibers has occurred.

The result of the sensitivity analysis, with the most influential parameters for the outputs, is shown in Table 4. Positive coefficients indicate that an increase in the assumption is associated with an increase in the forecast. Negative coefficients imply the opposite situation. The larger the absolute value of the correlation coefficient, the greater the sensitivity. For example Σ7PCB fluxes from ship and landslide induced resuspension of fiber particles are governed by the Σ7PCB concentration in the sediment, which means that the higher the concentration in sediment, the higher the fluxes. Σ7PCB fluxes from river flow induced resuspension is governed by duration of erosive discharges, the more of then such discharges occur, the more Σ7PCB are dispersed. Water depth governs the Σ7PCB fluxes from wind wave induced resuspension and the deeper the water, the lesser the fluxes.


TABLE 4. Influential input parameters for the Monte Carlo (MC) output results.

[image: Table 4]By reducing the uncertainties in the most influential parameters, the uncertainties in the output are consequently reduced. From Table 4, further surveys should primarily focus on reducing uncertainties for contaminant concentration in the sediments (Csed), water depths (h, hs), estimation of concerned fiberbank area potentially involved in a submarine landslide (AL), time duration of erosive currents (tQ, tWC), measured diffusion (FD) and trajectory length (Tr). Given the known uncertainties, the Monte Carlo simulations further indicate that the most influential parameters to the total yearly load of Σ7PCB (not shown in Table 4), if all dispersion pathways are used, are the fiberbank area (AL) involved in a potential submarine landslide (50%) and the contaminant concentration (Csed) in the fiberbank (40%).

The Monte Carlo computation also include fixed values for calculated basic parameters, such as critical shear stress and the erosion rate. The erosion rate depends on the erodibility coefficient, shear stresses and critical shear stress. The lower the erodibility coefficient, the lower the erosion rate. The more the shear stress exceeds the critical level, the greater the erosion. The magnitude of the impact of these parameters on the outcome is not apparent from the sensitivity analysis but are important for the output. For example, we needed to reduce the erosion coefficient to generate realistic results for fiber particle resuspension.



DISCUSSION

It should be emphasized that the data base for each parameter is extremely small, from single datum points to a few datum points. This means a very limited statistical basis and that the uncertainties about the “true” values are great. We could have calculated the dispersion solely on the basis of known data, but in order to make the uncertainties visible and how these uncertainties can affect the outcome, we chose a probability-based method. The choice of method can of course be discussed, but an advantage is that the results can be used to justify why further investigations and modeling is needed and what these should be focused on. By making the prevailing uncertainties visible, more robust decisions can be made.

There are still many uncertainties in the flux of contaminants at the sediment/water interface and the processes that affect its variation in space and time. Uncertainties refer to knowledge uncertainty, or epistemic uncertainty, and uncertainty in the natural variation, so called aleatory uncertainty or genuine uncertainty. For example, Howell and Rifai (2015) showed a variation in PCB fluxes due to storm surges and flooding, and Dahlberg et al. (2021) showed that particle resuspension may occur even at gentle disturbance of the sediment surface. For a better understanding, measurements and analyzes performed under different environmental, seasonal and hydrological conditions are still needed.


The Applied Method

The method presented in this paper has been applied on contaminated, organic (cellulose) rich sediments of anthropogenic origin but can also be applied to contaminated sediments in general. The method aims to support risk assessment by estimating the risk of dispersion, considering, but not limited to, dispersion through chemical diffusion and advection induced by particle resuspension. We have chosen to use a probabilistic approach, as a complement to deterministic risk assessment, to consider systematic and statistical uncertainties with the aim to assess the likelihood of pollution spread and its likelihood for environmental impact. However, one difficulty with such an approach is the quantification of the overall uncertainty due to a forward propagation of uncertainties, as well as model and parameter uncertainties (e.g., Gouldby et al., 2010). On the other hand, a probabilistic method may reveal uncertainties that otherwise can be hidden if only a deterministic analysis is applied (Arabi et al., 2007; Qu et al., 2016). As such, a probabilistic method may be more rigorous, for example by displaying percentiles and confidence intervals that are more precise (Qu et al., 2016) and considering different environmental conditions, as shown by Shojaeezadeh et al. (2020). Although the confidence intervals here can be considered large, they give an understanding of possible best- and worst-case scenario for the different continuous, periodic or rare occurring dispersion pathways based on the available knowledge. For example, by comparing the Monte Carlo simulated fluxes and loads (Table 3) with calculated fluxes and loads for each of the dispersion pathways by using fixed mean and maximum values (except for Manning’s M for which the minimum value should be used to yield higher shear stress) (Supplementary Table 4), we found a discrepancy for river flow current, wind wave current, and submarine landslide induced dispersion. In the case of limited data, calculations based on individual values may therefor give misleading results.

Using a probabilistic approach helps to understand where the uncertainties lie and identify parameters for which uncertainty needs to be reduced to better estimate the risk. Such information can form a basis for the design of supplementary field studies and laboratory analyzes.

The method presented in this study provides information on whether or not dispersion occurs, but does not predict where the dispersed contaminants and particles will end up. For such an assessment, a numerical model is needed. Toxicological screening and modeling could also be included to assess the impact on the ecosystem being exposed. Thus, the accuracy to which the risk can be estimated or assessed with the suggested method depends on how well the threshold level for environmental impact can be described. Nevertheless, a probabilistic method can be used to confirm the validity of a deterministic risk assessment, if such exists (Shojaeezadeh et al., 2020).

In our study, the computational model was set up in a spread sheet tool, supported by Monte Carlo simulation, which makes it easy to update the (mathematical) analytical solutions when new knowledge become available, if governing equations need to be changed, and if additional dispersion pathways need to be added. Also, Monte Carlos simulations assume variables to be independent. However, some of the uncertain independent variables may not be truly independent. For example, diffusion depends on concentration gradient, wavelength depends on wind speed and fetch, near bed flow velocity depends on discharge and bed geometry. When more data are available, one could choose assumptions to correlate in a correlation matrix with correlation coefficients as input to the sensitivity analysis.



The Case Study

Based on the results, it can be concluded that Σ7PCB are dispersed and that fiberbank particles are resuspended from the studied fiberbank. The results clearly show that the rare occurrence of extreme events will have a relatively large impact on the amount dispersed, which indicates that the fiberbank cannot be considered stable with respect to contaminant and particle dispersion. The results further indicate that the fiberbank will likely continue to negatively affect the surrounding ecosystem if nothing is done to prevent dispersion. This outcome is probably also true for many other fiberbank deposits, and for contaminated sediments located in shallow waters (e.g., Butcher and Garvey, 2004; Davis et al., 2007; Howell and Rifai, 2015). Even archived contaminants may become exposed to dispersion because of sediment scouring during extreme weather-events like hurricanes (Dellapenna et al., 2020). Our study also includes the potential for contaminant dispersion from submarine landslides, and the results indicate that a submarine landslide will disperse most contaminants per unit area (i.e., flux), followed by advection through ship induced resuspension, river flow resuspension, wind-wave current resuspension, and least by chemical diffusion.

We applied a threshold level for Σ7PCB sediment-to-water flux to estimate the probability for environmental impact. Such an approach was also applied by Shojaeezadeh et al. (2020). However, in our study, this threshold is related to measured Σ7PCB fluxes at a reference site because no Swedish environmental quality standard exists for PCBs in water. The threshold level thus simply reflects what the situation is in a less contaminated part of the area, but it does not give information on potential consequences to the environment or the recipient, which would have been the better threshold level. The Norwegian Miljødirektoratet has set a guideline value for a yearly average of Σ7PCB in coastal waters to 2.4E-06 μg L–1 (Miljødirektoratet, 2016). Sediment-to-water fluxes can be recalculated to an approximate water concentration if the representative water volume and the water residence time is known. For the Bollsta Bay, the water volume is about 0.11 km3 (SMHI, 2021a) and the residence time is roughly 1 year, depending on water depth (Heinemo, 1999). In our case study, we chose a threshold level of 0.00013 mg m–2 year–1, which roughly would correspond to 4.9E-06 μg L–1. Thus, the suggested threshold level is about two times higher than the Norwegian guideline, but within the same order of magnitude, which means that the selected threshold value is not unreasonable. The water volume above Väja fiberbank, not the entire Bollsta Bay, is roughly 1 million m3 and with the same residence time, the measured yearly fluxes of chemical diffusion from the fiberbank (0.0011 mg m–2 year–1) would roughly correspond to a concentration of 7.7E-05 μg L–1, which is about 30 times higher than the Norwegian guideline value. Calculated fluxes from the other dispersion pathways are even higher than that. To conclude, this means that the estimated risk for our case study is an underestimation rather than an overestimation, even considering the lower levels of the 90% confidence intervals. It also confirms the importance of taking into account advective dispersion pathways in risk assessments (e.g., Erickson et al., 2005; Davis et al., 2007; Reible, 2014; Howell and Rifai, 2015; Dellapenna et al., 2020).

The uncertainty in input parameter values can be reduced with more precise laboratory and field measurements. We used benthic flux chambers (presented in Dahlberg et al., 2021) to measure chemical diffusion, however, we cannot be sure that we only measure diffusion with the BFCs because the advection can also be influenced by e.g., bioturbating benthic organisms. We did not have the possibility to measure all the parameters needed for the calculations, partly because existing field and laboratory equipment are not designed for the atypical material that the fiberbanks consist of. Thus, several parameter values had to be estimated based on literature and the knowledge gained so far about this anthropogenic sediment. There are some parameters that were more challenging to assess. For example, the high organic cellulose fiber content and their characteristics made it difficult to assess parameters like critical shear stresses, grain size distribution and bed surface roughness, which are parameters commonly included in formulas for sediment transport. It was also challenging to conduct proper geotechnical measurements of the fiberbank, for example to collect undisturbed core samples of the soft unconsolidated fibrous sediment and the underlying strata (Löfroth et al., 2021). The varves (thin silt and clay layers) in the underlying soft clay made trimming of specimens for laboratory tests challenging (Löfroth et al., 2021). Flow and current velocity profiles would have provided better input to calculate shear stresses. The optimal would have been to have access to measurement data showing current directions and current velocities, calibrated against prevailing flows, winds and ocean currents, and then to establish a hydrodynamic model across different scenarios.

It has also been shown that resuspension of fiberbank materials and fiber-rich sediments may be induced by only gentle disturbance at the site (Dahlberg et al., 2021), which should be considered in future work. Gas production (methane gas from anaerobic decomposition of organic matter) can also be high in fiberbanks (Lehoux et al., 2021), and gas ebullition may perhaps enhance contaminant dispersal in fiberbanks through increased sediment-pore water exchange (Klein, 2006) and through resuspension of contaminated particles (Yuan et al., 2007; Viana et al., 2012). Gas formation can cause parts of the fiberbank to be boyant and float away. Furthermore, the geological setting at a site may provide conditions for advection through upwelling submarine groundwater. In our case study, the upwelling of submarine groundwater was not assumed an issue because the permeable thin silt layer is not in contact with the contaminated sediment layers. The observed pockmarks can indicate submarine groundwater seepage but are more likely caused by gas ebullition.

In the middle and northern parts of Sweden, the effect of climate change includes increased precipitation and milder winters, which in turn will cause more precipitation to fall as rain instead of snow. A climate analysis for the county shows that the run-off to the rivers in the area increases as the climate changes (SMHI, 2021b). Thus, the flow in the Ångermanälven river is likely to increase, which may affect the flow-induced resuspension of fiber particles. However, the Ångermanälven river discharge is strongly regulated by several hydropower stations, and an ongoing landslide risk investigation of the Ångermanälven river valley conducted by SGI has shown that the flow control obscures the effect of climate change on river flow. Nevertheless, increased rainfall will affect pore water pressure and hence landslide probability. It is not currently known whether climate change will cause stronger and/or more frequent storms in the area, but if these occur, wind-wave currents will pose a greater problem than today for the dispersion of contaminants and fiber particles. Other studies have also shown that sediment-to-water dispersion of PCBs increases during hurricanes (Howell and Rifai, 2015; Dellapenna et al., 2020).

The case study site is located in a part of Sweden that currently experiences isostatic rebound of the earth’s crust of 8 mm year–1 in response to the last glaciation more than 10,000 years ago, thus resulting in a gradual seaward displacement of the shoreline. This means that the water depth over the fiberbank is slowly decreasing, eventually exposing the fiberbank more to currents from both vessels, discharge and waves. However, this situation may change over time due to sea level rise, and it is possible that the rate of sea level rise may exceed the isostatic rebound rate in about 100 years (personal communication, L. Johansson, SMHI), but by then, the sediments may already have been redistributed over the seabed. In addition, isostatic rebound and other tectonic movements of the earth’s crust cause minor earthquakes, but so far the highest measured magnitude in the area is 3.1 on the Richter scale1 and it has been considered that these magnitudes are not enough to trigger a landslide in the area (Löfroth et al., 2021).

The scientific knowledge on the characteristics of the cellulose fibers and wood chips deposits in the environment is in its infancy. The fiberbank deposits will be difficult and costly to remediate due mainly to high organic content, high water content, very low density, and the large volumes (Jersak et al., 2016a,b). It may also be difficult to determine who is legally responsible for the costs and implementation of the action in accordance with the Polluter Pays Principle (PPP). Because not all sites can be remediated at once, we need to understand the impact from these deposits on the ecosystem in order to prioritize sites for remediation. We need to understand more about the different dispersion pathways from the fiberbanks to the surrounding recipient and about their different significance for the spread of these pollutants. This can lead to an understanding of the fiberbanks’ impact on the ecosystem and in turn how we address fiberbanks to minimize their environmental impact. The approach presented here takes uncertainties into account and can be used as an initial assessment of whether dispersion can be a problem, which dispersion pathway probably contributes most, and in the dispersions order of magnitude.



CONCLUSION

We have proposed a probabilistic approach to estimate the probability of dispersion of pollutants from contaminated sediment and to estimate the likelihood that such dispersal may have negative environmental impact. The approach takes use of uncertainties and is meant to be part of a risk assessment. The approach was tested for a case study consisting of contaminated cellulose fibrous sediment originating from unregulated discharge of pulp waste from a pulp factory (referred to as fiberbanks). Although the data set is extensive, within this context it has limitations. Despite, the approach allowed for the assessment of possible contaminant dispersion from this type of contaminated sediments and for the estimation whether dispersion may pose a risk to the environment or not. The approach enabled the assessment of dispersion paths that may govern the risk.

It can be concluded that the fiberbank studied is not stable with respect to the dispersion of contaminants as well as contaminated sediment particles. The result indicates that there is a 100% probability that ship induced resuspension and chemical diffusion will disperse Σ7PCB above a limit of failure, respectively. The probability is just below 20% for river flow, respectively, wind-wave current induced dispersion, and about 5% for landslide induced dispersion. These probabilities are governed by the probability for dispersion. If dispersion occurs, then all dispersion paths will generate a release of Σ7PCB above the threshold level that was set to assess negative environmental impact. With regards to the specific case study, it can also be concluded that as long as the thick cellulose rich and contaminated deposit is left unmanaged, it is likely that several of the global goals for sustainable development (specifically SDGs 3, 14 and 15) will not be met in the area.
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