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a b s t r a c t

Waste from mining operations includes mine tailings, a slurry of fine-grained mineral particles and
processing chemicals that remains after the desired compounds have been extracted from the ore. In
some cases, the method of disposal is to place tailings into the marine environment; this is known as
Submarine Tailings Placement (STP). To understanding the environmental impact of releasing large
amounts of mine tailings into the marine system, multiple processes must be well characterised,
including those relating to the transport and fate of the disposed material.

We applied a set of high-resolution models for wind, hydrodynamics, and sediment transport to
simulate a submarine mine tailings discharge in a Norwegian fjord. The transport model includes
processes to account for the effect of flocculation on mine tailings transport and fate. We calculated the
mean tailings sedimentation rate in the fjord, which is closely related to the environmental footprint of
the STP. Comparisons with measurements of winds, currents, turbidity, and sedimentation rates were
made to evaluate the model, and we found overall reasonable agreement. We investigated discharge
scenarios during 2013 and identified a strong wind event around November 17, which caused increased
particle dispersal. The increased mixing caused by the strong winds were seen in elevated turbidity
measurements, as well as increased modelled suspended sediment concentration.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In the process of extracting and processing ore from min-
ng, a large quantity of fine-grained waste material is produced
nd must be disposed of (Kvassnes and Iversen, 2013). Among
he most critical environmental issues of industrial mining is
he safe disposal of these mine tailings, which in addition to
ine particulates, also contain residual chemicals used during
rocessing (Ramirez-Llodra et al., 2015). The most common ap-
roach is to use a landfill or tailings dam (Skei, 2013), which
ays claim to a significant portion of land. In some cases an
lternative disposal method is used, where the tailings are de-
osited on the ocean floor, by way of a more than 100 year
ld concept known as Submarine Tailings Placement (STP) (Dold
nd Bernhard, 2014; Ramirez-Llodra et al., 2015; Skei, 2013;
vassnes and Iversen, 2013). In Norway there are at present
everal active and planned STP sites, located in fjords throughout
he country (Ramirez-Llodra et al., 2015). Fjords are often highly
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E-mail address: raymond.nepstad@sintef.no (R. Nepstad).
ttps://doi.org/10.1016/j.rsma.2020.101404
352-4855/© 2020 The Authors. Published by Elsevier B.V. This is an open access art
complex systems (Aure et al., 2007), showing intricate seasonal
circulation patterns (Farmer and Freeland, 1983) and productive
ecosystems (Mevenkamp et al., 2017).

STPs have implication for the marine environment (see, e.g.
Ramirez-Llodra et al., 2015; Morello et al., 2016; Farkas et al.,
2017; Mevenkamp et al., 2017). In addition to smothering of the
immediate area of the sea bed around the discharge point, tailings
particulates and residual chemicals may come into suspension
and be transported with ocean currents, potentially affecting both
the water column and sea bed over a larger area. To minimise the
potential environmental impacts, the use of an STP to dispose of
tailings requires in-depth knowledge about the hydrodynamics
and ecosystem at the disposal site as well as strict control of the
discharge itself. Routine monitoring and scientific investigations
over the past decades, and in particular in the past few years, have
provided much insight into the extent of impacts and dynamics
of tailings in the ocean. For some recent reports and reviews,
see, e.g. Jensen and Hylland (2019), Sternal et al. (2017), Lepland
et al. (2019), Davies and Nepstad (2017), Morello et al. (2016),
Ramirez-Llodra et al. (2015), and references therein.
icle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Overview of model domains, the STP area (red dashed line) and sampling stations. Panel A: the location of the STP discharge points (P1 and P2) within the
TP area, and named positions of sampling stations of available data. Panel B: Domain extents of the SINMOD circulation model (full black line) and the DREAM
ransport-fate model (dashed black line). Panel C: The location within Norway is indicated by the orange square. (For interpretation of the references to colour in
his figure legend, the reader is referred to the web version of this article.)
Numerical models can constitute an important part of the tool-
ox for the sustainable management of STPs (Findikakis and Law,
998; Vare et al., 2018). During planning, predictions of disper-
al and sedimentation patterns and environmental impacts and
isks can be used to evaluate candidate locations and optimise
he discharge to achieve a minimal environmental footprint. In
he operational phase, model predictions, combined with online
onitoring, can be used to, e.g., evaluate the effect of changes

o the discharge arrangement, and provide ‘‘early warning’’ of
ransient environmental events that can impact dispersion.

We recently developed new capabilities for an existing marine
ransport and fate model (DREAM, see, e.g., Rye et al., 1998,
004, 2008; Reed and Hetland, 2002), in order to adapt it for
imulations of STP discharges. This includes a new component
n the model which calculates settling speed for particulate fines
ased on concentration to account for flocculation effects.
In this paper, we present results of numerical simulations of

irculation and tailings particulate dispersal from an active STP
in Frænfjorden, Norway. Following an overview of the STP area
and discharge, we summarise relevant features of the numerical
models used, before simulation results are presented. Model pre-
dictions are compared with measurements of current, turbidity
and sedimentation rates to assess their quality. We identify and
discuss an interesting transient environmental situation, where a
strong wind event causes an increase in the dispersal of tailings.
Estimates for long-term tailings sedimentation rates in the fjord,
which relate to the environmental footprint of the STP, are also
presented and discussed.

2. Materials and methods

2.1. The tailings discharge

We studied the STP area in Frænfjorden (7.12E, 69.845N),
western Norway, where a calcium carbonate processing plant has
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been in operation for several decades (Omya Hustadmarmor AS),
see Fig. 1. The STP area itself is defined by the publicly avail-
able discharge permit of Omya Hustadmarmor (Miljødirektoratet,
2015), and the line shown in the figure is based on data from an
environmental monitoring report (Glette, 2014). The mine tailings
discharge from this plant, a slurry consisting of water, residual
processing chemicals (e.g. flotation chemicals) and particulates
of calcium carbonate and other minerals (Ramirez-Llodra et al.,
2015; Miljødirektoratet, 2015), are continuously discharged from
a set of pipes at a depth of 20 m. The particulates contain a
large fraction of fines (< 20 µm), as well as larger particles with
diameters extending up 800 µm. The full particle size distribution
is shown in Fig. 2, and this distribution is used to set initial
particle sizes in the plume model (described later). The discharge
rate varies over time, as does the position of the discharge, which
is switched between a western (main, 37 m water depth) pipe
and an eastern (backup, 31 m water depth) pipe, placed 500–
600 m apart. During November 2013, the rate fluctuated around
a median value of 400 m3/h, mainly released through the eastern
pipe, as shown in Fig. 3. In this period, the dry fraction in the
discharge was approximately 12% by mass; the density of the dry
fraction was 2.4 tonnes/m3. Before discharge the tailings, which
contain residual processing freshwater, are mixed with seawater
from the fjord, resulting in a final salinity of approximately 6 g/kg.

2.2. Study area

Frænfjorden contains several islands and sills, contributing
to a complex flow pattern. The Frænfjorden inlet is a shallow
area with a channel into the fjord which is about 40–45m deep.
Outside Frænfjorden there is a sill to the north and two sills to
the south, which are all about 100m deep. The bathymetry of the
deposit area of the fjord is shown in Fig. 1.

The fjord has a classic estuarine circulation pattern where
the surface waters flow seawards and intermediate waters flow
inwards below these surface layers. The water body of the fjord
is stratified in spring/summer due to the freshwater supply from
several rivers and streams. The circulation is also affected by the
ever-changing stratification of the adjacent waters outside the
fjord, which is modified by both local and seasonal winds. As the
discharge of tailings is below the surface layer, the circulation
pattern in Frænfjorden causes the particles to mostly remain
inside the fjord, rather than get transported seawards, unless
intense vertical mixing brings the particles upwards.

2.3. Atmospheric model

Interactions between atmosphere and ocean play an essential
role in the dynamics of the upper ocean, and accurately mod-
elling these dynamics at a suitably high resolution is crucial,
especially in fjord systems (Myksvoll et al., 2012). The Weather
Research and Forecasting (WRF) Model (Skamarock et al., 2008)
has been used to provide atmospheric data in this study. WRF
is a fully compressible conservative-form non-hydrostatic atmo-
spheric model suitable for both research and weather prediction
applications. The initial data (meteorological data) and boundary
conditions necessary for model initialisation are wind compo-
nents, potential temperature, pressure, and moisture; all of them
came from ERA-interim, a global atmospheric reanalysis going
back to 1979, which is continuously updated. These global data
are introduced into the model by a relaxation method (Davies
and Turner, 1977). A high-resolution setup nested in three steps,
20 km, 4 km and 1.33 km horizontal resolution grids, has been
used to provide atmospheric forcing (input data used in the ocean
circulation model) at a mesoscale horizontal resolution of 1.33 km

at one-hour sample interval.
Fig. 2. Particle size distribution of discharged tailings. Orange line is the
cumulative distribution.

2.4. Circulation model

The transport-fate model requires circulation and vertical dif-
fusivity 3+1D fields as input. For this purpose, we ran the SINMOD
ocean model (Slagstad and McClimans, 2005), set up with a 32 m
horizontal resolution domain to properly capture the circulation
properties of the STP area. The hydrodynamic model domain is
shown in Fig. 1(B). SINMOD is based on the primitive Navier–
Stokes equations, and uses a z-coordinate grid. The model is run
in a 5-level nested setup where the outer domain covers the
northern part of the Atlantic as well as the Arctic Ocean in 20 km
resolution. Each nesting step increases horizontal model resolu-
tion by a factor of 5. Tidal forcing is applied on the boundaries
of the outer domain, based on TPXO 7.2 (Egbert and Erofeeva,
2002), and propagates into the higher resolution domains. Eight
tidal components (M2, S2, K1, N2, K2, O1, P1 and Q1) are included.

The 32 m domain covering Frænfjorden has 30 vertical z-
layers, where the layer boundaries are horizontal and not terrain
following. The thickness of the upper layer varies with ocean sur-
face height, while the remaining layers have constant thicknesses
ranging from 0.5 m near the surface to 25 m below a depth of
100 m. Vertical sub-grid diffusivity is calculated from winds, and
from current shear and stratification using a Richardson-based
scheme (Sundfjord et al., 2008).

The bathymetry of the high resolution model setup is based
on a digital bathymetry model (DBM) in 25 m resolution from
the Norwegian Mapping Authority (www.kartverket.no), supple-
mented by OLEX data (www.olex.no). For the large scale se-
tups, the IBCAO (Jakobsson et al., 2012) and ETOPO (Amante
and Eakins, 2009) data sets are used along with the DBM. River
run-off is included at all nesting levels, and in the 32 m do-
main the following rivers were included: Storelva, Malmelva,
Aureelva, Eikremselva, Sylteelva, Torneselva and Myrbostadelva.
The discharge rates of these rivers were based on average annual
precipitation data from NVE (The Norwegian Water Resources
and Energy Directorate). In addition we specified a diffuse runoff
(along land, between rivers) of 1.8 m3/s according to mean fresh-
water runoff from land to sea (data from NVE Atlas1). Diffuse
runoff was used for the northern side of the fjord only, as the
drainage area here is larger than the drainage area to the southern
side of the fjord.

2.5. Transport and fate model

The transport and fate model (DREAM, Rye et al., 1998, 2004,
2008) is based on a Lagrangian particle formulation of the

1 http://atlas.nve.no/html5Viewer/?viewer=nveatlas.

http://www.kartverket.no
http://www.olex.no
http://atlas.nve.no/html5Viewer/?viewer=nveatlas
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Fig. 3. Total tailings discharge rate for November 2013 (12 h mean values), and median discharge rate (dashed line). The shaded regions indicate discharge from
the western pipe, otherwise discharge from the eastern pipe.
W
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advection–diffusion–reaction equation (see e.g. van Sebille et al.,
2018 for a recent review of Lagrangian methods in oceanogra-
phy). Briefly, a particulate discharge, such as mine tailings, is
partitioned into discrete parcels (numerical particles), which are
assigned a set of physical properties and tracked through the
water column as they move due to advection, turbulent diffusion
and settling. Upon release, each numerical particle is assigned
a physical particle size, drawn from the given distribution (see
Fig. 2), such that each numerical particle represents a certain
mass of physical particles with that size. Physical concentrations
are calculated from the particle position and masses on a regular
3D grid, using a kernel density estimation method with cylindri-
cal kernels (Reed and Hetland, 2002). Particles reaching the sea
bed through settling will deposit mass onto an auxiliary sediment
grid.

Upon initial discharge the mine tailings slurry forms a nega-
ively buoyant plume, which descends through the water column,
ntraining ambient sea water in the process, diluting the plume
nd lowering its density. This phase is described by a Lagrangian
lume model (Lee and Cheung, 1990; Johansen, 2000), coupled to
he main transport-fate model. The plume is modelled as a series
f elements, where each element has the shape of a conical frus-
um. The width of the plume increases along its length, to account
or the volume of entrained water. The ambient currents are
aken into account in a one-way offline coupling from the current
odel to the plume-model, with the current affecting the trajec-

ory of the plume, and the rate of forced entrainment. An example
f predicted plume trajectories and radii from the present simu-
ations are shown in Fig. 4, where the plume descends to the sea
ed and terminates there.
Numerical particles that are inside the plume have a position

hat follows the centreline of the plume, with an added random
isplacement given by the radius of the plume at that point. A
article can leave the plume either by falling out of the plume
ue to high settling speed, or when the plume terminates. The
robability of a negatively buoyant particle falling out of the
lume is calculated from its settling velocity (Rye et al., 2008),
uch that larger or denser particles have a higher probability
f leaving the plume. When the plume terminates, the particles
re released into the far-field model from their last positions in
he plume. The plume phase terminates either through loss of
uoyancy (trapping), surfacing, or bottoming. The latter is the
elevant scenario for the discharge parameters and environmen-
al conditions considered here, where the plume has sufficient
ensity to reach the sea bed. Once the plume terminates on
he sea bed, the Lagrangian particles are released into the free
ater masses. The residual momentum of the plume is added
o the ambient current used in the far-field model as a radially

manating component, approximating the radial wall jet that may p
form in such cases (Chowdhury and Testik, 2014). For additional
details on the plume model, see Johansen and Durgut (2006).

2.6. Flocculation-enhanced settling

Due to the small particle sizes and high initial concentration,
the mine tailings will tend to flocculate in sea water, which con-
sequently changes the settling speed and transport potential of
the tailings (Hill et al., 2000; Skei and Syvitski, 2013). To account
for this process, we implemented a concentration-dependent set-
tling model inspired by previous work and models (Krone, 1963;
Huang et al., 2006). We use a hybrid scheme, where the total
suspended solid concentration is calculated from the Lagrangian
particles on an Eulerian grid. These concentrations are then used
to update the settling speeds of the Lagrangian particles. The
steps in the model are these:

1. Calculate cell concentrations, Cijk (units g/L), on an Eule-
rian three-dimensional grid using cylindrical kernels (see
Section 2.5).

2. In each grid cell ijk, the median settling speed wijk (m/s) is
given by Huang et al. (2006),

wijk = b
(
Cijk

C0

)n

, C0 = 1 g/L. (1)

where the empirical parameters b and n are described in
detail below.

3. All Lagrangian particles in cell ijk draw a settling speed w
from a log-normal distribution with median given by the
previous step (cell index subscripts omitted here)
(Neumeier et al., 2008)

f (w) ∝
1
w

[
(logw − µ)2

2σ 2

]
, (2)

where µ = logw, and σ is a user-specified scale parameter,
determining the width of the distribution.

4. If the new settling speed is smaller than the existing set-
tling speed of the Lagrangian particle, it is discarded (no
de-flocculation).

5. The new settling speed is assigned with a probability

Pfloc(∆t) = 1 − 2−
∆t
τs , (3)

where ∆t is the model timestep, and τs is a time scale
parameter described below.

e note that all numerical particles may have their settling
peeds updated as part of the flocculation-enhanced settling
odel. However those numerical particles that represent larger
hysical particles are less likely to be affected, due to their
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lue lines), as well as the radius of the plume (light blue areas). The water depth (sea bed) is indicated by the full black horizontal lines, while the dashed black
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nitially higher settling speeds (see Steps 4 and 5 above). Hence,
he main effect of the flocculation-enhanced settling model is
o increase the settling speed of the smallest particles, as these
ould otherwise stay suspended almost indefinitely.
The ‘‘time scale’’ parameter τs ensures that flocculation is not

n instantaneous process and removes dependence on the model
ime step. We introduce a dimensionless user-specified length
cale parameter L and use it to calculate τs

s = L
d
w

(4)

The value of L defines how many median diameters d a floc may
travel at the median settling speed before having a 50% chance of
undergoing flocculation (Eq. (3)).

The values of b and n may be estimated from field or lab
measurements of median settling speed versus concentration
(e.g. Dyer, 1989), while σ and L are less directly tied to mea-
surable quantities, but reasonable values can be determined from
numerical experiments. For the present simulation we used val-
ues obtained from Kaolinite data (Dyer, 1989) as our starting
point, and based on numerical experimentation settled on the
final values of b = 4 × 10−5, n = 0.7, σ = 4, L = 5000.
While these values were found to give reasonable results, it is
possible that a better set of values could be found. However, a
full exploration of this model for flocculation-enhanced settling
is outside the scope of this investigation.

While very simple, and neglecting the many processes and ac-
tual dynamics of the flocculation process, the model can provide
the approximate overall effect of flocculation on modified settling
speeds of individual particles. We are mainly concerned with
providing corrections to the settling speed of the finest particles
in the tailings discharge in the transport-fate model, through
self-aggregation. These fines can quickly form small, dense and
strongly bound flocculi, which are not easily broken, and have
a significantly higher settling speed than the primary particles
they form from (see e.g. Lee et al., 2012). Thus we do not account
for the formation and behaviour of larger, more complex flocs.
Such complex flocs have been observed in Frænfjorden, but were
estimated to comprise a relatively small fraction of the total
discharge (Davies and Nepstad, 2017).

At present, floc breakup (leading to a reduction in settling
speed) is not included in the model. Floc breakup can occur if
a floc encounters a region of increased turbulence, and could in
 f
Table 1
Positions, depth and water depth for the measurement stations.
Station Longitude Latitude Station depth (m) Water depth (m)

SB4 7.1458 62.8446 33 35
S38 7.1051 62.8341 30 48
S14 7.0868 62.8371 30 60
S40 7.047 62.8332 49 50
RTbuoy 7.0965 62.8433 0–40 40

principle be accounted for by including a term containing the tur-
bulent energy dissipation rate in the formula for median settling
speed (see e.g. Huang et al., 2006; van Leussen, 1994). However,
the smallest, strongly bound flocs that we primarily describe in
model are unlikely to be broken up in this manner, assuming the
Kolmogorov length scale (η) sets a limit for floc breakup. For such
small flocs, the required turbulent energy dissipation rate would
need to be on the order of ϵ = ν3/η4

≈ 1.6 W/kg (ν = 1.6×10−6

m2/s, η = 40 × 10−6 m), which is not likely to occur within the
jord.

.7. Measurements of currents, turbidity and tailings sedimentation

An existing dataset was used to evaluate the model predic-
ions, based on measurements performed by DNV GL (www.
nvgl.com) during 2013 and 2014 (Glette, 2014). Current and
urbidity data at 4 different stations (3 on the border of the
eposit area plus a reference station) were measured during a one
ear period (March 2013 to March 2014). In addition, sediment
raps (KC-trap, 4 × 72 mm diameter tubes) were deployed 2 m
bove the sea bed at all stations. The current meters used were
00 kHz and 600 kHz profiling ADCPs with a sampling rate of
0 min, and each measurement averaged over 60 s. Turbidity data
ere collected by using Aquatec 210TTY sensors with wipers, set
o 8 samples every 10 min. The proportion of limestone in the
ediment from the sediment traps were measured and calculated
t Omya Hustadmarmor’s laboratory. Positions and depths of all
tations are summarised in Table 1, and shown on the map in
ig. 1.

.8. Simulation scenarios

We simulated a continuous, variable-rate discharge of tailings

or November 2013, and we compared predicted concentrations

http://www.dnvgl.com
http://www.dnvgl.com
http://www.dnvgl.com
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Fig. 5. Monthly mean current for November 2013, at 20 m depth. The dashed red line shows the STP area, while the white squares indicate the discharge points.
The white circles and diamond are the station positions described previously.
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of suspended tailings with measured turbidity during that period.
We also performed a longer (6 month) simulation to investi-
gate deposition patterns of tailings on the sea bed, and com-
pared it with measured deposition rates. The transport model
was forced with currents and vertical diffusivity output from
the ocean model, and a constant horizontal diffusivity of 0.01
m2/s was used. The model time step was 5 min, with output of
the model state every 20 min. Each time step 2000 Lagrangian
particles were released, and the maximum amount of particles
was set to 100 000. Particles are removed when they leave the
model domain through sedimentation or horizontal advection.
The auxiliary grids used in the transport model was set up with
30m horizontal resolution and 2m vertical resolution.

3. Results and discussion

3.1. Frænfjorden circulation

Measurements and previous modelling studies in Frænfjor-
en (Glette, 2014; Alver et al., 2016) indicate that currents are
trongest and most homogeneous in the outer part of the fjord,
ith mean current speeds of 12 cm/s and maximum peaks up
o 55 cm/s in the east/west direction. Further inside the fjord,
he current speeds decrease (mean current speeds of 7 cm/s) and
s affected by the bathymetry, with the main direction changing
o northeast/southwest. The inner part of the fjord has mean
urrent speeds less than 5 cm/s. Here, the current direction is less
omogeneous with both daily and periodical variations.
The predicted current at the depth of the discharge pipes (20m

epth), averaged over one month (November 2013) is shown
n Fig. 5. Outside the STP area to the west, the monthly mean
urrent is predominantly inwards in this period (and depth) while
o the east and southeast the monthly mean current is mainly
riented seawards. Some hydrodynamic features are observed,
otably two residual eddies located west and east of the STP
rea. An anticyclonic eddy over the western and deepest STP area
s seen, as well as a cyclonic eddy over the shallower eastern
art of the STP area, around the eastern discharge point. These
eatures are generated by the combination of the effects of the
low direction, tide, wind forcing, and bathymetric steering. Other
maller eddies can be found in other locations outside the STP
rea, and their orientation and size vary accordingly. These eddies
re also present in other months during the year and are likely
o have a significant impact on the dispersion and distribution
f tailings in the fjord, because particles can get trapped in the
e-circulation, and be retained in the STP area for a longer time.

.2. Wind predictions and measurements

In the middle and the end of November 2013, two strong
ind events occurred over the STP area in Frænfjorden (see panel
in Fig. 6). In both strong wind events, the measured wind

peeds exceeded 20 m/s with maximum winds reaching 24m/s.
he modelled winds replicated the same pattern as the observed
inds, but they showed a smaller magnitude with maximum
inds reaching 15m/s. The highest wind speeds are correlated
ith westerly, southwesterly and easterly wind directions (see
anel A in Fig. 6).
Panel C in Fig. 6 shows temporal and vertical variations of

he modelled water column vertical eddy diffusivity magnitude.
uring November 2013, diffusivities ranging from 10−5 m2/s
o 10−1 m2/s are seen. Two significant increases in vertical
iffusivity during November coincided with the highest wind
peeds, but only during one of these events (November 15–18)
id the vertical diffusivity change significantly throughout the
ater column. During November 15–18, the winds had a variable
eading starting from 225◦ (coming from the south-west), rotat-
ng clockwise to 270◦ and then back counterclockwise to 225◦

nd 90◦ to conclude the event. During this time, the wind speeds
ncreased from approximately 5m/s to near 24m/s, then reduced
o approximately 3m/s again. Modelled vertical diffusivity varied
rom 5 × 10−5 m2/s to 10−2 m2/s throughout most of water
olumn, reaching 10−1 m2/s in the upper 5–7 m.
During the second wind event (November 25–29) wind speeds

also increased significantly from approximately 5m/s to near
24m/s, then reduced to approximately 5m/s, but wind directions
were mainly from the east (90◦) during the highest winds, later
from the southeast (135◦). During this event, modelled vertical
diffusivity again varied from 5 × 10−5 m2/s to 10−1 m2/s,
ut only in the upper 5–7 m of the water column. Therefore,
esterly and southwesterly winds in combination with high wind
peeds were able to significantly increase vertical diffusion values
hroughout most of the water column during November 2013. By
nspecting the map in Fig. 1(A), it is apparent that the fetch length
s largest in the west-southwest direction, and more limited in all
ther directions. Hence, we expect winds from west-southwest to
enerate larger waves than winds from other directions.
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Fig. 6. Time series of wind speed (B) and vertical diffusivity of water column near the discharge points in Frænfjorden (C) during November 2013. The upper row
(A) contains arrows showing main wind direction during November 2013. The vertical red and blue dashed lines delineate two different strong wind events. In
panel B, the green line shows 6-hourly data from Norwegian Meteorological Institute observation point 62480 (ONA Station, located approximately 30 km west of
the STP). The orange line shows 20-minute data from a roof-mounted station at Omya Hustadmarmor AS (ELNESVÅGEN Station), and the blue line shows 3-hourly
modelled data (MODELLED winds). A 24-h rolling mean has been applied to these data. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
3.3. Current predictions compared to measurements

A time series of current speed for November 2013 (Fig. 7)
hows how the variations in modelled current speed compare
o observations. At station S14, the model responds to the high
urrent events seen in measurements. The average current speed
grees well at 11 m, while the model underestimates current
peed at 27.5 m. At station S38, current speeds are generally low
oth in the model and observations, and at station S40, the model
grees fairly well with measurements both at 11 and 27.5 m.
t the easternmost station, SB4, current speeds are low, and the
odel tends to overestimate the tidal current speed.
The time series for station S14 shows the model responding

ore clearly to the strong wind event in November 2013 at 11 m
han at 27.5 m, while measurements show a clear effect at both
epths. This may be caused by inaccuracy in the estimate of wind
tress on the water column in SINMOD, as it was previously seen
hat the modelled wind did not reach the same high speed as the
easured wind (see Fig. 6).
The current statistics for station S14 at 27.5 m (Fig. 8) show

wo clearly dominant directions (northeast and southwest) in
he model, while the observations show current directions fairly
venly distributed from north-east to south-west via the south-
ast quadrant. For station S40 at 27.5 m (Fig. 9), both the model
and the observations show clearly dominant directions (northeast
and southwest), although there is more spread in the observa-
tions.

The distribution of current speeds and directions agree quite
well between model and observations at station S40 at 27.5
m (Fig. 9), while at station S14 at 27.5 m (Fig. 8) the model
underestimates current speeds and produces significantly less
spread in directions. It is common to observe greater spread in
measurements than in model results, as seen for S40, due to both
measurement noise and small scale variability in the currents
that are not represented by the model. The deviations at S14 are
likely to be caused by local bathymetric conditions. The station
is located near a ridge on the north side, which may induce
bathymetric control of the current, both leading to increased
current speeds and pushing currents southwards. As the ridge is
not satisfactorily represented near the measurement point in the
numerical model, this is consistent with the deviations seen in
Fig. 8.

It should be noted that there are no sampling stations for
currents inside the STP area, only at or outside the border, with
the nearest station located more than 1 km away, and this limits
our ability to check the model predictions close to the particle
release. On the other hand, the modelled bathymetry in the
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Fig. 7. Comparison of observed and modelled current speed in November 2013 at four stations. Both model and observation time series are 4 h running means of
the current speed.
deposit area is based on recent high resolution measurements,
which improves the ability of the model to accurately represent
currents in the area.

3.4. Predicted tailings concentration compared to measured turbid-
ity

Prediction of suspended tailings concentration from the trans-
port model was compared to turbidity measurements at four
different stations for November 2013, shown in Fig. 10. A rolling
24 h mean was applied to both turbidity and concentration time
series, to highlight trends beyond tidal variations. We lacked site-
specific calibration of the turbidity data, and thus concentration
values could not be explicitly calculated from turbidity, nor ab-
solute levels easily compared. In addition, the model predicts
concentrations of tailings from the discharge, whereas the turbid-
ity includes also contributions from other sources (background),
which may vary over time. However, by comparing relative in-
creases and changes in the two signals, a useful semi-quantitative
comparison and evaluation of the model performance could still
be made.

As previously mentioned, there was a strong wind event
around November 17 (see Fig. 6). In Fig. 10, modelled sediment
concentration and measured turbidity are shown for four dif-
ferent stations for all of November 2013. The signature of the
increased mixing during this strong wind event is clearly present
in the elevated turbidity signal at station SB4, and well matched
by increases in the model predictions levels. The RTbuoy station
signal also has an increase during this period, matched by the

model, but it is less distinct from the rest of the period, whereas
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Fig. 8. Comparison of observed and modelled current statistics for November 2013 at station S14 at 27.5 m. Both model and observation data was filtered with 1 h
running means to reduce noise. Note that the plots have different radial axes to enhance readability.
Fig. 9. Comparison of observed and modelled current statistics for November 2013 at station S40 at 27.5 m. Both model and observation data was filtered with 1 h
running means to reduce noise. Note that the plots have different radial axes to enhance readability.
at station S38 there is little increase in either turbidity or model
predicted concentration. Station S14 has a marked increase in the
model suspended sediment concentration during the wind event
around November 17, but less so in the measured turbidity. Later
in the month there are two fairly distinct peaks present in both
signals, though stronger in the turbidity.

During the strong wind event at November 17, the model
predictions of suspended sediment concentration show some in-
teresting similarity with the turbidity signals. The correlation is
particularly strong at stations SB4 and RTbuoy, where both signals
show distinct peaks. At station S38, there is little response in
either signal, indicating that the model correctly predicts little or
no additional sediment transport in the direction of this station.
The profiling buoy (RTbuoy) data obtains information on turbidity
as both a function of depth and time, and this is presented in
Fig. 11 (lower panel) together with model predictions from the
same area (upper panel). During the strong wind event, both the
measured turbidity and the model indicate mixing upwards in the
water column, visible as elevated turbidity/concentration through
the entire water column. This is in contrast to the rest of the
period, where there is little mixing above 20 m (15 m) in the
turbidity (model) signals.

For station S14, the correlation between the model and the

measured turbidity is not particularly good during the strong
wind event (though it is better later in the month). Current speed
and direction are naturally a very strong driver for predicted
sediment concentration at different locations, and in Fig. 8, we
observe that the measured currents at station S14 have more
spread in direction than the hydrodynamic model predicts, as
discussed in the previous section. This discrepancy would explain
the sometimes poor correlation between measured turbidity and
modelled suspended sediment concentration.

3.5. Tailings transport during a strong wind event

During the strong wind event around November 17, 2013 (see
Sections 3.2 and 3.4), the model predicts increased concentra-
tions at some of the turbidity measurement stations, consistent
with observations. To investigate this event more closely, we
calculated daily mean values of the predicted suspended tailings
concentration, matching the local tidal cycles, shown in Fig. 12.
The left column shows depth-maximum concentrations, while
the right column shows a depth-easting projection, with max-
imum values selected along the northing direction. The rows
represent 24 h periods immediately preceding the wind event
(top row), during maximum (upper middle row) and after (lower
middle row). For comparison, the bottom row shows the situation
during the second strong wind event (November 28), when the

wind directions were different.
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Fig. 10. Model predictions for suspended solid concentrations (mg/L, left axis, full orange lines) and measured turbidity at different station locations (FTU, right axis,
blue dashed lines). Note that the bottom panel uses a different range of turbidity values than the others. The shaded grey area delineates a strong wind event. See
text for discussion. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 11. Model predictions for suspended solid concentration (mg/L, top panel) and measured turbidity at profiling real-time buoy location (FTU, bottom panel). The
shaded area delineates a strong wind event.
The strong winds clearly have an effect on the horizontal
spreading and vertical mixing of the tailings, with a larger area
(volume) having increased concentration during maximum wind
compared to before or after. There is also more upward mixing,
with concentrations exceeding 1 mg/L found throughout the up-
per 20 m of the water column in the area around the real-time
buoy (diamond marker), consistent with observations as shown
above. In contrast, during the second wind event with a different
wind direction (bottom row), mean concentrations remain largely
below 1 mg/L in the upper 20 m, and the horizontal spreading is
less than during the wind event on November 17.

A more summarised view of the spreading is obtained by
calculating the total amount of tailings in suspension outside the
main STP area (region indicated in Fig. 1), as well as the volume
of water exceeding 1 mg/L outside the STP area. This is shown
in Fig. 13, and the strong wind period is indicated by the grey
shading. Strong (semi-)diurnal tidal variations in these signals are
observed, as well as longer cycles, but the wind effect can also
clearly be seen in the signal increase around November 17, with
increased export of tailings from the main STP area. The later
strong wind event (around November 28) has a lower signature
due to the difference in direction, as previously discussed.

3.6. Tailings sedimentation

Predicted time-averaged sedimentation rate of tailings on the
sea bed (mm/y) is shown in Fig. 14, based on a 6-month sim-
ulation of continuous discharge (June to November 2013), with
48 h binned average discharge rates. While the most intense
deposition occurs close to the discharge points, we observe some
asymmetry about these points, with a tail of relatively higher
rates extending eastwards. There is also some sedimentation on
the western slope and in the deeper part to the west, but outside
the main STP area the deposition rates are lower, and less than
5 mm/y, except for in a transition zone near the STP border. Some
sedimentation (< 2 mm/y) occurs for several kilometres west
from the western discharge point, falling below 0.1 mm/y beyond
station S40.
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Fig. 12. Suspended tailings concentration averaged over two tidal cycles (approximately 24 h) for three time windows: before (top), during (middle) and after
second middle) the major wind event. The bottom rows shows mean concentrations during the second wind event on November 28, for comparison. The left
olumn shows depth-maximum values, while the right column shows values with the maximum taken in north–south direction (depth-easting, approximately
long-fjord). Measurement station locations are shown as black circles, discharge points as black squares, while the black diamond is the location of the real-time
uoy. The STP area is indicated by the blue dashed lines.
Sediment trap data at several stations for the period in ques-
ion was collected during routine monitoring, which provide us
ith some additional opportunity for assessing the model pre-
ictions. The station positions are labelled in Fig. 14, and the
eported values are shown in Fig. 15, together with model pre-
ictions. The error bars on the measurements are estimates based
n uncertainties in the determination of the tailings content of
he collected sediments. We extracted rates for 3 × 3 grid cells
entred on the station coordinates, which is used to calculate the
odel spatial variability in the immediate area of each station,

epresented by the box plots. Both model and measurements
how a trend of decreasing sedimentation rate with distance from
he discharge points, but also the east–west asymmetry, with the
astern station (SB4) having somewhat elevated rate compared
o station S38. The spatial variability in the model predictions are
also greater at SB4. This station is closer than the others to the
eastern pipe outlet, which could contribute to the variability here.

The model predictions, although correlating well with the
measurements, are generally lower in value. However, there is
significant spatial variability, especially at station SB4, and at
station S40 there is a small area of elevated sedimentation nearby
(> 1 mm/y) (see Fig. 14). In the presence of such variability,
and considering that the transport model prediction are made
on 30 m (horizontal) grid cells, a very close agreement with
measurements cannot be expected. If a set of sediment traps
were deployed in a close grid layout, the true variability could
potentially be determined; unfortunately, the available dataset
does not permit such a determination. The present model simu-
lation also does not account for the effect of resuspension, which
may have contributed additionally to the measured levels in the
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Fig. 13. Model predictions of total tailings in suspension (TIS) outside the STP area (metric tonnes, grey and blue thick line), and volume exceeding 1 mg/L outside
the STP area (orange dashed line).
Fig. 14. Mean sedimentation rate calculated from a 6 month simulated discharge period (June–November 2013).
sediment traps. Thus, we consider the model results in reasonable
agreement with the measurement.

4. Summary and conclusion

Simulations of mine tailings particulate dispersion from a sub-
marine tailings placement (STP) located in Frænfjorden (western
Norway) were carried out using a suite of three-dimensional
models that includes high-resolution wind, hydrodynamics and
particle transport. The simulations were designed to calculate
suspended tailings concentrations and dispersion based on new
capabilities included in the DREAM model.

Suspended tailings concentrations are highly dynamic in the
STP area, and its transport is accomplished predominately by
the tidal- and wind-driven currents as well as other exchange
processes with coastal waters adjacent to the fjord. Strong wind
events during November 2013 caused an increase in both sus-
pended tailings concentration levels and influence area, as well
as the elevated export rate of tailings from the inner STP area.

The model results generally show a fair agreement with obser-
vations. Comparisons between observations and modelled winds
showed a good temporal correlation with some underprediction
of absolute values. Direct comparisons with ADCP measurements
indicated that modelled currents have a high agreement in some
Fig. 15. Distribution of mean tailings sedimentation rate (box plots), calculated
from a simulated 6 months of discharge (June–November 2013), at four different
stations (see map in Fig. 14). Estimates based on sediment trap measurements
are also shown (red dots and lines). The distances from each station to the
western discharge point are indicated.

stations and some deviations in other stations. These deviations
can be explained by bathymetric details not resolved in the



R. Nepstad, M. Liste, M.O. Alver et al. / Regional Studies in Marine Science 39 (2020) 101404 13

r
&

D

c
t

A

p
i
s
i
o
t
s
t
a
i

R

A

A

A

C

D

D

D

D

model, which may affect the local flow. Measurements of tur-
bidity were found to be in qualitative agreement with predicted
suspended tailings concentrations. Comparisons between sedi-
ment trap data and predicted sedimentation rates showed some
underpredictions in absolute values, but the overall observed
pattern is also found in the model output.

The simulations were designed to identify the tailings trans-
port, and new capabilities of the model to include the effect of
flocculation were essential to predict their distribution in the
fjord basin. Mean tailings sedimentation rates in the fjord basin,
predicted by the model, provide some insight into the potential
environmental footprint of the discharge and may be useful for
future optimisation of the discharge itself.
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