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Submarine tailings disposal (STD)

e Disposal of tailings in the sea

* |In Norway, fjords are often selected as disposal sites because
— Many mineral ores are located adjacent to the coast
— Natural sedimentation basins

e Magnitude up to order of million tons/year!
e Mine tailings
— Particles of chrushed stone

— Minerals and metals Taiings processing
— Process chemicals
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Controversial!
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HOW TO KILL A FJORD: Torulf Disen vi gjers alt§ 5in make for & bavars Repoarfjorden ran o0 fisic. SHE Lydighat e ke nos han Ltalidkar. Foto: Nina Hangen

Fjorden forever

- De skal ikke fa drepe
fjorden var. Ikke faen

Motstanden mot sjpdeponiet i Repparfjorden vokser, ogsa
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Demonstrantene i Repparfjorden i Finnmark lar seq ikke true av trusler om verken spksmal eller politi.

FOTO: JONAS LOKEN ESTENSTAD / NRK
politikere pa Sametinget har knyttet band med aksjonister 4

internasjonalt. Torulf Olsen vil kjempe til siste pust, mens

fra Standing Rock.
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Study framework of the research project NYKOS

Chemical processing of tailings

* Better understanding of adsorption/desorption

= Optimisation by preventing over dosage of process chemicals (flotation) Pelagic studies
= Assess impacts on fauna (plankton, fish)
* Assess impact on eggs, larvae

*= Assess impact on migration routes
Wsduﬁon modelling of particle transport and = Assess Impact on SoaNmIng sites

High-resolution bathymetric maps and
substrate information
Baseline of the natural sedimentation
Optimal site selection
Monitoring stability of deposit to
avoid slope failure Process chemicals in environment Trace metals
Context for hydrographic modelling * New detection methods of degradation products * Mobilisation in closed deposit sites
* Detection in sediment and fauna * Inform environmental condition assessments
* Inform ecotox and ecological studies
* |nform environmental risk assessment .
Benthic studies
& Monitor transition area
Assess physical impact of tailings on fauna
Assess ecotoxicological impact on fauna
Assess recolonization potential

Ramirez-Llodra, Trannum et al., 2022. Mar. Poll. Bull.




Geological mapping and monitoring of the seafloor

e The fjord bathymetry will be permanently altered!
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e The dispersal, distribution and stability of submarine - ; - |

tailings are linked to the natural processes operating B ' : sy
on the seafloor s e/ Z L
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e Modern multibeam echosounder technology can
provide high-resolution bathymetry and backscatter
datasets, which, combined with the results of seafloor
sediment characterization (seabed samples) and
visual observations (video footages of seafloor) can be ,
used to produce detailed, full spatial coverage ® core 1500020 (S8
geological maps e =

e Such maps provide information on sediment dynamics
and can outline areas where erosion or accumulation
processes from STDs are prevailing. The maps also
help to uncover areas that can be sensitive to slope
failures

Natural sediments —» Tailings

Baeten et al., 2020, Nor. J. Geol.



Modelling and measuring spreading of tailings particles

* A new particle imaging system to directly observe mine tailings flocs in the
ocean was developed

* Numerical models that can simulate the spreading and flocculation of tailings
particles were developed

* Model simulations combined with knowledge on biological impacts of tailings
can be used to determine environmental risk

* Model simulations can be used to minimize environmental footprint through
optimization of the discharge
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Results from numerical model simulations. Top:
ocean currents in Fraenfjorden showing eddy
structures at 20 m depth {(month average). Bottom:
sedimentation rates from a tailings scharge.
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Floc imaging and supporting instruments being
deployed in Franfjorden.



Dynamics of process chemicals pre and post discharge

e Inthe processing plant: State and mobility of
chemicals in tailings mixed with sea water prior to
discharge was studied

e In the environment: Transformation products of
chemicals were studied, by a novel analytical
procedure

* Transformation product of a flotation chemical was
detected in sediments, pore water and benthic
fauna (holothurians) and blue mussels up to 2 km
from the discharge outlet

Sediment samples from Fraeenfjorden (left) where
taken using a Gemini corer (right).
Photo: E. Ramirez-Liodra (NIVA).

A suite of biomarkers measured in the mussels
indicated a clear stress response

 The methodology developed revealed a large
potential to develop advanced monitoring
strategies and to understand how process
chemicals in mine tailings migrate and transform in
the environment.

Deployment of mussels in o fjord recipient to study Seo cucumbers sampled in Fraenfjorden being

environmentally relevant impacts Of the tailings to p(epa’ed for ana’yS‘S of process chemrcals
Ibragimova and Kleiv, 2018 mussel heaith and chemical bioaccumulation. Photo: C. Escudero (NIVA)

Brooks et al., 2018, Mar. Environ. Res.



Ecotoxicology

» Ecotoxicity assessments (algae, Crustacea, and Mollusca) with different tailings
« Sibelco (no chemicals)
» Sydvaranger (flocculation chemicals)
« Omya Hustadmarmor (flotation chemicals, very fine sediment)

» Differences in particle and waterborne toxicity between the mine tailings
* Sibelco tailings were most toxic based on waterborne exposures
* Hustadmarmor tailings were most toxicity based on sediment exposures

Hustadmarmor Sydvaranger Sibelco

Brooks et al., 2019, Chemosphere



Effects on benthic fauna

e Responses were studied at the benthic community level (structure & function)
with the three different tailings

: Experimental studies

e The experimental studies showed:
e Significant effect of all tailings > 2 cm
e Most pronounced effects of fine-grained tailings with flotation chemicals (Hustadmarmor)
e Rapid initial colonization

* The field studies showed:

* The infauna close to the tailings outflow was dominated by tolerant species, indicating a
community shift

* The abundance of epifauna showed a stronger reduction close to the tailing outflow than Recolonization experiment where sediments
the infauna capped with thin layers of tailings are subject to
colonization of benthic fauno. Photo H.C. Trannum

In situ (Freenfjorden - Hustadmarmor)

Mesocosm experiment where benthic founa is
Trannum et al., 2018; 2019; 2020 exposed to mine tailings. Photo H.C. Trannum
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Repparfjorden (Nussir)

Old (and new) sea deposits
Sulfide tailings

Jpssingfjorden (Titania)
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Repparfjorden — past and present

Disposal of mine tailings

1972-1978: Disposal of approx. 1 million ton
of copper-mine tailings

2019: Permit for new disposal
Operating period ~30 years
1-2 million ton mine tailings pr year




Jossingfjorden — past and present

Disposal of mine tailings
1960 - 1994: Sea disposal

1994 - present: Land deposit

: Future disposal where?




Mesocosm experiment: Nussir and Titania tailings

Method: Mesocosm — multispecies test
Treatments:
* Control
e Titania tailings (2 cm)
e Nussir tailings (2 cm)
Duration: 4.5 months
Samples: Macrofauna, sediment parameters, trace metal concentrations
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Mesocosm: Mine tailings affected sediment communities
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Main findings:

Mortality in both tailings treatments
High metal levels in tailings treatments

Trannum & Schaanning, 2017;
Schaanning & Trannum in prep.



Repparfjorden colonisation experiment

From seabed to defaunation
and manipulation to seabed

Location: Repparfjorden — close to new deposit site
Method: Experimental trays, Repparfjorden tailings
Treatments:

e Control

e 6 mm tailings

e 10 mm tailings

® 14.5 mm tailings
Duration: 15 months

Samples: Macrofauna, sediment parameters, trace
metal concentrations



Mine tailings negatively affected colonization of marine species
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e Rapid initial colonization
e Reduced colonization at a scale of mm
e Changed substrate and/or toxic effect?

Trannum et al., 2023, J. Sea Res.
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The seafloor is still affected by the old deposits

Repparfjorden -

Main findings:

e Tailings from the old deposit are still
present and enriched in metals

e The fauna obtains class «good»,
according to the WFD, altough there are
signs of stress

e Full community recovery and
normalisation of metal leakage rates

Jgssingfjorden may take several decades, despite an

initial rapid colonization

Futbukt

aaaaaaaaaaaaaaaaaaaaaaaaaaa

e Capping may prevent long-lasting effects

ooooooooooooooooooooooooooooo

0240000030-C Dyngjadypet - Sirevag

Schaanning, Trannum et al., 2019, Mar. Poll. Bull
Trannum et al., 2023, J. Sea Res.




Impact mechanisms of mine tailings

e Common for all mine tailings:
* Hypersedimentation (-> food dilution)
e Allochtonous material in the marine environment

* Chrushing and grinding increase the surface area and the
reaction rates

* Depending on the ore and process plant:
e Size (often very small)
 Shape (freshly grinded, sharp edges, needles)
* Reactive minerals (e.g. sulphides)
* Remnants of process chemicals (flotation & flocculation)

* Fine-grained tailings with flotation chemicals were
most harmful

Trannum et al., 2018. Sci. Tot. Env.
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“Biological” knowledge gaps

* Better understanding of
* effects on the pelagic community
* effects on hard substrate/sessile fauna

* the particular impact mechanisms and effects of
particle shape and size in particular

* the potential for accumulation and trophic transfer of
tailings-associated contaminants (metals and
chemicals) in biota

* Development of ecological indicators and
thresholds to identify serious harm

e Cumulative impacts with other stressors (climate
change, other industry, ...)

20



Development of BATs

Key areas proposed for the development of BATs for submarine
tailing disposal operations.

PROCESS
PLANT

Particle properties
modification.
Minimise discharges (particles
and process chemicals).

SHARED

WATER Smart monitoring.

COLUMN Least-harmful chemicals. SEAFLOOR
Analytical chemistry.

Model-based predictions. Sediment geology.

Seasonal/inter-annual

current variability. High-resolution bathymetry:

Role in bathymetry modificatio
Biogeochemistry modelling.

Ecotoxicology.

STD transition zone.

Capping.

High-resolution hydrographic
modelling.

Particle concentration and distribution.

Indicator/sentinel species

Ramirez-Llodra, Trannum et al., 2022. Mar. Poll. Bull.
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ty o severely isurbed. T the colonization xperiment, experimental boxes fild with defaunated the STP. Comparisons with measurements of winds, currents, turbidity, and sedimentation rates were exposed to seawater with its much higher ionic strength, significant desorption can occur S Disatiuod sibenar i s Bes ecmanlutod Ve Kook aFthe thope, oteuding 10.C 6% m decth, Bahysactric datnsvelunic dui atel e
sediment capped with mine tailings were subject to colonization for 15 months. Benthic macrofaunal commu- made Lo evaluate the model, and we found overall reasonable agreement. We investigated discharge analysis show that the fan has a radius of up to 1500 m and covers an area of . 1.5 k. Comparison of bathymetry data collected in 1998 and

nities were successfully established in all boxes, but the boxes with tailings showed lower species richness, scenarios during 2013 and identified a strong wind event around November 17, which caused increased (Schwarzenbach et al,, 2003). By investigating the desorption characteristics of the adsorbed 2016 shows thata large part of the tailings disposed of in that 18-year period (4 million tons) have accumulated on the submarine fan.

abundance and biomass than the controls. Mine tailings continue to have local impacts on seafloor communities particle dispersal. The increased mixing caused by the strong winds were seen in elevated turbidity - N ; o o N
decades after deposition, and even low level talrich sediments can aff ‘These results measurements, as well as increased modelled suspended sediment concentration. collectors, important information regarding their mobility could be obtained and facilitate improved Keywords: Submarine tailings placement, Submarine slide, Submarine fan, Seabe phology, Sedimentary e y
hare fmplicationi o mmiamacioe deposition of minktg yets o e foputs they v o comehl ooyt ©2020The Authors. Published by Elsevier B.V. This s an open access article under the CC BY license: solutions for chemical recycling or immobilisation. By using a second thickening step, a significant

(http:/fcreativecommons.org/licenses/by/4.0]). Received 5. June 2018 / Accepted 16. October 2018 / Published online 5. December 2018

amount of the dissolved collector could be concentrated in a relatively small volume. In process
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