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It is increasingly recognised that deep-sea mining of seafloor massive sulphides (SMS)
could become an important source of mineral resources. These operations will remove the
targeted substrate and produce potentially toxic plumes from in situ seabed excavation
and from the return water pumped back down to the seafloor. However, the spatial extent
of the impact of deep-sea mining is still uncertain because few field experiments and
models of plume dispersion have been conducted. In this study, we used three-dimensional
hydrodynamic models of the Azores region together with a theoretical commercial mining
operation of polymetallic SMS to simulate the potential dispersal of plumes originating
from different phases of mining operations, and to assess the magnitude of potential
impacts. Although the model simulations presented here were subject to many caveats,
they did reveal some important patterns. The model projected marked differences among
sites making generalisations about plume-dispersal patterns in mid-ocean ridges difficult.
Nevertheless, the models predicted large horizontal and vertical plume-dispersals above
the thresholds adopted. Persistent plumes (temporal frequency >50%, i.e., 6 months out
of 12 months) were projected to disperse an average linear distance of 10 to 20 km, cover
an area of 17 to 150 km2, and extend more than 800 m in the water column. In fact, the
model projected that plumes may disperse beyond the licensed mining areas, reach the
flanks and summits of nearby topographic features, and extend into the bathypelagic,
mesopelagic, and epipelagic environments. Modelled plume-dispersal overlaps with
the predicted distribution of cold-water corals and with existing fishing activities. These
potential impacts would be of particular concern in regions such as the Azores, where
local populations are highly dependent on the sea for their livelihoods. The findings of this
study are an important initial step towards understanding the nature and magnitude of
deep-sea mining impacts in space and time.

Keywords: deep-sea, mining, sediment plumes, spatial extent of impacts, hydrodynamic model, MOHID, Mid
Atlantic Ridge
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1 INTRODUCTION

Recognition that deep-sea seafloor massive sulphides (SMS)
mining could become an important source of minerals has
become increasingly prevalent (Petersen et al., 2016; Sharma,
2017), as large concentrations of copper, zing, silver, and gold
have been discovered in deep-sea hydrothermal vent deposits
in many areas of the world’s oceans (Herzig et al., 2002;
Hannington et al., 2011; Murton et al., 2019). Not surprisingly,
the International Seabed Authority (ISA) has awarded several
contracts for polymetallic sulphide exploration in the Mid-
Atlantic Ridge (MAR) south of the Azores to Russia, France,
and Poland, and in the Mid- and Southwest- Indian Ridges
to China, the Republic of Korea, Germany, and India (ISA,
2021).

Although commercial mining of seafloor massive sulphides
has not yet occurred, it will likely happen in the future, as
the first pilot mining tests have successfully delivered large
quantities of ore to the production vessel (Okamoto et al.,
2018; Okamoto et al., 2019). These operations will remove the
targeted substrate and associated organisms and will produce
potentially toxic plumes from in situ seabed excavation and
from the return water pumped back down close to the seafloor
(Coffey Natural Systems, 2008; Boschen et al., 2013; Hauton
et al,, 2017; Weaver & Billett, 2019; Mufioz-Royo et al., 2021).
These impacts will most likely affect local biodiversity, species
abundance and ecosystem services, as well as the marine
food webs and ecosystem functioning in both benthic and
pelagic ecosystems (Boschen et al., 2016; Le et al., 2017; Van
Dover et al., 2017; Drazen et al., 2020; Boschen-Rose et al,,
2021). It is, therefore, widely recognised that the mining of
polymetallic sulphides at active and inactive vent sites can
impact the marine environment and human activities even far
away from the actual mining site (Levin et al., 2016; Niner
et al,, 2018; Sharma, 2019; Van Dover, 2019; van der Grient &
Drazen, 2021).

The spatial extent of deep-sea mining impacts from
water and sediment plumes is, however, still uncertain as
few field experiments and models of plume-dispersal have
been conducted so far (Jones et al., 2017). In fact, studies on
plume-dispersal resulting from the mining of seafloor massive
sulphides are particularly limited, being those produced for
the Solwara 1 the only ones currently found in the literature
(ASA, 2008a; ASA, 2008b). The existing studies, which
mostly addressed short term impacts, show very contrasting
estimates of plume-dispersal ranging from very few to
hundreds of square kilometres depending on the type of
resources or threshold used (e.g., Jankowski and Zielke, 2001;
Thiel and Tiefsee-Umweltschutz, 2001; Spearman et al., 2020;
Muifioz-Royo et al., 2021). Similarly, sediment accumulation
on the seafloor has been projected to range from less than
one or few millimetres (Thiel and Tiefsee-Umweltschutz,
2001; Gillard et al., 2019; Purkiani et al., 2021) to several
centimetres (Aleynik et al., 2017) depending on particle
size and distance from the source. A recent expert survey
suggested that the footprint of return plumes could reach
hundreds of square kilometres in polymetallic nodule fields,

tens of square kilometres in cobalt-rich crusts on seamounts,
and only a few square kilometres in seafloor massive sulphide
vents (Washburn et al., 2019). These discrepancies indicate
that further studies are needed to forecast the long-term
dispersal and impacts of mining plumes on benthic and
pelagic ecosystems, which is of paramount importance to
inform environmental management of polymetallic sulphide
deposits (Van Dover, 2011; Wedding et al.,, 2015; Smith et al.,
2020; Van Dover et al., 2020; Amon et al., 2022).

Several hydrothermal vents associated with polymetallic
sulphide deposits have been identified along the northern
Mid-Atlantic Ridge (MAR) (Cherkashov et al, 2010;
Hannington et al., 2011; Wheeler et al., 2013; Cherkashov,
2017; Boschen-Rose and Colago, 2021). The MAR in the
Azores region, including both its Exclusive Economic Zone
(EEZ) and extended continental shelf, host several active and
inactive hydrothermal vents that might represent potential
sources of polymetallic sulphide deposits. These vents make
the Portuguese EEZ the only EEZ of an EU Member State with
sufficient mineral reserves for deep-sea mining in European
waters (ECORYS, 2014). The seafloor surrounding Lucky
Strike and Rainbow hydrothermal fields are examples of
areas with interest for deep-sea mining exploration, but many
other locations may also be of interest (ISA, 2002; Marques
& Scott, 2011). In this study, we used three dimensional
(3-D) hydrodynamic models of the Azores region along with
a theoretical commercial mining operation of polymetallic
seafloor massive sulphides (Coffey Natural Systems, 2008;
Ortega and Boomsma, 2014) to simulate the potential
dispersal of plumes originating from the different phases of
the mining operations, and to assess the scale of potential
impacts. Additionally, we evaluated how the theoretical
commercial mining operation could interact with local
biodiversity and existing fishing activities.

2 METHODS
2.1 Study Area

Several active deep-water hydrothermal vent fields have been
discovered in the northern portion of the slow-spreading
MAR. Five of them are located south of the Azores (Beaulieu
et al., 2013; Beaulieu and Szafranski, 2020), relatively close to
each other and to the Azores islands. These are the Menez-
Gwen (at 850m depth) including Bubbylon, Lucky Strike
(1,700m) including Ewan, Menez Hom (1,800m), Saldanha
(2,200m), and Rainbow (2,400m). The Moytirra hydrothermal
vent area was recently discovered north of the Azores
(2,900m) at about 45.5°N (Wheeler et al., 2013). The detection
of several hydrothermal plume signals on the northern Mid-
Atlantic Ridge indicates that more active fields may occur in
the region (Hydes et al., 1986; German et al., 1996; Aballéa
et al., 1998; Chin et al., 1998; Beaulieu et al., 2015), as recently
demonstrated for fast- and intermediate-rate spreading ridges
(Baker et al., 2016).

Between 2006 and 2008, the mineral exploration company
Nautilus Minerals Inc. approached the Regional Government
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TABLE 1 | Areas originally submitted to the Government of the Azores by Nautilus Minerals Inc. for deep-sea SMS mining exploration in the Azores region.

Area name Total area (km?) Depth range in m (average depth) Location in EEZ
Cavala 1,608 267-2,271 (1402) Inside

Lucky Strike Hole 1,543 626-3,533 (2357) Inside

Menez Hom 1,664 1,429-3,091 (2484) Inside

Famous 1,515 1,343-3,245 (2435) Inside

Saldanha 1,644 1,259-3,261 (2258) 72% inside
Rainbow 1,498 1,213 3,323 (2477) Outside

With the exception of Cavala seamount, five out of the six proposed areas were published in the official National (Aviso n.° 13357-13360/2012 and 13446/2012) and Regional

(Aviso n.° 85/2012-89/2012) journals in 2012.

of the Azores, intending to explore mineral resources in the
deep sea inside the Portuguese EEZ around the Azores and
the adjacent Extended Continental Shelf claim. Nautilus
submitted the first proposal for exploration rights in several
areas in the Azores region totalling 9,272 km? (from North
to South): Patorra (locally known as Cavala seamount),
Moreto (known as Lucky Strike Hole, south of the Menez
Gwen hydrothermal vent field and West of Monte Alto and
Voador seamounts), Arinto (known as Menez Hom, south
of Lucky Strike area, between Sarda and Farpas seamounts),
Famous (in the Famous hydrothermal vent field), Saldanha
(in the Saldanha hydrothermal vent), and Verdelho (known
as the Rainbow hydrothermal vent fields) (Table 1 and
Figure 1). With the exception of the Cavala seamount, five
out of the six proposed areas were published in the National
(Aviso n.° 13357-13360/2012 and 13446/2012) and Regional
(Aviso n.° 85-89/2012) official governmental journals in
2012. In the same year, legislation for mineral exploration
and exploitation in the Azores and legislation granting access
and equitable distribution of scientific results (following the
Nagoya Protocol) were created by Regional Government of
the Azores. A dispute with the Portuguese government has
ruled this legislation unconstitutional (ECORYS, 2014) and
has put things on hold. Nautilus Minerals went bankrupt in
2019, and the company’s assets were received by Deep Sea
Mining Finance Ltd'. In this study, we simulated the potential
dispersal of SMS mining plumes in all study areas with special
emphasis on two case study areas: Cavala and Lucky Strike
Hole.

2.2 3D Hydrodynamic Modelling Using
MOHID

We used the 3-D hydrodynamic modelling system MOHID?
water, developed by the Marine and Environmental Technology
Research Center at Instituto Superior Técnico, University of
Lisbon (Mateus and Neves, 2013), to simulate the dispersal of
water and sediment plumes originated from deep-sea mining
operations. MOHID water is a three-dimensional water
modelling system composed of several modules structured
hierarchically (e.g., 3-D baroclinic hydrodynamic module, 1-D
turbulence module, an eulerian transport module, 0-D water
quality module, lagrangian transport module, oil dispersion

thttps://en.wikipedia.org/wiki/Nautilus_Minerals.
*http://www.mohid.com/.

module, jet model, a cohesive sediment transport module, and
at the surface and the seabed boundary conditions modules).
This modelling tool has been extensively used to simulate
complex vertical and horizontal ocean circulation patterns and
velocity fields, sediments and microplastic transport, seaweed
and plume dispersion, primary and secondary production
and nutrient cycling, oil spills, and others (e.g., Juliano et al.,
2012; Ballent et al., 2013; Marin et al., 2013; Duarte et al.,
2014; Plecha et al.,, 2014; Sousa et al., 2014; Garbossa et al.,
2021). MOHID water has been successfully used to model the
oceanography of a deep-sea coral reef area off Scotland (Navas
etal., 2014).

The MOHID Eulerian model computes the hydrodynamic
(velocity, free-surface level temperature and salinity) fields
in a fixed grid. It solves Navier-Stokes equations assuming
hydrostatic equilibrium and the Boussinesq approximation.
The model uses a finite volume approach, with generic vertical
discretisation allowing simultaneous implementation of
different types of vertical coordinates. The coupled MOHID
turbulence module applies the General Ocean Turbulence
Model (GOTM?). The hydrodynamic model was forced
by tide, atmospheric and open boundary conditions. The
MOHID lagrangian transport module tracks the trajectories
of selected water masses or particles and was used to simulate
the movement of the plume generated by deep-sea mining
activities using the transport fields calculated with the
Eulerian hydrodynamic model. The dispersion was computed
using the results from the turbulence model. The coupled
MOHIDJET module was used to simulate the initial near field
dilution and dispersion of outfalls jets composed of plumes
and particles generated by deep-sea mining activities at the
discharge point.

2.3 Implementation of the 3D
Hydrodynamic Modelling Approach

The hydrodynamic model was implemented using a downscaling
domain approach of increasing horizontal resolution
(Supplementary Figure 1). Domain 1 represents the larger
domain in the Azores region with a spatial resolution of 6x6
km (31.0-43.0°N, 21.8-38.9°W), with an area of approximately
2,160,000 km?2 Domain 2 is the first nested grid corresponding
to the MAR (34.7-40.2°N, 36.0-29.2°W), also with a spatial
resolution of 6x6km and covering approximately 375,000 km?.

*http://www.gotm.net/.
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and Regional (Aviso n.° 85-89/2012) official governmental journals in 2012

FIGURE 1 | Location of the areas originally submitted to the Government of the Azores by Nautilus Minerals Inc. for deep-sea SMS mining exploration in the Azores
region. With the exception of Cavala seamount, five out of the six proposed areas were published in the National (Aviso n.° 13357-13360/2012 and 13446/2012)

Domain 3 is composed of two nested grids of 1.2x1.2 km
(37.0-38.9°N, 30.1-32.7°W and 35.7-37.7°N, 31.9-34.5°W),
representing the areas of potential deep-sea mining activities
in the MAR, and covering approximately 50,000 km? each.
The time steps considered were 120 seconds for domains
1 and 2, and 60 seconds for domain 3. Bathymetry grids
were generated using the Global Bathymetry and Elevation
Data at 30 Arc Seconds Resolution (SRTM30_PLUS; Becker
et al., 2009) and the European Marine Observation and Data
Network (EMODNet) Digital Terrain Model*. The bathymetry
data were interpolated to the different domain resolutions.

The open boundary tidal forcing for the hydrodynamic
model was obtained from the finite element global tides
atlas FES2012° and applied to domain 1 to generate a 2-D
barotropic model. Atmospheric boundary conditions were
obtained from the Global Forecast System (GFS®), while the
Open Boundary Conditions (OBC) were provided by the
Mercator Ocean (PSY2V4, Drillet et al., 2005). Domains 2
and 3 are fully 3-D baroclinic circulation models with a z-level
vertical discretisation with 50 vertical layers, of which 43 in
Cartesian coordinates and the top 7 in sigma coordinates,
with a resolution of <1 m near the surface and about 150m at
1,000m depth. We have produced data from 12 months run in
hindcast mode using 2011 as the reference year.

The model configuration, the selected parameters
and validation results are detailed in Riflet et al. (2008).
Validation was done by comparing the outputs of the MOHID
hydrodynamic model with temperature and salinity data
obtained from remote sensing and in situ from ARGO floats’.
The ARGO data were collected and made freely available by

“http://www.emodnet-bathymetry.eu/.
Shttp://www.legos.obs-mip.fr/recherches/equipes/ecola/projets/.
https://www.ncdc.noaa.gov/data-access/model-data/modeldatasets/
global-forcast-system-gfs.

“http://www.argo.ucsd.edu.

the International Argo Project and the national programs
that contribute to it%. The vertical thermohaline structure
in domain 2 produced by the hydrodynamic model showed
Pearson correlations coefficients greater than 0.95, with a
large majority being 0.99, when compared to the ARGO
float data (Supplementary Figures 2, 3). The outputs of the
hydrodynamic model (horizontal and vertical components
of the velocity, sea level, temperature, salinity, and density
fields) were used to feed the MOHID lagrangian module
coupled with MOHIDJET to simulate the plume-dispersal
processes in offline mode.

2.4 Plume Dispersal Modelling
Nautilus Minerals developed the “world-first” project for mining
high-grade polymetallic Seafloor Massive Sulphide (SMYS) in the
deep sea, at approximately 1,600m depth off Papua New Guinea
(Solwara 1). Nautilus produced a detailed project report on the
modus operandi of the expected operations for mining SMS
deposits (Coffey Natural Systems, 2008). The IHC Merwede
worked together with the EU FP7 MIDAS project and developed
mining scenarios for SMS deposits in the Mid- Atlantic Ridge, with
the main goal of assessing the scale of potential environmental
impacts (Ortega and Boomsma, 2014). Although mining in
Solwara 1 by Nautilus Minerals is no longer expected, the present
study was based on the scenarios and operations developed in
these two reports, adapted to our potential mining sites.
Pre-mining operations were expected to occur in the Solwara
1 project in Papua New Guinea, since the exploitation area was
covered by a layer of sediment and rock that was expected to be
removed prior to mining (ASA, 2008a). This operation would
move 130,000 tonnes of unconsolidated sediment and 115,000
tonnes of rock (ASA, 2008a), creating sediment plumes that
may spread out considerably. Contrary to Solwara 1 no major

Shttp://www.argo.ucsd.edu, http://argo.jcommops.org.
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pre-mining operations are expected to occur in the Azores
potential mining sites, and no estimates of the amount of
sediment to be moved are available. In this study, we modelled
the dispersal of the sediment plumes generated during the in
situ mining operations and the plumes generated during the
dewatering process.

2.4.1 Modelling In Situ Excavation Sediment Plume
In situ mining operations may generate sediment plumes
in different ways (ASA, 2008b). When the seafloor mining
tool (SMT) lands or crawls on the seafloor, sediments may be
re-suspended and dispersed by local currents. Additionally,
during mining operations, portions of the cut ore may escape
from the SMT and cause cutting spills that will partially be
re-suspended and therefore cause additional sediment plumes.
Here, we used the scenarios developed by Ortega and Boomsma
(2014) that considered that 25% of the cut materials would
not be picked up by the SMT from the seafloor (i.e., cutting
spill). Of these solids, 30% may be re-suspended by local and
induced currents during the excavation process at the seabed
(i.e., resuspension spill). It should be noted that the Coffey
Natural Systems (2008) report assumed the mining tools were
developed in a way that all fine materials with the potential of
forming plumes would be collected by the system and pumped
to the surface. However, since this is very unlikely, we based our
simulations on Ortega and Boomsma (2014).

The plume created in situ during the excavation process was
modelled adopting the Ortega and Boomsma (2014) parameters
adjusted to local conditions. In these simulations, we have
assumed a production of solids of 0.03 m3s’!, a resuspension
spill of 7.5% of the cut materials, and an average solids density
of 3,780 kg-m. It was further assumed that the crawler at 0.05
m-s! would produce an initial plume of 2 m in height and 5 m in
width at a flow rate of 0.5 m3:s!. Therefore, the concentration of
suspended solids was assumed to be 17,010 mg-L!. The particle
size distribution was estimated by Ortega and Boomsma (2014)
in hyperbaric cutting experiments with different types of rocks
(Supplementary Table 1). The hindered settling velocities
of these particles were calculated using Zhiyao et al. (2008)
equation, provided in the “Settling Velocity 2.1: Rapid Computer
Calculations of the Sedimentation Velocity and the Hindered
Settling Rate of Spherical and Natural Sediment Particles”
produced by Janwillem Rouweler. The final settling velocities for
the different particle sizes were calculated assuming an average
particle density of 3,780 kg-m™ (Ortega and Boomsma, 2014) and
the local water density from MOHID (Supplementary Table 1).
The in situ sediment plume was modelled assuming a continuous
and stationary emission, using the MOHID lagrangian module,
coupled to the MOHID water transport and water properties
fields. The simulation model was run for 12 months starting on
the 1 of January 2011.

2.4.2 Modelling the Dewatering Plume

Based on the Nautilus mining operations plan (Coffey Natural
Systems, 2008), the ore extracted at the seafloor by the SMT will
be pumped to the surface via a riser and lifting system as a slurry,

ie., a semi-liquid mixture of particles and bottom water. On
board the mining support vessel, the material will be dewatered
and the return water pumped back down to the sea with fine
suspended solids smaller than 8 pm in diameter. During the
dewatering process, plumes will be formed close to the seafloor,
containing contaminated water enriched in toxic metals and fine
sediments. Because the contaminated water and sediments have
different dispersal patterns, we have modelled them separately
as the return water discharge plume and the return sediment
discharge plume. We adapted the Nautilus mining operations
plan to our potential mining sites.

2.4.2.1 Modelling the Return Water

Discharge Plume

The return water discharge plume was modelled based on the
Nautilus mining operations plan and parameters (ASA, 2008b)
adjusted to local conditions. In the simulations, the return water
was released at 30m above the seabed at a rate of 0.253 m?s!
from two U-shaped 170mm diameter pipes that will discharge
the water vertically upwards. It was assumed that the return
water is composed of 83.3% seafloor water and 16.7% of surface
water, representing a starting concentration after pre-dilution of
833,333,333 PPB (parts per billion).

The temperature of the return water discharge was estimated
using the Law of Conservation of Energy, assuming that the final
temperature of the mixture (i.e., 83.3% surface water and 16.7%
of seafloor water) depends on the masses of the two amounts of
water and their initial temperatures. The discharge temperature
was calculated using the water density and temperature estimated
by MOHID for each discharge location, assuming a 1°C increase
and decrease during the transport of bottom water to the surface
and the return back to the bed, respectively (Supplementary
Table 2). Discharge temperature was kept constant throughout
the simulations assuming a control temperature as the annual
minimum temperature of each location (T)). Three scenarios
were used in Cavala seamount and Lucky Strike Hole to analyse
the sensitivity of the model projections to different discharge
temperatures. Additionally to T,, we used a higher temperature
considering the annual maximum temperature of each location
(T,) and an extremely low temperature assuming the ambient
temperature of the local conditions at the seabed (T,,,). The
Salinity of discharge was calculated assuming the MOHID
salinity of 83.3% surface water and 16.7% of seafloor water.

The return water discharge plume was modelled using the
MOHID lagrangian module, MOHID water transport and water
properties fields, and MOHIDJET module in the near field. It
was further assumed that the return water would become too
diluted and non-toxic after 10 days from discharge and therefore
not modelled from this point onwards. The starting date for the
simulations was 1% of January 2011.

2.4.2.2 Modelling Return Sediments

Discharge Plume

The return sediments discharge plume was modelled using
MOHID Water hydrodynamic module with turbulence and
MOHID’s Lagrangian module coupled with MOHIDJET for the
near field, following Nautilus mining operations plan and adopted
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parameters (ASA, 2008b). In our study, the return sediments
discharge contained a concentration of suspended solids smaller
than 8 pm in diameter at a concentration of approximately 6,000
mg-L. For all study areas, we used an average particle diameter
of 4 pm, while for Cavala seamount and Lucky Strike Hole we
also used an average diameter of 8 um to test the sensitivity of the
model to particle size. The hindered settling velocities of particles
at high concentrations were calculated using Zhiyao et al. (2008)
equation. The final settling velocities were calculated assuming an
average particle density of 3,780 kg:m™ (Ortega and Boomsma,
2014) and the local water density from MOHID are shown in
Supplementary Table 3. For Cavala seamount and Lucky Strike
Hole, an alternative scenario using an average particle density
of 3,300 kg-m= was used to test the sensitivity of the outputs
to particle density (ASA, 2008b). Simulations were run for 12
months. Temperature and salinity of discharge were calculated as
described for the return water discharge plume.

2.4.3 Thresholds

Most of the deep seafloor away from the continental margins,
with few exceptions, are known to have low concentrations
of suspended solids (<0.01 mg-L!), indicating low levels of
resuspension and advection of sediments (Gardner et al,
2018). In the Azores region along the MAR, Gardner et al.
(2018) estimated that the seafloor away from the influence
of hydrothermal vent plumes may average between 0.01
and 0.025 mg-L!' of suspended solids concentrations. In
the Rainbow hydrothermal vent, the typical background
of deep water not affected by the vent plume has an
average total suspended solids concentration of 0.04 mg:
L1, while the maximum turbidity in the core of the 100-m-thick
plume was 0.09 mg-L-! (Haalboom et al., 2020).

The Coffey Natural Systems (2008) report, the Australian
and New Zealand Environment and Conservation Council
(ANZECC) and the Management Council of Australia and
New Zealand (ARMCANZ) set a target for total suspended
solids of 1.2 mg-L'!, which is one order of magnitude greater
than the concentrations of solids in the Rainbow natural
hydrothermal vent plume and thirty times higher than the
background concentrations mentioned above. The Coffey
Natural Systems (2008) set a 5,000-fold dilution as the
threshold for meeting the guidelines for all contaminants in
the return water discharged plume into the environment. In
this study, we, therefore, adopted a concentration of solids
in the return sediment discharge plume and in the in situ
excavation sediment plume of 1.2 mg-L! and a 5,000 fold
dilution of the return water discharge plume as the main
thresholds for analysing the model projections.

2.5 Data Analyses

The results of the models were analysed in different ways.
The concentration of solids and of the discharge water in
each horizontal 2-dimensional space cell was calculated
as the maximum concentration in the 50 vertical layers of
each 2-dimensional cell, for each output time step (3 hours),
averaged over all time steps during each trimester and during

a 12-months simulation. We also estimated the proportion
of simulated time (temporal frequency) that a specific
2-dimensional space contained plume concentrations higher
than the adopted thresholds (1.2 mg-L! and 5,000-fold). For
this, the maximum plume concentration in each cell and time
step was compared to a threshold. Those cells whose temporal
frequency above the thresholds was greater than 50%, i.e.,
6 months out of 12 months, were considered as cells with
persistent plumes. In addition to the thresholds and targets, we
also analysed the results for Cavala seamount and Lucky Strike
Hole against other thresholds: 5 mg-L, 10 mg-L'! and 25 mg-L!
for sediments and 1,000-, 600-, 300- and 200-fold dilution for
discharge water. Seasonal variations in the plumes dispersal
were analysed for Cavala seamount and Lucky Strike Hole by
computing the probability of concentration above thresholds
for four periods of three months (January-March, April-June,
July-September, and October-December). In these scenarios,
the model run duration was approximately 90 days. In addition,
the vertical footprint of the plumes was assessed by computing
plume concentration along meridional and zonal vertical
cross-sections along the simulation period. The sediment
thickness of the settled sediments from the in situ excavation
and return sediment discharge were also estimated. Model
outputs are available for download at https://doi.org/10.1594/
PANGAEA.945244 (Morato et al., 2022).

The sensitivity of the plume-dispersal model projections to
different input parameters was tested with Fuzzy Kappa statistic
for assessing the similarity of numerical maps. In general terms,
the fuzzy numerical map statistic goes beyond a traditional
cell-by-cell comparison and takes the neighbouring cells
into account to compensate for spatial offsets in correlation
analyses through fuzziness of location (Hagen, 2003; Hagen,
2006). We adopted an exponential distance decay membership
function considering a neighbourhood radius of 4 cells and a
halving distance of 2 cells. These geometric input parameters
are adequate for compensating spatial offset errors without
exaggerating fuzziness (Negreiros et al, 2021). Cells with
plume-dispersal projections of 0 were set to “no data” to
prevent overestimating the fuzzy similarity statistics and their
dependence on the map size. The similarity of each cell between
model projection maps is expressed on a scale between 0 and 1.
The resulting fuzzy similarity map was then used to calculate
the average similarity over the whole map. All map comparisons
were computed in the Map Comparison Kit (Visser and De
Nijs, 2006), version 3.2.3.

3 RESULTS

3.1 In Situ Mining Excavation

Sediment Plume

The 2-dimensional dispersal of the in situ excavation
sediment plume was projected to vary considerably between
sites (Figure 2), attaining maximum values in the northern
sites of Lucky Strike Hole and Cavala seamounts (27 and 26
mg-L!, respectively). In most cases, the excavation plume
concentrations above the 1.2 mg-L! threshold were projected
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FIGURE 2 | Concentration of sediments produced during the in situ excavation sediment plume calculated as the maximum concentration in the 50 vertical layers
of each 2-dimensional cell, for each output time step (3 hours), averaged over all time steps during a 12-months simulation. Sediments were composed of six
classes of different particle diameter (0-10 um, 10-50 pm, 50-100 pm, 100-200 pm, 200-2,000 pm, and >2,000 um), an average particle density of 3,780 kg-m3,

and resultant settling velocities ranging from 75.1 cm-s™' to 0.002 cm-s™".

Mean concentration (mg.L")

[ <2

to be retained within the exploration areas, but large
footprints below this threshold were projected well outside
all areas. The horizontal footprint of persistent excavation
sediment plumes (temporal frequency greater than 50%, i.e.,
6 months out of 12 months) above the 1.2 mg-L! threshold
was projected to average 60 km? and to disperse for about
19 km in linear distance (Figure 3 and Table 2). The largest
persistent horizontal extents were projected for Lucky Strike
Hole, Cavala, and Menez Hom sites, ranging from 73 to 101
km?, but higher dispersal distances were projected for Lucky
Strike Hole and Saldanha (28 and 24 km, respectively). The
dispersal of the in situ excavation sediment plume, regardless
of the temporal frequencies, can be very high, ranging
from thousands (1.2 and 5 mg-L!) to hundreds of squared
kilometres (10 mg-L!) (Supplementary Table 4). It should be
noted that all concentrations and temporal frequencies were

calculated for each 2-dimensional cell, therefore not showing
where in the water column the plume is being dispersed.

The vertical footprint of the excavation plume of sediment
was projected to extend to much shallower depths than that
of the emission point in all studied sites, averaging 800m
of vertical thickness at concentrations above the 1.2 mg-L!
threshold (Figure 4; Supplementary Figure 4). The in situ
excavation sediment plumes were projected to spread along
the flanks and summits of nearby topographic features
(Supplementary Figure 4).

The cumulative bottom thickness of settled sediments
produced from the in situ excavation plume was estimated to
be from 159 to 402 mm in close vicinity (i.e., one cell) to the
emission point (Figure 5). It should be noted that the emission
point was stationary during this modelling exercise and that
the deposited sediment will be distributed throughout the

Frequency (%)

FIGURE 3 | Proportion of simulated time (temporal frequency) that a specific a 2-dimensional space cell, in six study areas, contained in situ excavation sediment
plume above a 1.2 mg-L™' concentration threshold, during a 12-months simulation, assuming six classes of particle diameter (0-10 pm, 10-50 pm, 50-100 pm, 100-
200 pm, 200-2,000 pm, and >2,000 pm), an average particle density of 3,780 kg-m=, and resultant settling velocities ranging from 75.1 cm-s' to 0.002 cm-s'.
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TABLE 2 | Projected dispersal in 2-dimensional space of the in situ excavation plumes of sediments exceeding 1.2 mg-L-! concentration in area (km? and maximum
linear distance (km) in relation to the estimated temporal frequency, i.e. the proportion of simulated days that a specific 2-dimensional space contained plumes above

the adopted concentration threshold.

Area (km?)

Max distance (km)

Temporal frequency of concentrations above 1.2 mg-L-"

All >25% >50% 275% All >25% >50% 275%
Cavala 10,760 261 94 37 >135 36 22 9
Lucky Strike Hole 4,836 202 101 28 70 29 28 14
Menez Hom 20,981 147 73 36 61 20 13 8
Famous 26,656 76 14 4 105 21 4 3
Saldanha 8,496 61 20 6 98 61 24 4
Rainbow 3,050 112 55 21 64 35 21 9
Average 12,463 143 60 22 89 34 19 8

Temporal frequencies are 3 months (25%), 6 months (50%), and 9 months (75%).

excavation area during commercial mining operations. In all
other cells, including in many close topographic features, the
thickness of the settled sediments was predicted to be small,
averaging in sites from 0.06 to 0.24 mm (Figure 5).

3.2 Dewatering Plume

3.2.1 Return Water Discharge Plume

The simulations of the expected footprint, in 2-dimensional
space cells, of the return water discharge projected a large
dispersal potential in all studied sites throughout the study period
(Figure 6). The model simulations projected extensive areas with
return water plume at higher concentrations than the accepted
dilution threshold (5,000-fold) in many sites spreading beyond
the proposed mining areas (Figure 6). Higher concentrations
of return water plumes, averaged over a one-year period, were
projected in Cavala seamount (average dilution= 971-fold),
followed by Menez Hom (average dilution= 4,607 fold) and
Rainbow site (average dilution= 5,160 fold). Additionally, our
model projected high temporal frequencies of return water
plumes concentrations greater than the 5,000-fold threshold

in large areas of all study sites (Figure 7). Higher temporal
frequencies were estimated to be attained close to the simulated
release points but extending beyond the Rainbow mining area.
The model also projected some differences among the
study sites on the patterns of the return water discharge
plume dispersal and frequencies above thresholds, probably
due to localised current patterns associated with the local
topography (Figures 6, 7). For example, the return water plume
in Cavala seamount was projected to spread on a latitudinal
and longitudinal gradient along the MAR axis, while in the
Saldanha and Famous sites were projected to spread mostly on
a longitudinal gradient across the main MAR axis. In Menez
Hom and Lucky Strike sites, return water plume dispersion was
projected to be somehow retained within the main MAR axis.
The models projected large 2-dimensional footprints of
the return water discharge plume at larger concentrations
than the 5,000-fold dilution threshold, averaging among sites
568 km? and 37.3 km of maximum linear distance (Table 3).
Footprints of the discharge water concentrations five and
seventeen times greater than the threshold (i.e., dilutions of
1,000 and 300-fold) averaged among sites 237 km? and 72
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FIGURE 4 | Vertical distribution of the concentration of sediments produced during the in situ excavation sediment plume (in mg-L") calculated as the maximum
concentration in the 50 vertical layers of each 2-dimensional cell, averaged over a 12-months simulation period. Red line shows the 1.2 mg-L-' concentration

threshold and the black dot represents the depth of the stationary emission.
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cm-s to 0.002 cm-s™'. Duration of the simulation is one year.

FIGURE 5 | Bottom thickness of settled sediments produced during the in situ excavation sediment plume assuming six classes of particle diameter (0-10 pm,
10-50 pm, 50-100 pm, 100-200 um, 200-2,000 pm, and >2,000 um), an average particle density of 3,780 kg-m-3, and resultant settling velocities ranging from 75.1

Sediment thickness (mm)
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km? (Supplementary Table 5). However, the footprint of
persistent plumes with larger concentrations than the 5,000-
fold threshold, was projected to be much smaller, averaging
36.5 km? and 9.5 km of maximum linear distance (Table 3
and Supplementary Table 5). The model projected some
differences among sites, with Saldanha, Rainbow, and Lucky Strike
Hole projected to have the largest persistent horizontal footprint,
ranging from 10.6 to 11.8 km.

The vertical footprint of the return water discharge plume
at concentrations greater than the 5,000-fold dilution threshold
showed similar patterns compared to the in situ excavation sediment
plumes (see 3.1), extending to much shallower depths in all studied
sites (Figure 8). In general, the model projected a vertical footprint
greater than 600 m in the water column. In many study sites (e.g.,
Cavala, Lucky Strike Hole or Menez Hom), the meridional and

zonal cross-sections showed that the plumes of the return water
may get trapped on or spread along the flanks and summits of close
topographic features (Supplementary Figure 5).

The sensitivity of the return water plume-dispersal model
projections to the input parameters in Cavala and Lucky
Strike Hole showed some seasonal variations but small
differences related to discharge temperatures (Supplementary
Figures 6-9). The computed fuzzy numerical similarities
between seasons ranged from 0.16 (poor) and 0.79 (good)
for both plume concentrations and temporal frequencies at
higher concentrations than the 5,000-fold dilution threshold
(Supplementary Table 6), with most differences being
measured in cells with low values on the plume-dispersal
edges. It is worth noting that in Cavala seamount, the main
direction of the predicted return water plume-dispersal

Dilution
[ »ts000
. o0
<5000
B <2000
I <100
[ <1000
[ <00
[ <tso0

FIGURE 6 | Concentration of return water discharge plume (shown in dilution folds) in six study areas calculated as the maximum concentration in the 50 vertical
layers of each 2-dimensional cell, for each output time step (3 hours), averaged over all time steps during a 12-months simulation, and assuming a control
temperature as the annual minimum temperature of each location (T,). Salinity of discharge was calculated assuming the MOHID salinity of 83.3% surface water and

16.7% of seafloor water.
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FIGURE 7 | Proportion of simulated time (temporal frequency) that a specific 2-dimensional space, in six study areas, contained return water discharge plume
concentrations higher than the adopted thresholds (i.e., 5,000-fold dilution), during a 12-months simulation and assuming a control temperature as the annual
minimum temperature of each location (T,). Salinity of discharge was calculated assuming the MOHID salinity of 83.3% surface water and 16.7% of seafloor water.

+ Emission points

varied between seasons and that in both sites slightly higher
plume-dispersal were projected in the 4" trimester (October-
December). The fuzzy numerical similarities between discharge
temperatures ranged from 0.67 (good) and 0.79 (good)
(Supplementary Table 6), with minor differences projected for
both sites (Supplementary Figures 6-9). Similar to patterns
in the discharge temperature, variations were projected for the
temporal frequencies above other concentrations thresholds
(Supplementary Figures 10, 11).

3.2.2 Return Sediment Discharge Plume

Similarly to the return water discharge, our simulation
projected large 2-dimensional dispersal of the solids in the
return sediment discharge plume (Figure 9), with higher
concentrations, averaged over a one-year period, projected
in Cavala seamount, Rainbow, and Menez Hom sites (45, 35
and 34 mg-L'}, respectively). In most sites, return sediment
discharge plume concentrations above the accepted threshold
of 1.2 mgL! were projected to disperse only within the

claimed areas. However, in the Rainbow site, we projected
plume dispersal outside the claimed area. In all study sites, the
model projected persistent sediment solids concentrations of
1.2 mg-L'! (Figure 10). The horizontal footprint of persistent
return sediment discharge plumes above the 1.2 mgL!
threshold was projected to average 150 km? and 21 km in
linear distance (Table 4); in some cases, slightly beyond the
claimed areas. Menez Hom, Lucky Strike Hole and Rainbow
sites were projected to have the largest horizontal footprints
(Table 4). In three sites, the model projected large areas (>20
km?) with persistent sediment solids concentrations above
5 mg-L%; i.e., approx. 125x higher than the background of
0.04 mg-L! and 4 times higher than the accepted threshold
(Supplementary Table 7). However, it should be noted that
the projected areas impacted by the return sediment discharge
plume, regardless of the temporal frequency, can be extremely
large (in the order of thousands of squared kilometres) for
all concentrations examined (Table 4 and Supplementary
Table 7).

TABLE 3 | Projected dispersal in 2-dimensional space of the return water discharge plume in area (km?) and maximum linear distance (km) in relation to the estimated
temporal frequencies, i.e. the proportion of simulated days that a specific 2-dimensional space contained plumes at greater concentrations than the adopted threshold

of 5,000-fold dilution.

Area (km?) Max distance (km)
Temporal frequency of dilution 5,000 fold
All >25% >50% 275% All >25% >50% 275%
Cavala 2,045 64.3 41.3 28.1 78.5 9.8 8.0 6.8
Lucky Strike Hole 184 71.2 52.7 37.2 22.3 12.3 10.6 8.5
Menez Hom 107 50.4 37.8 24.7 16.2 9.1 8.1 6.0
Famous 459 75.7 22.6 52 40.0 14.2 7.0 3.2
Saldanha 459 57.3 27.8 13.9 42.2 15.6 11.8 8.5
Rainbow 151 53.8 36.8 22.9 24.5 14.1 1.6 7.8
Average 568 62.1 36.5 22.0 37.3 12.5 9.5 6.8

Temporal frequencies are 3 months (25%), 6 months (50%), and 9 months (75%).
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FIGURE 8 | Vertical distribution of the return water discharge plume concentration (in PPB) along meridional and zonal cross sections of the study sites, calculated
as the maximum concentration in the 50 vertical layers of each 2-dimensional cell, averaged over a 12-months simulation period. The control temperature was
calculated as the annual minimum temperature of each location (T,). The salinity of discharge was calculated assuming the MOHID salinity of 83.3% surface water
and 16.7% of seafloor water. Red line shows the 5,000-fold dilution threshold and the black dot represents the depth of the stationary emission.
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The vertical footprint of the return sediment discharge plume
showed similar patterns compared to the return water discharge
plumes and the in situ excavation sediment plumes. It showed
an average plume thickness of 800 m in all sites except Saldanha.
On average, return sediment discharge plume thickness of 800 m
at concentrations above the 1.2 mg-L! threshold were projected
at most studied sites (Figure 11; Supplementary Figure 12).
In many sites (e.g., Cavala, Lucky Strike Hole, Menez Hom, or
Rainbow), the meridional and zonal cross-sections showed
that the return sediment discharge plumes may get trapped on
or spread along the flanks and summits of close topographic
features (Supplementary Figure 12).

The cumulative bottom thickness of the settled sediment from
the sediment discharge was estimated to be very small (averaging

in sites from 0.01 to 0.09 mm), with peaks of up to 0.92 mm
mostly close to the discharge point (Figure 12). However, the
estimated footprint varied considerably between sites, with
Menez Hom, Famous and Saldanha models showing large areas
with settled sediments, reaching many close topographic features
(e.g., Sarda seamount, Cavalo and Farpas ridge).

The model projections were not highly affected by the average
particle size or particle densities adopted (Supplementary
Figures 13-16) since the computed fuzzy numerical similarities
were greater than 0.76 (good) for the concentration of sediments
averaged over time and, in general, greater than 0.50 (fair)
for the thickness of settled sediments (Supplementary
Table 8). Nevertheless, smaller (4 pm) or lighter 4 um (p=
3,300 kg-m-3) particles were projected to settle further away

FIGURE 9 | Concentration of sediments in the return sediment discharge plume, calculated as the maximum concentration in the 50 vertical layers of each
2-dimensional cell, for each output time step (3 hours), averaged over all time steps during a 12-months simulation. The average particle diameter was assumed to
be 4 ym with an average particle density of 3,780 kg-m and a resultant settling velocity of 0.002 cm-s.
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FIGURE 10 | Proportion of simulated time (temporal frequency) that a specific 2-dimensional space cell, in six study areas, contained return sediments discharge
plume above a 1.2 mg-L"' concentration threshold, during a 12-months simulation, assuming an average particle diameter of 4 um, an average particle density of

3,780 kg'm, and a resultant settling velocity of 0.002 cm-s.

+  Emission points

o 35 70
—

from the emission points. Similar patterns were obtained
for the temporal frequencies of all concentration thresholds
(Supplementary Figures 17, 18).

3.3 Overlap With Biodiversity and

Human Uses

The cumulative plumes projected to be produced during the
excavation and the dewatering processes total 2,133 km? when all
areas are considered simultaneously (Figure 13). Of this total,
1,684 km? were within the Azores EEZ, representing 0.18%
of the total EEZ area. Our model projections indicated that
13% of the sediment plumes produced within the Azores EEZ
overlapped with the existing bottom longline fishery, while
10% overlapped with the local pelagic longline and 81% and
83% overlapped with the Portuguese mainland and international
pelagic longline fisheries, respectively. In terms of area, the
cumulative footprint within the Azores EEZ overlaps with 217
km? of the local bottom longline fishing ground (2.6% of the
total footprint) and 164 km? of the local pelagic longline fishing
ground (0.1% of the total footprint) (Morato, unpublished data).

In addition, this cumulative footprint overlaps with 1,368 km?
(0.2% of the total footprint) and 1,395 km? (0.9% of the total
footprint) of the footprints of the Portuguese mainland and
international pelagic longline fleets within the Azores EZZ. The
areas of greater overlap were Cavala seamount for the bottom
longline fleet and Lucky Strike Hole, Menez Hom, and Famous
for the pelagic longline fleet. Finally, the cumulative plumes
were projected to overlap 54 km? of the predicted suitable
habitat for several important habitat-structuring cold-water
corals, or 0.5% of the total suitable habitat (Taranto et al., 2020).

4 DISCUSSION

Predicting the dispersion of plumes originating from a future
activity is challenging as there are still many uncertainties
regarding the mining technologies to be used and the
operations to be carried out (Atmanand and Ramadass, 2017;
Sharma, 2017; Leng et al., 2021). Therefore, this study should
be considered as a first assessment of the potential dispersal
of deep-sea mining plumes generated during the exploitation

TABLE 4 | Projected dispersal in 2-dimensional space of the discharge sediment plume exceeding 1.2 mg-L"' concentration in area (km? and maximum linear distance
(km) in relation to the estimated temporal frequency, i.e. the proportion of simulated days that a specific 2-dimensional space contained plumes above the adopted

concentration threshold.

Area (km?)

Max distance (km)

Temporal frequency of concentrations above 1.2 mg-L-'

All 225% >50% 275% All 225% 250% 275%
Cavala 12,008 142 69 38 >125 18 10 8
Lucky Strike Hole 8,734 423 224 113 53 32 22 15
Menez Hom 36,939 475 309 149 55 34 27 21
Famous 36,934 159 50 6 79 20 12 4
Saldanha 26,579 80 37 17 60 18 13 9
Rainbow 13,881 416 209 69 69 48 43 20
Average 22,627 283 150 65 63 28 21 13
Temporal frequencies are 3 months (25%), 6 months (50%), and 9 months (75%).
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FIGURE 11 | Vertical distribution of the return sediment discharge plume concentration (in mg-L™") calculated as the maximum concentration in the 50 vertical layers
of each 2-dimensional cell, averaged over a 12-months simulation. Red line shows the 1.2 mg-L"' concentration threshold and the black dot represents the depth of
the stationary emission.

of SMS deposits in the MAR. Our simulations were based
on the Solwara 1 case study as described in Coffey Natural
Systems (2008) and on the IHC Merwede mining scenario
for SMS deposits in the Mid-Atlantic Ridge (Ortega and
Boomsma, 2014) and may not represent the most recent views
on SMS mining operations. In addition to the uncertainties
associated with the mining operations per se, there is also a
lack of detailed knowledge about the sediment composition
at different sites (e.g., particle sizes, densities and settling
velocities), flocculation rates, critical shear stress of erosion,
critical shear stress of deposition, and erosion rates, among
many others. Another important knowledge gap in our
modelling work, relates to the degree of temperature changes
during the uplift and subsequent descent of the ore and water,
as the reported values varied from 1°C in the Coffey Natural
Systems (2008) theoretical scenario to 11°C in a real lifting
test (Okamoto et al., 2019). The temperature changes of the
discharge water are extremely relevant because temperature

oscillation mediates metal toxicity of the SMS mining plumes
(Hauton et al., 2017). All these parameters are particularly
important to generate realistic model projections and quantify
the impacts on the marine environment (e.g., Jankowski and
Zielke, 2001; Rolinski et al., 2001; Gillard et al., 2019) but,
with few exceptions, in the case of the SMS deposits in the
MAR they are mostly unknown. Finally, there are also some
obvious uncertainties related to the MOHID hydrodynamic
model, mostly considering the complex topography of the
deep-sea environment in the Mid-Atlantic Ridge. For example,
the resolution of the horizontal (1.2x1.2 km) and vertical
(e.g., 150m at 1,000m depth) grids used, although similar to
other studies, may not be sufficient to capture the localised
mixing in the deep currents triggered mostly by tidal forcing
of the mean circulation (Lahaye et al., 2019). Nevertheless, the
comparisons made between the MOHID predictions and the
remote sensing and in situ ARGO floats data suggested a good
level of agreement.

FIGURE 12 | Bottom thickness of settled sediments from the return sediment discharge plume modelled assuming an average particle diameter of 4 um, an
average particle density of 3,780 kg-m, and a resultant settling velocity of 0.002 cm-s™'. Duration of the simulation is one year.
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FIGURE 13 | Overlap of the cumulative sediment plumes projected to be
produced during the in situ excavation and the return sediment discharge
process, with the current bottom longline and pelagic longline fishing
footprint (Morato, unpublished data) and the predicted suitable habitat for
several important habitat-structuring cold-water corals inside the Azores EEZ
(Taranto, unpublished data).

Although the model simulations presented here were
subject to several caveats, they did reveal some important
patterns. The model projected marked differences among
sites making generalisations of plume-dispersal patterns in
mid-ocean ridges difficult to make. Nevertheless, the model
predicted large horizontal plume-dispersal of return water,
return sediments, and excavation sediments at concentrations
well above the thresholds (1.2 mg-L! and 5,000-fold dilution)
and the typical background of total suspended solids
concentration of 0.04 mg-L! (Haalboom et al., 2020). Although
the total footprint of the different plumes varies considerably
depending on the adopted thresholds and site, we can make
the questionable generalisation that persistent (temporal
frequency >50%, i.e., 6 months out 12 months) plumes may
disperse, on average, over a linear distance of from 10 to 20 km
and cover an area from 17 to 150 km?2. The model predicted
that the plumes above concentration thresholds, regardless of
the temporal frequencies, could travel for over 100 km and
impact more than 10,000 km?.

In some cases, the plume footprints with higher
concentrations than the adopted thresholds were predicted
to extend beyond the licensed mining areas, suggesting the
need for considering large buffer areas around the licensed
areas (Wedding et al, 2013; Dunn et al, 2018). In fact, the
model projected that plumes might reach the flanks and
summits of close topographic features, potentially impacting
the local biodiversity. Additionally, the models also predicted
extensive vertical footprints of all plumes modelled, in many
instances extending more than 800 m in the water column. If
these predictions hold true, it may suggest that bathypelagic,

mesopelagic, and epipelagic environments may also be affected
by potentially toxic deep-sea mining plumes, corroborating
the existing concerns over the impacts of deep-sea mining in
oceanic primary productivity, midwater ecosystems and their
fisheries (Fuchida et al.,, 2017; Drazen et al., 2020; van der
Grient and Drazen, 2021).

In general, our plume-dispersal predictions extend larger
horizontal and vertical distances when compared to previous
studies related to seafloor massive sulphides (ASA, 2008b), deep-
sea nodule mining on abyssal plains (Mufioz-Royo et al., 2021)
and cobalt-rich crusts on seamounts (Spearman et al., 2020).
Although we used similar or higher thresholds when compared
to these studies, in general, some of the reported differences in
plume dispersal estimates are related to the thresholds used in
each study (Mufioz-Royo et al., 2021). In our case and similarly to
ASA (2008b), we used widely accepted thresholds that, in the case
of the sediments, was thirty times higher than the background
value for the region (Haalboom et al., 2020). Moreover, these
differences may be due in part to the fact that our simulations
ran for an entire year, as opposed to field experiments that lasted
only a few hours or model runs of a few days (Thiel and Tiefsee-
Umweltschutz, 2001; ASA, 2008b; Aleynik et al., 2017; Spearman
et al,, 2020; Munoz-Royo et al., 2021). It is also possible that the
increased current velocities along the MAR in the Azores region
(Lahaye et al., 2019) may increase the horizontal and vertical
dispersal of deep-sea mining plumes compared to other locations
such as the deep Bismarck Sea (ASA, 2008b) or the abyssal plain
hosting nodules fields. On the other hand, sediment plumes
consisting of very fine particles and having a lower settling
velocity can remain in suspension for a very long time and be
carried by local currents for hundreds of kilometres (Rolinski
et al,, 2001). The same may happen with dissolved metals and
other potentially toxic compounds that can potentially harm
the marine environment (Holmstrup et al., 2010; Mestre et al.,
2014, Mestre et al., 2017; Martins et al., 2017; Martins et al.,
2018), although the toxicity of deep-sea mining plumes and their
behaviour are not yet understood (Hauton et al., 2017).

The average cumulative sediment thickness projected from
both the return sediments (from 0.01 to 0.09 mm-y') and
excavation sediments (0.06 to 0.24 mm-y™') plumes are, in general,
higher than the range of natural sedimentation. For example,
the natural particle flux measured at Lucky Strike and Rainbow
hydrothermal vent fields away from the vent influence were
estimated as 0.047 mg-cm?-d! and 0.013 mg-cm?.d’}, respectively
(Khripounoft et al., 2008), representing an annual deposition of
0.052 mm-y! and 0.014 mm-y!, respectively. Other studies have
produced estimates ranging from 0.0001 mm-y! from discharge
sediment plumes of nodule mining (Mufioz-Royo et al., 2021) to
0.5-1 mm-10 days™! from in situ excavation of nodules (Thiel and
Tiefsee-Umweltschutz, 2001; Aleynik et al., 2017).

This study highlights several knowledge gaps and many
uncertainties associated with modelling the dispersal of deep-
sea mining plumes, but also the potential far-reaching impacts
of this activity on the marine environment and existing human
activities. Our model projected an overlap of mining plumes
with the predicted distribution of cold-water corals. This overlap
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may be of conservation concern since seafloor massive sulphide
mining plumes were demonstrated to produce high and rapid
mortality rates on cold-water corals (Carreiro-Silva et al., this issue).
Our model projections also indicated a large overlap between the
predicted mining plumes and existing fishing activities. This overlap
is of particular concern in regions such as the Azores, where local
populations are highly dependent from the sea for their livelihoods
(Diogo et al., 2015). Therefore, there is a need to quantify the baseline
conditions and the nature and extent of mining impacts in space and
time more precisely. This may only be achieved with experiments
that are large enough to be representatively and accurately sampled
over time (Jones et al, 2017). Future deep-sea mining plume
dispersal studies should also consider the potential climate-related
changes in the ocean circulation and deep water mass properties (e.g.,
warming, ocean acidification, and deoxygenation) and the climate-
related effects on the dispersal and toxicity of metals associated to
polymetallic sulphides (Millero et al., 2009; Levin et al., 2020).
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