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ARTICLE INFO ABSTRACT
Keywords: In the last few years, the exploitation of deep-sea regions for minerals extraction raised inter-
Deep-sea circulation national attention as an economically viable source for the mining industry. However, most of

Ocean modelling

‘ these minerals are found close to sensitive ecosystems that can be harmed by mining activities.
Sediment transport

Hazard assessment Given the potential impact, there is a need for the establishment of best practices towards the

NMAR region adoption of preventive strategies for the sustainable management and exploitation of deep-sea

ROMS environments. To accomplish this objective, numerical models have proven to be reliable tools
to support decision-making. In the present study, a high-resolution eddy-resolving ocean nu-
merical model was configured and integrated with a semi-Lagrangian model aiming to map the
transport of rock-fragments associated with mining activities. The model was applied to an area
rich in polymetallic sulphides at the Northern Mid-Atlantic Ridge (NMAR). Model results showed
that local topography and circulation dynamics played an important role for the dispersion and
settling of the rock-fragments. In the presence of local submesoscale processes, the residence time
do not follow the neutral relation H/vs. It was demonstrated that, depending on the local hy-
drodynamics, rock-fragments released at sub-surface depth can impact wider areas, with a pre-
dicted impact on pelagic and benthic organisms.

1. Introduction

The increasing demand for raw materials to meet the modern life needs has directed attention to the potential of deep-sea mining as
a possible and economically viable source for mineral extraction. Polymetallic crusts (PMC) on seamounts, polymetallic nodules (PMN)
on abyssal plans and polymetallic sulphides (PMS) on mid-ocean ridges can supply raw materials such as copper, nickel, cobalt, iron,
manganese and rare earth elements to feed the growing need of the industry [1,2]. However, the majority of these metals are found in
mineral resources located close to vulnerable ecosystems [3-6].

The potential hazards associated with deep-sea mining activities are already a concern for the international scientific community,
which is committed to understand the impacts of these activities on the deep-sea ecosystems. This is a major goal in several

* Corresponding author.
E-mail address: famorim@ciimar.up.pt (F.N. Amorim).

https://doi.org/10.1016/j.heliyon.2024.e34174

Received 24 July 2023; Received in revised form 3 July 2024; Accepted 4 July 2024

Available online 8 July 2024

2405-8440/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).


mailto:famorim@ciimar.up.pt
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e34174
https://doi.org/10.1016/j.heliyon.2024.e34174
https://doi.org/10.1016/j.heliyon.2024.e34174
http://creativecommons.org/licenses/by/4.0/

F.N. Amorim et al. Heliyon 10 (2024) e34174

international research projects, such as Blue Mining], MIDAS?, Mining Impact®, Abyssline4, EMINENT®, among others. Results from
these projects demonstrated that the ecosystems are immediately hit and strongly affected after mining activities. Nevertheless, and
despite the importance of deep-sea ecosystems for biotechnology applications, the International Seabed Authority (ISA), at the time of
publication of this manuscript, had already granted nineteen exploration contracts to explore PMN?®, seven to explore PMS’ and five to
explore Cobalt-rich ferromanganese crusts®.

To protect deep-sea ecosystems, ISA has been working on the development of Regional Environmental Management Plans (REMP)
[51, designed for a preventive management of deep-sea regions from generalized human activities, and not specifically for mining. ISA
Council have adopted the first REMP for the Clarion-Clipperton Zone (CCZ)’, a PMN rich abyssal region. Although the CCZ-REMP
could be used as an initial standard for the definition of others REMPs, for ridge and seamounts the features and mining techniques
may differ from those used at abyssal regions, requiring the evaluation of new considerations based on sound scientific results.
Therefore, the Northern Mid-Atlantic Region (NMAR) REMP is still under consideration since the ISA Council is still delineating
standardized procedures for the development, review and approval of REMPs.'*The NMAR presents relevant deposits of PMS inter-
esting for the industry, close to active hydrothermal fields with unique ecosystems'' [7]. Although the creation of NMAR-REMP was
postponed by ISA Council, its PMS deposits are likely to be commercially explored in the future, since the first lifting test for mining
Seafloor Massive Sulphides (SMS) successfully lifted SMS ore from a depth of 1.600 m to the lifting vessel [8,9]. However, the
description of this technology does not include the approach that will be selected to eliminate seawater with mining particles which
has been raised to the surface jointly with the collected material.

There is a consensus that the major impact of PMS mining at the deep-sea will be loss of substrate, dispersion and sedimentation of
possible near floor collecting and return sediment plumes [10], being the size of the fragments present in these plumes greatly
dependent on the mining method adopted [11-13]. For instance, modelling efforts to evaluate the environmental impact associated
with the Solwara-1 deep-sea mining project, developed to mine mineral-rich hydrothermal vents at the Bismark Sea, considered data
from unconsolidated sediments and hard rock particles removed by the collector vehicle [14]. For the modelling of the dispersion and
settling of the particles, the average of the classical classification of grain sizes, ranging from <4 pm to 1000 pm, were considered to set
the particles size. Other previous works, due to absence of a consensus on the extraction methods, also adopted a similar approach
[15-171, but for sites that present at least a thin unconsolidated particle layer or discrete particles at active hydrothermal vents.
Therefore, the lack of knowledge about the size of particles generated during mining activities leads scientists to produce models for a
wide granulometry range.

Furthermore, it must be also taken into account that the depth of waste discharge is currently not consensual. Three strategies for
the return of sediment-laden water are under consideration: i) release as a return plume in the midwater column, typically below the
mixed layer depth; ii) a near-bottom release aiming on depositing the sediment in a region that has already been impacted by the
collector operations; and iii) send back to the collector vehicle to become part of the collector plume [11,12].

Although there is no consensus of which deep-sea mining technology is the least harmful, among the emerging methods, the
commonly proposed is the hydrodynamic suction pick-up mechanism. In this methodology, the collector vehicle will resuspend the
bottom sediments and part of it will be discharged in its wake, producing a collector plume. The resuspend sediments kept in the
collector will be lifted to the operation vessel and, after being separated from the target fragments, will be subsequently discharged at
depth, producing the so-called midwater plume [11-13]. The evolution of both collector and midwater plumes occurs in three different
regions, comprising different phases. The initial phase (the near-field region) is controlled by the discharge conditions, characterized
by the dominant effect of inertial and turbulent processes in the immediate vicinity of the mining equipment. The second phase (the
transition zone) is buoyancy-driven, where the suspended sediment interacts with the surrounding ocean environment. The last phase
(the far-field region) is characterized by the passive advection of the plume by local currents, horizontal and vertical diffusion by
ambient turbulence, seabed topography constraints, and the settling and deposition of the sediment. By definition, this last phase is
concerned with sufficiently low sediment mass concentrations such that buoyancy driven currents no longer plays a dominant role in
transporting the sediments [11-13,18,19]. The spatial and temporal scales of the flow dynamics between the near- and far-field regions
range from few hundreds of meters to kilometers, and from minutes to several days, respectively [11,18].

The local impacts in the near-field region may be related to sediment redeposition and bottom blanketing, which can potentially
bury benthic organisms, clog the respiratory filter feeders and pollute the benthic organisms food supply [20]. The extension of the
far-field region is particularly relevant for the quantification of the environmental impact of deep-sea mining sediment plumes since it
could harm a wide range of benthic and pelagic organisms [12]. The spatial scales of the impact for both vehicle-generated and
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midwater return plumes may be on the order of hundreds of square kilometers for nodule habitats, tens of square kilometers for crust
habitats and less than tens of square kilometers for vent habitats [21].

In particular, current direction and topography greatly influence the extent of mining impacts in a deep-sea floor massive sulphides
[22]. The rugged topography of hydrothermal regions can largely alter the plume extent and residence time of rock-fragments in the
water column, depending on sub- to mesoscale features related to topographic constraints or the free passage of currents through
flatter regions. Furthermore, changes in ocean currents induced by remotely generated eddies were shown to have great effect on the
trajectory and resulting deposition patterns of a deep-sea collector plume [11]. Indeed, observational studies have shown that the
circulation at regions deeper than 4 km can become an order of magnitude more energetic in response to the passage of mesoscale
eddies, when mining-related plumes are expected to have a wider and faster spreading and dispersion [23].

Therefore, the absent of in situ information on the dispersion of rock-fragments from PMS mining, and some limitations of the few
previous works [14,16,17], reinforces the needs of dedicated studies for a comprehensive characterization of each hydrothermal
region specificities. The topography and depth of each region can considerably change the local and regional circulation patterns,
which has a direct effect on the dispersion and spatial extension of the mining-generated rock-fragments. Coupled ocean circulation
and Lagrangian models are key tools to provide a reliable representation of ocean dynamics over a wide range of temporal and spatial
scales. Hydrodynamic models have been used to simulate complex deep-sea circulation in regions with abruptly changing topography,
such as canyons, ridges and seamounts [16,24-31]. These models can reproduce the disturbances in the local density field induced by
the morphology of these regions, which contribute to eddy formation, topographically-induced up/downwelling and circulation
constraints. The coupling of Lagrangian and hydrodynamic models can account for the impacts of the deep-sea circulation on the
behaviour of small elements, including dispersion and recruitment, such as plankton, crustaceans, fish and larvae [30-34], oil spills
[35,36], sediments [16,17,37,38] and passive drifters [29]. However, it should be emphasized that oceanic transport forecasting can
be highly sensitive to changes in spatial and temporal resolution of the ocean circulation model outputs. For instance, coarser con-
figurations may overestimate the likelihood transport path by averaging out meanders and eddies that would otherwise promote
retention [39].

In the light of the above findings, the main objective of the present study is to bring knowledge on how sub- to mesoscale seasonal
circulation in the NMAR hydrothermal regions influences the far-field passive advection and settling of rock-fragments from deep-sea
mining activities. To accomplish this task we consider i) a realistic eddy-resolving high-resolution ocean model configuration, with
nesting capability; ii) a finer temporal and spatial resolution to properly reproduce deep-ocean sub- to mesoscale processes and dis-
turbances in the density field related with topographic constraints; iii) two different seasons to account for the seasonal changes in the
oceanic and meteorological forcings; iv) dispersion scenarios close to the bottom and at 200 m from surface to bring knowledge on the
rock-fragments dispersion from both the collector vehicle and the midwater return plume below the mixed layer; and v) a settling
velocity calculation fitted to the rock-fragment characteristics.

The assumptions made in the present work can be considered an upgrade of previous works already developed in the region [16,
17]. With the adoption of a finer model grid resolution that better represents the local bathymetry, the local submesoscale processes
can be captured, and, thus, better representing the characteristics of the local circulation. In addition, considering a more realistic
settling velocity for the rock-fragments and seasonal scenarios, we are able to depict the differences in the dispersion patterns between
seasons.

2. Characteristics of the study region

The study region is located in a particular section of the NMAR at the Azores region, where there are ten known hydrothermal
active regions, with previous studies about the relationship between benthic invertebrates megafauna and macrofauna conducted in
eight of them [7].

Since inactive vent fields are more difficult to find than the active ones, there is a lack of information on the quantity and
bathymetric characteristics of inactive fields in the study region. On this basis, we considered as case study areas, the active hydro-
thermal field regions of Menez Gwen (MG, area of ~95 krnz), Luck Strike (LS, area of ~192 km?) and Rainbow (RB, area of about 22
km?), with maximum depth of about 850 m, 1740 m and 2320 m, respectively'? (Fig. 1). These hydrothermal fields are considered
Marine Protected Areas (AMP)'?, located inside (MG and LS) and outside (RB) of the Portuguese EEZ, which were created for the
regulation of human activity in specific areas to achieve conservation or sustainable resource management objectives [40,41].

Observations performed in the NMAR region found peridotite massifs [42] and an upper mantle of peridotites and serpentinized
peridotites [43]. High levels of CH4 were measured at LS and MG hydrothermal fluids, related to the serpentinization of the mantle and
derived peridotites [44]. Also, the presence of peridotites, serpentinites and steatites was found at the RB hydrothermal vent [45-47].
Due to their mineral composition and commercial interest, the peridotites (density values range 3.1-3.4 g cm°), serpentinites
(2.7-3.3 g cm ™) and steatites (2.6-2.8 g cm™>) are the rocks that could be mined in the study region, producing rock-fragments.

The size of the rock-fragments greatly depend on the cutting technology used and the ressuspension of natural sediments due to the
mining procedures adopted. The natural particle sizes of the minerals in the ores depend on the formation processes and can range from
10 pm to 600 pm [48], though larger sizes can form when early-formed minerals are continuously re-crystallized by hydrothermal
reworking [49].

12 https://vents-data.interridge.org.
13 https://www.dgrm.mm.gov.pt/en/web/guest/amp.
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Fig. 1. Numerical grid domain. The ® symbols represent the location of the hydrothermal vent areas of Menez Gwen (MG), Lucky Strike (LS) and
Rainbow (RB). The bottom box shows the location of the parent grid in relation to the continental Portugal.

3. Data and methods

To evaluate the sediment transport and dispersion that might result from deep-sea mining activities in the NMAR region around the
Azores archipelago, a Lagrangian model was coupled to the results of a 3D high-resolution eddy-resolving ocean circulation numerical
model, implemented to represent the physical oceanographic conditions. A detailed description of the selected numerical models is
provided in the following sub-sections.

3.1. Regional ocean model configuration

The dynamic behaviour of the ocean on the study region was represented using the Regional Ocean Modelling System - ROMS [50,
51], a state-of-the-art versatile 3D model dedicated to represent realistic scenarios, being applied to a wide variety of spatial and
temporal scales [51-53]. The model was configured for the NMAR region with a 2-way nesting capability, considering a parent grid
with 1/36° (~3 km) horizontal resolution and a child grid with 1 km horizontal resolution (Fig. 1). Both grids considered 30 vertical
levels defined with stretched S-coordinates.

The parent grid was off-line nested into the global ocean eddy-resolving reanalysis product (GLORYS) from the Copernicus Marine
Environment Service (CMEMS), with 1/12° horizontal resolution and 50 vertical levels, which provided the initial and daily boundary
conditions (temperature, salinity, elevation and velocities). The Generic Length Scale (GLS), fourth-order horizontal advection and
third-order upwind advection schemes were used to parameterize the vertical mixing, momentum, and tracers. Along the open
boundaries, the 3D ROMS model variables (temperature, salinity and baroclinic currents) were nudged towards the Glorys daily values
through a nudging region of 10 grid points (~30 km), with a spatially variable relaxation time scale. At the open boundaries, the
relaxation time scale was defined as t= 1/3 days (8 h) with a sinusoidal decay inside the nudging layer. The active and passive
character of the nudging at the open boundaries are based on the adaptive radiation conditions [54]. The elevation and the 2D velocity
are imposed at the open boundaries as a Chapman [55] and Flather [56] boundary conditions, respectively.

Barotropic tidal forcings derived from TPXO datasets [57] were also considered at the parent grid open boundaries. This product
provides the diurnal and semi-diurnal components (My, Sz, Na, Ko, K3, O1, P1 and Q1) from the 1/12° regional Atlantic Ocean-ATLAS
solution, and the long-period components (Mg, Mp,) from the 1/4° Global Ocean-ATLAS solution. The child grid was nested online in
the parent grid, which provides the contact layer’s temperature, salinity, elevation and velocities at each time step. Wind and surface
fluxes (humidity, pressure, temperature, precipitation and radiation), derived from the 0.25° and 6-hourly ERA5 Global Climate and
Weather Reanalysis Product [58], were internally calculated for both grids using the bulk formulation.

The bathymetry data selected for both grids was obtained through the European Marine Observation and Data Network product
(EMODNET), with approximately 200 m resolution. This product was interpolated and smoothed to satisfy the Beckmann-Haidvogel
[59] criterion of a maximum topographic stiffness ratio of 0.2. With the vertical mixing scheme adopted, together with the topography
parameterization (e.g. high-resolution data and smoothing), horizontal resolution and vertical layer discretization, the model has
proven to be able to reproduce deep-sea submesoscale processes related to complex bathymetric systems, as submarine ridges, sea-
mounts and canyons [26-31].

The simulations were ran for 2014 plus a one-month spin-up in December 2013. The year 2014 was chosen to allow the validation
of the model solutions with CTD records sampled in the NMAR region, over the LS hydrothermal vent, during July, as part of the
Monitoring the Mid-Atlantic Ridge project (MoMar; www.interridge.org). The model results were also validated and evaluated with a
set of different observational data: i) absolute dynamic topography and geostrophic velocity derived from AVISO (https://marine.
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copernicus.eu); ii) thermohaline variability structure derived from several ARGO floats data (https://argo.ucsd.edu/); and iii) seasonal
temperature variations along depth derived from the Coriolis-CORA product (www.coriolis.eu.org/Data-Products/Products/CORA).

3.2. Semi-Lagrangian model configuration

Lagrangian models can represent a variety of drifters released in the ocean as a number of discrete particles representing a parcel of
the total release. These particles can move in an 3D Eulerian field that represents the circulation forcings simulated by numerical
hydrodynamic models, ranging from coastal to deep-sea scales [14,16,17,31-38].

The semi-Lagrangian model Ichthyop'* was adopted to represent the rock-fragments dispersion patterns that could be associated
with deep-sea mining activities in the NMAR area. This model represents the advection and dispersion of discrete fragments of different
densities and sizes, using oceanographic fields produced by several numerical ocean models [60], being successful in simulating the
dispersion of passive and non-passive particles in deep-sea areas with complex topography [16,29,31].

The 3D velocity (Up) of individual particles is considered as a function of the 3D fluid velocity (Ug), computed by the ROMS model, a
random velocity (u;) and the settling velocity (v;). Thus, the particle velocity is expressed by the equation [32]:

UP(XfY7Z):Uf(X~,Y7 Z) + U + Vs (1)

where, u, = 8(2kp/. A2 is a random component introduced to the horizontal velocity vector as a function of a real uniform random
number & € [—1, 1] and the imposed explicit Lagrangian horizontal diffusion ky, = £/3 Ax*>. A turbulent dissipation rate of ¢ = 10~°
m? s~ was adopted following previous works that included in-situ measurements and numerical modelling [16,32,61-62].

The settling velocity (vy) is computed as a function of the sediment particle density (pp) and diameter (D). Since common size of the
rock-fragments that can be generated in potential exploitation of the NMAR region ranges from fine to coarse (Section 2), we adopted
the Ferguson-Church formulation [63] to account for the settling velocity:

vi=(RgD?) /(Civ+ (075C; RgD?)"*) )

where R = (p,/pw) — 1 is the submerged specific gravity, g the acceleration due to gravity, v the kinematic viscosity of the fluid, C; the
constant in Stokes equation for laminar settling and C; the constant asymptotic value of the drag coefficient. With the Ferguson-Church
formulation, the resistance imposed by the turbulent drag of the wake behind each grain settling is taken into account, where the
viscosity term dominates for small D but becomes negligible for large D. Therefore, for small D the formulation is equivalent to the
Stoke’s law, while for larger values of D the settling velocity converges to a turbulent drag formulation. With this condition, the
formulation can be applicable for particles ranging from very fine, natural grains in the transitional range and very coarse.

The formulation considers three combinations of values for the parameters C; and Cy, depending on the geometric characteristics of
the particles. In this study, the values of 18 (C;) and 1 (Cy) were adopted, which considers an intermediate relation for grains of varied
shape, since the rock-fragments that can be generated at the NMAR can range from fine-grained to coarse particles with varied shapes.
Fig. 2 shows the results of the Ferguson-Church equation and the Stokes law for the steatites and peridotites, which represent the
opposite limits of rock-fragments densities found in the NMAR region (Section 2).

To simplify the calculations, the water density (p,;) was set to a constant value of 1025 kg m ™, which is a reasonable approximation
considering that the density of the fragments is three times higher than the sea water density. The kinematic viscosity (v), defined as the
relation between the dynamic viscosity (1) and py, was set to 1.36 x 10~® m2 s~ for typical water at 10°C and 35 PSU (u = 0.0014 kg
m~! s71). It can be seen in Fig. 2 that for finer sediments the Stokes and Ferguson-Church formulations present close values of the
settling velocity, becoming detached toward coarser grain sizes when the drag coefficient is expected to become relevant.

Previous studies on PMS dispersion modelling demonstrated that coarse sands would settle down on the slope near the mining sites,
due to the higher settling velocity, while finer particles would spread more widely since their lower fall velocities enable them to be
carried by currents before settling [14]. However, as the interest of the industry that are developing machinery for mining PMS is to
retain as much ore as possible (raw material) and release a low concentration of particles during the cuttings, the mining tools are
designed to minimize the spreading of finer particles [19,48,64,65]. Indeed, an analysis from an in situ cutting test using Seafloor
Mining Tools (SMT) revealed that the worst-case distribution, based on the maximum plume composition of fine material, presented
more than 90% of coarse sand [14].

Since the main objective of the present study is to represent the effect of sub- to mesoscale circulation in the rock-fragments
dispersion generated during deep-sea mining activities, in a hydrodynamic region where buoyancy-driven no longer take place
(far-field), the modelling tools selected will describe the behaviour of the plumes of larger rock-fragments, including their physical
properties (size, density, concentration, roughness). To represent more restricted and wider dispersion scenarios, individual releases of
100 pm and 500 pm peridotites and steatites rock-fragments were chosen, considering the lower limit of the density ranges of these
minerals (Section 2) to generate the broader dispersion patterns. These rock-fragment sizes are within the ranges of the particles
adopted in similar previous works [14,16,17].

The Ichthyop scenarios covered the boreal summer and winter seasons, to account with intraseasonal changes of the meteocea-
nographic forcings. For each scenario, 5000 discrete rock-fragments were instantly released over each hydrothermal vent (MG, LS and

14 http://www.ichthyop.org/.
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Fig. 2. Relation between settling velocity and diameter for particles ranging from fine (D < 0.1 mm) to very coarse (D > 1 mm). For the Ferguson-
Church relation (blue lines) we used three pairs of C;/C, parameters and for Stokes law (yellow line) C; = 18. The red dots represent the settling
velocity value for D = 0.1 mm and D = 0.5 mm adopting the C;/C; pair as intermediate relation for grains of varied shape (18/1.0). Modified from
Ferguson and Church [63]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 3. Monthly mean sea level anomalies (m, shaded) and surface geostrophic velocities (m s~ ", vectors) derived from (a,b) altimetry and (c,d)
ROMS results, for the January (left) and July (right). The hydrothermal sites of MG, LS and RB (®), and the 2000 m isobath, are presented.
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RB) at two different depths (200 m from surface and 1 m from the seafloor), to simulate the dispersion of both the collector vehicle and
midwater return plumes. Hourly Ichthyop simulation results were used to compute each released rock-fragment’s maximum traveled

distance and the respective travel time.

4. Ocean model validation results

4.1. Currents

The prominently large-scale feature of the circulation in the study region is the Azores Current (AzC), a long zonal jet meandering at
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about 34°N [66]. Adjacent to the AzC there is the Azores Countercurrent (AzCC), a subsurface recirculation westward counterflow [67]
which together with the AzC occupies an extension of about 2000 m of the upper ocean. To the north and south of the AzC large
mesoscale structures can be observed [68,69]. However, Cromwell & Challenor [70] pointed to a weak, but persistent, westward flow
around 30°W to the north of the AzC. Those patterns are depicted in the monthly mean surface currents from both AVISO and model
results (Fig. 3).

Also, a low dynamic activity to the south of the Azores Islands, in contrast to a higher activity to the north, agrees with the findings
of Aguiar et al. [71], based on data from a large set of near-surface drifters. Therefore, the LS and MG vents are located in a region close
to the high mesoscale activity, while the mesoscale activities around the RB vent, despite being robust, are more stable.

The mean zonal currents along depth and their standard deviations, derived from model results, for the areas encompassing the MG,
LS and RB vents, are presented in Fig. 4. During January, the zonal currents at the MG field (Fig. 4a) showed a weak mean flow from
surface to about 500 m depth, with a high variability. This flow became more stable from this depth (500 m-depth) to the bottom. At
the LS, the mean zonal current also presented high variability in the first 500 m (Fig. 4b). From this level, it turns westwards and shows
a more stable behaviour.

The circulation behaviour observed in the first 500 m in the MG and LS vent sites may be related to the weak but high variable
mesoscale activity around these regions during January (Fig. 3a—c). The RB field (Fig. 4c-f) is located in an area where the influence of
the AzCC is weak [67,71], resulting in a weak but stable westward flow of about 4 cm s~! from surface to intermediate levels (about
1400 m depth). Below this level, the circulation seems to be influenced by the local topography, turning eastwards and increasing
towards the bottom up to 20 cm s~! during July.

The region around the MG and LS vents (Fig. 4d and e) is surrounded by a robust mesoscale activity during July, with the presence
of an anti-cyclonic circulation between latitudes 38°N to 41°N (Fig. 3b-d). The circulation at these hydrothermal vents seems to be
influenced by the southern border of that anti-cyclonic structure, presenting a high variable and strong westward flow throughout
depth, which decreases toward the bottom, more pronounced at MG.
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4.2. Thermodynamics

The capability of the model to reproduce the thermohaline structure was assessed through comparison with MoMar CTD records
sampled over the LS hydrothermal vent, during July 2014 (Fig. 5a and b). The modeled temperature profiles are in close agreement
with the CTD records, with a good representation of the surface mixed layer observed during July (Fig. 5a). The salinity structure was
also well represented by the model, except for a small deviation in the mixed layer (Fig. 5b).

The annual variability of temperature and salinity derived from model output, were compared with several ARGO floats from the
study area during 2014. The model results are in good agreement with those obtained from the ARGO data, with the mean values inside
the observed standard deviation limits (Fig. 5c and d). The decrease in temperature and salinity values towards the bottom and the
decrease in standard deviations were well captured by the model.

January July
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Fig. 6. Mean meridional temperature distribution (shaded) along depth at the longitude of the (a,b) MG, (c,d) LS and (e,f) RB hydrothermal fields,
derived from ROMS solutions. Black solid (dashed) lines are ROMS (CORA) isothermal contours. Vertical dotted lines represent the latitudinal limits
of each hydrothermal field. The bottom topography is represented.
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The meridional temperature structure along depth at each hydrothermal site, derived from the model results, is evaluated in
comparison with the Coriolis-CORA dataset. The results show different patterns for the winter and summer seasons (Fig. 6). During
winter, a surface mixed layer is developed in the first 100 m for all the considered hydrothermal sites (Fig. 6a—c,e), represented by both
numerical modelling results and CORA dataset. The subsurface isothermal structure in all vent sites is almost flat during this season,
producing a weak mean subsurface flow in the first 500 m at the MG and LS sites (Fig. 4a and b). At the MG (Fig. 6a), a slight rise of the
isotherms in the surroundings of the vent site (delimited by the vertical dotted lines) produces a cyclonic circulation, forcing a mean
westward circulation, as represented in Fig. 4a. Similar feature can be seen in the RB site (Fig. 6e). In this hydrothermal vent, the
instabilities imposed by the abrupt topographic transitions produce a decline of the isotherms and the formation of a local anti-cyclonic
circulation, which is responsible for a robust eastward flow below 1400 m depth (Fig. 4c). This disturbance is also represented with the
drop of the 6°C isotherm from about 1300 m to 1600 m depth. Despite the good agreement of the depth of isotherms between the model
and observed dataset, CORA does not capture the local submesoscale disturbances due to its coarser resolution of 30 km, which re-
inforces the need of a high-resolution model discretization to capture the local submesoscale features related to topographic
constraints.

During the summer season, the surface mixed layer depth is limited to the first 20 m, and the stratified isothermal structure is more
affected by the instabilities imposed by topographic changes (Fig. 6b—d,f). The subsurface orientation of the isothermal structures
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forces a well-developed westward circulation in all hydrothermal sites (Fig. 4d-f). However, while around LS this isothermal structure
is somewhat stable along depth, in the surroundings of the MG and RB sites there is a deepening of the isotherms (Fig. 6b,f), which
generates an eastward flow (Fig. 4d,f). This flow is intensified toward bottom at RB, due to its deepest topography.

4.3. Rock-fragments dispersion

After validated, the ROMS model outputs were used as input to the Ichthyop model.
In this section, we investigate the percentage of rock-fragments deposited along the traveled distance and their respective travel
time. We considered that the fragments were deposited when they firstly reach the ocean floor.
Overall, considering the midwater return plume below the mixed layer depth (at 200 m depth), the fragments released at LS tend to
travel higher distances and remain suspended for longer periods than those released at MG or RB, although RB is the deepest site

(Figs. 7 and 8, left panels).

Fragments with 100 pm size remain suspended for about 50 h until a complete settling, reaching up to 20 km and 15 km at LS and
RB, respectively, during January (Fig. 7a—c). During July, fragments released at RB reach as far as 25 km while still suspended for about
40 h (Fig. 8a—c), probably driven by an intense eastward current observed in RB during this period (Fig. 4). At the MG field, considering
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both scenarios, the 100 pm fragments reach up to 10 km for a complete settling, with an average residence time at the water column of
20 h.

As expected, the 500 pm size fragments released below the photic zone, at 200 m depth, tend to travel shorter distances and remain
in suspension for less time than the smaller fragments considered in this study. Results show that releases at MG and RB took up to 9 h
for settling more than 80% of both steatites and peridotites rock-fragments, reaching up to 5 km (Fig. 7e,g and 8e,g), which indicates
less dependency on density when compared with the smaller fragments. However, more than 90% of the fragments released at LS can
remain suspended for 20 h on average, reaching 10-15 km from the source in about 18 h. The different dynamic behaviour on the
considered hydrothermal vents could be related to the bathymetric configuration of each site and local ocean circulation. At LS, the
passage of water takes place through rift valleys [72], which may increase the horizontal velocity and turbulence toward the bottom.

Fragments released near the bottom show the tendency to be settled close to each considered site, and more than 90% deposit in
few hours (Figs. 7 and 8, right panels). The 100 pm size fragments reach up to 10 km from the source (Fig. 7b and 8b), while most of the
500 pm size fragments were concentrated in the 2.5-5.0 km range (Fig. 7f and 8f).

Considering the above results, in general, the lighter fragments (100 pm steatites) covered the wider areas for all the considered
release sites, being the final positions of the fragments driven by the local circulation and topography. Overall, rock-fragments released
at MG were confined closer to the site and within the AMP area, depositing in shallower regions (Fig. 9f and 10b,f), except for the
January 200 m release (Fig. 9b), when an increase in the zonal current towards the bottom (Fig. 4a) may have driven the rock-
fragments out of the AMP. Fragments released at LS were driven westwards of the site, being scattered over the AMP area during
January (Fig. 9¢,g) and partly out of the area during July (Fig. 10c,g), probably captured by the more stable westerly zonal current
during this season (Fig. 4e). Most of the fragments were settled on the shallower areas that surround the LS hydrothermal vent. At RB,
fragments released at 200 m depth were driven eastwards and out of the AMP area, settling in shallower areas during January (Fig. 9d)
and deeper areas during July (Fig. 10d), when an intense easterly current was observed below 1800 m depth (Fig. 4f). A similar
behaviour could be seen for fragments released close to the bottom (Fig. 9h and 10h).

5. Discussion and conclusions

Considering that the in situ knowledge of deep-sea conditions and the characterization of its intra- and interannual variability is
difficult and expensive, the development of numerical tools to describe the ocean dynamics is fundamental to support safe and sus-
tainable deep-sea exploration and exploitation. After validated, the results of an ocean hydrodynamic model can help in the estab-
lishment of guidelines to define deep-sea mining standards in order to mitigate the potential impacts associated with this activity. The
coupling of a Lagrangian model to an ocean model outputs can be adopted to simulate deep-sea mining scenarios in order to represent
sediment dispersion due different time and spatial forcing scales, ranging from local to regional, and thus providing an early perception
of the risk associated with mining activities. In addition, real-time forecasts can give key information that could help to avoid extensive
impacts, equipment failures and loss of lives during extreme weather and oceanic conditions.

Hence, the results of a coupled ocean-Lagrangian models can be used to map environmental sensitivity regions and establish safe
mining areas, giving key information to regulatory entities to standardize and approve the execution of deep-sea mining activities.
Indeed, to address potential impacts from deep-sea mining, the International Seabed Authority (ISA) works on the development of
REMP as a good practice to protect deep-sea regions [5].

In the present work, we implemented a nested ocean numerical model for case studies in PMS-rich hydrothermal vent areas, to
represent the sub- to mesoscale deep-sea circulation and the features related to topographic constraints and disturbances in the density
field. Although active sites cannot be explored, the circulation dynamics are potentially comparable to inactive hydrothermal vent
areas. The results of the ocean model were used as input for the semi-Lagrangian model Ichthyop, configured with a formulation that
considers rock-fragments with different shape, size and density. Two different seasons were represented to evaluate the effects of
seasonal variabilities in the rock-fragments dispersion patterns.

Considering the methodology adopted, which focused on the dynamics of the far-field region of a mining point, the rock-fragments
dispersion resulted from the representation of the collector vehicle plume at LS, traveled distances as far as 10 km and remained
suspended for about 12 h, while at MG and RB, most of the rock-fragments released close to the bottom can travel as far as 5 km from
the release area, remaining suspended up to 10 h. Fragments resulted from the shipboard dewatering released below the photic zone
(200 m depth) at MG, the shallower site, remained suspended up to 20 h and traveled as far as 15 km, being settled mainly inside the
AMP area. Meanwhile, at LS and RB, fragments released at this depth remained suspended up to 50 h for traveled distances as far as 25
km.

In summary, the fragments spreading patterns observed around the hydrothermal vents area are strongly linked to the local cir-
culation. The residence time of fragments in the water column highlights the influence of local topography on the dynamics of the
fragments. The AzC influence at intermediate water depths is weak, being the main transport associated with the AzCC [67,73], which
explains the north-westwards/westwards advection pattern of fragments released at MG and LS. The RB region presents a weak AzCC
[67,70], being the fragments deposition pattern influenced by the local circulation and the instabilities generated over the NMAR
topography. The influence of this topography has effects on the circulation over the entire water column [71].

Model results pointed to higher travel distances for fragments released at 200 m depth, highlighting that midwater return plumes
can impact subsurface and bottom ecosystems over large areas. Larger traveled distances were linked to lighter minerals, with a
maximum of 25 km for 200 m depth releases and 10 km for bottom releases. The spreading of particulate material has a predicted
physical impact on pelagic and benthic organisms by limiting some basic functional activities due to blanketing and abrasion [74].
Furthermore, resuspended PMS particles release high amounts of trace elements (e.g. cobalt, manganese, cooper) to the dissolved
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phase [74,75]. The release of metals occurs within short time scale reactions (minutes) and keep increasing concentrations with time
[75]. This will induce biochemical effects that may lead to dead of organisms (e.g. corals) [74].

The obtained results suggest that for the LS, MG and RB, different areas of exclusion in the NMAR region should be considered in
order to define Areas of Particular Interest (APEI), which represents regions protected from human activities and can be designed for a
preventive management of deep-sea mining areas. However, a more comprehensive range of factors should be considered for defining
important environmental and economic regions, such as intra- and interannual hydrodynamic variability, biota distribution and
ecosystem sensitivity to seasonal and interseasonal patterns. Towards that goal, future studies will focus on coupling the oceanic and
dispersion models here implemented with ecological models, allowing to evaluate how benthic organisms are impacted by deep-sea
mining activities at the whole ecosystem level.
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