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Abstract

New technologies and the green transition are pushing our consumption further
than ever. Mining is thus essential to follow the trend. But mines are depleting
themselves. Hopefully there is a possibility for an almost limitless supply of some
metals. The Clarion Clipperton fracture zone is full of polymetalic nodules. These
stones barely bigger than a fist abound in ores. They contain cobalt, nickel, copper
and manganese and could help us achieve the green transition.

The only obstacle is that these nodules are lying on the seabed at more than
4000m underwater. Collecting them is thus a real challenge but the environmental
impact of the collection could also be really harmful for the local fauna and flora.
It is thus essential to evaluate the environmental impact of deep sea mining. The
biggest impact will come from plumes of sediment released during the collection
of the nodules. Tracing those plumes is the key towards the evaluation of the
environmental impact.

This thesis will develop the method to build a model using the 3D version of the
Second-generation Louvain-la-Neuve Ice-Ocean Model. That model will then be
developed in the Clarion Clippertone zone in order to simulate the currents to later
trace the plumes.
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Chapter 1

Introduction

1.1 Context

Since prehistoric time, mining is a part of hu-
man’s activities. Prehistoric men started to
mine to procure themselves flint and other rocks
in order to build some tools. Since then mining
has evolve and the desired material too. The
human is not looking anymore for flint in gal-
leries near the surface, he is now searching for
cobalt at more than 4000m deep into the ocean!
The human being is always looking further and
deeper for new mines in order to fulfil our mod-
ern way of life, our massive consumption.

Indeed, as it has been said: "if you can’t grow
it you have to mine it" you can quickly remark
that a lot of the materials that surround us
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Figure 1.1: Clarion Clippertone
Fracture Zone

have thus to be mined. And our rising demand in mining is pushed by economic
and demographic growth. Unfortunately the reserves are not unlimited, they are
depleting. There is thus a need to find new ones. One possibility is to collect the
ores directly on the ocean floor and in particular in the CCZ (Clarion Clipperton

zone fig: |1.1)).

This area is of a great interest as it is rich in polymetalic nodules, a valuable
material. It is precisely these nodules that Global Sea Mineral Resources (GSR), a
subsidiary of dredging firm DEME (Dredging, Environmental and Marine Engineer-
ing ), is interested in collecting in order to exploit. GSR is using its experience in
dredging to adapt and to diversify itself in order to be able to collect those nodules



For deep-sea mining to be launched at in-
dustrial scale, it is important to be at the same
time economically viable, politically acceptable
and environmentally safe. There are thus some
critical factors that will push towards deep-sea
mining. On the contrary there also exist some
counter arguments to such a practice, these
need to be evaluated subsequently in order to
decide wether deep-sea mining is really worth

Figure 1.2: Polymetalic nodules
found in the CCZ.

1.1.1 Economic aspects

When considering the economic aspect of deep-sea mining it might at first seem
kind of odd to mine at such great depths. Indeed, how interesting can it really be
to go at more than 4000 meters underwater in the ocean to get some nodules. Is
there really space for a return on investment?

There might be. Rarefaction of critical materials and rare metals are pushing
towards new reserves and thus new areas to explore. Kris Van Nijen, general
manager at GSR says: "After all, research shows that the quality of the ores on
the land is declining: an ore from a mine used to contain on average four per cent
copper ; now that is less than one per cent. As a result, it requires more and more
energy to extract less and less raw material."[]

In addition to providing copper, polymetalic nodules also contain three others
researched minerals. They consist thus out of 4 different metals that are all
valuable. They contain manganese at a concentration of 27 to 30%, cobalt at
a concentration of 0.2 to 0.25%, nickel at a concentration of 1.25 to 1.5% and
copper at a concentration of 1 to 1.4% [13]. All those concentrations are the
equivalent of economical exploitable resourcesﬂ. The concentration of each min-
eral is thus equivalent or higher than the concentrations found in the reserves EI

IResources are the inventory of everything geologists have been able to identify and quantify

2Reserves, form an exploitable subset of resources which corresponds to criteria of profitabil-
ity, of feasibility (technical), economic, social (local population agreement) and environmental
(permits)



of that mineral. But for deep-sea mining, the conditions of extraction are dif-
ferent. It is more difficult to reach the nodules because they lie on the seabed
at more than 4000m depth. However when you reach them you just have to
collect them from the seabed. There is thus no need for extraction quarries or
tunnels. Also, because the nodules contains 4 different metals it gives the reserve
a greater value not only because you have more ores to exploit but also because
of the diversity of those ores. Indeed the nodules consisting out of different ores
makes the extraction more stable economically. The total income per nodule will
depend on 4 metals making it less sensitive to the market fluctuation of one of them.

Among the exploitable metals, cobalt is really §18

(]
important because it is part of the critical raw 512,
materials matrix developed by the European (55 12
Union. That matrix plots different metals de- 2 127
pending on their future importance to the EU ; 6
economy and on the risk associated with their % ‘21:
supply (fig: [1.5)). E 0 Y | ‘
1900 1920 1940 1960 1980 2000 2020

All the metals found in the polymetalic nodules
will be really important materials for the econ-
omy of the EU and that among those, cobalt Figure 1.3: Copper production
will also have a supply risk (see fig{l.4)). evolution and estimation. [2]

The economic importance of those materials is

linked to our rising need of materials. Recycling is not enough, the extraction
needed is rising and recycling will not provide enough(see ﬁg:. Extraction
remains vital to provide for these materials. For example, cobalt is a key material
in all the technologies linked to the green transition. It will be used mostly in bat-
teries for electrical vehicle but also for wind turbines and others new technologies [3].

Year

New extraction sites of these materials can be a solution to the rising demand

of the future. Especially knowing that the supply in the deep-sea is almost limitless.
Indeed, the amount of nickel and cobalt between Hawaii and Mexico (in the CCZ)
is estimated to be respectively 6 and 3 times the earth’s reserve [13].
The rising demand, the richness of the ores and the almost limitless supply are all
economic factors that are pushing towards deep-sea mining. On the other hand the
difficulty to reach the nodules at more than 4000m is the real economic challenge
that may limit the feasibility of deep-sea mining.
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Figure 1.4: Cobalt supply risk

1.1.2 Political aspects

The politic stakes around deep-sea mining are varied. To start, there is for cobalt
a supply risk in the future. That risk is linked to the origins of cobalt. Indeed, for
the moment most of the cobalt comes from Democratic Republic of Congo (DRC)
and China. But DRC’s political instability is a constant threat to the supply. Also,
from an ethical point of view, there is no control on the extraction. The extraction
could thus be tainted with children labour. 6]

That leaves us with a supply from China. But China’s supply is also at risk.
Indeed a monopoly is always risky and the fact that China has already limited its
exportation in the pastlﬂ reinforces the instability of supply.

3In 2010, China’s export quotas of rare earth was reduced by 40%.[7]
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Figure 1.5: The critical raw material matrix defined by the EU, the abscissa shows
the economic importance of the material and the ordinate shows the supply risk.
Based on those two criteria, the EU can make a list of the critical raw materials.[§]

Adding a new source to the supply could get us free of the dependency towards
one or another political issue. It would make the supply stronger.

In addition to the supply risk, dividing the exploitation sites between the
different contractors is also a big challenge. That is the job of the ISA (International
Seabed Authority). The exploitation zones being in international waters they are
common to everyone on earth, it is thus important to be fair in the division and to
avoid a rush that will end in "first arrived first served". The ISA is thus regulating
the exploitation of the deep-sea in order to limit and to monitor its exploitation.
They also decide which zone will be protected (Area of Particular Environment
Interest, see ﬁg in order to protect deep-sea fauna and flora.
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Figure 1.6: ISA repartition of the CCZ, it shows the different contract of exploitation
and the protected zones, the APEI (Area of Particular Environment Interest).[9]

1.1.3 Ecological aspects

Another important factor that we need to take into account when considering
deep-sea mining is its ecological impact. Indeed, even if we do not know a lot
about the fauna and the flora in the deep ocean, we do know that there is a great
diversity in the benthic fauna and flora and that we need to protect it. The ISA
manages the activities in the ocean and the protection of the ocean: "As part of
ISA’s responsibilities is to take the necessary measures with respect to activities
in the Area to ensure the effective protection of the marine environment from
harmful effects which may arise from activities in the Area."[10]. They want to take
things slowly and avoid an intensive exploitation where we measure the ecological
impact afterwards. It is thus really important for each contractor to study and
calibrate the possible impact of their exploitation. The damages can be caused by
the removal of habitats and materials, by the plumes, by the lights, by the noises
and the vibrations or by other disturbances (fig{L.7).

9
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Figure 1.7: deep-sea mining plan and potential impacts. The red circles shows the
plumes generated by the mining and the yellow circle shows the return plumes.|[12]

All these disturbances will have an impact on the ocean ecosystem. According
to Thomas Peacock, the impact will be devastating in the direct mining area; "In
the direct mining area [...] the impact is going to be very high and I don’t think
there’s any reasonable expectation that any life that exists in that area will survive.
That will be lost and there’s evidence of that." [13]

But the impact of deep-sea mining is to be put in perspective with the ecological
impact of land mines. Both have or will have an ecological impact. The goal is here
to minimize it and to see if deep-sea mines could help decrease the total ecological
impact of mines.

The biggest concern about the ecological impact is linked to the deposition of
plumes generated during the mining. The plumes are generated in two ways. The
first group of plumes are generated directly when picking up the nodules. The
collector vehicle picks up 10 to 45cm of the top of the seabed, generating the

10



plumes directly just above the seabed. Those plumes represent 95% of the plumes
generated. When picking up the nodules, the collector vehicle picks up also a part
of the seabed and all of it is send to the boat. There, the separation is done and
the unwanted sediments are sent back in the ocean. That’s where the last 5% of
the plumes are from. Those last 5% will be released under the pycnocline but the
precise depth is not defined yet (see fig: .

Those plumes will then be carried away by the currents and they will recover a part
of the seabed having there an impact on the local fauna and flora. The ecologic
impact of the plumes will thus be proportional to dispersion of those.

To evaluate the impact of the plumes we need to be able to track them. This can
be done thanks to data collection and model simulations. But data only gives an
idea of the water and the sediments dynamics at a particular location in space and
during a particular period of time.

A simulation can be adapted and would help us track the plumes on several places
and at any time needed (provided that you have got the forcing data). It would
thus help estimate the ecological impact and adapt the mining condition in order
to minimise the impact of the plumes.

The goal of this thesis is thus to develop a realist hydrodynamic simulation. That
simulation can afterwards be used in order to track the plumes and to estimate the
environmental impact of deep-sea mining.

1.1.4 Scope of the simulation

The simulation will be focused on the exploitation domain of GSR inside the CCZ
zone (see ﬁg:. We will focus on the zone B4, the environmental baseline is there
complete and suitable for future mining projects [?] and a lot of studies led by the
GSR were done inside that zone. That will give us in-situ data to compare against.
Also, we will focus our study on the seabed because it is there that the sediment
plumes will be created or released and tracked.

The simulations will take place in 2017 and the month will depend on which
mooring we compare it to. But generally we will compare our results to the 4"
mooring because of its precision near the bottom of the ocean and the longevity of
the collected date. The simulation will thus take place in September.

11



Chapter 2

Mathematical Model

2.1 Three dimensionnal oceanic model

In order to compute a 3D oceanic model, it is important to understand the physical
principles that rule the hydrodynamic of the ocean and their equations. They are
the three-dimensional hydrostatic equations. Those equations are based on the
conservation laws and they are applied on a certain domain (see fig: .

Figure 2.1: Ocean domain 2 where the
3D oceanic model can be computed and
the different notations [?]

The domain where those equations are
applied, €2, is limited by different bound-
aries. [y, is the bottom boundary, the
seabed; it is time invariant. I',, are the
lateral boundaries that can be either open
or closed; their position (x,y) is also time
independent. Finally 'y represents the
surface boundary its position is time de-
pendent. Indeed the boundary is fixed
with d, the total bathymetry and n the
surface elevation and the surface evolution
changes with the time.

2.1.1 Three-dimensional hydrostatic equations

The three-dimensional hydrostatic equations are then used to calculate the temporal
evolution of several variables inside our domain. The variables are the following:

e u(t,z,y,z), the horizontal velocity, it is composed of u(t,x,y,z) the zonal
velocity and v(t,x,y,z) the meridional velocity.
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w(t, x,y, z), the vertical velocity

p(t,x,y, z), the pressure
e 7)(t,x,y), the surface elevation

e S(t,z,y,2), the salinity
o T(t,x,y,z), the temperature

The momentum equation

The momentum equation is based on the conservation law of the same name, its
expression is the following:

Pt:/ d
0=, v

D c d
DtP<t) =F'+F
It means that the changes of momentum of a domain (P(t)) are provoked by the
forces that act on that domain. Those forces can be contact forces (F¢) or distance
forces (F9). Developing the momentum equation (eq: } in our domain we then
arrive at the following equation.

ou J(wu)

E+Vh-(uu)+ 5

(2.1)

0, Ou

=V n(Viu+ (Vau)h)) + g(y%)

1 (2.2)
— fe,Au— —Vpp
Po

Where V,, = ema% + eya% is the horizontal gradient operator, py is the reference
density, v, is the horizontal viscosity, v is the vertical eddy viscosity, f is the
Coriolis factor. Those four last are parameters determined determined by the
model chosen.

The left term represents the material derivative of the momentum and the right
term represents the different forces. The contact forces are the shear stresses linked
to the velocity gradient (two first terms). The distance forces are exerted here by
Coriolis and the gravity under the form of a pressure gradient (two last terms).

The continuity equation
The continuity equation is based on the mass conservation law, it is the following:

M(t) = [ (Bpdo

D
—oM(t) =

(2.3)
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This law states that the variation of mass into the domain is equal to the flow going
through the borders. It gives thanks to Boussinesq approximation the continuity
equation (see eq: [2.4). The Boussinesq approximation neglect the density variation
if they are not multiply by a factor of greater magnitude for example gravity.

Vh-u—kngo (2.4)

The pressure equation

The pressure equation is used to calculate the last term of the momentum equation
(eq: . It gives the horizontal gradient of pressure considering the hydrostatic
approximation meaning that the pressure is only dependent of the height of the
liquid above and its density (p = pgh). The horizontal gradient of pressure will
thus be a combination of the horizontal gradient of the height above (which is equal
the horizontal gradient of the surface elevation) and of the horizontal gradient of
the density.

1 PN
Vip=gVin+ =9y [ ((S.T)  po)ic (2:5)

Where (S5, T) is the density depending on the salinity (S) and the temperature
(T). It is calculated with the state equation from Jacket et al. (2006) [16].

The salinity and the temperature equations

The salinity (eq: [2.6) and the temperature (eq: equations are both advection
diffusion equations without a source and without a sink. The red terms in the
equations represent the advection and the blue terms represent the diffusion.

oS dws o 05

E + V}L . (uS) + (92 == Vh . (nthS) + @(Ii&) (26)
oT owT o, oT
E + V- (UT) + 9~ =V - (/‘ihth) + %(Ka) (27)

Where x;, and and « are respectively the horizontal diffusivity and the vertical
diffusivity, they are also parameters that are determined by the model chosen.

These 6 equations are the fundamental relations which govern the currents in

the ocean. They arise from the Navier-stokes equations under the Boussinesq and
the hydrostatic approximations.
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Chapter 3

Numerical Model

In order to solve the equations presented in the previous chapter we are going to
use a finite element model using an unstructured mesh. The numerical model we
chose is the Second-generation Louvain-La-Neuve-Ice-Ocean Model or SLIM.

3.1 The mesh

The first step towards the numerical model is the building of an unstructured
mesh. Because the simulation covers an area where the depth exceeds 4000m it
is important to work with a 3D mesh. To be build that mesh we will first need a
horizontal mesh that will later be extruded vertically.

3.1.1 The horizontal mesh

The horizontal mesh is built using functions included in SLIM. Those functions
rely on GMSH a a three-dimensional finite element mesh generator. They allow us
to develop an unstructured mesh based on different criteria. But first we need to
fix the boundaries of our mesh. Those can be directly drawn on QGIS| or set via
coastlines that were downloaded.

Once the boundaries set, SLIM can develop a horizontal mesh whose resolution will
depend on different criteria such as the bathymetry, the distance towards different
interest zone, the distance towards the coastlines and even the error measured from
a previous simulation. The model then takes all these different criteria into account
to build a unique mesh.

The only limit to the horizontal mesh is the number of elements that are built.

Indeed, when constructing the mesh you need to keep in mind that it will be
extruded and that therefore each element can be multiplied by the number of

15


https://git.immc.ucl.ac.be/slim/slim/-/wikis/mesh%20tutorial
http://gmsh.info/
https://www.qgis.org/en/site/
https://osmdata.openstreetmap.de/data/coastlines.html

vertical layers in the final mesh. You need to limit the number of elements in your
horizontal mesh in function of the resources that are available afterwards, when
running the model.

3.1.2 The vertical extrusion

In order to go from the horizontal mesh towards a 3D-mesh, we need to extrude
the horizontal mesh. That extrusion can be done using z-layers or o-layers.

Z-layers and o-layers

The z-layers consists out of horizontal layers parallel to each other and placed at
fixed depths. These depths can be chosen through parameters in the model. When
extruding the horizontal mesh, if the indicated depth is lower than the bathymetry,
then the next element will not be constructed (see fig: [3.1al).

The o-layers are more adaptive. The vertical distance between two nodes will
evolve with the bathymetry. They will be evenly distributed along the vertical axis.
Therefore, the different layers will not be parallel anymore (see fig: |3.1b]).

There is thus a mesh evolving vertically with fixed distances (z-layers) and
another one that will evolve vertically depending on the bathymetry. The distance
between two vertical nodes will be a fixed fraction of the total depth at those nodes
(o-layers). The two different types of extrusions are represented on the figure: (3.1}

16
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(a) Generating a 3D mesh using z-layers (b) Generation of a 3D mesh with o-layers

Figure 3.1: Generation of a 3D mesh based on the horizontal mesh. In yellow we
have the different layers at a boundary. In blue and green, we see the last layer
which will be the bottom of the ocean in our model. It is composed out of step
functions for z-layers and out of ramp functions for o-layers.

The advantages of the o-layers are the more realistic representation of the

bottom of the ocean and the adaptive layers whose resolution can be set more
precise near bottom, in the last tenth of the depth for example.
If we want to achieve the same high resolution near the bottom with z-layers we
will have to use a lot more layers, it will thus cost us more resources. On the other
hand, z-layers are more stable numerically because they do not depend on the
consistency criterion.

The consistency criterion

The consistency criterion is a criterion that restrains the use of the o-layers. Indeed,
if the slopes of the bathymetry are too important, that criterion would not be
fulfilled leading to hydrostatic errors and thus numerical errors propagating and
generating instabilities in the simulation. The consistency criterion needs thus to

17



be fulfilled when we are working with non horizontal grid planes as o-layers.

If the grid is not flat, the horizontal density gradient will be computed thanks to
the vertical density gradient and to the gradient along the grid. That computation
may result if the consistency criterion is violated in an inaccuracy in the horizontal
density gradient and thus inaccuracies in the currents(see fig: & fig: 3.3)).
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Figure 3.2: Meshes used for the simulation of the article, note the depth is 1000m
— exaggerated x400 for figures. [15]

(b) After 17 days initally step den81ty proﬁle
with flat planes

(a) Initial condition (step profile) with flat
planes

Figure 3.3: Evolution of the step density profile with flat planes.[15]

Even the mesh using flat planes will develop some hydrostatic inconsistency
flows because the mesh is not totally flat at the edges (see fig: . Indeed we
observe that after 17 days, the steady initial condition is totally disrupted because
of those flows (see fig: [3.3D]). That shows how the inconsistency errors can affect
our simulation and why it is so important to avoid them. The same phenomenon
is also observed with the mesh using o-layers. In order to avoid the hydrostatic

inconsistency errors, the criterion must be fulfilled. In other words, the following
equation must be verified:
Ah Az
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Figure 3.4: Ilustration of the different variable of the consistency criterion.

With Az = £ that gives:

Ah < a (3.2)
n
Where H is the total height where the o-layers are applied, Ah the difference of
bathymetry between two neighboring nodes, Ax the horizontal distance between
those nodes and n is the number of sigma layers (see fig: .
If the consistency criterion (eq: [3.4)) is not verified, four options are available:

e We can decrease n to increase Az. But that will lead to losses in the vertical
resolution.

e We can refine the horizontal mesh to decrease Ah (Az being on both size of
the equation the higher resolution will have no impact on it. But if the slope
is constant, a smaller Ax will bring a smaller Ah). But a higher resolution
will also entail more resources.

e We can smooth the bathymetry in order to reduce Ah. That will make a less
realistic simulation, we will lose part of the information of the bathymetry.
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3.2 SLIM

Once the mesh built, you need to give initial values to the variables at each node.
Then you can use the Discontinous Galerkin method to calculate the evolution
of the variables in the time. To do so you need to discretize the 3D hydrostatic
equations and then resolve them with a fixed time step in order to simulate the
next step. That is what SLIM does. But in order to get there, SLIM need to be
initialized, parametrized and the different forcings need to be introduced.

3.2.1 parametrization of SLIM

The parameter used by SLIM are all the different parameters that we set when we
wants to start the numerical model. In the equations presented in section: [2.1.1]
several parameters were presented. There is the Coriolis factor f, the reference
density pg, the horizontal diffusivity kj, vertical diffusivity x, the horizontal viscos-
ity v, and the vertical viscosity v.

e The Coriolis factor is defined in function of the latitude. Indeed it is equal to
2% 7.292 % 107° * sin(lat). Where 7.292 % 107° is the rotation rate of earth in
rad/sec.

e The reference density is set at 1027 [kg/m?] [16].

e The viscosities and the diffusivities are defined based on turbulent closing
of the model. The default turbulent closing used is GOTM (General Ocean
Turbulence Model [17]).

In addition to those parameters there are also the parameters linked to our mesh;
the boundaries, the resolution and the vertical extrusion. That vertical extrusion
needs another parameter, the bathymetry. The bathymetry is mostly provided by
GEBCO. GEBCO'’s resolution is of 15 arc-second intervals or 15/3600°(~ 450m).
The grid initially downloaded is from 2019. In addition to that bathymetry, GSR
has given us a preciser bathymetry. GSR’s bathymetry has got a resolution of 75m
horizontally and a range going from 14°N to 14.23°N and from 125.77°W to 126°W.

3.2.2 Initialisation of SLIM

The initial conditions are the values given to the variables in our mesh at the
starting of the simulation. We could start the simulation with default values but
then the spun-up time of the simulation would be longer. It is thus favorable to
initialize the different variables with some initial conditions.
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Most of our initial conditions are from HYCOM (HYbrid Coordinate Ocean Model
[18]). HYCOM provides a data set on a grid with a resolution of ~ 7 km horizontally.
Vertically, HYCOM disposes of 40 levels going from the surface to 5000m deep,
the resolution is preciser at the surface and it ends with 1000m between the levels
from 3000m depth. The temporal discretization of its data is of 24hours. HYCOM
provides our model the initial eastward and northward velocity (u,v), the initial
surface elevation (1) and also the initial temperature and salinity (T,S) for the
whole domain with which the density can also be found. In addition to HYCOM,
OSU TOPEX/Poseidon Global Inverse Solution TPX07.2 dataset [19] combines
different tidal modes to provide additional initial conditions. It will give us an ad-
ditional velocities (u,v) and a surface elevation (7) linked to the the tidal movement.

3.2.3 Forcings of SLIM

The forcings are the boundary conditions necessary for the proper functioning of
the simulation. The four boundaries as a reminder are the following:

o 'y, the seabed boundary.
e [',, the surface boundary.
e [',, the lateral boundary.

The boundary condition at the seabed is its impermeability. That means that the
flux through the bottom is zero. The boundary conditions at the surface is first the
impermeability of the surface but also the wind that creates a stress on the surface
that is transformed into velocity. Wind velocities are given by (Copernicus climate
data store. The resolution of Copernicus’ data is of 0.25 degree (=~ 2.775km) and
it has a temporal discretization of one hour. The lateral conditions are HYCOM’s
variables completed with TPXO for the open boundaries and if the lateral boundary
is closed then it is the impermeability condition.
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Chapter 4

Literature review of the currents
and their impact

This chapter will explain the different currents and the ocean dynamics that are
expected to be observed in the simulation area. Those are needed in order for us to
choose the right parameters and the right forcing for our model. We will thus make
a review of the origins of the different currents and evaluate their potential impact
in the ocean. When evaluating the their impact, we will focus on the deep-sea.
Even if the rest of the ocean is important the main goal is here to develop a good
solution mainly for the deep ocean currents.

4.1 Surface currents

There are different surface currents in the eastern pacific. A schematic overview of
the ocean currents is presented in fig:(4.1)).
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Figure 4.1: Schematic overview of ocean currents around the GSR concession zone
(red box).[20]

The main currents around the studied area are the following:

The North Equatorial current, a westward current that’s part of the North
Pacific Gyre. The Gyre is a consequence of the coriolis force and is pushed
by the trade winds. Its average velocity lies between 10 and 15 cm/sec [7?].

The North Equatorial counter current, a eastward current that stands between
the North Equatorial current and the South Equatorial current. It take
advantage of a zone where the trade winds are weaker and is created by the
NEC and SEC arriving at the American coast. Its mean velocity is of 42
cm/sec.

The California current is also part of the North Pacific Gyre, it pushes
upwelling cold water towards the south. Its common velocity is less than 25
cm/sec.

In addition to those currents, different eddies may reach the concession zone and

have

an impact on the surface currents. To start, surface currents at the coast of

Peru are perturbed by wind jets going through gaps in the mountains. Indeed,
lower elevation into the mountains creates gaps where the wind rushes and becomes
stronger. The jets then create strong eddies in the ocean. And even if the the jets
do not have a direct impact on our zone, the generated eddies might reach our zone
and thus have an impact.

23



20

—————

10

Lat (%)

Velocity [m/s]

-10
-180 -160

-140 -120 -80

Lon (®)

‘ Isthmus of Tehuantepec ‘

‘ Isthmus of Panama ‘

Figure 4.2: Wind jets going through the mountains and generating meso-scale
eddies. [21]

In addition to those eddies, the shearing between the SEC and the NECC

produces Tropic Instability Vortices. Those vortices will not propagate into our
concession zone, but secondary eddies due to them might propagate themselves
into the study area.
Those different surface currents will then propagate themselves thanks to the
vertical viscosity and influence deep-sea currents. Generally there is a lag of 10 to
12 days between the apparition of those surface currents and their consequences at
the bottom of the ocean.

4.2 Deep Ocean currents

Manganese nodules are found in highly stable environment, the deep-sea is there low
in energy and speed magnitude are thus low. But that energetic low environment
can be very turbulent. Indeed because of the low vertical density gradient, created
eddies can last for weeks in the deep-sea. Different factors might be the source of
current and/or eddies in the deep ocean, those are represented on ﬁg::

e Density driven currents
e Deep water tidal currents

e Internal waves and solitons
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Figure 4.3: Tropical Instabilities Vortices generated by the shear between the NEC
and the NECC. [21]

e deep-sea storms

e deep-sea eddies

e Tsunami related traction currents, rogue waves and cyclonic waves.
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Figure 4.4: Schematic overview of the currents in the deep ocean [22]
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4.2.1 Density currents

The density driven current are set in motion by the gravity who acts on the
difference of density. The density difference in the ocean is generated by salinity

and temperature. Globally, the colder and the more saline, the highest the density
will be.

Temperature-Salinity Diagram (Lines of Density in gicm?d)
20 =
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Figure 4.5: water density diagram [23]

thermohaline circulation

The main density current goes around the world is called the thermohaline circula-
tion or global conveyor belt. It’s speed is of a few cm/sec and it covers the whole
world (see fig: [4.6]). It’s influence on our zone is however limited: "There are no
specific indications that particularly strong density-driven currents occur near the
GSR concession area’.
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Figure 4.6: The global conveyor belt [24]

Pycnocline

The pycnocline is not a density driven current but it is linked to the density. Indeed
a pycnocline is a line that separate two different liquid densities. That line is
characterised by a gradient of density. In our zone the pycnocline is majoritarly
a thermohaline (gradient of temperature) reinforced by a halocline (gradient of
salinity). It lies around 60-80m deep. The pycnocline is a barrier to surface
processes. Indeed, because of its stability it tends to block a big part of surface
changes keeping the lower layer stable and less sensitive to seasonal changes. It is
the limit between surface waters and deep ocean waters.
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Figure 4.7: Mean average zonal velocity in 1995 at 125.6°W [21]

4.2.2 Deep water tidal currents

Tides may also have an impact on our deep-sea current. The water movement
generated by the moon and the sun create baroclinic waves. Those waves interact
with the topography and may represent 1/3 of the abyssal current variability
[25]. An extraction of the tide fit on collected data confirms the influence of
tidal generated currents (see fig:(4.8))). Even if the fit is only of few cm/sec, the
magnitude in the deep-sea are supposed to be really small and it can thus represent
a big part of the deep ocean current.

4.2.3 Internal waves and solitons

Internal waves and solitons are waves propagating at non tidal frequencies. They
advance along a density gradient as the pycnocline. But there are no trace of big
impact of internal waves around our zone.

4.2.4 Benthic storms

Benthic storms occur when the current velocity raise above a certain limit. The
shear stress provoced by the the current will then generate plumes resuspension.
They may appear in our zone. Current are then rising up to more than 13cm/sec
[21]. The storms can happen during a period up to 10 days. Those phenomenon are
still poorly understood, but they seem to occur in regions with high eddy kinetic
energy and they seems to be linked with meanders, rings, typhoons or fast moving
hurricanes.
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(a) Tidal fit for u 3.46m above the seabed (b) Tidal fit for v 3.46m above the seabed
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Figure 4.8: Tidal extraction of collected data at Mooring 04 (velocity in cm/sec)

4.2.5 deep-sea eddies

deep-sea eddies find they origin on two places. First they can be a consequences
of surface eddies generated by the wind (if those are really high they can start a
benthic storm), those surface eddies were already discussed previously.

On another hand they can be formed due to the interaction of the current passing
by ocean seamount. Those eddies are not perceived by Hycom. The different eddies
might also bounce into each other being destructive or constructive and having
thus more or less impact.

4.2.6 Tsunami related traction currents

The tsunami related traction currents are considered to be too episodically and too
short to be really taken into account. Also their real influence is more in shallow
waters.

4.2.7 Literature review conclusion

After reviewing the different factors that could affect the deep-sea currents, we
note that they are three main driving factors that could affect the dynamic of the
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deep-sea. It is therefore to these that we must pay the most attention to when
building our model.

e The tidal movement.
e Deep-sea eddies formed by the wind.

e Deep-sea eddies from seamounts.
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Chapter 5

Results

5.1 Building the mesh

5.1.1 Building the horizontal mesh

The mesh developed has the same geographic boundaries used by the GSR. The
mesh went from 127.92°W to 121.2 °W and from 11.28°N to 17.92°N. It is 732km
wide and 738.3km long (see fig: [p.1a)). This amplitude is needed in order to take
into account the impact of the wind and the seamounts on the deep-sea currents
which are essential as seen previously.

Secondly we need to choose the resolution of the mesh. Because our focus is to
arrive at a realistic hydraulic simulation, we chose to make the resolution evolve
in function of the distance from the Mooring04. We want the best precision near
the Mooring04 in order to compare afterwards the results of the simulation to the
collected of the mooring04. The evolution of the resolution in function of that
reference point is the following; At less than 10 km from the mooring the distance
between two nodes is of 1 km. Then it increases linearly to 4km when the distance
reach 30 km. Finally the distance between two nodes reach 40 km when they
are further than 225 km from the mooring] We are also looking for a sharper
resolution near the seamounts?| to include their perturbations in the simulation.
So we added a dividing depending on the distance from any seamounts and from
the mooring. If the point is at less than 250km from the mooring and at less than
1km from a seamount, the dividing factor is 15. Further from the seamount, the
dividing factor increase linearly to 1 when the distance from a seamount reach 5km.
For a distance between 250km and 500km from the mooring, the dividing factor is

deally, it is better to have a resolution at the borders of the same magnitude as the forcing
(= Tkm for HYCOM) to avoid any loss of information.

2Seamounts were defined as points on the grid where the bathymetry was shallower than
4000m.
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5 and it evolves as the previous dividing factor. For a distance higher than 500km,
the dividing factor is 5 and it evolves like the previous two dividing factors.

We chose the different parameters that defined our resolution in order to have a
smooth evolution of the resolution while keeping it refine near the mooring04 and
the seamounts and keeping the number of triangles below 2500. That limit was set
to avoid needing too much resources afterwards.

(a) The boundaries are in red, the interest  (b) Mesh generated with a refinement around

zone (Mooring04) in green and the seamounts ~ the mooring04 and the different seamounts.

in yellow The mesh is made of 2348 triangles and 1208
nodes.

Figure 5.1: Building the mesh

5.1.2 Extruding the horizontal mesh

When extruding the horizontal mesh we wanted to work with o-layers in order to
have a high precision near the seabed without using too mush resources. But that
high resolution with the sigmas is not fulfilling the consistency criterion (see fig:
. So we consider the different options presented previously and we looked at
the bathymetry crossed to our horizontal mesh.
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Figure 5.2: Overlapping of the bathymetry from GEBCO and our mesh[26]

Two things can be noted; First The distance between two nodes is very large

far away from the mooring04, a maximum distance of 40km. There a smoothing
will have no real effect on the criterion unless the smoothing factor is really high.
But a really high smoothing factor will result in a big loss of information.
Then there are some big differences in the bathymetry due to seamounts. The span
of the bathymetry goes from 1312m to 5366m depth. There is thus a possibility for
big differences between two nodes of the same element and thus a possible problem
with the consistency criterion.
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Figure 5.3: Illustration of the consistency criterion unfulfilled around the Mooring04

at latitude 14,16°N

So to avoid the consistency criterion problems we adapt our vertical mesh in
two stages. First, we extrude our horizontal mesh by using a two-fold (three)
o — coordinate system. That system divides the extrusion in different parts. z-
layers are used above 4400m and under 4600m depth and between those we use 10
o-layers dispatched between 4490m until 4600m (or the bottom of the ocean). The
sigma layers are set only if the bathymetry is deeper than 4450m depth. Doing
so we only need to focus on steep bathymetry between 4450m and 4600m (see fig:

5.4).
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Figure 5.4: Zlayers and sigmas mixed in a three-fold o — coordinate system [?].
The top layers are tightened in order to transmit the surface eddies towards the
bottom. The bottom layers are tightened to enhance our precision there. There
are a maximum of 51 vertical layers which create a total of 53 666 nodes.

But with only that solution, the code is not stable yet, the consistency criterion
is still not verified. So we change the bathymetry away from our focus zone (outside
the high resolution bathymetry of the GSR). There we use a step function to
force the bathymetry to 4400m or 4600m when its value is in between them. And
near the mooring04, into the high resolution zone we make a smoothing of the
bathymetry based on lucy’s kernel function with a radius of 5000m (see fig: [5.5]).
Doing so we avoid a big part of the hydrostatic errors linked to the hydrostatic
criterion.
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Figure 5.5: Smoothed bathymetry illustration in 2D (two images from above) and
in 1D (two images from below) at latitude 14.16°N

5.2 Building SLIM

The parametrization being defined in section: [3.2.1] we only need to set our initial
conditions and our boundary conditions in order for our model to run.

Choosing the initial conditions

The initial conditions are based on HYCOM and TPXO as we saw previously. But
when preprocessing HYCOM'’s data, the low resolution at the bottom of the ocean
generated some errors. Indeed, HYCOM gives no value between 4000m and 5000m
depth. So if our bathymetry is less than 5000m deep, we will have no value given
by HYCOM for the nodes under 4000m. The temperature and the salinity will thus
evolve to a default value. In order to avoid that and to stay as realistic as possible,
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we force the salinity and the temperature given by HYCOM at 5000m deep and we
make it equal to the ones at 4000m deep. Doing so we avoid the errors.

Choosing the forcings

The forcings were also seen previously. But we decide not to use the forcing linkes
to the salinity. Indeed, because the pycnocline is mostly a termohaline reinforced
by a halocline, we will assume the salinity constant as set in our initial conditions.
That will remove the salinity equation and simplify the model thus freeing some
resources. The velocities on the contrary are kept, and their mean magnitude
during the simulation is plot here under.

Water velocity u [m/sec], lon -128°W, 25/09/17-01/11/17

0 Water velocity u [m/sec], lon -121°W, 25/09/17-01/11/17

—

-500 500 0.15
-1000] {01
-1500)

-2000

-2500)

-3000

-3500

-4000| -0.15

4500 _; »

-5000

(a) Water zonal velocity on the west border (b) Water zonal velocity on the east border

Figure 5.6: Zonal velocity on the east and west border in function of the depth
(positive is east to west)
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Figure 5.7: Meridional velocity on the North and South border in function of the
depth [m] (positive is east to west)

We observe that the magnitude of the velocities are really low deeper than

500m. We can also observe the lack of information of HYCOM. Indeed there is no
data under 4000m deep.
There is also a mismatch between our mesh resolution at the borders and HYCOM’s
resolution. Indeed the resolution at the borders of or mesh are greater than
HYCOM'’s horizontal resolution. Our mesh will thus not be able to capture the
total amount of data provided by HYCOM. But given the limited resources it
is necessary to limit the precision of our mesh at the borders. Another forcing
that provides some velocity and a surface elevation on our lateral borders are the
tides. They are directly incorporate into the model thanks to TPXO. The surface
boundary will have as forcing the wind. It is supposed to have great influence.
Here are the forcing imposed thanks to CDS:
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10m U wind component [m/sec] 25/09/17-01/11/17 10m V wind component [m/sec] 25/0917-011117
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(a) wind u component mean 25/09-01/11 (b) wind v component mean 25/09-01/11

Figure 5.8: Wind forcing

We observe that the mean direction of the wind seems to be the North-East
with a marked tendency towards the east.

5.3 Simulation results

5.3.1 The resources needed

During the whole thesis we are try to limit the resources needed by the simulation.
That is because the simulation runs on the CECI (Consortium des Equipements
de Calcul Intensif) cluster Lemaitre3. The CECI is a consortium that gathers
different supercomputer centers from universities in Brussels and Wallonia. These
supercomputers can then be used and their power is distributed evenly between
the users. There is thus a priority ranking who is build in function of the resources
already used. In order to run multiple simulations and to avoid losing too much
priority, it is thus important to limit the resources used.

We are working on Lemaitre3, a cluster of the CECI. Lemaitre3 is a cluster who
features 80 computer nodes with two 12-cores Intel SkyLake 5118 processors at 2.3
GHz and 95 GB of RAM (3970MB/core). It is best suited for parallel jobs.When
running our simulation, we are using a time step of 5seconds to keep the simulation
stable and we are exporting every hour. The resources used to simulate the model
from the 25 of September until the 31 October are 8 nodes with 16 task per node
so we are using a total of 128 processors. Each of them is using 3000mb. And with
those resources the supercomputer needs around 1 day and 11lhours to finish the
whole simulation. Lemaitre3 can have simulations running for maximum two days.
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That is why we try to limit the resources used and needed.

5.3.2 Mooring04 data

In order to verify the results of our simulation, we will compare them with the
collected data from the GSR. The comparison is done on the mooring04. The
mooring04 collected data from June 2017 until March 2018 (see fig: . It has
collected data for different heights above the seabed ranging from 3,46m to 15.46m.

The focus is set on 3.46m and 15.46m above because they are the two limit
heights. We limit the amount of graph shown for the sake of clarity. Because the
simulation runs from the 25* of September 2017 until the 31 of October 2017.
We will zoom on the collected data in order to be able to compare them with the

simulations (see fig: [5.10)).

The orientation of the current is globally oriented to the South and there is no

clear Eastward or Westward orientation. Also, there is a big velocity difference
between near bottom currents and the currents at 15m high above the seabed.
Indeed, the velocity at 3.45m is around 5cm/sec and at 15.46m it is around 15cm/sec.
We can assume that the big difference between the currents and the variation in
the East-West orientation is due to highly turbulent nature of the deep-sea.
We also note that the current velocity seems a little high. Indeed, based on the
literature we were expected currents with a velocity around 8cm/sec [11] [25] unless
there is a benthic-storm. But the persistence of the high velocity tends to show
us that the high velocity is not due to a benthic storm (As a reminder, a benthic
storm last for about 10 days).
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First simulation with SLIM

The first completed run that was achieved with SLIM3D on the right temporal
scope had as horizontal mesh the one presented in the section: |Building the meshl
It was extruded following the three fold o-coordinate system (see ﬁg. With
the large bathymetry stagered to 4400m or 4600m and the detailed bathymetry
smoothed with lucy’s kernel function and a radius of 5km. The time step used is
of 5 seconds and the data are extracted every hour.

In comparison to the data collected by the GSR, we observe that the velocities
obtained are too low. Around 2 cm/sec at 3.46m above the seabed as well as 12m
higher (see fig: . Also there is almost no difference between the heights as well
in terms of current orientation than in terms of speed magnitude. It seems thus
that our model do not bring enough energy towards the bottom of the ocean.

One possible reason for that is that the vertical viscosity is not sufficient to bring
the surface energy towards the bottom. As a reminder, the vertical viscosity is set
by default with GOTM. When plotting the vertical viscosity, it showed that the ver-
tical viscosity was at its minimum value of 107¢ everywhere under 20m (see ﬁg.

nuv at export 168 o nuv at export 336 o nuv at export 504 0 nuv at export 672 0 nuv at export 840
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Figure 5.11: Evolution of the vertical viscosity before adding the default minimum
value. The plot shows the 5 first weeks of the simulation.
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Second simulation with SLIM

To ameliorate the preceding result we changed the default minimum value of the
vertical viscosity to 5e~3. Unfortunately there was almost no difference with the

precedent simulation (see fig: [5.13]).

Third simulation with SLIM

In order to adapt and to obtain a greater velocity in our simulation at the bottom
of the ocean we changed the whole turbulent closer model. We changed the default
closure, GOTM to a new one more adapt to deep-sea and oceans. The new closure
is Pacanowski and Philander’s turbulent closure model, it will change the vertical
diffusivity and the vertical viscosity. The results were better but the velocity is
still too low at 15.46m above the seabed (see fig: [5.14)).

Fourth simulation with SLIM

All our velocities being too small compared to the data of the GSR, we were
wondering if the data collected were not incorrect. Indeed, during the literature
review we noted that the velocity expected was supposed to be around 8cm/sec or
lower.

So we tried a new simulation on another mooring with other data. There the
collected velocity was lower, and thus the results were closer, at least for the speed
magnitude (see fig: . But the orientation of the current is totally Eastward
contrary to the data where the orientation is totally mixed (see fig: & fig:
[.16)). The results are thus here again not conclusive.
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47



MOR002IB4 Current Speed Depth 5 4882 meters

MMM Vg "*

S, "“—-.q_\ "'\-\._

A A i

— ]
o “m_— g

‘H Lu ! N ,*-'l"{t‘f

Current Direction

SLIM PP
Mooring data

05/29 05/30 05/31

0

06/01
Rose Diagram

06/02 06/03 06/04

06/05 06/06 06/07

Scatterplot
10
> SLIM PP
© 5 {1 * GSRdata
@ ETOTA I ]
5, 0 BB oK
£ U
5 5 :
z
-10
-10 -5 0 5 10

East (cm/sec)

MOR002IB4 Current Speed Depth 8.4882 meters

{l., ’}x'lhu wml./i“t'r\ W ;”Iﬂ“jv'(‘l"w” ﬂ\lm"ﬁl\ﬂw ‘VMM "\Lu,l'i. * w o '-|||'ﬂ W n'rmllhf\fﬁu\”

— /'\-\_

__’_M_J_H_/“x_

g a——

SLIM PP
Mooring data

Current Direction

05/29 05/30 05/31 06/01 06/02 06/03 06/04 06/05 06/06 06/07

Rose Diagram Scatterplot
cm sec™” 33 0 10
10+ S /. SLIM PP
8-10 o 5 o GSR data
6-8 “é ' ';_I .
4-6 27 S 0 8 H
2-4 __E 5 d
0_2 5 -5 Lo

z
-10

East (cm/sec)
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Figure 5.16: Fourth simulation with results at 30m and 65m above the seabed
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5.3.3 Discussion

The different simulations presented here above have no real convincing results.
Indeed the currents magnitude are for the mooring04 way too low and for the
mooring02 they are totally in the wrong direction. There is thus somewhere in our
model some gaps who are preventing us from having a match between the collected
data and our results.

Those gaps may come from the coarse resolution of our forcing (HYCOM) near the
bottom of the ocean. Often, it will only give us the velocities up to 4000m depth.
And above 4000m the data are given at 3000m. The grid is thus really coarse and
may miss to force part of the ocean deep-sea dynamic.

Another potential reason that could explain the differences is the coarse resolution
of our horizontal mesh that has got a distance of 40km between two nodes. This
distance may be too high for the model to capture the full effect of the surface
eddies. Refining the mesh could thus be a good option in order to have a more
precise simulation but we need to focus about the total number of elements in
order to avoid needing too much resources.

Finally, we’ve shown that the parametrization of our model and especially the
turbulent closure model have a direct effect on the results we get. More studies
and simulation might thus be needed in order to find the perfect turbulent closure
model that will help us match the collected data.

5.4 Conclusion

This thesis provided a deep explanation of the development of a simulation based
on the hydrodynamic model SLIM. It also provided the different results obtained
with that methodology. It had as objective to build a complete model that would
give us realistic results. These results are a first step towards the estimation of the
environmental impact of deep-sea mining. Unfortunatelythe current simulation
models did not yield satisfactory results and could therefore not be validated. We
gave some possible reasons that could explain the failure of the simulations and
that can be further examined.

In order to develop this study further more and to arrive at a validation of a
simulation it will be important to collect more information about the deep-sea.
Those could help develop the global understanding of deep-sea currents even further.
It will also help us to be more critical towards the different data collected and
to target the gaps of our simulation in order to correct them. To develop that
deepening quickly, a greater sharing of the data between the different companies
involved into the deep-sea mining is needed. But that cooperation contradicts the
actual industrial mentality and would thus probably not happen for the moment.
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Appendix A

The approximations

A.1 The Boussinesq approximation

In this section we will develop the Boussinesq approximation The Boussinesq
approximation is stated as follow:

2p <<1 (A1)

p-
With Ap being the difference of density in our environment and p- being the refer-
ence value of the water density (1027[kg/m3] for SLIM). This approximation is thus
validate if the variation of density is small compared to its mean value. In our zone,
water is the major constituent, the density variations will thus be small. Indeed,
assuming that our zone can be represented by the point 14,6N and 125.6W (point
in the zone B4), we can calculate the variation of density between the bottom of
the ocean and the top of it. The density is calculated thanks to the salinity and the
temperature on the following site: http://fermi.jhuapl.edu/denscalc.html).
We arrive at a maximum density on at 4500m deep, with a temperature of 1.4°C
and a salinity of 34.7 psu. The maximum density found for those values is of
1050[kg/m3]. On the top of the ocean, we've got a maximum temperature of 28°C
and a minimum salinity of 34 psu, which gives a density of 1021[kg/m?®]. The
difference of density being quite small compared to the reference density value, the
Boussinesq approximation is thus validated.

A

S

p-
Ap 30 (4.2)
— e ——— << 1
P 1027
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Appendix B

The turbulent closure models

B.1 GOTM

GOTM (General Ocean Turbulence Model)is a library who proposes a generic
turbulent closure model. That model can then be adapted to obtain different types

of turbulent closure models. To do so you just have to change the parameters.
The generic model used by GOTM is (Umlauf Burchard, J. Mar. Res., 2003 [30])
closure model and SLIM3D is coupled to the x — € turbulence closure model[31].

B.2 Pacanowski & Philander

When changing to the Pacanowski Philander’s turbulent closure model change the
formulation of the vertical viscosity v and of the vertical diffusivity k.

For the vertical viscosity, the formula is the following:

v=vp+ (1+Vc(k]Ri)” (B.1)
And for the vertical diffusivity, we have:
K= Kp+ (1+V04Rz') (B.2)
where
o Ri= %, is the Richardson number.
o N? = max(0, —p%%)), is the Brunt-Vaiséld frequency.

o M? =norm(%), is the square of the shear frequency.
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vp, is the background viscosity (the default value is le-5).

1o, is the maximal viscosity (the default value is le-2).

a, is a factor for Ri (the default value is 10).

n, is a exponent factor for the denominator (the default value is 2).

kg, is the background diffusivity (the default value is le-5).
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Appendix C

Results

C.1 Vertical extrusion of the mesh

1 0 4 27 -1500 500
2 -4 4 28 -2000 500
3 -8 2 29 -2500 500
4 -10 5 30 -3000 500
5 -15 5 31 -3500 500
6 -20 5 32 -4000 200
T -25 10 33 -4200 100
8 -35 10 34 -4300 50
9 -45 15 35 -4350 30
10 -60 20 36 -4380 20
11 -80 20 37 -4400 20
12 -100 25 38 -4420 20
13 -128 25 39 -4440 20
14 -150 50 40 -4460 20
15 -200 &0 41 -4480 20
16 -260 50 42 -4500 20
17 -300 50 43 -4520 20
18 -350 50 44 -4540 20
19 -400 100 45 -4560 20
20 -500 100 46 -4580 20
21 -600 100 47 -4600 50
a2 -700 100 48 -4650 50
23 -800 100 49 -4700 100
24 -900 100 50 -4800 400
25 -1000 200 51 -5200 166
26 -1200 300 52 -5366 0

Figure C.1: Vertical mesh spacing for the maximum depth (5366m). In red are the
o-layers and in black the z-layers. N is the index of the layer, z is the depth and
Az is the distance from the next layer.
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