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The article is devoted to the suspensions’ distribution mathematical modeling in the Eastern Pacific Ocean for
various scenarios for the ferromanganese nodules extraction. The suspensions propagation model with complex
granulometric composition that can interact in an aqueous medium takes into account the suspensions
microturbulent diffusion caused by the turbulent aqueous medium movement and the suspensions convection
caused by the advective movement of water mass in the ocean; gravitational suspensions deposition under the
gravity influence; mutual transitions between different fractions that make up the suspension; interaction of particles
with the bottom and with the free surface.
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Introduction. The world's oceans are beginning to play an increasing role in environmental
and climatological problems on Earth. This is due, in particular, to the exhaustion of the mineral
resources of the land and the transition to intensive development of the minerals of the World Ocean.
More than 100 years ago, deposits of iron-manganese nodules (IMN) were discovered, which contain
more than 30 elements of the periodic table, most of which are extremely rare on land on an
industrially significant scale. With the development of technology, the problem of industrial
production of IMN, which becomes economically feasible, has become on the agenda.

It is well known that the study of issues related to the consequences of industrial extraction of
minerals from the ocean floor, in particular, iron-manganese nodules (IMN), is an important scientific
and practical problem that is in the focus of the world scientific community.

The impact of oil and gas extraction on the ocean ecosystem is a complex multifactorial
process. Since the 70s of the twentieth century, experimental studies have been conducted in the areas
of the IMN location, primarily in the eastern Pacific Ocean, in particular, using deep-sea equipment
to study the effects of silt agitation and assess the consequences of mining. At the same time, large-
scale field experiments are not only expensive, but also dangerous.
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Mathematical modeling of the suspensions distribution in the Eastern Pacific Ocean for
various scenarios will reduce, and in some cases, eliminate large-scale and unsafe field experiments.

The use of high-quality mathematical models built on the basis of accumulated oceanological
data is currently reliable and safe methodology for forecasting the Ocean ecosystem.

The suspensions propagation model having complex granulometric composition, capable of
interacting in an aqueous medium, takes into account the suspensions microturbulent diffusion caused
by the aqueous medium turbulent movement and the suspensions convection caused by the circulating
(advective) movement of water mass in the ocean; suspensions gravitational deposition (under the
gravity influence); mutual transitions between different fractions that make up the suspension (the
combination of particles into larger ones and their decay); the interaction of particles with the bottom
and with the free surface.

Let's find out the parameters of the particles released into the ocean, assuming that the particles
that were raised from the bottom are thrown out from the vessel extracting nodules. Figure 1 shows
the maps of the granulometric composition of the bottom.
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Fig. 1. Bottom sediments granulometric composition
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The system of equations describing the behavior of particles will look like this:
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where N is the number of types of particles, c,is the concentration of particles of the i-th type, u, v,
w are the fluid velocity vector components, w,; is the rate of gravitational deposition of particles of

the type i-th, 4, v, are the coefficients of horizontal and vertical turbulent diffusion of particles of the
i-th type, «; >0, 5 >0 are the rates of transformation of particles of the i-th type into the i-1-th and
i+1-th type, respectively, @.

. is the power of particle sources of the type i-th.

The terms in the left part (except for the time derivative) describe the convection of particles:
their transport under the influence of fluid flow and gravity. The terms in the right part describe the
diffusion of suspensions caused by the presence of vortex motions of various scales in the aqueous
medium and the transformation of particles from one type to another. It should be noted that the
physical mechanisms of microturbulent diffusion differ significantly from the mechanisms of
diffusion of an ensemble of particles in a vacuum or diffusion processes in solids. Microturbulent
diffusion, which should more naturally be called the «process of turbulent concentration
equalization», is caused by the involvement of particles in the movement of constantly existing
turbulent vortices that have different spatiotemporal scales. Depending on how long the observation
(measurement) process is, vortices of increasingly large scales are essential in this process, from sizes
of the order of millimeters to thousands of meters or more. In the model, this fact is taken into account
by using diffusion coefficients averaged for processes with scales of hundreds to thousands of
kilometers, with a duration of hundreds of hours

The vertical diffusion coefficient is chosen to be different from the horizontal diffusion
coefficient due to the fact that the effect of the difference of these coefficients is often observed in
different media and can be caused by various factors. Fig. 2 shows the particles of different fractions
mutual transitions process, taking the strictly sequential particles transformation mechanism as the
most probable.
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Fig. 2. Particles of various types transformation diagram
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An inconsistent transformation would require the introduction of a transformation matrix,
which would complicate the model without significantly expanding its scope.

Add the initial and boundary conditions to the system (1) (assume that the deposition of
particles to the bottom is irreversible):

ci(xy,2,0)=c’(x,y,2).i=12,..,N @)
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To assess the characteristic scale of hydrothermodynamic processes associated with the
discharge of bottom water during the extraction of IMN, consider the hydrothermodynamic processes
associated with the most likely technological scheme of production [1]. Simplistically, it can be
assumed that there is a direct suction of red silts on which the nodules are located when sufficiently
powerful pumps are operating and the resulting pulp is fed up through a flexible pipeline to the
processing vessel, where the resulting mixture is separated, the nodules are washed with seawater.
Further, the nodules can be reloaded onto a transport vessel for delivery to a processing enterprise.
At the same time, production waste is removed, which is a mixture of silt and cold bottom water. It
should be expected that, with the exception of the largest particles, the bulk of the waste is a
suspension with a complex granulometric composition [2, 3, 4]. The consequences of the impact of
mining on the bottom space associated with the erosion of the bottom and the oppression of benthic
communities will be felt at distances of tens of kilometers due to a sufficiently developed system of
bottom currents in the area of the Clarion-Clipperton province. This is evidenced by numerous
experiments with distillers conducted in this area in the seventies and nineties of the XX century [5].

The main attention should be paid to the consideration of the impact of the disposal of
technological waste, since the most cost-effective scheme for their disposal is direct discharge into
the near-surface layer of the ocean. The most obvious damage is a change in the physical and chemical
properties of the active layer of the ocean: a decrease in the temperature of the aquatic environment,
an increase in its turbidity, a change in the composition and concentration of nutrient salts and, as a
result, a decrease in the number and a change in the species composition of plankton populations.
Therefore, the influence of physical processes accompanying waste disposal on the active layer of
the ocean is considered. The objective characteristics of such an influence can be considered a change
in temperature, a significant increase in the concentration of suspensions and a decrease in the
transparency of the ocean photic layer.

For simplicity, assume that the extraction process is accompanied by a change in the
temperature of the surface layer of ocean water to values close to those of the aquatic environment in
the bottom region. Let's estimate the characteristic scale of these processes. Let h be the thickness of
the cooled layer, the temperature of which is approximately assumed to be equal to the temperature
of the bottom water Ty. Being more dense in relation to the surrounding near-surface water, the bottom
water begins to fall through. The resulting turbulent and convective exchanges can have a rather
complex structure. At the same time, the temperature is equalized due to heat exchange. Considering
that the turbulent exchange makes a greater contribution, we neglect the heat exchange. Such a
simplification may give overestimated estimates of the temperature equalization time. Indirectly, we
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will take into account the fact of temperature equalization by introducing a density gradient in the
vertical direction in a column of liquid with a height of h:
y=0p/oz . (4)
Then the potential energy of the volume of liquid enclosed in a column of liquid height h with
a unit mass, due to the density gradient, will be equal to:
=g’ /12, 5)
where po is the average water density over the volume of a column with height h. Here, h means a
layer of water consisting largely of cold bottom water, which was formed near the surface due to
discharge from the technological (mining) complex. We will assume that its thickness is about 10
meters, and the temperature difference compared to the surrounding waters is about 10 degrees
Celsius. We will assume that the lowering of heavier particles of bottom water is accompanied by the
dissipation of potential energy associated with overcoming viscous forces, and more precisely, the
potential energy is converted into the energy of microturbulent motion of the water medium, which
can be estimated for a single volume of a liquid column as follows:
1 0 ow
W, - E(k(z)gl
where k(z) is the coefficient of turbulent exchange in vertical direction.

(6)

We integrate both parts of equality (6) in z, from 0 to, to H, determine the total kinetic energy

dissipation W, where H_, is the depth relative to the undisturbed surface on which the thermocline

is located: " s
W - dZ ’
re=J503)
which leads to equality: awl™
WC = —k(Z)a— (7)
A 0

Assume that at the depth of the thermocline, the coefficient of turbulent exchange has such
small values that it can be considered equal to zero, i.e. k(H, )=0.
Taking into account this assumption, equality (7) is written:
)5W(0)
oz (8)
Assuming that W, =W,_ from the relations (5) and (8) we obtain:

W_ =k(0

C
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To estimate the time of lowering of the bottom water particles, we can assume that the velocity
w(z) first increases linearly to the value w,. , and then decreases linearly to the value w, depending

max !

on the z coordinate. Taking into account the relation (9), it is not difficult to write down the formula
defining the function w=w(z):

w(z)=

(10)

{ W, +a-z, 0<z<05H; gsh?
,Where a=———
a(Hr —z)+w,, 05H; <z<H 12,0,k(0)
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Estimate the actual time of lowering the water particles:

0.5HT
Te=2- | dz
0 W(Z).
Based on the last equality and relation (10), and, performing the obvious integration, obtain:
2 0.5-aH gsh’
T: =—1In 1+7T ' a= ) 11
"a ( W, J 12,k(0) )

To estimate the characteristic orders, take the following constant values in relations (11):

h=10m,y/ p, =(300-10°1/deg) - 1 (deg/m), w, =10"m/s.

k(0)=10 m?*/s, H; =500m,g =10 m/s’.

Then get:

a =0,0025, T, ~8834s.

Taking into account the approximate nature of the conducted arguments, we will take the
following estimate of the time of lowering of cold (bottom) water:

T, ~10000s. (12)

For indirect verification of the obtained time estimate, we use a simplified approach based on

the law of conservation of energy. We will assume that half of the potential energy of the bottom

liquid raised up passes into the energy of microturbulent pulsations and, as a result, into heat, and the
other half is converted into kinetic energy associated with the movement (lowering) of water masses

vertically:

1 ( gih’ ) Wy

2(12p, 2
where w__, is the maximum lowering speed. Expressing from the last relation w__, and, equating the
characteristic rate of lowering wto half of the maximum value, we get: w= 5\ 127?)0 , Where

w=2,5cm/s.
Considering, as before, the characteristic depth of the thermocline equal to 500 meters, we
get: T, ~2000s.

To estimate the characteristic spatial scales of phenomena leading to the transfer of bottom
water masses in horizontal directions, medium-long-term data on currents are used, for example, from
[6]. For this region of the Pacific Ocean, these speeds do not exceed 0,5 m/s. Consequently, the effect
of cold water from a single sufficiently powerful source in the water layer from the surface to the
thermocline will be felt at distances of no more than 10 km. Thus, the spatiotemporal characteristics
of the phenomena associated with the cold-water mass propagation raised during extraction from the
bottom area of the ocean, which are of a small-scale nature and may not be taken into account when
modeling.

Based on this analysis and the constructed models, algorithms and programs, numerical
experiments were performed for model problems, as well as for the real problem of predicting the
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distribution of suspensions consisting of three fractions in the area of IMN production located in the
Clarion-Clipperton ore-bearing province in the eastern Pacific Ocean.

The simulation results show that the counterflow located in the area of the proposed extraction
of ferromanganese nodules can significantly reduce the amount of pollution by dumping the waste
material not on the surface, but at a depth of about 100 m.

In the Clarion-Clipperton area, three mining sites were set to track the distribution of
suspensions depending on the location of the mining site. Modeling of the transport of three types of
suspensions was performed for three different scenarios of dumping technological waste
(suspensions) into the ocean: directly to the surface, at depths of 100 and 500 meters. The latter
discharge option does not lead to large-scale contamination of the intended mining area. This
development is indirectly supported by the fact that the first thermocline is located at these depths,
near which the current velocities significantly attenuate. The results of numerical simulation for the
first two reset scenarios are given below. The distribution of the siltstone fraction in Fig. 3 and 4 is
shown in blue, the pelitic fraction in green, and the subcolloid fraction in red.

Fig. 3. The result of the discharge of Fig. 4. The result of the discharge of
suspensions into the ocean. The discharge is suspensions into the ocean. The discharge is
performed on the surface. The vertical scale has been performed at a depth of 100 meters

increased by 100 times

It turned out that the sultan of suspensions is very sensitive to the place of discharge, which is
directly connected with a particular mining site. For example, discharge in the area of the south-
eastern mining site leads to intensive transport of suspended matter to the area of the western coast
of Central America. Detailed modeling of this scenario is beyond the scope of this work, since it
requires calculating the dynamics and lithodynamics of the coastal zone of the ocean. At the same
time, the discharge of suspensions at two other mining sites located to the northwest leads to a
completely different picture of the spread of sultan, which rushes towards the Hawaiian Islands. As
follows from the simulation results, those particles that did not have time to descend to depths of
more than 300 meters, while reaching the offshore part of the Hawaiian Islands, continue to move in
the direction of the coastline. The simulation results show that there are an overwhelming number of
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such particles from the two smallest fractions, if the depth of the technological waste discharge does
not exceed 100 meters. At the same time, the particles of the siltstone fraction dropped to depths of
100 meters or more are picked up by the eastern counterflow and begin to move away from the
Hawaiian Islands. As for other situations, for example, the dumping of siltstone particles at depths
from 0 to 100 meters, additional field experiments are required to study this situation in order to
obtain additional data on the real coefficients of microturbulent diffusion, refine their hydraulic
fineness and increase the overall resolution of the constructed models.
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HPEACKA3ATEJIBHOE MOJAEJIMPOBAHUE ITPOLECCA TPAHCIIOPTA
B3BECEM ITPU PA3JIMYHBIX CHEHAPUAX U3BJIEUYEHUA
JKEJIE3OMAPI'AHIIEBBIX KOHKPEIIMH CO JHA TUXOTI'O OKEAHA
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Cratps MoCBsIIlIEeHa MATEMAaTHUECKOMY MOJIETTMPOBAHUIO PacIipOCTPaHEHNs B3BECEH B BOCTOYHOM 4acTh
Tuxoro okeaHa Juii pa3IMYHBIX CHEHApPHUEB W3BJICUECHUS >KEIEe30MapraHIeBbIX KOHKpeuuil. Moaenb
PaCIpOCTPaHEHUs] B3BECEH, WMEIOIIUX CIIOXKHBIM TIPaHYJIOMETPUYECKMH COCTaB, CIOCOOHBIX
B3aMMOJICWCTBOBAaTh B BOJHOW Cpelle, YUYUTHIBAET MHUKpPOTYpOyleHTHy0 auddysuto B3Becei,
00YCJIOBJIEHHYIO TypOyJE€HTHBIM JBHXXEHHEM BOJHOM Cpelbl M KOHBEKIIMIO B3BECEH, BBI3BAHHYIO
aJIBEKTUBHBIM JIBI)KEHMEM BOJHBIX MAacC B OKEaHEe; IPABUTALMOHHOE OCAXIECHHE B3BECEH MOJ
JEHCTBUEM Ha CUJIbI TSDKECTH; B3aUMHBIE IIEPeX0/Ibl MEKIY PA3INYHBIMU (PAKLIUAMHU, COCTABIIAIOIINMU
B3BECh; B3aUMOJIEHCTBHE YaCTHIL CO THOM U CO CBOOOJHOM MOBEPXHOCTBIO.

KawueBble cjioBa: jxeie30MapraHIeBble KOHKPELWH, T'PABHTAIMOHHOE OCAXKICHHE B3BECEH,
MHUKPOTYpOyJIeHTHAst T y3ust aBEKTUBHOE ABIKEHHE
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