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Abstract: The discharge of fluid—particle mixture tailings can cause serious disturbance to the marine
environment in deep-sea mining of polymetallic nodules. Unrecovered nodule fines are one of the
key components of the tailings, but little information has been gained on their properties. Here,
we report major, trace, and rare earth element compositions of <63 um particles produced by the
experimental degradation of two types of polymetallic nodules from the Clarion-Clipperton Zone.
Compared to the bulk nodules, the fines produced are enriched in Al, K, and Fe and depleted
in Mn, Co, Ni, As, Mo, and Cd. The deviation from the bulk composition of original nodules is
particularly pronounced in the finer fraction of particles. With X-ray diffraction patterns showing a
general increase in silicate and aluminosilicates in the fines, the observed trends indicate a significant
contribution of sediment particles released from the pores and cracks of nodules. Not only the
amount but also the composition of nodule fines is expected to significantly differ depending on the
minimum recovery size of particles at the mining vessel.

Keywords: polymetallic nodules; deep-sea mining; tailings; elemental composition

1. Introduction

The economic potential of polymetallic nodules (also called ferromanganese nodules)
has attracted attention for more than half a century [1], but actual commercial mining
has yet to take place. While the technical issues hampering their exploitation have been
partially resolved over time, environmental issues have emerged [2—4]. The assessment
of environmental risks is now a prerequisite for a potential polymetallic nodule mining
practice. This is especially true since the nodule fields with high economic value are mostly
found in areas beyond national jurisdiction [5] and thus subject to the International Seabed
Authority (ISA) regulations.

A mining system design for polymetallic nodules consists of the following parts in
general: a miner at the seafloor, a mining platform/vessel near the sea surface, a riser in
between, and a discharge system at some depth in the water column [6]. It is envisaged
that the biggest environmental impact will be caused by the miner, and that the mining
platform and the riser will result in relatively minor disturbances [7]. Disturbance from
the discharge system is another important yet poorly understood factor that may harm
broad areas from the surface to the seafloor, both inside and outside the mining block [8,9].
A mixture of bottom water, sediment, benthic biota, and unrecovered nodule fragments
will be released back to the ocean after separation processes at the surface platform [10,11].
One preferable strategy to avoid the most damaging outcome is to release them below
the oxygen-minimum zone and the thermocline [12], but this is certainly insufficient to
alleviate growing concerns on the environmental impacts of tailings discharge.
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Unrecovered fines of polymetallic nodules will constitute an important part of solids in the
discharge. They will be particularly important for the nodule mining system with a hydraulic
pump, which is the most used lifting method at present for prospecting [13,14]. Turbulence in
the lifting pipe of several kilometers length will facilitate numerous collisions of friable
nodules, resulting in particle failure through impact fragmentation, chipping, attrition,
and/or abrasion [15,16]. Both environmental impact and ore loss can be minimized if all the
produced particles are recovered before discharge, but a thorough separation is expensive
and inefficient. In order to maintain economic feasibility of the mining, particles smaller
than a certain size are bound to be released with seawater. The size of particles that cannot
be efficiently recovered may differ depending on the design of the separation process,
but it is expected that at least particles smaller than 8 pm will be technically difficult to
recover [17].

To date, only a handful of studies have examined the degradation of polymetallic
nodules during a mining operation (e.g., [17-23]). Little information indeed has been
provided on the particles less than few tens of micrometers in diameter, despite the fact
that those small ones are actually more likely to be unrecovered and released into the ocean.
Most previous studies focused only on the size reduction of nodule fragments and paid
little attention to their chemistry or mineralogy. Considering that polymetallic nodules are
both physically and chemically heterogeneous with numerous microlayers, inclusions, and
impurities [24,25], the composition of the nodule fines produced can be largely different
from that of the bulk nodules.

Focusing exclusively on the silt- and clay-sized (<63 um) fractions, we examine the
particles produced by an experimental degradation of polymetallic nodules. The primary
purpose of this study is to understand how the degraded particles differ from the original
nodules in composition. Special attention is paid to the elements of economic interest
(Cu, Ni, Co, Mn, Zn, Mo, and rare earth elements (REEs)) and environmental concern
(the aforementioned elements plus As, Cd, and Pb). The improved understanding on the
fines will provide useful information for future environmental impact assessments and the
design of environmentally acceptable mining systems.

2. Materials and Methods
2.1. Experimental Setup and Procedures

Current understanding on the degradation of the polymetallic nodules during the
mining process has been gained from laboratory experiments for the most part, because
in situ experiments were mostly unavailable due to high cost and regulatory constraints.
Accordingly, several studies have used lift pumps reduced to a laboratory scale that mimic
on-site facilities [19,22], and others took a more abstracted approach by using conventional
instruments such as vibrating mill, rotary mill, and ball mill [20,21]. In this study, we
opted to use a planetary ball mill (Retsch PM 100), since it is particularly suitable for the
investigation of small-sized particles. Particle-wall and particle—particle interactions were
reproduced by a rotating agate jar filled with polymetallic nodules and water but without
any ball charge. A constant sun wheel speed of 100 rpm was used. Both frictional and
impact forces act on nodules under this setting.

Two types of polymetallic nodules collected from different localities in the Korea Deep
Ocean Study (KODOS) area for nodule exploration in the Clarion-Clipperton Zone (CCZ)
were used for the experiment (Figure 1) [26]. Type 1 nodules are generally 9-12 cm in
diameter and have discoidal shapes. Type 2 nodules are generally 3—6 cm in diameter and
have sub-spherical shapes and smoother surface. Type 1 nodules are usually more porous
and fragile, while Type 2 nodules have a relatively dense internal structure (Figure 2).
These two contrasting types of nodules were selected to examine nodules formed by
different processes (diagenetic vs. hydrogenetic), although all CCZ nodules are strictly
mixed types consisting of both diagenetic and hydrogenetic layers. For each type, about
3 kg of nodules were crushed to a size smaller than 2 cm in diameter before the experiment,
as it is a common practice for miners to crush nodules before vertical transport in order



Minerals 2021, 11, 205

30f13

to prevent clogging of the pipes [27,28]. Five samples each were randomly taken from a
gently mixed pile of crushed nodules and were completely ground for the bulk analysis;
the rest of the pile was used for the degradation experiment.

150° 140° 130° 120° 110% E

Figure 1. Map showing locations of the sampling sites of Type 1 (red rectangle) and Type 2 (red circle) nodules. Yellow area
represents the Korean exploration area for polymetallic nodules.

Degradation in a planetary ball mill was carried out for 15, 25, and 35 min for each
nodule type, and all the batches were run in triplicate. For each run, crushed nodules with
a dry weight of 25 g were prepared in a 250 mL agate jar, which was filled with distilled
water to a total of 250 g. When the milling was over, the contents in the agate jar were
wet-sieved through a 63 um sieve using distilled water. The coarse particles left in the
sieve corresponded to the fraction that will be easily separated by on-board processing
and thus were removed from the further analysis after dry weighing. A small part of the
well-mixed suspension containing <63 pum particles was taken for particle size distribution
analysis. The rest of the suspension went through further size separation for bulk chemical
analysis and X-ray diffraction (XRD) analysis. Size separation into 32-63 pum, 16-32 pm,
8-16 pm, and <8 um fractions was carried out by using Stoke’s Law, where the settling
velocity of a particle is inversely proportional to the square of its diameter. The settling
time was calculated assuming a wet density of 1.9 g/cm?. Withdrawal of supernatant after
suspension in distilled water in a 50 ml settling tube was repeated three times per each
separation step.

2.2. Analytical Methods

The particle size distribution of the <63 pum fraction of each sample was analyzed using
the laser diffraction method with a Malvern Mastersizer 2000. Samples were pretreated
with 2% Calgon solution and were dispersed in an ultrasonic bath for 5 minutes just before
the measurement to prevent agglomeration.

For elemental analysis, 20-100 mg of freeze-dried samples were each digested by a
mixture of 3 mL hydrochloric acid (HCl) and 0.5 mL hydrofluoric acid (HF) in a tightly
closed Teflon vessel at 185 °C for 36 hours. The vessel was cooled, opened, heated at
185 °C until dryness, and a mixture of 1 ml perchloric acid (HCIO4) and 3 mL 6N nitric
acid (HNOj3) was added. Then, the mixture was heated until dryness, treated with 2 mL
6N nitric acid HNO3, heated again until dryness, and finally diluted with 2% HNO3.
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Figure 2. Typical samples of (a) Type 1 and (b) Type 2 nodules (side length of black and white squares = 1 cm), and

representative cross-section of (¢) Type 1 and (d) Type 2 nodules.

The major element and trace element (including rare earths) compositions of the di-
gested samples were each analyzed by using an inductive coupled plasma-optical emission
spectrometry (ICP-OES, Optima 3000DV, PerkinElmer) and an inductive coupled plasma-
mass spectrometry (ICP-MS, PlasmaTrace, VG elemental), respectively, which were both
housed at the Korea Institute of Ocean Science and Technology in Busan, Republic of Korea.
One Geological Survey of Japan standard (JMn-1) and two United States Geological Survey
standards (NOD-A-1 and NOD-P-1) were used as certified reference materials. Analytical
results for three standard materials were generally within £5% of reference values for each
element.

The mineralogy of the bulk nodules and nodule fines were analyzed with a PANalyt-
ical X"pert Pro X-ray diffractometer housed at the Korea Institute of Ocean Science and
Technology, using Cu-K« radiation generated at 40 kV and 20 mA. The powdered samples
were scanned from 3° to 70° with a step size of 0.02° and a measuring speed of 1° per
minute at room temperature.

3. Results
3.1. Particle Size Distribution

Size distributions of <63 um particles from polymetallic nodules show a gradual
increase in proportion of finer particles over time (Figure 3), indicating progressive produc-
tion of the fines during the experiment. Volume fractions of <8 um particles among total
<63 um particles produced by initial crushing of Type 1 and Type 2 nodules were 24.5%
and 19.5%, respectively. They increased to 33.8% and to 25.4% after 15 min of degradation
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in a planetary ball mill, and after 35 min, they increased further to 38.7% and to 27.8%,
respectively. Median sizes (in volume basis) of total <63 um particles derived from Type 1
and Type 2 nodules were initially 22.5 and 25.8 pm, but they decreased to 13.3 and 16.8 pum,
respectively, after 35 min of degradation.
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Figure 3. Particle size distributions of <63 um particles produced by the degradation of (a) Type 1 nodules; (b) Type 2 nodules.

3.2. Chemistry

The average bulk composition of Type 1 and Type 2 nodules is presented in Tables 1 and 2.
As expected, the high Mn/Fe ratio (=6.4) and high Ni and Cu contents of Type 1 nodules
suggest their dominantly diagenetic origin, whereas the low Mn/Fe ratio (~1.2) and high
Co and Ce contents of Type 2 nodules indicate their dominantly hydrogenetic origin [5,29].

The chemical composition of the <63 um particles from Type 1 nodules is given in
Table 1. Compared to the bulk nodules, Fe, Al, K, Ti, and Zr are relatively abundant in the
fines, whereas Na, Mn, Co, Ni, Cu, Zn, As, Mo, and Cd are generally deficient (Figure 4a—c).
The deviation from the bulk nodule composition is usually most pronounced in the finest
fraction (<8 um; red circles in Figure 4). The Mn, Ni, and Cu contents of the 32-63 pm
fraction are about half of those of the bulk nodules, but the <8 um fraction contains only
about one-fifth of those of the bulk nodules. P, Ca, Pb, and REEs show opposite patterns
between different size fractions; they are generally abundant in the 32-63 um fraction and
deficient in the <8 um fraction compared to the bulk nodules.

The chemical composition of the <63 um particles from Type 2 nodules is given in
Table 2. Compared to the bulk nodules, Fe, Al, Na, P, and K are relatively abundant in
the fines, whereas Mn, Ca, Co, Ni, As, and Mo are generally deficient (Figure 4d—f). The
deviation from the bulk nodule composition is most pronounced in the finest fraction, but
the compositional variation was generally smaller than in the case of Type 1 nodule fines.
For example, the Mn and Ni contents of the <8 um fines are reduced to half of those in the
original nodules, which is relatively modest compared to the ~80% decrease observed for
<8 um fines of Type 1 nodules. Some elements show opposite patterns between different
size fractions; Ti, Cu, Zn, Cd, Pb, and REEs are generally abundant in the 32-63 pum fraction
but deficient in the <8 um fraction compared to the bulk nodules.
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Table 1. Major, trace, and rare earth element concentrations in Type 1 nodule fines.
El Bulk 15 Min 25 Min 35 Min Surface
ement Nodule 32-63  16-32 8-16 <8um | 32-63  16-32 8-16 <8um | 32-63  16-32 8-16 <8 um Sediment !
Na (wt %) 2.16 0.87 1.05 0.8 1.3 0.85 0.77 0.97 0.11 1.11 1.16 1.18 1.13 -
Mg 1.65 1.53 1.75 1.41 2.09 1.45 1.51 1.54 0.83 1.43 1.55 1.59 1.98 1.86
Al 2.03 4.34 6.22 4.75 7.45 3.37 443 5.2 5.92 3.36 5.02 5.59 6.82 6.01
P 0.14 0.26 0.11 0.13 0.15 0.22 0.15 0.12 0.13 0.25 0.19 0.13 0.08 0.14
K 0.93 1.36 1.92 1.45 1.46 1.09 1.36 1.59 1.75 1.11 1.55 1.73 2.36 2.03
Ca 1.32 1.5 1.22 1.08 1.01 1.55 1.24 1.32 0.8 1.55 1.36 1.23 0.8 0.81
Ti 0.31 0.42 0.43 0.36 0.1 0.45 0.43 0.44 0.36 0.43 0.43 0.42 0.36 0.3
Mn 28.55 15.47 8.22 9.12 5.6 17.2 12.26 11.41 6.77 17.52 12.29 9.5 6.9 0.43
Fe 4.48 6.7 6.55 5.9 6.52 6.89 6.84 6.7 6.56 6.47 6.88 6.28 6.71 3.82
Co (ppm) 1589 1442 826 996 538 1620 1326 1276 624 1549 1303 1004 693 67
Ni 12161 5657 2689 3126 2017 6003 4159 4176 2577 5916 4163 3415 2712 156
Cu 9839 4753 2578 2897 2152 4792 3376 3397 2468 4954 3736 2957 2449 406
Zn 1300 674 451 455 446 705 556 542 545 730 602 482 426 130
As 61 51 29 33 6 59 42 36 14 57 46 34 21 -
Zr 228 297 310 251 315 330 284 288 306 290 303 299 297 161
Mo 694 296 127 151 82 277 162 117 121 278 202 147 98 -
cd 19 7 4 4 3 7 5 5 2 8 5 4 3 -
Pb 200 273 309 211 237 278 219 197 119 262 201 149 93 8
La ((Enpm) 95 129 84 87 66 125 100 92 58 134 106 83 59 39
e 338 387 261 277 190 441 369 339 195 447 359 282 195 71
Pr 32 45 28 30 19 43 33 30 18 46 37 27 18 13
Nd 126 190 110 117 79 182 131 120 71 192 143 112 68 54
Sm 32 49 29 32 19 46 34 31 17 49 38 27 17 13
Eu 8 14 8 9 5 12 9 8 5 13 10 8 5 4
Gd 26 47 27 29 16 42 31 28 16 43 34 24 15 14
Tb 4 8 4 5 2 7 5 4 2 7 5 4 2 2
Dy 23 40 23 25 14 36 26 24 14 38 29 21 13 13
Y 82 178 101 109 66 154 113 103 63 172 132 97 61 67
Ho 4 8 4 5 3 7 5 4 3 7 5 4 2 3
Er 12 22 12 13 8 19 14 13 7 21 15 11 7 7
Tm 2 3 2 2 1 3 2 2 1 3 2 2 1 1
Yb 11 20 11 12 7 18 13 12 7 19 14 11 7 7
Lu 2 3 2 2 1 3 2 2 1 3 2 2 1 1
Mn/Fe 6.37 231 1.25 1.55 0.86 2.50 1.79 1.70 1.03 271 1.79 1.51 1.03 0.02
T Kim et al. (2012) [26].
Table 2. Major, trace, and rare earth element concentrations in Type 2 nodule fines.
Bulk 15 Min 25 Min 35 Min Surface
Element Nodule 32-63  16-32 8-16 <8 um 32-63  16-32 8-16 <8 um 32-63  16-32 8-16 <8 um Sediment !
Na (wt %) 141 2.95 3.33 3.21 2.82 2.94 3.34 3.2 2.73 2.85 3.38 0.38 2.86 -
Mg 0.9 0.51 0.59 0.69 1 0.53 0.6 0.53 0.97 0.65 0.66 1.21 0.49 1.86
Al 1.36 2.77 3.3 3.6 4.87 2.57 3.35 3.38 4.82 2.78 3.58 3.52 3.99 6.01
P 0.44 1 1.82 1.49 0.88 1.02 1.77 1.32 0.96 1.39 1.84 0.66 1.12 0.14
K 0.49 0.55 0.8 0.81 1.26 0.53 0.81 0.71 1.23 0.61 1.36 0.8 1.22 2.03
Ca 2.04 0.91 0.75 0.7 0.61 0.92 0.71 0.69 0.36 211 0.92 0.87 0.43 0.81
Ti 0.81 0.88 0.76 0.71 0.62 0.84 0.76 0.66 0.66 0.84 0.76 0.93 0.75 0.3
Mn 16.39 17.33 12.84 10.55 9.21 16.03 12.35 11.05 8.58 14.7 11.98 10.54 9.34 0.43
Fe 13.57 17.81 16.81 15.64 15.77 17.24 16.96 16.81 15.71 16.16 16.57 15.68 16.11 3.82
Co (ppm) 4127 4017 3088 2311 2368 3746 3021 2445 2235 3316 2498 2512 2056 67
Ni 3614 3616 2732 2366 2098 3306 2614 2402 1946 3037 2536 2636 2167 156
Cu 748 914 708 607 543 855 682 628 514 807 603 647 504 406
Zn 512 609 451 377 331 584 442 381 334 525 412 354 309 130
As 175 150 103 84 82 141 101 78 62 142 37 25 242 -
Zr 310 238 226 279 179 319 215 291 192 342 242 440 361 161
Mo 362 306 224 194 157 281 218 190 148 315 274 254 192 -
Cd 4 4 3 2 2 4 3 2 2 4 3 2 2 -
Pb 793 1352 1020 876 733 1253 975 917 691 1235 1092 1014 853 8
La (ppm) 198 221 138 100 73 201 127 99 68 280 141 103 61 39
ge 615 778 593 515 444 702 572 523 398 681 590 584 380 71
Pr 36 44 27 16 11 39 24 15 10 52 22 18 9 13
Nd 141 183 113 70 49 165 102 68 44 225 92 77 39 54
Sm 28 38 23 17 11 34 21 16 11 45 22 18 9 13
Eu 7 10 6 5 3 9 6 4 3 12 6 5 3 4
Gd 29 45 29 24 17 41 26 23 16 55 28 26 13 14
Tb 5 6 4 3 2 5 3 3 2 7 4 3 1 2
Dy 26 34 22 20 14 31 20 18 13 41 23 21 11 13
Y 154 206 132 0 59 186 115 80 53 315 133 98 45 67
Ho 6 7 5 3 2 7 4 3 2 9 5 4 2 3
Er 17 21 14 11 8 19 13 10 7 27 14 11 6 7
Tm 3 3 2 2 1 3 2 2 1 4 2 2 1 1
Yb 16 19 13 12 9 17 12 11 8 22 13 13 7 7
Lu 2 3 2 2 1 3 2 2 1 4 2 2 1 1
Mn/Fe 1.21 0.97 0.76 0.67 0.58 0.93 0.73 0.66 0.55 0.91 0.72 0.67 0.58 0.02

1 Kim et al. (2012) [26].
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Figure 4. Relative abundance of elements (compared to the composition of bulk nodules) in fines produced from Type 1
nodules after (a) 15 min, (b) 25 min, and (c) 35 min of degradation and from Type 2 nodules after (d) 15 min, (e) 25 min, and
(f) 35 min of degradation.

3.3. Mineralogy

Figure 5 shows the representative XRD patterns of Type 1 and Type 2 nodules and
their fines. The diffraction patterns overall showed poor intensity resulting from nanosized,
poorly crystalline Mn minerals [30]. A background increase owing to amorphous silica is
inferred from a broad bulge at around 15-30°. Still, some differences in bulk XRD pattern
are notable, particularly in combination with the variation in chemical composition. The
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Intensity

XRD pattern of the bulk Type 1 nodules shows broad diffraction maximums at ~10 A, ~7 A,
~5 A, ~245 A, and ~1.42 A. Inferring from the typical mineralogy of diagenetic nodules,
~10 A and ~5 A peaks in the XRD pattern of Type 1 nodules can be attributed to the (001)
and (002) reflections of 10 A Mn-phases (10 A phyllomanganates/todorokite), and a peak at
~7 A is attributed to the (001) reflection of 7 A phyllomanganates. On the other hand, the
XRD pattern of the bulk Type 2 nodules shows only two broad reflections at ~2.45 A and
~1.42 A, which are indicative of Fe-vernadite (5-MnO,) typical for hydrogenetic nodules.
In addition to different Fe-Mn (oxyhydr)oxide minerals, variable amounts of quartz and
feldspar are detected. While they are identifiable in the XRD patterns of the bulk nodules,
they occur in higher abundance in the nodule fines, particularly in the finer fractions.
The detection and the quantification of clay minerals are limited due to their overlap
with Fe-Mn (oxyhydr)oxides having reflections at similar positions, but peaks potentially
attributable to illite and /or montmorillonite stand out in the <8 um fines.

" Type 2 32-63 ym

Type 2 16-32 pm

Type 2 8-16 pm

26 (°; Cu Ka) 20 (°; Cu Ka)

Figure 5. XRD patterns of Type 1 and Type 2 nodules and their fines (after 35 minutes of milling). Q = quartz, F = feldspar,

B = barite. Star symbols indicate peaks that are potentially attributable to clay minerals.
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4. Discussion
4.1. Causes of Compositional Variation

Our investigation on experimentally produced fines of polymetallic nodules shows
that their elemental composition differs widely from that of original nodules. Many
elements exhibited similar partitioning trends in both nodule types: Al, K, and Fe are
relatively enriched, whereas Mn, Co, Ni, As, Mo, and Cd are depleted in the fines (Figure 4).
The enrichment or depletion of each element is usually most noticeable in the finest fraction
of particles (<8 pm). The Mn and Al content in Type 1 nodules, which were 28.6% and
2.0%, respectively, changed to ~6.4% and ~6.7% in the <8 pum fines, respectively. The Mn
and Al content in Type 2 nodules, which were 16.4% and 1.4%, respectively, changed to
~9.0% and ~4.5% in the <8 pum fines, respectively.

The above results suggest the selective incorporation of certain mineral phases in the
<63 um fraction. Indeed, the XRD patterns indicate the general increase in silicates and
aluminosilicates in the fines (Figure 5). The most straightforward explanation for these
observations is that sediment particles within the pores and cracks of nodules are released
to form part of the fines. Abyssal sediments in the KODOS area as well as other nodule
exploration areas in the CCZ have average grain size of about 3-30 um [31-35]. Thus, it is
reasonable to expect that sediment particles encapsulated in the nodules are mostly silts
and clays as well. Once released, they will be concentrated in the <63 pum fraction in higher
proportion than were in the bulk nodules.

Surface sediments in the KODOS area where the nodule samples were collected are
dominated by quartz, feldspar, illite, smectite, and biogenic silica [26]. Sediments within
the nodules may have somewhat different mineralogical composition, but a study from
the UK license area in the CCZ have shown that quartz, feldspar, phillipsite, and various
clay minerals make up a sizable portion in the bulk mineralogy of nodules [25]. The
concentration of such minerals can explain the enrichment of Al and K in the nodule fines.
It also effectively explains the greater decrease observed for Type 1 nodule fines in the
abundance of most trace metals (e.g., Mn, Co, Ni, Cu; Figure 4), because more porous
and fragile Type 1 nodules will likely release a greater amount of encapsulated sediments
compared to the Type 2 nodules (Figure 3). Whether this can be generalized as a universal
characteristic of dominantly diagenetic nodules in the CCZ needs further evaluation, but
dendritic structures that frequently encapsulate sediment particles are typical for diagenetic
layers, which precipitate in the sediment pores [5,24,36].

While the concentration of detrital minerals in the <63 pum fraction seems to be
responsible for a large part of compositional variability, it is possible that ferromanganese
parts of nodules may also enter the fines unevenly. In particular, the enrichment of Fe
in the nodule fines is noteworthy. Surface sediments in the KODOS area contain about
4 wt % of Fe, which is similar to the average Fe content of Type 1 nodules and much lower
than that of Type 2 nodules (Tables 1 and 2). Yet the fines generated from both nodule
types show consistently higher Fe content compared to the bulk nodules, suggesting that
a certain Fe-rich phase is also concentrated in the <63 um fraction. In the case of Type 1
nodules, this seems to be because the hydrogenetic parts of the nodules are preferentially
incorporated into the fines. The observation that the relative abundance of Co in fines is
not as low as those of Mn, Ni, and Cu is in line with this interpretation (Figure 4a—c). The
mechanism underlying this selective incorporation is unclear, but one possibility lies in
the secondary fillings of pore spaces within nodules. The idea is supported by the report
that pore-filling materials of polymetallic nodules from the German license area in the
CCZ mostly have a chemical composition that is typical for hydrogenetic precipitation
with low Mn/Fe ratios [24,37]. In the case of Type 2 nodules, we suspect the preferential
incorporation of iron (oxyhydr)oxides (e.g., ferrihydrite, goethite) over 5-MnO,, but a more
extensive investigation is required to answer this question properly, which is beyond the
scope of this paper.

As detrital minerals become abundant, most of the potentially toxic elements such as
copper, zinc, and cadmium show decreased concentration in the finer fractions. However,
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this is not exactly the case for lead. A lead content similar to or higher than that of the bulk
nodules is observed for different size fractions of fines (Tables 1 and 2), which might be
related to the dissolution and readsorption behavior of lead [38]. Together with the arsenic
content that varies in a somewhat disorganized fashion, this highlights the need for a much
more in-depth investigation of heavy metals in the nodule fines.

4.2. Implications on the Nodule Mining

The fines produced by the physical degradation of nodules and the sediments acciden-
tally taken together with nodules have long been regarded as the two major components of
the solids in discharge. A few studies have quantitatively assessed their amount. Ozturgut
et al. (1981) [18], based on the on-site test results of the DOMES (Deep Ocean Mining Envi-
ronmental Study) Project, estimated that the abraded nodule fragments and the entrained
sediments in discharge will each amount to 5% and 20% of the total mass of the nodules
produced, respectively. Yamazaki et al. (1991) [19] proposed 7% and 13% for the same
parameters based on their laboratory experiments. Oebius et al. (2001) [7] estimated a
much lesser amount: 1-2% and ~4% of the nodule mass for the fines and the sediments,
respectively. The large discrepancy between these previous estimates implies that the
actual amount of mine tailings can vary greatly depending on the engineering system.

With the development of various technologies for polymetallic nodule mining (see [39]
for examples), some types of miners are now expected to entrain minimal amounts of
sediment. However, based on our results, it is inferred that not only sediments around
the nodules but also sediments “inside” the nodules will contribute significantly to the
discharge. The important difference between the two is that the former arises from incom-
plete screening in the nodule collection process, whereas the latter is mainly generated
in the lifting process. In other words, the latter is strictly a part of the nodule fines. This
means that even if a well-designed miner effectively rejects the sediments and collects only
the nodules from the seafloor, the discharged materials can still contain a large amount of
sediment particles later released from the nodules.

We also emphasize the importance of the recovery size of particles at the mining
vessel for the reliable assessment of environmental impacts of the nodule fines. Many
studies have already pointed out that upon discharge, the grain size distribution of tailings
will be the most important factor that will largely determine the temporal and spatial
scales of their impact [6,40,41]. Our results add that the composition of the fines as well
as their amount will depend to a great extent on the recovery size of the particles. For
example, about three times as many fines are to be discharged into the ocean if only >64 pm
particles are retained, compared to the case of recovering all >8 pm particles produced in
our experiment (Figure 3). At the same time, the discharged materials will contain up to
several times higher concentrations of different toxic elements (Tables 1 and 2).

As of February 2021, 18 contracts for the exploration of polymetallic nodules, 16 of
which are for exploration in the CCZ, have been granted by the ISA. The ISA is currently
drafting regulations on the commercial exploitation of deep-sea mineral resources [42]. The
latest Draft Regulations on Exploitation of Mineral Resources in the Area [43], in addition
to the provisions on general obligations relating to the marine environment, specifically
provide that discharge should not be made except where permitted in accordance with “The
assessment framework for Mining Discharges as set out in the Guidelines”, which brings the
need to develop relevant guidelines in parallel to the regulations [44]. Insufficient scientific
knowledge is one of the key challenges in developing the regulations and associated
guidelines [42,45,46], and the results of our study contribute to a better understanding of
the degradation products of nodules. Further scientific research on various aspects of the
mining discharge are encouraged in order to fill large knowledge gaps on the road to the
sustainable exploitation of polymetallic nodules.
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5. Conclusions

The chemistry and mineralogy of the fines produced by the degradation of polymetal-
lic nodules differ from those of the original nodules from which they derived, and they
also differ by particle size. This clearly indicates that both the amount and the properties
of the tailings to be discharged into the ocean will be heavily affected by the minimum
recovery size of particles. We suggest that the sediment particles inside the pore space of
nodules later released during the degradation are majorly responsible for the observed
compositional variation. Their contribution to the discharge is expected be particularly im-
portant when mining diagenetic nodules. The possible difference in composition between
sediments inside and outside the nodules and the (re)adsorption behavior of toxic heavy
metals in the fines during the degradation should be further explored.
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