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Abstract: The critical metal contents of four types of seabed mineral resources, including a deep-sea
sediment deposit, are evaluated as potential rare earth element (REE) resources. The deep-sea
resources have relatively low total rare earth oxide (TREO) contents, a narrow range of TREO grades
(0.049-0.185%), and show characteristics that are consistent with those of land-based ion adsorption
REE deposits. The relative REO distributions of the deep-seabed resources are also consistent with
those of ion adsorption REE deposits on land. REEs that are not part of a crystal lattice of host
minerals within deep-sea mineral deposits are favorable for mining, as there is no requirement for
crushing and/or pulverizing during ore processing. Furthermore, low concentrations of Th and U
reduce the risk of adverse environmental impacts. Despite the low TREO grades of the deep-seabed
mineral deposits, a significant TREO yield from polymetallic nodules and REE-bearing deep-sea
sediments from the Korean tenements has been estimated (1 Mt and 8 Mt, respectively). Compared
with land-based REE deposits, deep-sea mineral deposits can be considered as low-grade mineral
deposits with a large tonnage. The REEs and critical metals from deep-sea mineral deposits are
important by-products and co-products of the main commodities (e.g., Co and Ni), and may increase
the economic feasibility of their extraction.

Keywords: seabed mineral resource; deep-sea sediment; total rare earth oxides; critical metal; relative
REO distribution; low-grade and large tonnage deposit

1. Introduction

The term “critical metal” refers to staple metals that are essential to advanced manufacturing,
green technologies, and other growing industries [1,2]. To define critical metals, several assessments
have adapted and have come to assorted decisions about the most at-risk resources, but an agreement
has been made around a key group of metals such as rare earth elements, transition metals, and
platinum group metals. With increasing technological advances, the demand for these critical metals
has increased, raising concerns for resource sustainability. To rapidly resolve the imbalance of critical
metal supply and demand, increased recycling and the substitution of critical metals by different
materials have been proposed, but these approaches have been unsuccessful to date. The exploitation
of seabed mineral resources such as polymetallic nodules, ferromanganese crusts, seafloor massive
sulfide (SMS) deposits, and rare earth element-bearing deep-sea sediments have also been identified
as possible critical metal sources [3-8].

Since an initial 1983 survey of the manganese nodules in the northeast Pacific Ocean, the Korea
Institute of Ocean Science and Technology (KIOST) has actively explored deep-sea mineral resources
in international waters and in the exclusive economic zones (EEZs) of various nations (Figure 1).

Minerals 2019, 9, 3; d0i:10.3390/min9010003 www.mdpi.com/journal/minerals


http://www.mdpi.com/journal/minerals
http://www.mdpi.com
https://orcid.org/0000-0002-3768-5125
http://www.mdpi.com/2075-163X/9/1/3?type=check_update&version=1
http://dx.doi.org/10.3390/min9010003
http://www.mdpi.com/journal/minerals

Minerals 2019, 9, 3 20f19

The surveyed deep-sea mineral deposits include polymetallic nodules, ferromanganese crust, SMS,
and deep-sea sediment, and are potential rare earth element (REE) resources (Table 1). Traditionally,
Co, Ni, and Mn have been the target metals in nodules and crusts, with less focus on rare earth metals.
The majority of REE studies have focused on the origin and genetic environment of ore deposits
(e.g., [9-12] and references therein). Only a few studies have investigated the potential of classical
deep-sea mineral deposits as critical metal sources, despite the discovery of seabed mineral deposits
almost 50 years ago [3,4,13-16]. Critical metals were recently identified as potential seabed resource
commodities; however, the extent of critical metal exploitation from seabed deposits remains unclear,
because of limited data on resource estimation.

This paper discusses the critical metal contents of three conventional seabed mineral resources
and a deep-sea sediment resource that is currently being explored by KIOST, and re-evaluates these
deposits as potential REE resources. This study examines the resource potential of critical metals
of conventional seafloor mineral deposits in Korean tenements and provides a comparison with
land-based rare earth metal deposits. The future implications of, and factors relevant to, the critical
metal exploitation of seabed mineral deposits are also discussed.
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Figure 1. Global topographic map showing the locations of seabed mineral deposits surveyed by the
Korea Institute of Ocean Science and Technology (KIOST). The inset panel shows the sampling sites of
deep-sea sediment.
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Table 1. Features of the seabed mineral deposits surveyed by KIOST !.

30f19

Type of Resource Polymetallic Nodule Ferromanganese Crust Deep-Sea Sediment Seafloor Massive Sulfides
Area Northeast Pacific Ocean West central Pacific Ocean Northeast Pacific Ocean Southwest Pacific and Indian Ocean
. Water depth 4000-6000 m 1000-2000 m 4000-6000 m 400-3000 m
Location and
development status Relationship to high . . . Tongan and Fijian exclusive economic
sea or EEZ High sea High sea High sea zone (EEZ), high sea (Indian Ocean)
Tenement Yes (from ISA 2) Applying to ISA in 2016 - Yes (from Tonga, Fiji, and ISA)
. . Oceanic intraplate Oceanic intraplate (volcanic Oceanic intraplate Subduction and mid-ocean ridge
Geological setting . . . . .
(deep-sea plain) chain, seamount) (deep-sea plain) (volcanic chain, seamount)
Ore body Nodule Crustification UnCOH.SOhdatEd Chimneys and mounds
sediments
. Major minerals Fe-Mn oxides Fe-Mn oxides Ca phosphate Polymetallic sulfides
Geological features
Target metals Ni, Co, Cu, Mn Co, Ni, Pt Rare earth elements Cu, Zn, Au, Ag
Genesis Hydrogenetic, diagenetic Hydrogenetic Hydrogenetic, diagenetic Hydrothermal fluid
Scale of deposit >100 km ~10 km >100 km ~1 km
Amount of resource 188 million tons 3 Not estimated yet 16,500 million tons 3 Not estimated yet

1 KIOST = Korea Institute of Ocean Science and Technology, 2 ISA = International Seabed Authority, 3 ore tonnage, see the text for reference.
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2. Materials and Methods

2.1. Samples and Analysis

Polymetallic nodules were sampled from five localities in the Korean tenement at the
Clarion—Clipperton Zone (CCZ). The manganese nodules studied here were recovered by the R/V
Onnuri of KIOST in 1996 and 1997. On the basis of discrimination diagrams by Bau et al. [17], nodules
from the two sites in the northern part of the tenement plot in the field were hydrogenetic nodules
(Figure S1), whereas the nodules in the south were digenetic [18]. The major element (e.g., Fe, Mn, and
Cu) and REE concentrations of 378 and 88 samples, respectively, were analyzed (Table 2). The analyzed
nodules exhibited a layered growth structure, but chemical compositions were measured from bulk
analyses of the entire nodule.

Ferromanganese crusts were sampled from seven seamounts near the Marshall Islands in the
northwestern Pacific Ocean. Manganese crusts were recovered by the R/V Onnuri in 1999, 2001,
and 2015. Manganese crusts from the sampling region plot were in the field of hydrogenetic crust
(Figure S1). The majority of the sampled crusts comprise four to five layers that can be distinguished
by differences in color, texture, and mineral assemblage. The lowermost layers (layers four and/or five)
are characterized by carbonate fluorapatite (CFA) and low contents of critical metals. The near-surface
layers are characterized by predominantly Fe-rich vernadite and hydroxides, and high contents of
rare earth metals. A total of 292 individual layers were analyzed. The composition of each layer is
presented as the average value of all of the analyses of that layer.

Recently, deep-sea sediments have been suggested as a possible source of rare earth metals [4].
The deep-sea sediments that were analyzed in this study were sampled from the southern part of the
tenements by multiple corers (MC), box corers (BC), and piston corers (PC) with the R/V Onnuri in
1996 and 2013. The sampling sites of MC, PC, and BC were in the eastern, central, and western part
of the area, respectively (Figure 1). Seven samples (eight to 30 cm in length) were collected by MC,
and 10 samples (23-50 cm in length) were recovered by BC. Most of the samples were cut into one to
30-cm lengths for analysis. Four cores (up to 350 cm in length) were recovered by PC. Some of the BC
and PC samples can be subdivided into two to three units based on color, water content, and texture.
The uppermost unit (Unit 1) is brown in color (10YR5/3 or 10YR4/4), ~10 cm thick, homogeneous in
texture, and has a high water content. The next layer (Unit II) is brown-yellow in color (10YR6/4-6/6)
and >20 cm in thickness. The basal layer (Unit III) is dark brown (10YR4/3-3/3) and has a high content
of transition metals.

Seafloor massive sulfides were sampled mainly from hydrothermal chimneys and mounds in
the Tongan and Fijian EEZs in the southeast Pacific Ocean. Seafloor hydrothermal sulfides in the
Tongan EEZs were recovered by the German flagship R/V Sonne in 2010 and 2012. Sulfides from Fijian
EEZ were collected by the R/V Onnuri in 2006. In general, the SMS exhibited Zn—Cu mineralization
(Table 1). Most of the chimneys and mounds were concentrically layered and showed a transition in
the type of mineralization from the inner to outermost part of the conduit in the order of Cu-bearing
sulfides, Zn-bearing sulfides, and barite and /or gypsum. A total of 260 analyses were performed on the
chimneys and mounds. The compositions of the individual analyses from each domain were averaged.

The major element contents were measured with a SPECTRAA-20 flame atomic absorption
spectrophotometer (AAS) at KIOST, Busan, Korea. Trace element and REE concentrations were
measured by inductively coupled plasma-mass spectrometry (ICP-MS, VG Elemental) and inductively
coupled plasma optical emission spectrometer (ICP-OES, PerkinElmer Optima 2000 DV), also at KIOST.
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Table 2. Representative chemical compositions of polymetallic nodules, ferromanganese crusts, and seafloor massive sulfides within Korean exploration areas.

Type of Resource Polymetallic Nodule Ferromanganese Crust Deep-Sea Sediment Seafloor Massive Sulfides Average Composition of
Group/Element Unit Mean Min Max N Mean Min Max N Mean Min Max N Mean Min Max N the Continental Crust *
Fe 5.49 280 1316 378 1495 448 227 39 - - - - 11.51 28 635 246 7.06
Ferrous/non-ferrous ~ Cu o 0.93 0.22 165 378  0.11 0.01 034 3% 002 002 002 229 137 0.0 17.9 260 0.008
base metal Pb ¢ 0.09 0.0 0.11 88  0.008 0.0 0.144 396 0.0 0.0 0.0 229 439 0.0 63.0 260 0.001
Zn 0.0 0.0 0.0 378  0.004 0.0 0.065 39 001 001 001 229 648 0.0 56.7 247 0.008
Li - - - - 4.55 0.0 5148 234 - - - - 2.50 0.03 11 252 13.0
Be mg/kg 2.9 2.0 5.0 10 413 1230 1030 235 - - - - 0.16 0.05 1.0 252 15
B - - - - 151.5 6446 43752 235 - - - - - - - - 10.0
Ti % - - - - 0.84 0.23 154 39 029 004 042 229 0.05 0.0 0.68 253 0.53
A% me/k 571.8 137.0 8500 88 580.0 2229 891.0 39 1133 350 202.0 229 491 1.0 713.0 248 230.0
Cr 8% 113 7.0 1140 88  58.15 0.1 1946 396 457 0.0 840 229 251 1.0 1400 87 185.0
Mn 2386 1013 3331 378 2219 829 3451 39 - - - - 0.25 0.0 9.84 261 0.14
Co % 0.21 0.11 048 378 022 0.0 094 3% 0.01 00 006 229 0.0 0.0 0.0 255 0.003
Ni 1.08 0.31 157 378 0.2 0.0 099 3% 003 001 009 229 0.0 0.0 0.01 261 0.011
Ga 41.2 17.0 72.0 10 2731 5.0 8304 213 219 50 360 229 394 0.05 3500 261 18.0
Ge me /k 0.7 0.5 1.0 10 9.7 2.37 380 202 - - - - 3.8 0.05 989 261 1.6
Se 8/ - - - - 15.7 0.0 277 175 - - - - 10.8 0.05 59.6 254 0.05
Rb 12.5 7.0 16.0 10 10.9 0.0 83.0 336 - - - - 0.95 0.1 113 252 32.0
Rare metals Sr % 0.07 0.02 0.13 88 0.42 0.05 5.6 39 002 002 002 229 0.02 0.0 0.1 254 0.026
Zr 1743  41.0 463.0 87 1043.0 792 98338 396 1478 30.0 2280 229 102 0.5 87.0 253 100.0
Nb 21.2 7.0 43.0 10 54.6 153 893 235 104 00 211 229 016 0.05 1.6 252 11.0
Mo 585.7 100.0 9400 88 4669 240 894.0 39 - - - - 84.8 0.5 1110 261 1.0
In mg/kg  0.14 0.1 0.3 10 - - - - - - - - 1.31 0.05 412 254 0.05
Sb 31.3 18.2 44.5 10 33.05 3.4 670 3% 211 0.0 6.1 229 4575  0.51 5280 244 0.2
Te - - - - 5731  3.66  155.96 235 - - - - 0.22 0.05 1.8 245 0.005
Cs 091 0.25 17 10 0.78 0.0 313 175 - - - - 0.46 0.03 2.05 254 1.0
Ba % 0.26 0.12 0.83 88 117.08 0.0 4273 396 - - - - 12.37 0.0 488 243 0.025
Hf 5.44 3.0 9.9 10 8.8 1.0 170 232 - - - - 0.29 0.05 7.1 254 3.0
Ta 0.16 0.05 0.2 10 1.34 0.0 102 175 - - - - 0.09 0.05 7.1 247 1.0
w 43.7 25.0 59.0 10 7994 149 184. 235 4.2 0.0 194 229 19.76 24 3894 18 1.0
Re me /k - - - - 0.01 0.0 0.08 175 - - - - 0.0 0.0 0.09 252 -
Tl 8756 7912 600 98.4 10 14779 60 26511 213 - - - - 3827 014 4610 254 0.36
Bi 11.67 4.4 25.5 10 34.2 0.0 56.5 20 - - - - 0.06 0.01 332 254 0.06
Th 23.65 6.0 67.0 88 9.69 0.59 380 361 7.8 00 150 229 012 0.05 35 245 10.7
8] 45 1.0 9.0 88 1047 376 1582 251 138 0.2 2.6 229 178 0.05 312 245 2.8




Minerals 2019, 9, 3

Table 2. Cont.

60f 19

Type of Resource Polymetallic Nodule Ferromanganese Crust Deep-Sea Sediment Seafloor Massive Sulfides Average Composition of
Group/Element Unit Mean Min Max N Mean Min Max N Mean Min Max N Mean Min Max N the Continental Crust *
Sc 8.9 7.0 11.0 10 9.26 1.4 30.1 396 2739 50 470 229 439 0.09 4779 194 30.0
Y 86.03 15.0 1330 88 168.19 0.0 73402 369 9437 80 2500 291 2.78 0.05 421 247 20.0
La 1276 380 2480 88 21637 0.0 487.6 384 6097 160 166.0 291 1.28 0.05 227 252 16.0
Ce 553.42 178.0 1592 88 792.03 0.0 1750 384 70.63 7.0 364.0 291 24 0.05 38.1 252 33.0
Pr 36.82 9.0 66.0 88  38.59 0.0 2143 384 1918 5.0 477 291 0.31 0.05 3.9 250 3.9
Nd 148.15 370 2660 88 16556 0.0 479.8 384 79.62 210 201.0 291 1.2 0.05 134 251 16.0
Sm 34.93 9.0 61.0 88  33.68 0.0 1294 384 1776 5.0 450 291 0.34 0.05 3.8 249 3.5
Eu 8.51 2.0 15.0 88 13.05 0.0 64.1 384 5.28 1.7 28.1 291 0.32 0.03 12.2 251 1.1
Rare earth elements Gd mg/kg  35.58 9.0 66.0 88  41.68 0.0 1165 384 1923 6.0 520 291 0.42 0.05 5.5 250 3.3
Tb 5.48 1.0 9.0 88 5.99 0.0 56.6 384  3.02 0.3 8.16 291 0.46 0.05 6.7 249 0.6
Dy 28.78 7.0 50.0 88  35.26 0.0 916 384 1688 43 428 291 0.1 0.01 0.9 247 3.7
Ho 5.44 1.0 9.0 88 7.47 0.0 26.4 384 3.32 0.3 9.12 291 0.13 0.01 1.5 247 0.78
Er 14.93 3.0 25.0 88 22.04 0.0 53.73 384 9.13 2.3 23.1 291 0.32 0.02 45 249 2.2
Tm 2.01 1.48 4.0 88 3.25 0.0 23.6 384 1.26 0.2 3.4 291 0.08 0.0 0.7 247 0.32
Yb 13.96 3.0 23.00 88  20.68 0.0 45.02 384  8.06 2.3 20.0 291 0.3 0.05 43 249 2.2
Lu 2.0 0.0 4.0 88 3.18 0.0 16.5 384 1.22 0.3 3.3 291 0.08 0.01 0.7 249 0.3
TREE 1017.6 1398.8 315.6 7.7
. Au /k - - - - 0.12 0.0 217 126 - - - - 8.73 0.01 609 235 0.003
Precious metals Ag 8% 046 025 12 10 064 00 233 136 - - - - 20268 008 1860 246 0.08
Ir - - - - 26.6 046  186.85 147 - - - - - - - - 0.2
Os - - - - 3.0 2.0 4.0 17 - - - - - - - - 1.0
Platinum group Pd ug/kg - - - 27252 2.0 12426 192 - - - - - - - - 1.9
elements Pt - - - 607.22 5246 24413 192 - - - - - - - - 24
Rh - - - - 88.7 12.0 172.6 192 - - - - - - - - 0.5
Ru - - - - 18.83 347 3341 192 - - - - - - - - 1.0

Data for polymetallic nodules are compiled from KORDI (the former name of KIOST) reports [19,20]. Data for ferromanganese crusts are from this study, and KORDI reports [21,22]. Data
for deep-sea sediment are compiled from this study and a KORDI report [10]. The metal contents of seafloor massive sulfides are from this study and a KORDI report [23]. *Average
compositions are from two compilations, except for the platinum group elements (PGEs) [24,25]. The crustal compositions of the PGEs are from Hein et al. [26]. Abbreviations: Min,

minimum; Max, maximum; N, number of analyses.
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2.2. Classification of Critical Metals and Rare Earth Oxides

The criteria for classifying critical metals differs slightly between different countries, depending
on their technical capability and economic situation. In this study, we classified 47 elements as critical
metals, including 30 key metals, 15 rare-earth elements (lanthanoids), and Sc and Y. Table 2 lists these
elements by metal group and grade for the seabed resources currently surveyed by Korea. We also
consider precious metals (i.e., Au and Ag) and platinum group elements (PGEs; i.e., Ru, Rh, Pd, Os, Ir,
and Pt) with the critical metals because, together, these metals increase the value of deep-sea mineral
resources. Palladium and Pt are classified as both critical metals and PGEs, but are considered solely
as PGEs in this study.

A number of factors, including the ore and total rare earth oxide (TREO) tonnage, and ore grade,
can be used to assess the feasibility of REE deposits. The REE ore grades of land-based REE deposits are
typically reported in terms of rare earth oxide (REO) percentage, because REEs are commonly traded
in REO units. The REE contents of the seabed samples that are analyzed in this study are converted to
oxides to facilitate a comparison with the ore grades of land-based REE deposits. The relative REO
distribution (RRD) and basket price can also be used to evaluate REE deposits. RRD is expressed as
the REO/TREO percentage. The basket price is the potential price without considering the ore grade
or total recovery rate. The short-term to medium-term supply of heavy rare earth elements (HREEs)
such as dysprosium, neodymium, terbium, europium, and yttrium is diminishing, which is creating
challenges for clean energy technology [27-29]. The increasing demand for clean energy technologies,
such as those implemented by the permanent magnet and phosphor industries, means that REEs such
as neodymium, praseodymium, and dysprosium (magnets), and europium and yttrium (phosphors)
are key elements in growing markets, leading to high prices [6]. Light REEs (e.g., La and Ce) are
used primarily as abrasive materials and are cheaper than HREEs. REEs in ores are generally mixed
together. REE-bearing ore bodies with a given total REO percentage may vary in the proportion of
HREEs, which affects the value of the ore. Therefore, we categorized the REEs into three groups that
reflect the HREE content of the ore. The first group comprises SmyO3, Er,O3, Gdy03, TbyO3, and
Y03 (the SEGTY group), which are vital for phosphor manufacturing and have the highest basket
price. The second group comprises Nd,O3, PrpOs, and Dy,03 (the NPD group), which are essential for
permanent magnet production. The third group comprises La,O3 and Ce;O3 (the LC group), which
are used as abrasives and have a low basket price. In this study, RRD refers to the total of LC, NPD,
and SEGTY divided by the TREO content (i.e., the summation of La;O3, Ce;O3, NdyO3, Pr,O3, Dy,03,
Sm203, EI‘203, Gd203, Y203, and Tb203).

3. Results

3.1. Polymetallic Nodules

The concentrations of critical metals Mo, T1, Bi, Mn, Sb, Ni, and Co in the nodules are ~100 x more
enriched than in the average continental crust (Figure 2A). In this section, the average continental
crust (ACC) is adopted in order to illustrate the resource potential of critical metals. Manganese,
Ni, and Co have been key commodities since the 1970s, owing to the market situation at that time.
Nodules from the central Pacific Ocean and Indian Ocean [15] are enriched in Pd (average 3668 ng/kg)
by a factor of 1900 relative to the average continental crust. Their Pt and Rh concentrations range
between 120-930 ng/kg and 11-39 ug/kg, respectively (50—400x and 20-80x average continental
crust, respectively; Figure 2A). Silver is only slightly enriched relative to the average continental crust,
with average contents of 0.5 mg/kg and ~1.9 mg/kg in nodules from the Korean tenement and the
Indian Ocean, respectively [15].
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Figure 2. Average concentrations of rare and precious metals normalized by the composition of average

continental crust for (A) polymetallic nodules, (B) ferromanganese crusts, (C) deep-sea sediments,

and (D) seafloor massive sulfides within the Korean tenements. Abbreviations: ACC, composition of

average continental crust; PGEs, platinum group elements.

The TREO contents of the polymetallic nodules range between 0.037-0.302%, with an average
value of 0.13% (Table 3). Nodules from the two northern sites have slightly higher TREO contents
(average 0.133%) than those from the three southern areas (average 0.104%, [28]). The nodule RRD
comprises 63.6% LC, 19.9% NPD, and 16.5% SEGTY (Figure 3). The largest component (LC) has the
lowest value (1.2 USD/kg), whereas NPD is the most expensive (13.0 USD/kg; Table 4). The SEGTY
component has the highest basket price, meaning it has a slightly higher overall value (3.7 USD/kg)
than LC, despite its lower abundance (Table 4).
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Table 3. Rare earth oxide contents (%) of polymetallic nodules, ferromanganese crusts, deep-sea sediments, and seafloor massive sulfides.

Polymetallic Nodule Ferromanganese Crust Deep-Sea Sediment Seafloor Massive Sulfides
Resource Type (%)
Mean Min Max N Mean Min Max N Mean Min  Max N Mean Min  Max N

LayO5 0.015 0.004 0.029 88 0.025 0.002 0.057 384 0007 0002 0019 291 0000 0.000 0.003 259
Cey03 0.065 0.021 0.186 88 0.093 0.003 0205 384 0008 0001 0043 291 0.000 0.000 0.004 259
Pr,03 0.004 0.001 0.008 88 0.005 0.000 0.025 38 0002 0001 0006 291 0000 0.000 0.000 257
Nd,O3 0.017  0.004 0.031 88 0.019 0.002 0.056 38 0009 0002 0023 291 0000 0.000 0.002 258
Sm,03 0.004 0.001 0.007 88 0.004 0.001 0015 38 0.002 0.001 0.005 291 0.000 0.000 0.000 256
Eu,03 0.001  0.000 0.002 88 0.002 0.000 0.007 384 0.001 0.000 0.003 291 0.000 0.000 0.001 258
Gdy03 0.004 0.001 0.008 88 0.005 0.001 0013 384 0.002 0.001 0.006 291 0.000 0.000 0.001 257
TbyO3 0.001  0.000 0.001 88 0.001  0.000 0.007 38 0.000 0000 0001 291 0.000 0.000 0.001 256
Dy,03 0.003  0.001 0.006 88 0.004 0.000 0.011 384 0002 0000 0005 291 0000 0.000 0.000 254
Ho,03 0.001  0.000 0.001 88 0.001  0.000 0.003 384 0000 0000 0001 291 0000 0.000 0.000 254
Er,Os 0.002  0.000 0.003 88 0.003  0.000 0.006 384 0.001 0.000 0.003 291 0.000 0.000 0.001 256
Tm;05 0.000  0.000 0.000 88 0.000  0.000 0.003 38 0000 0000 0000 291 0000 0.000 0.000 254
Yb,03 0.002  0.000 0.003 88 0.002 0.000 0.005 384 0.001 0.000 0.002 291 0.000 0.000 0.000 256
LuyO3 0.000  0.000 0.000 88 0.000 0.000 0.002 384 0.000 0.000 0.000 291 0.000 0.000 0.000 256

Y,03 0.011  0.002 0.017 88 0.021  0.002 0.093 369 0.012 0.001 0.032 291 0.000 0.000 0.005 254
TREO! 0.130  0.037 0.302 88 0185  0.022 038 369 0049 0015 0115 291 0001 0.000 0.014 254

I TREO, Total rare earth oxide.
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Table 4. Mean rare earth oxide (REO) concentrations and relative REO distribution of seabed mineral and the select land-based rare earth element (REE) deposits.

Seabed Mineral Resources Land-Based REE Deposits REO Pri
Rare Earth Oxide Polymetallic  Ferromanganese Deep-Sea Mt. Mount  Nolans L Bayan Bear Strange (USD/kr;%
Nodule Crust Sediment  Pass Weld Bore ongnan Obo Lodge Lake
LayO3 11.54 13.74 14.68 33.2 25.5 19.74 7.8 25.5 30.37 4.58 21
CeyO3 49.96 50.21 16.97 49.1 46.74 47.53 24 50.0 45.5 11.95 1.9
Pr,0O3 3.32 2.44 4.61 4.38 5.32 5.82 2.4 4.0 4.65 1.36 55.5
Nd,O5 13.32 10.45 19.05 12. 18.5 21.2 9.0 17.0 15.82 4.26 40.5
REO Sm;,0O3 3.12 212 4.23 0.8 227 2.37 3.0 1.5 1.83 2.07 2.1
concentration (%) EuyO3 0.76 0.82 1.26 0.1 0.21 0.4 - 0.2 0.35 0.15 104.3
Gdy0O3 3.16 2.6 4.55 0.2 0.75 1.0 44 0.4 74 2.45 11.2
Tb,03 0.49 0.37 0.71 - - 0.08 0.9 0.25 0.05 0.33 440.0
Dy,03 2.55 2.19 3.98 - - 0.33 53 - 0.16 8.24 227.5
Y,03 8.42 11.55 24.58 - - 1.32 56.2 0.3 - 52.78 43
Others ! 3.37 35 5.39 0.22 0.29 0.21 2.37 - 0.07 11.73 -
. LC? 63.64 66.27 33.45 82.48 72.76 67.41 11.16 76.15 76.27 18.75
Relative REO 2
distribution (%) NPD ) 19.85 15.63 29.21 16.42 23.99 27.41 18.27 21.18 20.74 15.72
SEGTY 16.5 18.1 37.33 1.1 3.25 518 70.58 2.67 3. 65.53
LC 1.19 1.24 0.63 1.63 1.42 1.32 21 1.49 1.5 0.32
Basket price NPD 13.03 10.57 19.32 7.29 10.45 12.57 17.03 9.11 9.35 21.23
(USD/kg) SEGTY 3.71 3.33 6.1 0.14 0.35 0.99 6.96 14 0.71 42
TBP 3 17.93 15.14 26.05 9.06 12.22 14.87 24.21 11.99 11.56 25.75
TREO # (%) 0.13 0.19 0.05 8.0-89 7.9-155 2.8 0.05-0.2 6 26-32 097-1.16

1 Other REO: Ho,03, Er; O3, TmyO3, Yb, 03, and LuyOs; 2 LC = La and Ce; NPD = Nd, Pr and Dy; SEGTY =Sm, Eu, Gd, Y, and Tb; 3 Total basket price; 4 Total rare earth oxide; > REO
prices as listed by Argus metal prices (average annual 2015 prices [30]). References for the REO data of the land-based REE deposits are listed in Table S1, except for Longnan deposit [31].
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3.2. Ferromanganese Crusts

Tellurium is the most enriched critical metal in the ferromanganese crusts with an average
concentration of 56 mg/kg, which is ~10,000x higher than in average continental crust (Table S1;
Figure 2B). Nickel and Co have traditionally been targets of resource exploitation and are the
second-most enriched critical metals in the crusts. The Pt contents of the crusts range between
165-909 ug/kg (average 364 ug/kg), and are ~150x more enriched than the composition of average
crust (Figure 2B). The concentrations of Rh, Ir, and Ru are 1642 x more enriched in the crusts than
in average continental crust, but are similar to the PGE contents of seamounts outside of the Korean
tenements (Pt = 9-22 ug/kg, Rh = 71-333 ug/kg, Ru = 8-21 ug/kg [26]). The concentrations of critical
metals Bi, T1, Mo, Sb, Mn, and W are ~100x higher than in average continental crust (Figure 2B).

The TREO contents of the ferromanganese crusts vary between 0.086-0.387%, with an average
value of 0.185%. Similarly to the polymetallic nodules, the RRD of the ferromanganese crusts
comprises 66.3% LC, 10.6% NPD, and 3.3% SEGTY (Table 3). NPD, SEGTY, and LC have the highest,
second-highest, and lowest basket price, respectively (10.6 USD/kg, 3.3 USD/kg, and 1.2 USD/kg,
respectively; Table 4; Figure 3). The TREO contents of the ferromanganese crusts (average 0.185%)
are higher than that of the one polymetallic nodule that was analyzed in this study (0.13%; Table 3);
however, the total basket price of TREO from the ferromanganese crusts is slightly lower (15.1 USD/kg)
than that of the polymetallic nodules (17.9 USD/kg), owing to the high and low NPD and LC contents,
respectively, of the polymetallic nodules (Table 4).

8.8~10.8%
26~3.28%

0.130%
0.185%
0.049%
8.0%
26%
6.0%

TREO
Polymetallic nodule
TREO
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Deep-sea sediment
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TREO
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- D>
seabed REE resources land-based REE resources

A
Y

Total basket price (USD/kg)

k7
2
G
c
s
>
c
s
£
g
S
o

Polymetallic nodule
Deep-sea sediment
Mt Pass

Mount Weld CLD
Nolans Bore

Bear Lodge
Strange Lake

-~ <« >

seabed REE resources land-based REE resources
Figure 3. (A) Relative REO distribution of seabed and land-based REE deposits. (B) Total basket price
(USD/kg) of REO from seabed and land-based REE deposits. LC = La and Ce; NPD = Nd, Pr and Dy;
SEGTY =Sm, Eu, Gd, Y and Tb, TREO = total rare earth oxide.
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3.3. Deep-Sea Sediments

In contrast to the polymetallic nodules and ferromanganese crusts, the critical metal contents of the
deep-sea sediments are low. The most enriched element is Sb (average two mg/kg), with concentrations
10x higher than in average continental crust. The concentrations of Co and Ni are consistent with
those of average continental crust (Table 2; Figure 2C). The very low concentrations of critical metals in
the deep-sea sediments may reflect low MnO, Fe-oxyhydroxides, and/or CFA contents.

The TREO contents of the deep-sea sediments range between 0.015-0.115%, with an average
content of 0.049%. The average TREO contents from the cores of which sampling sites are widespread,
range from 0.026% to 0.076%, except for one PC sample (average TREO; 0.093%). The TREO contents of
the deep-sea sediments are ~1/3 that of the polymetallic nodules and ferromanganese crusts (Table 3).
The deep-sea sediments comprise 37.3% SEGTY, 33.5% LC, and 29.2% NPD. Despite their lower
average TREO contents, the total basket price of the deep-sea sediments is ~200% (26.1 USD/kg) more
than that of the nodules and crusts, because the amount of NPD and SEGTY in the former is double,
and the amount of LC is half compared with the latter (Table 4; Figure 3).

The REE contents of the core samples vary vertically (i.e., with depth) due to changes in the RRD.
We use four PC (220-340 cm core length) and two BC samples (50 cm core length) to highlight the
changes in RRD and basket price with depth. Both NPD and SEGTY show increasing trends with
depth, whereas LC shows a decreasing trend (Table 5; Figure 4).

Table 5. Average rare earth oxide grade and relative REO distribution of units I, II, and III of the
deep-sea sediment samples.

Deep-Sea Sediments

Rare Earth Oxide - :
UnitIN=9) UnitlI(N=79) UnitIII (N =37)

La,O3 13.88 14.14 16.76
Ce, O3 28.52 25.7 10.17

Pr,O;5 44 447 5.26

Nd,O3 19.1 18.88 22.1

Sm, 05 408 41 474

Concenlfa?ion %) Euy O3 1.32 1.26 1.33

? Gd,05 413 44 5.2

Tb, 03 0.67 0.68 0.77

Dy,03 3.86 3.86 452
Y505 20.04 2251 29.15

Others ! 477 5.05 592
. LC?2 4241 39.84 26.93
dlfseé?lt;zfl iE(CO;O) NPD 2 2735 27.22 31.88
SEGTY 2 30.24 32.94 41.19

LC 0.8 0.75 0.51

Basket price NPD 18.09 18.0 20.91
(USD/kg) SEGTY 5.48 5.55 6.35
TBP 3 24.36 24.3 27.78
TREO * (%) 0.029 0.035 0.088

! Other REO: Ho,03, EryO3, Tmy O3, Yby O3, and LuyO3; 2 LC = La and Ce; NPD = Nd, Pr and Dy; SEGTY = Sm, Eu,
Gd, Y, and Tb; 3 Total basket price; 4 Total rare earth oxide.

Furthermore, the TREO contents of the samples increase with depth. In particular, the boundaries
between units are marked by changes in the RRD, total price, and TREO concentration (Figure 4).
In all six samples, the TREO contents and total basket prices increase from units I to III (Table 5).
Within Unit III, which is the lowermost layer, the LC content decreases sharply, whereas the NPD
and SEGTY contents increase. The low LC contents in Unit III may reflect an overall increase in the
TREO concentration of Unit III compared with units I and II, as the Ce concentrations of the three
layers are consistent (Table 2). Interestingly, the total basket price of Unit III is higher than that of the
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polymetallic nodules and ferromanganese crusts, even though its TREO contents are lower. In order to
elucidate the characteristics of the geochemical fractions of REE, the average REE composition of the
seabed mineral deposits are normalized to the average composition of Post-Archean Australian Shales
(PAAS). In case of the deep-sea sediment, the shale-normalized REE values of each unit are provided
to identify the ratio variations according to core depth. The shale-normalized REE patterns in Figure 5
reveal that the highest total basket prices of Unit III correspond with the lowest Ce concentrations (i.e.,
samples with a negative Ce anomaly).
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Figure 4. Relative rare earth oxide distributions and basket prices from deep-sea sediment core samples
analyzed in this study. (A) and (B) Piston cores. (C) and (D) Box cores. LC = La and Ce; NPD = Nd, Pr
and Dy; SEGTY = Sm, Eu, Gd, Y and Tb.
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Figure 5. Post-Archean Australian Shales (PAAS)-normalized REE distribution patterns of seabed REE
resources. PAAS = Post-Archean Australian shales.
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3.4. Seafloor Massive Sulfides

Critical metals such as Se and In, and precious metals such as Au and Ag are typically concentrated
within SMS. In hydrothermal sulfides, Se is the most abundant (average = 10.8 mg/kg, up to 60 mg/kg),
and is enriched relative to average continental crust by a factor of 216 (Figure 2D). The Ba, Sb, and T1
contents of the sulfides are 100x higher than those of average continental crust. Hydrothermal sulfide
ores in the North Fiji and Lau basins have an average In concentration of 1.3 mg/kg (0.05-41.2 mg/kg),
which is 26 x higher than that of average continental crust (Table 2). Gold and Ag are valuable
commodities from SMS. Ores from Tonga and Fiji have average Au and Ag grades of 8.7 g/t and
202.7 g/t, respectively (Table 2; Figure 2D). Gold concentrations in hydrothermal ores from the Tonga
Arc range between 0.5-30 g/t, with an average value of 5.5 g/t. The REE contents of SMS ores from
the present study area are too low (average REO <0.004%) to be considered as a REE reserve at present
(Table 3).

4. Discussion

4.1. Low-Grade, Large-Tonnage Deposits

The ore and TREO tonnage, and TREO grade of 75 land-based REE deposits are compiled in
Table S1 and presented in Figure 6. Approximately 51% of the deposits are classified as large deposits,
as they contain 0.1 Mt of TREO and have continuously produced rare earth elements for >20 years at
a rate of 5000 t/year REO. Of these large deposits, 53% have yielded 0.1-1.0 Mt TREO and 47% have
yielded >1.0 Mt TREO, but overall, 60% of the large deposits have a relatively low TREO grade (<2%).
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Figure 6. TREO grade and ore tonnage of selected land-based REE deposits with a preliminary resource
estimation of polymetallic nodules and deep-sea sediments.

The estimated TREO yield from REE deposits within the Lovozero Alkaline Complex in Russia is
1.8-6.6 Mt. The largest ore tonnage (593-877 Mt) comes from a regional-scale REE-bearing batholith
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and has been attributed to its high TREO tonnage, despite having a low TREO grade (0.2-1.1%).
In contrast, the ore tonnage of the Mount Weld Central Lanthanide Deposit (CLD) is relatively low
(9.9-15 Mt), but it has a high TREO grade (8.8-10.8%); consequently, the TREO tonnage is also large
(1.1-1.3 Mt; Table S1).

The ore tonnage of polymetallic nodules over a 25,000 km? area within the Korean tenements is
188 Mt, with an average nodule density of 10.4 kg/m? [32]. The average TREO grade of the polymetallic
nodules is 0.13%, meaning that the TREO content of the nodule deposit within a 25,000 km? area
is ~0.23 Mt (Table S1; Figure 6). The total TREO tonnage of polymetallic nodules within all of the
Korean tenements (75,000 km?) is ~1 Mt, which is consistent with that of a large deposit. Assuming
that the deep-sea sediments cover an area of the size as that which is estimated for the polymetallic
nodules (i.e., 25,000 km?), and that the sediments contain a one meter-thick REE-bearing layer with
a dry bulk density of 0.66 g/cm3 [4], the ore tonnage of the deep-sea sediments is estimated to be
16,500 Mt. If the average TREO content of the area is 0.049%, a significant TREO yield (eight Mt)
could be obtained from the REE-bearing sediments. It has the potential to take 0.2% of the global REO
resources estimated in 2017 (478 Mt, [27]). According to Kato et al. [4], the total rare earth element
and yttrium contents of deep-sea muds in the CCZ are ~400-700 mg/kg, which is consistent with the
results of this study. This observation suggests that the total TREO tonnage from deep-sea sediments
within the Korean tenements in the CCZ is significantly higher than eight Mt. A high TREO grade
and low Ce concentration in deeper layers of the sediment (i.e., Unit III) may result in a large TREO
tonnage. Therefore, we classify the deep-sea mineral deposits as low-grade mineral deposits with
a large TREO tonnage, which is analogous to land-based porphyry copper deposits. Porphyry copper
deposits are important sources of copper, and are favored by large mining companies as they represent
long-term investments with predictable ore grade and few challenges during ore processing.

Currently, it is difficult to evaluate the resource potential of ferromanganese crusts because of the
limited data, despite their TREO grades being consistent with those of polymetallic nodules (average
0.185%). Ferromanganese crusts also have potential as low-grade mineral deposits with a large TREO
tonnage, depending on the size of the exploration area.

4.2. Relative REO Distributions of Seabed Mineral Resources

Land-based REE deposits that are currently being exploited or under exploration have variable
TREO grades (0.01-12.0%; Table S1). World-class land-based REE deposits in the production stage (e.g.,
Mount Weld CLD, Mountain Pass, and Nolans Bore) typically yield TREO tonnages of > one Mt and
TREO grades of up to 10% (Figure 6).

In comparison, the deep-sea mineral resources that were analyzed in this study have a lower and
narrower TREO grade (0.049-0.185%), and are consistent with the TREO grades of some land-based
REE deposits (0.01-0.2%; Table 3; Figure 6). The TREO grade and thus economic value of land-based
REE deposits can be evaluated by their mineralization type (i.e., host rocks and REE-bearing minerals),
TREO content, target metal value, and the types of co-product and by-product metals. The RRD of
REE-bearing ores is particularly critical to the economic value of a deposit. Zhou et al. [27] highlighted
that successful REE exploitation is dependent on tonnage, ore grade, RRD, and the basket value of the
REE deposit [27].

NPD and SEGTY from deep-sea mineral deposits have high basket prices and occur in higher
proportions than in land-based deposits (Table 4; Figure 3A). The ion adsorption REE mines in
the Longnan Area in China yield a high total basket price (26.8 USD/kg) and a low TREO grade
(~0.2%), which is consistent with deep-sea mineral resources. The similarities in the RRD of deep-sea
mineral deposits and ion adsorption REE mines are attributed to their high NPD and SEGTY contents,
which have high basket prices (Figure 3B). Of note, the primary mechanism of REE precipitation
within polymetallic nodule and ferromanganese crust is the absorption of Mn-oxyhydroxides or
Fe-oxyhydroxides, forming carbonate complex ion species (e.g., HREE(CO3),~, LREE(CO3)* [33]).
This process suggests that REE is not a part of crystal lattice of host minerals.
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Compared with other seabed mineral resources, deep-sea sediments have higher NPD and SEGTY
contents, owing to their low Ce concentrations (Table 4; Figure 5). Assuming that REE precipitation is
consistent across all of the sediment layers, each layer should theoretically have a similar RRD and
basket price; however, the lowermost layer (Unit III) has a higher proportion of NPD and SEGTY than
the other layers (Table 5). The higher proportions of NPD and SEGTY in Unit III are a result of the low
LC and thereby low Ce contents within this layer, as indicated by the large negative Ce anomaly in Unit
I (Figure 5). The REE pattern of apatite, which inherits typical negative Ce anomalies from seawater,
mainly regulates the REE content of deep-sea sediment [7,34,35]. The lowermost layer has greater
TREO contents and more pronounced negative Ce anomalies owing to the Ca-phosphate grains taking
up REE from ambient seawater or pore water near the seafloor under the very low sedimentation
rate [7,35,36]. Therefore, we infer that deeper REE-bearing sediments have lower Ce contents, and that
the greater the TREO concentration, the higher the basket price and ore value.

The polymetallic nodules and ferromanganese crusts have higher TREO contents than the
deep-sea sediments (Table 4; Figure 5); however, the basket price of the nodules and crusts is lower
than that of the deep-sea sediments, owing to their higher LC contents (i.e., higher Ce concentrations).
High Ce concentrations are interpreted to reflect the oxidative scavenging of Ce by Mn oxides, resulting
in positive Ce anomalies [37]. Therefore, the lower total basket price of the polymetallic nodules and
ferromanganese crusts is the result of the high Ce contents, which reflect the rapid Ce uptake and
precipitation by Ce oxidation.

The cost of extracting REEs from an ore is dependent on the type of REE-bearing host mineral
phases. REEs in ion adsorption rare earth deposits can be extracted simply by open-pit techniques
with no to minimal dressing. Therefore, a low-grade (TREO = 0.05-0.20%) land-based deposit may
involve relatively low extraction costs [27,38]. The world-class Mount Weld CLD and Mountain Pass
REE deposits (>8% TREO) are hosted within carbonatites and contain REE-bearing minerals such
as xenotime and bastnésite. The cost of extracting REEs from these host minerals is high, as the
REE-bearing host minerals must be crushed and pulverized. Furthermore, REE-bearing ore of the
ion-adsorption type contains low amounts of radioactive elements (e.g., Th and U), which differs from
placer REE deposits [18]. Deep-sea mineral deposits also show low Th and U concentrations (Table 2).
Results of leaching experiments of REE from deep-sea sediment by monovalent salt solution [4]
imply that REE is not a part of the crystal lattice. It means there is no need to pulverize REE-bearing
host minerals and extract REEs by aggressive conditions such as the recovery process of land-based
ion-absorption REE deposits. Therefore, these deposits are favored by the low cost of ore processing.

4.3. Other Rare Metals

The polymetallic nodules have high REE, Pd, and Pt contents. Nodules recovered from the central
Pacific and Indian oceans contain 120-930 pg/kg and 3668 ug/kg (average) Pt, respectively [15].
Tellurium is the most enriched critical metal within the ferromanganese crusts, with an average
concentration of 57 mg/kg, which is 10,000 x higher than in average continental crust. PGEs are also
valuable critical metals. The SMS deposits are characterized by high Se, In, and precious metal contents,
and very low REO contents.

The economic feasibility of land-based REE-bearing polymetallic deposits is dependent on the
amount and diversity of co-product and by-product metals (e.g., Fe, Hf, Nb), in addition to the factors
mentioned above (e.g., tonnage, ore grade, and RRD). For example, the Bayan Obo and Lovozero mines
currently produce REEs as a by-product of iron and niobium production, respectively. Olympic Dam
is one of the largest iron deposits globally, and although REEs are not currently processed, a significant
TREO tonnage has been estimated.

To date, there have been no successful attempts to mine Ni, Cu, and Mn as major commodities on
a commercial scale from polymetallic nodules and ferromanganese crusts. Critical and precious metals
and REE from seabed mineral deposits are important by-products of these primary commodities and
have the potential to enhance the economic feasibility of extracting major commodities.
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5. Conclusions

Polymetallic nodules, ferromanganese crusts, SMS, and deep-sea sediments are potential critical
metal sources. We evaluated the critical metal potential of these deposits in terms of TREO grade,
ore and TREO tonnage, RRD, and basket price. The average TREO contents of the polymetallic
nodules and ferromanganese crusts are 0.13% and 0.185%, respectively. The total basket price of the
polymetallic nodules is slightly higher than that of the ferromanganese crusts because of their higher
NPD and lower LC contents. The TREO grades of the deep-sea sediments range between 0.015-0.115%,
with an average grade of 0.049%. The average TREO content of the deep-sea sediments is ~1/3 that of
the nodules and crusts, yet its total basket price is approximately double. This is because the deep-sea
sediments contain approximately double the NPD and SEGTY contents, and half the LC contents of the
crusts and nodules. Furthermore, the TREO content and total basket price of the deep-sea sediments
increase with depth (i.e., from Unit I to III). Within Unit III, the LC content decreases sharply, whereas
the NPD and SEGTY contents increase. Unit III yields the highest total basket price, owing to its low Ce
concentrations. Compared with land-based REE deposits, the total basket price of the deep-sea mineral
deposits is higher because of their high NPD and SEGTY contents. Te, Mo, Co, and Ni are >100 x
more enriched in the polymetallic nodules and ferromanganese crusts than in average continental
crust. The nodules and crusts are also enriched in PGEs. The SMS are enriched in Se, In, and precious
metals such as Au and Ag, but the REE and other critical metal contents of the recovered sulfide ores
in the survey area are too low to be considered a reserve at present. The average TREO content of the
polymetallic nodules is 0.13%, with a total ore tonnage of 188 Mt, equating to an estimated tonnage of
0.23 Mt in 25,000 km? area. The total TREO tonnage of polymetallic nodules from all Korean tenements
is estimated as ~1 Mt.

In REE-bearing deep-sea sediment, 16,500 Mt of sediment at a TREO concentration of 0.049%
equates to a gigantic TREO tonnage of eight Mt. A comparison with land-based REE deposits suggests
that these deep-sea mineral deposits are low-grade mineral deposits with a large tonnage.

The NPD and SEGTY components of the deep-sea mineral deposits, for which the basket prices
are high, occur in high proportions, similar to ion adsorption REE deposits on land. Similarities in
RRD are observed between the deep-sea mineral deposits and ion adsorption REE deposits. The latter
are interpreted as forming by REE precipitation due to the adsorption of Mn-oxyhydroxides or
Fe-oxyhydroxides, forming carbonate complex ion species. Compared with other seabed mineral
resources, the deep-sea sediments have higher NPD and SEGTY contents, and therefore lower Ce
contents, and a higher TREO basket value. REE that is not a part of the crystal lattice of host minerals
within deep-sea mineral deposits is favorable for mining. It means there is no requirement to crush or
pulverize the REE-bearing host minerals during ore processing, and the low Th and U concentrations
do not pose environmental risks. REE and critical metals within deep-sea mineral deposits are
important by-products and co-products of primary commodities that may enhance the economic
feasibility of extracting major commodities.

Supplementary Materials: Data for 75 land-based REE deposits are available online (http://www.mdpi.com/
2075-163X/9/1/3/s1). Table S1: Total rare earth oxide grades and ore tonnage of 75 land-based rare earth
deposits with the polymetallic nodule and deep-sea sediment deposits; Figure S1: Discrimination diagrams using
the relationship between (a) Cegn /Cegn* ratio vs. Nd concentration and (b) Cegn /Cegn* ratio vs. Ygn/Hogn
ratio in individual layers of nodule and crust samples, where Cegn™* = 0.5 x Lagy + 0.5 X Prgy and SN = shale
(PAAS) normalised.
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