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Abstract: Marine Co-rich ferromanganese crusts and polymetallic nodules, which are widely dis-
tributed in oceanic environments, are salient potential mineral resources that are enriched with many
critical metals. Many investigations have achieved essential progress and findings regarding critical
metal enrichment in Fe-Mn crusts and nodules. This study systematically reviews the research find-
ings of previous investigations and elaborates in detail on the enrichment characteristics, enrichment
processes and mechanisms and the influencing factors of the critical metals enriched in Fe-Mn crusts
and nodules. The influencing factors of critical metal enrichments in Fe-Mn crusts and nodules mainly
include the growth rate, water depth, post-depositional phosphatization and structural uptake of
adsorbents. The major enrichment pathways of critical metals in marine Fe-Mn (oxy)hydroxides are
primarily as follows: direct substitution on the surface of 5-MnO, for Ni, Cu, Zn and Li; oxidative
substitution on the 3-MnO, surface for Co, Ce and TI; partition between Mn and Fe phases through
surface complexation according to electro-species attractiveness for REY (except for Ce), Cd, Mo, W
and V; combined Mn-Fe phases enrichment for seawater anionic Te, Pt, As and Sb, whose low-valence
species are mostly oxidatively enriched on 6-MnO,, in addition to electro-chemical adsorption onto
FeOOH, while high-valence species are likely structurally incorporated by amorphous FeOOH;
and dominant sorption and incorporation by amorphous FeOOH for Ti and Se. The coordination
preferences of critical metals in the layered and tunneled Mn oxides are primarily as follows: metal
incorporations in the layer/tunnel-wall for Co, Ni and Cu; triple-corner-sharing configurations above
the structural vacancy for Co, Ni, Cu, Zn and T1; double-corner-sharing configurations for As, Sb,
Mo, W, V and Te; edge-sharing configurations at the layer rims for corner-sharing metals when they
are less competitive in taking up the corner-sharing position or under less oxidizing conditions when
the metals are less feasible for reactions with layer vacancy; and hydrated interlayer or tunnel-center
sorption for Ni, Cu, Zn, Cd, Tl and Li. The major ore-forming elements (e.g., Co, Ni, Cu and Zn), rare
earth elements and yttrium, platinum-group elements, dispersed elements (e.g., Te, T1, Se and Cd)
and other enriched critical metals (e.g., Li, Ti and Mo) in polymetallic nodules and Co-rich Fe-Mn
crusts of different geneses have unique and varied enrichment characteristics, metal occurrence states,
enrichment processes and enrichment mechanisms. This review helps to deepen the understanding
of the geochemical behaviors of critical metals in oceanic environments, and it also bears significance
for understanding the extreme enrichment and mineralization of deep-sea critical metals.

Keywords: cobalt-rich ferromanganese crusts; polymetallic nodules; critical metals; enrichment
process; enrichment mechanism
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can form via hydrogenetic precipitation directly from ambient oxygen-rich seawater that
contains abundant colloidal metals [3-5]. Fe-Mn nodules can also form through diagenetic
processes occurring within suboxic pelagic sediments and porewater space, where abun-
dant dissolved metal particles can emerge from microbial oxidation [2,5,6]. Aside from
them, there are also hydrothermal crusts distributed in the ocean. Hydrogenetic and diage-
netic crusts and nodules have a slow growth rate, as low as 1-10 mm/Ma, which provides
sufficient durations for metal enrichments; they also have the unique physical properties
of low bulk density (mean of 1.3 g/cm? dry bulk), large specific surface area (mean of
325 m? g~1) and high porosity (mean of 60%) [2,3,7-9]. Fe-Mn nodules and crusts show
dominant mineralogical compositions of vernadite, birnessite, buserite, asbolan, todorokite
and amorphous Fe oxyhydroxides [5,10-12]. They are considered representative oceanic
Fe-Mn minerals that exhibit abundant interlayers, tunnels and layers, with many vacancies
for the incorporation of high amounts of metals [13-16]. These properties collectively make
marine nodules and crusts some of the most effective metal scavengers in seawater that
enrich large amounts of critical elements.

Critical metals are strategic metal resources that play crucial roles in modern develop-
ment and green and advanced technology, e.g., solar cells (Te) and rechargeable batteries
(Co); the criteria of critical metals have been attributed to rareness, high-tech applications
and stable supply proficiency [17-19]. Marine Fe-Mn nodules and crusts have attracted
scientific and economic attention because they can enrich significant amounts and ton-
nages of critical metals, such as cobalt [15,20], nickel [21,22] and rare earth elements and
yttrium (REY) [23-25]. Figure 1 shows the critical metal enrichment levels in hydroge-
netic crusts in the Pacific Prime Crust Zone (PCZ), hydrogenetic—diagenetic nodules in
the Clarion—Clipperton Zone (CCZ) and diagenetic nodules from the Peru Basin. Their
exceptional enrichments significantly exceed their respective abundances in the Earth’s
crust [2,4,26], PCZ Fe-Mn crusts have shown average Co, Mo and Tl concentrations of
more than 100 times compared to the Earth’s crust, while Te enrichment in Fe-Mn crusts
can be as high as 50,000 times compared to the Earth’s crust [26]. Co could exhibit high
contents of more than 1% in hydrogenetic crusts [9], whereas Ni contents could easily reach
up to more than 2% in CCZ nodules [6]. Previous findings showed that the enormous
metal resources in marine Fe-Mn crusts and nodules greatly surpass those in land-based
reserves [27-30]. For example, Co exhibits a large abundance of 42 x 10° and 50 x 10° tons
in the Clarion—Clipperton Zone and Pacific Prime Crust Zone, which far exceed the land-
based Co reserves of 8.3 x 10° tons, while more than 120 million tons of Co, Ni and REY
resources have been identified in nodules and crusts [27-30]. The metal resources of Y,
Tl and Te in Fe-Mn crusts also surpass their land-based reserves [20,28,31]. Thus, ma-
rine Fe-Mn crusts and nodules show promising potential to provide sustainable critical
metal supplies.

The highly enriched critical metals, like Co, Ni, Cu, REY and platinum-group el-
ements (PGEs), in marine Fe-Mn crusts and nodules have been vastly investigated for
decades, achieving progressive findings, especially in research on their elemental oc-
currence states [32,33], sorption process [21,24] and enrichment mechanisms [15,20,31].
Additionally, Li, Te, Mo, W, V, As and Sb were also investigated due to their enrichment
characteristics and enrichment processes and mechanisms [34-38]. A detailed discussion
of their enrichments is presented in Section 5. However, there are still many unknowns
and conflicts remaining regarding the critical metal occurrence states and enrichment
mechanisms, which require further works. The latest review studies have elaborated on
mineralogical compositions and resource potential [39—-41], while some review studies
also contributed to their detailed formation process and the chemical process of metal
enrichment from a more general perspective [2-5,42]. Review studies also documented the
exterior factors, such as water depth, longitude/latitude and ocean productivity [43,44].
However, there is only a very limited conclusive elaboration on the enrichment processes
and mechanisms of the critical metals enriched in marine Fe-Mn deposits. In this study,
we systematically discuss the critical metals enriched in marine Fe-Mn crusts and nodules,
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analyze the effect of influencing factors on metal uptake and categorize major enrichment
pathways and coordination preference for critical metals. We also individually elaborate
on the enrichment behaviors, characteristics, micro-uptake process and mechanism of five
groups of enriched critical metals based on a conclusive view of previous investigations.
In our study of crusts and nodules, we mainly focus on Fe-Mn (oxy)hydroxides of hy-
drogenetic and diagenetic origins instead of hydrothermal origin. Typical hydrothermal
crusts and nodules from various regions are exceptionally low in concentrations of many
critical metals, e.g., Co, Ni [35,45] and REY [46—48], compared to typical hydrogenetic
Pacific crusts and hydrogenetic—diagenetic CCZ nodules, usually no higher than 200 ppm.
Despite the unique occurrence of hydrothermal Fe-Mn deposits containing high Co+Ni
concentrations in Wallis and Futuna Islands [49], they only represent a unique study case.
Hydrothermal deposits are also low in tonnage resources, they “play little economic role in
modern marine systems” [5] and they are also not ubiquitous compared to hydrogenetic
crusts and hydrogenetic—diagenetic nodules. This study also emphasizes that hydroge-
netic nodules and hydrogenetic crusts share similarities in mineralogical and chemical
compositions; they possess the same genesis and often show similar processes in adsorbing
metals from seawater [2,33]. Therefore, this study discusses the enrichment mechanism of
hydrogenetic nodules and hydrogenetic crusts in a collective manner. Diagenetic nodules,
hydrogenetic-diagenetic nodules and phosphatized crusts that grow in different geneses,
geological backgrounds and environments are separately discussed.
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Figure 1. Compositions of representative hydrogenetic, hydrogenetic—diagenetic and diagenetic
regions of marine Fe-Mn crusts and nodules, (A) Pacific Prime Crust Zone crusts, (B) Clarion—
Clipperton Zone nodules, (C) Peru Basin nodules normalized to their respective contents in the
Earth’s crust. Critical metals discussed in this study are in red. Calculated from the data of [2,42,50].

2. Classification of Critical Metals

The identification of critical metals is not simply based on the metal’s scarcity, previous
critical metal lists shared similar criteria in defining critical metals [51,52]: (1) metals
essential to economic prosperity, social security and stability; (2) metals capable of causing
vulnerabilities to productions should their supply chains be disrupted; (3) metals that
serve critical roles in advanced manufacturing, domestic productions and green/high-tech
applications, the logistical disruptions of which would cause dire consequences on the
economy and society [18,19,53]. China, the United States and the European Union, as
the largest critical metal exporters and importers, share high similarities in their critical
metal lists. Maintaining the stable supplies of critical metals and the acquisitions of critical
metals are quickly becoming shared obstacles and norms for many countries [19,51,52].
The supplies of many critical metals (e.g., Co, REY and Li) among major countries heavily
rely on imports, therefore substantiating continuous competition in resources and raw
materials [17,54,55].

In this review study, we emphasize the strategic critical metals that are highly enriched
in marine Fe-Mn crusts and nodules for elucidation (Table 1). We aim to discuss the
enrichment characteristics and mechanisms of five groups of the publicly acknowledged
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critical metals enriched in marine Fe-Mn crusts and nodules [5,17,18,26], which are as
follows: (1) major ore-forming elements, Co, Ni, Cu and Zn; (2) rare earth elements and
yttrium; (3) platinum group elements; (4) Te, T1, Se and Cd of dispersed elements (dispersed
elements refer to eight elements that are scatteringly distributed in the Earth’s crust (usually
in the order of 107°~10~%) and hardly form independent ore deposits, which are Ga, Ge, Se,
Cd, In, Te, Re and TI) [56,57]; (5) other adequately enriched metals, which are Li, Ti, As, Sb,
W, Mo and V. In addition, we note that some critical elements (e.g., Bi and U) that are also
enriched to certain levels in marine Fe-Mn deposits have been excluded from the discussion
due to their lack of relevant works and sufficient studies in the current research status.

Table 1. Critical metal compositions of representative Fe-Mn crusts and nodules areas of hydrogenetic,
mixed and diagenetic genesis. PCZ: Pacific Prime Crust Zone. CCZ: Clarion—Clipperton Zone. PB:
Peru Basin. The Peru Basin data are for a diagenetic nodule standard prepared by Bundesanstalt
fur Geowissenschaffen und Rohstoffe (BGR), Germany of a large but unknown number of nodules;
analyzed by the authors and presented here. The table is modified from [2,42].

PCZ CcCz PB
Element

Mean N Mean N Mean N

Mn (wt.%) 22.8 362 28.1 54 34.2 -
Fe 16.9 362 5.92 54 6.12 -
Co (ppm) 6662 362 2011 54 475 -
Ni 4209 362 13,159 54 13,008 -
Cu 976 362 10,631 54 5988 -
Zn 668 325 1385 54 1845 -
Ce 1322 83 255 54 110 -

La 272 83 108 54 68 -

Y 221 294 92 54 69 -
LREE 2044.3 83 570.53 54 272.97 -
HREE 425.23 83 191.57 54 129.54 -
Li 2.92 33 129 54 311 -

Te 60 43 3.6 54 1.7 -
Cd 3.59 285 16 12 18.8 -
Se 14.8 1 0.72 12 0.5 -

Tl 155 34 199 12 129 -
As 393 328 67 12 65 -
Sb 39.3 43 41 12 61 -

\% 641 328 429 54 431 -

Y 89 36 61 54 75 -
Mo 461 328 587 54 547 -

Ti 11,600 345 2800 54 1600 -

Pt (ppb) 470 60 128 12 40 -

3. Influencing Factors of Critical Metal Uptake

The elemental uptakes in Fe-Mn crusts and nodules and their formation are highly
influenced by a series of chemical interactions and exterior factors. This segment aims at
describing the influences of the electro-chemical preferences of metal speciation, seawater
depths, the growth rates of ferromanganese crusts and nodules, post-depositional phos-
phatization and the micro-structures of the Fe-Mn adsorbents that collectively determine
the metal adsorption capacities and metal enrichments [7,32,44,58].

3.1. Electro-Charge Preference

Metals in Fe-Mn crusts and nodules are mostly phase-related and controlled by el-
emental complexations that originate their electro-affinities to binding phases. For most
metals enriched in marine Fe-Mn deposits, a dominance in Mn-phase or Fe-phase sorp-
tion preference can be observed [31-33,59]. 6-MnO; and amorphous FeOOH in Fe-Mn
crusts and nodules each exhibit pH zero point charge (pH_pc) of 2.8 and 8.5, indicating
different electro-charged 6-MnO, and FeOOH surfaces at a modern seawater pH of 8
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and exhibit attractiveness to positive and negative metal species in seawater as shown in
electro-chemical preferences (Figure 2). Free cations and weak chloro-complexes like Co?*,
Ni?*, ZnCl* and positive light rare earth elements (LREEs) in seawater are significantly at-
tracted to negatively charged 5-MnQO, particles, while oxyanion complexes like Mo, Te and
heavy rare earth elements (HREEs) are attracted to slight positively charged amorphous
FeOOH [32,33,60]. Binding preferences have been suggested to direct the metal enrichment
process through the coulombic interactions and chemical exchanges [32]. However, further
investigations also suggested that other factors could pose more prominent controls than
the electron positivity (e.g., investigations on Pt and W have revealed that negatively
charged species were enriched on the Mn phase through overcoming the electrostatic repul-
sion) [31,37,61]. Many sorption and co-precipitation experiments have applied synthesized
goethite/ferrihydrite and hexagonal birnessite to simulate sorption behaviors of marine
Fe-Mn (oxy)hydroxides [62-64]. They are considered ideal and ordered mineral variations
of the natural Fe-Mn crust and nodule samples but their pH; are slightly different and
may cause sorption variations. Previous sequential leaching has yielded great implica-
tions on the elemental host phases and examination of the elemental electro-preferences,
although the results of some complicated metals may show different host phases in in-situ
observations, possibly due to readsorptions and other variables [31-33].
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Figure 2. Schematic presentation showing the geneses, precipitation depths and locations of oceanic
Fe-Mn crusts and nodules, electro-chemical model of sorption preferences on negatively charged
Mn oxides and slightly positively charged Fe oxyhydroxides, OMZ: Oxygen Minimum Zone, CCD:
Carbonate Compensation Depth. The graph is modified from [40].

3.2. Growth Rate

The growth rates of marine Fe-Mn crusts and nodules highly influence their metallic
contents [43,65]. The growth rate is associated with mineral genesis, hydrogenetic growth
is as low as 1-10 mm/Ma, whereas seafloor sediment-covered diagenetic growth with
pore-water material contribution is 2-50 times faster [2,4,65,66]. In a typical seawater
environment, the ultraslow growth rate allows Fe-Mn oxides to scavenge critical metals
more abundantly from seawater, which provides sufficient durations for metal scavenging
and further substantiates the high metal capacities of the hydrogenetic Fe-Mn oxides,
typically for the scavenging-type elements and especially for Co and Ce that showed highly
negative relations to the growth rates [9,20,67,68]. The low seawater concentrations of Co
and Ce are compensated by the ultraslow growth rates [24,68,69]. It is noteworthy that Co
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arguably shows the greatest sensitivity to the growth rate in hydrogenetic crust, which is
manifested through its highly negative correlation to the growth rate and its application
in calculating the growth rate [68,70,71]. Nodules and crusts with elevated growth rates
typically show higher Ni+Cu and other elements rich in marine sediments and show
lower concentrations of seawater-derived metals [6,14,44,65,71]. Thus, the variability of
the growth rates could lead to content changes in metal abundance, which rationalizes
the high abundances of correlated critical metals in crusts and nodules [7,40,68,71,72].
Some regions near lands or Fe-Mn crusts and nodules residing in the marginal seas, e.g.,
the California continental margin and the South China Sea, may have elevated growth
rates contributed from terrestrial material inputs and relatively low Mn-related element
abundances compared to the deep-sea Fe-Mn deposits [44,73,74]. However, some regions
(e.g., the Sea of Okhotsk) do not seem to exhibit this trait [75]. Thus, the growth rate is
related to Fe-Mn mineral genesis and could influence critical metal contents. Seawater-
derived Co, Ce, Ti, Pt and REY that reveal a negative correlation with the growth rate are
progressively accumulated in the low-growth-rate environments, whereas elements like
Mo, W, V and TI are less influenced, and elements like Li, Cu and Ni exhibit relatively
higher concentrations with higher growth rates [29,47,76-79]. We note that the growth
rate poses an influence on the metal concentration but does not decisively control the
growth and the metal concentration of Fe-Mn crusts and nodules, for instance, Fe-Mn
crusts in the North and Tropical Pacific have similar growth rates, but they vary in metal
concentrations [80,81]. Other evident factors could also cause this variation, e.g., the effects
of latitudes and oceanic productivity [43,44].

3.3. Water Depth

Depth variation exhibits a strong influence on the growth of marine Fe-Mn crusts
and nodules and their metal abundances [43,58,82]. The oceanic-productivity-related
O; minimum zone (OMZ) and carbonate compensation depth (CCD) release metallic
colloids and materials for crust and nodule formation [7,44,83,84]. Ideal crusts usually
precipitate just below the OMZ column and for nodules just below the CCD where oxic
environments induced by the oxygen-rich ocean currents and the bountiful release of
growth materials can be observed (Figure 2) [7]. Typical crusts precipitate at a water depth
range of 400-4000 m, whereas nodules can be found deeper below the CCD on the vast
global abyssal plains [9,58,85,86]. It also cannot be denied that nodules and crusts are often
found outside their typical precipitation depths. A distinctive pattern could be seen in the
scavenging-type and the nutrient-type elements as to the metals associated with Mn or
Fe (Figure 3) [58,79,87]. Mn and Fe show reversed distribution patterns throughout the
ocean column, exhibiting a decreasing Mn/Fe ratio with deeper depths. Subsequently,
the elements associated with Mn (Co, Ni, Te, Mo, W) and Fe (Cu, Ti, REY) also follow
this trend and demonstrate similar patterns [7,58,67,68]. Mn-related elements generally
show a lower concentration with deeper depths and Fe-related elements show higher
concentrations. We exhibit in Figure 3 the critical metal contents to seawater depth based
on the data of previous studies of global Fe-Mn crust and nodule contents versus their
formation depths [67,85,88-92]. We also demonstrate, from previous correlation analysis,
the relation between the metal contents of hydrogenetic Fe-Mn crusts and nodules and
depth variations in the following decreasing coefficient order: Ti (0.77), La (0.58), Li (0.57),
Cu (0.56), LREE (0.512), HREE (0.469), Y (0.354), V (0.272), Sb (0.25), Fe (0.229), Se (0.164),
As (0.126), Zn (0.12), Cd (—0.02), Ce (—0.107), T1 (—0.154), Ni (—0.335), Mn (—0.345), Pt
(—0.45), Te (—0.45), Co (—0.476), Mo (—0.69), W (—0.70), which reveals their distribution
trends at deeper water depths [4,67,72,93]. In addition, seawater is also the main and
direct source of the critical metals, many enriched critical metals in Fe-Mn nodules and
crusts are derived from seawater at various water depths [25,68,87,94]. Other sources of the
critical metals in seawater are mainly from terrestrial riverine input, groundwater input,
hydrothermal input, aeolian input [4], weathering from underlying basaltic substrates [95]
and cosmogenic inputs [96]. However, many elements show different and complicated
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origins and sources, and the accurate distributions of the origins of many elements are

still unclear.
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Figure 3. Critical metal abundance variations of hydrogenetic Fe-Mn crusts and nodules with
seawater depths. The graph each shows the relation between water depth with (A) Mn/Fe, (B) Co
and Ni, (C) Cu and Zn, (D) REE, (E) Pt, (F) Li, (G) Ti, (H) As and Sb, (I) Mo, W and V. Graphs and the
trend lines are made and calculated from the data of [25,28,67,85,88-92].

3.4. Post-Depositional Phosphatization

Phosphatization occurs due to the increase in oceanic productivity in the upper wa-
ter column and instigates compositional and mineralogical alterations to the younger
un-phosphatized Fe-Mn crust layers. The older phosphatized Fe-Mn crust layers exhibit
strongly altered textures and minerals by this epigenetic process [4,97-99]. Three major
changes take place during this process (Figure 4): (1) the impregnations of carbonate—
fluorapatite (CFA) and fine-grained phosphate materials. CFA is the characteristic mineral
impregnated during this process. Alterations of elemental association and metal abundance
that CFA causes are common and significant, e.g., REY and Cu undergo secondary enrich-
ments [97,100-102]. (2) The reductive decompositions of Fe-Mn oxides in the new suboxic
or anoxic environments. Porous Fe-Mn layers become subjugated by the suboxic waters
of a vertically extended OMZ, and hydrogenetic oxides dissolve under this process and
trigger metal releases, e.g., Co is significantly released [4,97,103]. (3) The recrystallization
of tunneled diagenetic Mn mineral. The hydrogenetic Fe-Mn substance would be partially
subjected to diagenetic remobilization, and vernadite will partially transform into tunneled
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diagenetic Mn oxides, i.e., todorokite, causing diagenetic enrichment of certain elements,
e.g., Cuand Ni [92,98,100,102]. However, the formation of the new diagenetic Mn oxides
is generally in the early stages of their formation. Frequent occurrences of buserite and
todorokite suggest that the hydrogenetic Mn precursors have been partly dissolved and
recrystallized in the phosphatized crusts and undergone significant metal exchanges. REY,
Pt, Cu and Ni which substitute for Mn are enriched in the phosphatized crusts due to the
CFA occurrence and the diagenetic recrystallization [31,92]. The degree of disintegration
and mineralogical recrystallization of the hydrous Fe-Mn oxide is controlled by the inten-
sity of the phosphatization which decreases with deeper water depth [4,92,97]. Figure 5
shows the critical metal alterations under phosphatization based on the calculations of
previous phosphatization studies. We find that REY, Li, Pt, Se, Cu and Te are generally
enriched upon phosphatization, Co, Sb, As, Ti and W generally go through depletions
upon phosphatization and Mo, V, Cd, T1, Zn and Ni may show varied behaviors and show
limited changes in contents during this period. We also suggest that Ni, Cu and Zn in the
phosphatized layers are conflicted as previous reports suggested reversed results between
enrichments and depletions [92,100-102]. Specifically speaking, their results found both
high enrichments and high depletions for elements like Ni and Cu. We suggest that certain
metal enrichments (e.g., Ni, Cu) during phosphatization are due to the metal remobilization
to newly formed todorokite. However, the formation of todorokite may vary in different
phosphatized samples, and todorokite formation in this period is also variable to compen-
sate for the reductive dissolution of hydrogenetic MnQO;, i.e., the releases of Ni and Zn,
therefore, occur in both enrichment and depletion.
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Figure 4. Schematic presentation of occurring processes in Fe-Mn crusts during phosphatization.
Carbonate—fluorapatite (CFA) impregnation, lattice dissolution of Mn and critical metals, early
diagenetic recrystallization. ME stands for metal. The red ball stands for oxygen. SEM image of CFA
impregnation between hydrogenetic MnO; cavity corresponding to this model is inset in the top left.
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Figure 5. Alteration of the critical metals upon phosphatization. The black circle indicates aver-
age compositional changes, each diamond represents a phosphatized /un-phosphatized sample
ratio, calculated from mean phosphatized Fe-Mn crusts normalized to the mean composition of un-
phosphatized samples [4,72,85,90,92,93,99,101,102,104]. Varied colors represent applied data shown
at the top right.

3.5. Structural Uptake

The high metal contents of marine Fe-Mn crusts and nodules are reflected by their
micro-uptake mechanisms and mineralogical structures. Specifically speaking, the metal
enrichments through a micro-perspective were commonly interpreted to explain how
metals enrich into the layered or tunneled constituents of Fe-Mn crusts and nodules on an
atomic scale [13,20,105,106]. Oceanic Fe-Mn crusts and nodules mainly consist of layered
vernadite, buserite and 3-D tunneled todorokite, which are made up of octahedral MnOgq
nano-units and amorphous FeOOH that are intergrown with the Mn oxides [10,16,107-109].
The MnOg octahedrons comprise the Mn layer and the Mn tunnel structures, and they
facilitate many isomorphic substitutions through Mn** or Mn3* replacements and exhibit
many vacant sites in the structures, i.e., unfilled empty octahedrons in the layer that
attracts metal fillings [13,14,105,110,111]. The electro-charge deficits from low-valent cation
replacements (e.g., Co?* — Mn**) can be balanced and compensated by the incorporations
of hydrated cations in the interlayer or the tunnel center (e.g., Mg2+, Ca?t, Zn?*, Lit,
Na*). Interlayer cations and elements incorporated in the lattice also stabilize the Mn
oxide’s crystal structure [12,15,21,112]. For instance, reduction-produced Mn3* during
the crust phosphatization and the nodule burial often remain in the structure to help
stabilize the Mn mineral and contribute to mineralogical transformation [14,113]. Thus,
their mineralogical structures provide a high capacity for metal adsorption. The most
common micro-uptake mechanisms for layered Mn oxides are the corner-sharing complexes
that bond with two or three oxygens above or below the vacancy common in vernadite
and birnessite (0.16 vacancy per Mn atom [114]), namely double corner-sharing (DCS) and
triple corner-sharing (TCS). Incorporation (INC.) into the vacant sites often occurs from the
corner-sharing sites [13,115]. The edge-sharing complexes in the parallel direction of the
terminal edge site of the layer and direct/oxidative substitution of edge lattice Mn, namely
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double edge-sharing (DES) and triple edge-sharing (TES) [115-118]. Tunneled Mn oxides in
nodules and crusts showed common sorption approaches in tunnel-center and tunnel-wall
occupation. Large-radius cations such as Mg, Ca, Li and Tl and critical metals such as Ni and
Cu tend to sorb onto the tunnel center and tunnel wall [14,36,105,119]. The critical metals are
attracted to the Mn oxides to exchange with surface Mn3*/4* and form metal (ME)-O bonds
or -OH bonds in the octahedral layers or tunnels. Foremost are the corner-sharing and edge-
sharing coordination modes in marine vernadite with ample vacancies [120-122]. High
ME/Mn ratios could lead to rapid vacancy depletion or blockade and, under this scenario,
the edge-site coordination, which is the least constrained position, grows to be increasingly
common as the layer becomes filled [116,123,124]. The high critical metal uptake is not
irreversible, especially under reductive dissolution when the seawater redox condition
changes via microbial /abiotic reduction, covered by anoxic seafloor sediments or a reducing
phosphatization event occurs. The reduction of Mn** to Mn?*/3* and more seawater
MnZ*/3* compete for viable sorption sites. Metal-filling lattice dissolution also inevitably
inhibits adsorption capacity. The extensive simulations of metal adsorption on Mn?*/3*-rich
8-MnO, have explained that the decrease in the Mn oxidation state and reducing systems
are detrimental to critical metal adsorption [62,120,125]. Specifically, the prominent sorption
positions (corner sharing and incorporation in the layer) are competed by low-valent Mn,
causing other metals to sorb to the edge-sharing sites at layer rims [62,122,125].

4. Categorization of Critical Metal Enrichment Pathways and Coordination

In our study of critical elements enriched in marine Fe-Mn crusts and nodules, we con-
clude five major enrichment pathways for critical metals enriched in Fe-Mn (oxy)hydroxides
based on the major host phases, the occurrence of oxidative enrichment and the prevalence
of chemical exchange and structural incorporation with respect to previous experimen-
tal evidence:

(1) Direct substitution for Ni, Cu, Zn and Li through surface complexation predomi-
nantly on the 5-MnO; surface [21,38,110,117,124,126]. For these univalent elements, direct
surface complexation is most prominent during the adsorption onto marine Fe-Mn oxides.
Ni, Cu, Zn and Li have shown large inner-sphere complexes on mineral surfaces (Li also
showed outer-sphere sorption in carbonate phase and tunnel-wall site), while Mn oxides
generally show a much larger contribution to elements of this group [32,33].

(2) Oxidative adsorption for Co, Ce and Tl which mainly enrich through an oxidation—
substitution mechanism with 6-MnQO, [15,20,62,69,118,127,128]. Redox-sensitive elements
in seawater remain at a lower valence and are oxidized by MnO, through substitution in
oxic environments. Co, Ce and Tl are preferentially oxidized to the less-soluble inner-sphere
higher-valence species in the Mn oxides, while insoluble oxidized species participate less in
the exchange reactions and are progressively accumulated over a prolonged duration and
eventually exhibit an extraordinary abundance, thus obtaining a high correlation to Mn.

(3) Partitions between 6-MnO, and amorphous FeOOH for REY, Cd, Mo, W and
V [24,33,63,129-133]. REY (except for Ce) possess both negative and positive species in
seawater, generally showing complex preferences of LREE-CO3* and HREE-CO;2~ and
exhibiting sorption preferences to both the Mn oxides and Fe oxyhydroxides, causing a
partitioned distribution between Mn and Fe phases. Cd with both negative and positive
chloro-species also fits this description. Mo, W and V accumulate through inner-sphere sur-
face complexation, although all being anions in seawater, an electro-repulsion breakthrough
to partially sorb with 5-MnQO, has been observed, causing partition by both phases.

(4) Combined enrichments of Mn-phase oxidative uptakes and Fe-phase structural
incorporations and adsorptions for Te, Pt, As and Sb [26,31,34,61,64,134-143]. For these
multi-valent critical metals that reside as seawater anionic species, in addition to the natural
electro-driven adsorption onto FeOOH, their low-valent species Te*t, Pt?*, As®* and Sb3*
are observed with common oxidative enrichments on 5-MnO,, whereas high-valent species,
Te®", As®* and Sb°*, are likely structurally incorporated by Fe oxyhydroxides without the
occurrence of oxidation. Different from simple partitions like Cd or REY, this pathway
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shows dual contributions of Mn-oxidative enrichments and Fe incorporations which vary
in their mechanisms.

(5) Dominant uptake by amorphous FeOOH for Ti and Se [25,32,144,145]. These
elements are mostly sorbed onto Fe oxyhydroxide and enriched in its structure. They are
considered highly Fe-associated elements, Ti in particular.

We also categorize the major coordination preferences in layered vernadite and tun-
neled todorokite structures in Figures 6 and 7. We conclude that in layer-type birnessite or
vernadite, Co, Ni, Cu, Zn and T1 commonly occupy as TCS complex above or below the
vacant sites [13,20,116,123]. Co, Ni and Cu could also partially or completely enter the layer
vacancies to be layer incorporated (Co is mostly incorporated, Ni may cause layer distortion
when incorporated in the layers and Cu is less observed in INC.), whereas Pt becomes
incorporated through substitution with Mn in the layer [31,61]. As, Sb, Mo, W, V and Te
commonly occupy DCS complexes in the Mn layers [26,37,63,134]. Less competitive DES
sorption sites at the terminal edges of the Mn layer are common for Ni, Cu, T1, As, Sb, W
and Mo [106,122,124], especially when a lack of layer vacancy occurs, as this sorption site is
metal attractive and less restrained for metal to sorb onto. DES modes are also common for
corner-sharing metals when they are less competitive to take up corner-sharing positions or
are forced out of corner-sharing positions. REY are all inner-sphere surface complexed, but
their detailed coordination mechanism requires further investigation [24,46]. In tunneled
todorokite, prominent sorption positions are loosely bound hydrated tunnel center and
surface complexation in or on the tunnel wall. The enrichments of many critical metals in
todorokite and their specific sorbed positions are scantily understood due to the complexity
of the structure. Some seawater-derived metals, e.g., Co, REY and Te, are less enriched in
suboxic todorokite, leading to difficulties in their investigations. Elements rich in marine
sediment and prone to diagenetic enrichment (e.g., Ni, Cu and Li) show high abundances
and clearer understandings [14,36]. Divalent cations like Ni, Cu, Zn and Cd are observed
to occupy both the tunnel-wall and hydrated center-tunnel positions, while TI* and Li* are
insufficient to compensate the surface electro-deficits, showing preferences to occupy the
hydrated tunnel center [36,105,119,146,147].
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Figure 6. Schematic presentation of major enrichment pathways in hydrogenetic Fe-Mn
(oxy)hydroxides. Major enrichment pathways and associated enriched metals correspond to color
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legend in the top left. Major metal configurations and associated metals are marked in the top right.
TCS: triple corner-sharing position above layer vacancy, DCS: double corner-sharing position, DES:
double edge-sharing at the layer terminal, INC.: metal incorporation into the layer from interlayer.

. Hydrated Tunnel-Center
O Tunnel-Wall Incorporation

@ Tunnel-Center Corner-Sharing

Figure 7. Schematic presentation of major metal coordination in diagenetic tunneled todorokite.
Large-radius cations like T1, Li, Cd, Mg, Ca and Na are prone to occupy tunnel center, Ni, Cu, Zn
can occupy central position but also tend to occupy edge-sharing and corner-sharing positions in the
tunnel and wall incorporation [36,105,119,147]. Colored configurations correspond to top-left legend.

It is necessary to note that many of these observations were conducted on synthetic
Fe-Mn (oxy)hydroxide samples, e.g., synthesized birnessite, todorokite, ferrihydrite and
goethite, rather than on the natural poorly crystallized marine vernadite and amorphous
FeOOH, which may show distinct variations in metal enrichment pathways and coor-
dination preferences. Previous experimentations have also prioritized simulating metal
behaviors in the hydrogenetic conditions rather than the suboxic—diagenetic environments.
Further research aimed at the critical metal enrichment mechanisms and coordination pref-
erences still requires many experiments to explain unsolved problems in the critical metal
enrichments in natural Fe-Mn crusts and nodules, and our categorization only provides an
understanding of current experimental knowledge.

5. Elaboration of Critical Metal Enrichment Characteristics and Mechanisms
5.1. Major Ore-Forming Metals: Cobalt, Nickel, Copper and Zinc
5.1.1. Cobalt and Nickel

Co and Ni are the most characteristic ore-forming critical elements enriched in marine
ferromanganese crusts and nodules [51,68]. The depositional environment and genesis
highly influence Co contents. High Co enrichment occurs in oxic hydrogenetic conditions,
with mean Co contents varying between 6662 ppm in hydrogenetic crusts of the PPCZ to
475 ppm in diagenetic nodules of the Peru Basin [2,5,148], Co contents with pure hydroge-
netic influence may reach up to 1-2% [4,11]. Co demonstrates a high positive correlation
with Mn and a dominant Mn host phase in hydrogenetic oxides [32,33,59,68]. The negative
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correlation between Co and Fe weakens with increasing depths and disappears in deeper
waters and the marine sediment [43]. In hydrogenetic Fe-Mn crusts, Co has been explained
with a prevalent oxidative substitution mechanism, in which dissolved Co?* in seawa-
ter will be progressively oxidized to insoluble Co®* by the near Mn®**/4* on the §-MnO,
surface [15,20,68,149]. The insolubility greatly inhibits further surface-seawater reaction,
which also promotes progressive accumulations. Takahashi et al. [20] revealed that Co in
crusts and nodules was all trivalent, while only a small fraction of sorbed Co was observed
as divalent on the Fe phase, which indicates its exclusive redox mechanism. The high Co
uptake is also radius feasible, as the atomic radius of Co>* (0.54-A) is close and similar
to the layer-composing Mn** (0.53-A) [20]. Co is gradually incorporated into the layer
upon oxidation by the nearest Mn or by the direct replacement of TCS Mn>*. Repetitions
of these processes lead to high Co enrichments [15,149]. The majority of Co is structurally
incorporated into the Mn layer after TCS sorption, and Co can also sorb in edge-sharing
sites which is analogous to layer incorporation [13,62,120]. The pH condition is crucial
in the transition from TCS to structural incorporation and, at alkaline seawater pH, the
majority of Co adsorbed will be eventually incorporated into the Mn layers [13,15,150,151].
Co enriched in oxic seawater likely undergoes evident dissolution under phosphatization,
and hydrogenetic MnO, dissolves or transforms under phosphatization, with either process
releasing Co. Co sequestration loss has been reported at around 30% to 50%, hence having
a significant impact on the Co enrichments [14,92,100,102]. Low Co enrichments through
diagenetic uptakes were also investigated, and a positive Co-Fe association was observed in
diagenetic nodules, indicating the sorption by Fe phase in diagenetic nodules [6,12]. It was
argued that Co under diagenetic conditions was ineffective in replacing Mn>*/4* because
of incompatible crystal field stabilization energy and ionic radius, and Fe hydroxides in
this environment became more adsorbent for Co [7,84]. However, sequential extraction of
diagenetic samples still revealed Mn as the main host phase [59]. Many in situ analyses
have also indicated that, in diagenetic nodules, Co-rich areas are still evidently vernadite
or buserite formed in oxic pore-water space rather than todorokite [12,107,152], showing
that Co prefers to sorb onto hydrogenetic Mn oxides even in diagenetic conditions.
Single-valent Ni?* shares similarities with Co in the dominant correlation and the host
phase with Mn in hydrogenetic growth, but it also shows higher contents in diagenetic
nodules. Ni varies between 2581 to 4643 ppm under hydrogenetic conditions and is sig-
nificantly enriched with diagenetic inputs. Nodules from CCZ have shown an average
Ni content of 1.3% [21,32,150]. Previous elemental mapping, correlation analysis and se-
quential leaching results all disclosed high Ni affinity with the Mn oxides in hydrogenetic
and diagenetic conditions, exhibiting positive Ni-Mn relations in enrichment [10,21,33,59].
Structural substitution and interlayer sorption in layered and tunneled MnO, make up
the main Ni enrichment mechanism in both diagenetic and hydrogenetic crusts and nod-
ules [119,121,152,153]. Inner-sphere surface complexations through TCS and the grad-
ual layer incorporations into the vacancy, which suggest a cation-exchange mechanism
in which Ni replaces Mn through isomorphic substitution, are dominant for Ni enrich-
ment [116,121,153,154]. The Ni-TCS adsorption, which acts as a transitional mechanism,
has been suggested as a necessary waystation towards the structural layer incorporation as
the direct incorporation into the layer from seawater was not observed [116,153]. Alkaline
pH conditions lead to an increased proportion of Ni incorporation [110,153,155]. Therefore,
a moderate seawater pH environment and sufficient sorption time in hydrogenetic Fe-Mn
crusts and nodules are critical for Ni and other critical metals” sorption and eventual layer
incorporation [121,150]. However, the Ni loading (also for other metals) in the Mn mineral
is not affected by pH, and pH only regulates metal coordination. This is in sharp contrast
to findings that suggest high pH increases Ni enrichments [121,155]. Ni contents are more
significant under diagenetic conditions [6,36,67]. Ni contents in diagenetic nodules show
a positive relation with increasing Mn/Fe [12], and the high Ni contents in diagenetic
Mn oxides could be derived from Ni cycling in the seafloor sediment and the suboxic
pore-water space [6]. Simulations by Kim and Kwon [105] suggested that Ni could be pref-
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erentially adsorbed in the tunnel of hydrated todorokite. The Ni behavior upon diagenetic
transformation also shows significant impacts on the Ni enrichments. Metal sequestration
is released up to 50% during the dissolution of layered Mn oxides, followed by the read-
sorption of the released Ni into the new tunnel oxide (Figure 5) [111,119]. The effects of
phosphatization on Ni are the subject of conflicting reports in both enrichment [90,97,102]
and depletion [67,92,101]. Ni upon phosphatization is remobilized to newly formed stable
todorokite after prior release from the layered hydrogenetic MnO, and becomes further
enriched. Thus, we suggest that Ni in the phosphatized crusts resides mainly in newly
transformed todorokite, but todorokite formation may vary in different samples, regions
and other dynamic conditions and, hence, vary in Ni enrichment or depletion.

5.1.2. Copper and Zinc

Cu and Zn are important ore-forming critical metals in Fe-Mn crust and nodule forma-
tion and are suggested to stabilize the structure of Fe-Mn (oxy)hydroxides and compensate
for the surface electro-charge deficits [13]. Cu and Zn are better enriched under diagenetic
conditions than under hydrogenetic conditions. Cu in the CCZ and the Peru Basin with
high diagenetic inputs exhibited a mean value of 10,600 ppm and 5988 ppm, whereas Cu in
hydrogenetic crusts from the PPCZ only showed 976 ppm. Simultaneously, Zn in the CCZ
and the Peru Basin showed values of 1385 and 1845 ppm and in the PPCZ hydrogenetic
crusts showed 668 ppm [2]. Thus, they are more likely incorporated in the diagenetic 10-A
manganates [12,22,36]. It is noteworthy that the Peru Basin, as a representative diagenetic
nodule region, showed much lower Cu contents compared to the CCZ [5]. Wegorzewski
and Kuhn [6] have attributed this discrepancy to the different chemical compositions of
the local CCZ siliceous and the Peru Basin calcareous marine sediments. Cu as a nutrient-
type element shows a larger sorption efficiency in the suboxic oceanic sediments than
the hydrogenetic scavenging from overlying water [36,87,117]. Previous examination of
Cu distribution in the oceanic sediments and the growth structures within the nodules
found only insignificant Cu in the upper 20 cm of nodule-rich sediments, where Cu was
dominantly associated with the diagenetic growth within the nodule, indicating effective
scavenging by diagenetic 10-A manganates [36,84]. As important lattice-filling and deficit-
compensating elements in diagenetic todorokite, Cu and Zn occupy both the hydrated
tunnel center or form corner-sharing complexes within the Mn tunnel wall [36,105,147].
The enrichments of Cu and Zn in hydrogenetic conditions were also highly studied. Cu and
Zn in hydrogenetic crusts and nodules have been suggested to be associated with Mn phase,
and in situ mapping and correlation analysis showed Cu and Zn distributions in crusts
and nodules were mainly correlated with Mn-rich areas, instead of Fe phase [12,117,156].
However, sequential leaching and sorption experiments also suggested that Cu and Zn in
hydrogenetic crusts could be also partially, or even highly, adsorbed in Fe phase, which
requires subsequent investigation [31,33,59,157]. The adsorption mechanisms of Cu and
Zn in hydrogenetic layered MnO, occur through direct substitution and occupation of
the available vacant sites. Specifically, Cu and Zn sorb through TCS configurations in the
§-MnO, at the expense of vacant sites and Mn>*/4*. Partial Cu and Zn are also adsorbed
in the hydrated interlayers as electro-compensating cations [117,156,158,159]. Various
experimentations have found that a proportion of Cu in hydrogenetic MnO; could be
inner-sphere incorporated into the Mn layer from the TCS position [117,124]. However,
Zn was observed to be exclusively enriched in the TCS configuration above layer vacancy,
that Zn was not likely incorporated in the Mn layer [13,156,159]. The fact that Zn was
mostly observed as an undistorted octahedral species in the Mn layers in oxic seawater
also concurs with this finding [126,160]. In addition to TCS enrichments, alternative DES
configurations would be more dominant in high metal loadings or in less oxidized envi-
ronments for Cu and Zn enrichments. Less competitive Cu and Zn may preferentially
enrich onto Mn-layer edges than the Mn layer [62,122,124,126]. Additionally, Cu and Zn
both show evident increases in contents upon phosphatization events (Figure 5) [92,97,102].
Diagenetic 10-A manganates and CFA formed during this stage are likely to enhance Cu



Minerals 2023, 13, 1532

15 of 30

and Zn enrichments because Cu and Zn are more prominently enriched in Mn phase and
the residue phase after phosphatization alterations [33,97].

5.2. Rare Earth Elements and Yttrium (REY)

REY concentrations vary between 2454 ppm in hydrogenetic crusts from the PPCZ
to 403 ppm in diagenetic nodules from the Peru Basin. Hydrogenetic conditions uni-
formly show higher REY contents and have been extensively studied [25,42,161-163]. As
scavenging-type elements, REY sequestered in Fe-Mn colloidal particles largely origi-
nate from seawater and only a small fraction of the REY contribution is from the oceanic
sediments. Hydrogenetic 5-MnO; and hydrated FeOOH are considered effective REY
adsorbents, as their large spaces in structures potentially accommodate great amounts of
REY [46,76,87,161,164]. But diagenetic 10-A manganates, which exhibit inferior abilities to
incorporate REY, are less discussed. The enrichment mechanism of REY(III) from seawater pri-
marily occurs through surface complexations on the Fe-Mn (oxy)hydroxides [25,46,89,165,166].
REY in seawater are 89% carbonate complexed with a minor fraction being free REY cations [60].
Generally, they exist as LREE-CO3* and HREE-CO532~, which direct their sorption pref-
erences onto 6-MnO, and amorphous FeOOH. Upon REY adsorption on the surface of
the Fe-Mn oxides, the ligand exchanges between the carbonate and the hydroxyl are in-
duced [129,161,164,167]. Hydrogenetic REY distribution generally shows an increasing
proportion in Fe phase and a decreasing proportion in Mn phase from La to Yb, which
suggests that Mn phase and Fe phase show preferences to REE adsorptions, each relatively
adsorbing more LREE and HREE [24,46,91,165,167]. It is noteworthy that in some unique
cases, the residue phase may also contribute to REE enrichments up to 30% in Fe-Mn
crusts, e.g., Detroit Guyot that is under strong terrestrial material inputs [168]. Alkaline
seawater pH and slow growth rates also yield higher REY concentrations and allow for
efficient REY removal from seawater [24,47,77,169]. Reports on Fe-Mn crusts from the South
China Sea with an elevated growth rate contributed by terrigenous materials demonstrate
a lower REY abundance in comparison to the West Pacific typical hydrogenetic Fe-Mn
crusts [24,46,74,77,129]. Phosphatization also elevates REY abundances to a great extent.
REY concentrations are significantly enhanced from 20% to 50% during phosphatization
events [4,25,92,102], and a possible REY enrichment mechanism through large-radius cation
(Ca, Na and Si) replacement during CFA impregnation was also proposed [92].

Ce and Y are two elements with high emphases among REY and have been often
discussed individually for their redox condition’s determination and application in gen-
esis discrimination in oceanic Fe-Mn crusts and nodules [24,77,169,170]. Ce enrichments
through surface complexation and oxidative scavenging by Fe-Mn (oxy)hydroxides were
widely examined [69,166,169,171]. Seawater Ce®* has been revealed predominately as
Ce** in hydrogenetic crusts and nodules after surface reactions [20,69]. Ce oxidative en-
richments on §-MnO, were widely detected and a high positive Ce-Mn association was
exhibited. Similar to Co, soluble Ce** was oxidized by Mn** to insoluble Ce** by Mn
substitutions [20,24,25,69]. However, Ce enrichment contributed by Fe phase has yet to be
aligned. De Carlo and Wen [169] have exhibited that proportional Ce could be adsorbed
onto Fe oxyhydroxides through surface complexations in a similar manner to other REY®*.
Bau [163,166] argued with evidence of Ce oxidative enrichments on Fe oxyhydroxides.
We find that Ce distributions in different samples and results also show large variations
between Mn and Fe phases [20,166], i.e., studies showed that both Mn and Fe phases could
be dominant Ce adsorbents. In any case, the evident Ce oxidative scavenging and high Ce
abundance make Ce unique among REY enriched in oceanic Fe-Mn deposits [24,69,166,169].
Y, on the other hand, shows similar behavior to other HREE-CO;2~. Negatively charged
Y is preferably partitioned by Fe oxyhydroxides through surface complexation, corrobo-
rated by a positive Y-Fe association and the dominant Y enrichment contribution from Fe
phase [2,25,166]. Y exhibits a higher concentration of 61-132 ppm in hydrogenetic Fe-Mn
(oxy)hydroxides [46,77,172] and commonly shows high alteration due to post-depositional
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phosphatization events. Y contents are noticeably enriched as a result of phosphatization
(Figure 5).

5.3. Platinum Group Elements

Platinum group elements (PGEs) consist of Ru, Rh, Pd, Os, Ir and Pt. PGE abundances
in seawater are exceptionally low: Ir: 0.0013 ppb; Ru: 0.002 ppb; Rh: 0.09 ppb; Pt: 0.19
to 1 ppb; and Pd: 0.04 ppb [95,173,174]. But PGEs are significantly enriched in marine
ferromanganese crusts and nodules. In particular, Pt is enriched up to more than 100 times
compared to the Earth’s crust and the seawater value [42,175]. Pt is the most highly en-
riched PGE with a mean abundance of 408 ppb for crusts and 181 ppb for nodules. Extreme
cases of Pt enrichment may reach up to 1-3 ppm in hydrogenetic crusts [93,175], and other
PGEs are also enriched evidently in Fe-Mn crusts (Ru, Rh, Pd, Os, Ir are respectively en-
riched to 16 ppb, 16 ppb, <7.3 ppb, 2.5 ppb, 5.1 ppb) [31]. Previous studies have sufficiently
determined the association of PGEs with water depths, growth rates and regional character-
izations. The negative PGE correlations with the growth rates and the water depths were
examined as influencing factors to form higher PGE enrichments [176-181].

Platinum is the most highly investigated and the most enriched PGE in Fe-Mn crusts
and nodules [31,93,175,178]. Pt has been described to be negatively correlated to water
depths and the growth rates of the Fe-Mn adsorbents, as slow-growing Fe-Mn crusts in
shallower depths contain relatively higher Pt [4,93]. Pt species in seawater have been deter-
mined to exist mainly as divalent chloro-complexed PtCl42~ or hydrolyzed PtCl30H?~ and
tetravalent chloro-anion PtClg?~ or hydrolyzed PtClsOH?~ [60,93,174,182]. A unique Pt
enrichment pathway explains that Pt?* can be both oxidatively enriched to Pt** in hydroge-
netic 5-MnO; and adsorbed in feroxyhyte despite remaining as a negative species [4,31,61].
Seawater Pt complexes are negatively charged, and all seawater Pt should be adsorbed onto
the Fe oxyhydroxides. However, sequential leaching and correlation analysis have revealed
the occurrences of evident Pt oxidative enrichments by Mn phase and positive Pt-Mn
association [31,67]. XAS observation has also found that Pt>* was adsorbed on §-MnO,
through oxidative enrichment [31,61]. Koschinsky et al. [31] suggested that the electrostatic
repulsion between the Pt complex and the Mn oxide was overcome and that a preferential
Pt** binding onto Mn phase became possible. Thus, Pt** is enriched and oxidized to Pt**
in hydrogenetic MnO, through oxidative substitution and forms Mn-O-Pt bonds [31,61].
The positive relations between Pt and other redox-sensitive elements (Co, Ce and T1) were
shown, which reflect similar behavior driven by oxidative interaction [4,31,95,178]. As for
electro-chemically favored Fe phase, simple electro-driven adsorption and co-precipitation
were suggested for Pt enrichments as no oxidation of Pt was observed on Fe phase [31].
5-FeOOH (feroxyhyte) mainly enrich Pt?* and partial seawater Pt** as indicated by XANES
results [31,61]. However, a recent study has shown Pt might be oxidatively enriched on
goethite by dissolved O, through the dehydration—condensation process, while FeOOH acts
as an oxidative catalyst [183]. What is also worth mentioning is that all Pt in natural Fe-Mn
samples was observed to exist predominantly as high-valence Pt** [31], suggesting that Pt
enrichment in natural samples varies with experimental results regarding Pt>* enrichment.
PGEs are highly enriched by phosphatization events, and an increase in PGE contents in
the phosphatized crust was widely observed (Figure 5) [4,31,93]. Higher Pt contents in the
phosphatized layers are caused by the post-depositional diagenetic processes. Previous
correlation analysis does not support a positive Pt-P relation, which implies that Pt is not in-
corporated or enriched in secondarily formed CFA, but stable diagenetic todorokite formed
under this process [4,31]. The inhibitory effects of phosphate material on Pt enrichment
by Fe phase also suggest that seawater Pt enriched in Fe oxyhydroxides may undergo
host-phase transfer to Mn phase during phosphatization events [183].

5.4. Dispersed Elements

Among the eight dispersed elements, Te, Tl, Se and Cd are enriched in the marine
ferromanganese crusts and nodules compared with the Earth’s crust and pelagic clay [72].
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Under hydrogenetic and hydrogenetic-diagenetic (mixed) growth, Cd, Se, Te and T1 are
enriched in marine Fe-Mn deposits mainly by adsorption onto the 5-MnO, and amor-
phous FeOOH [72]. Among the four enriched dispersed elements, only Cd does not
have multi-valence properties, and the oxidation occurrences during the enrichment pro-
cesses are prevalent for Te, Se and TI, which are redox sensitive in Fe-Mn crusts and
nodules [34,127,145,184]. Fu and Wen [72] have conducted a comprehensive analysis on
Cd, Se, Te and TI and revealed data-based variation patterns in their relations with the
water depths and sample depths. This segment elaborates on the enrichment characteristics
and processes of Te, Tl, Se and Cd in marine Fe-Mn crusts and nodules.

5.4.1. Tellurium

Tellurium has a low abundance of 1 ppb in the Earth’s crust, but Te is the most enriched
element in hydrogenetic Fe-Mn crusts. Te has an enrichment factor of up to 50,000 times
(Figure 1) with a mean value of 46 ppm in hydrogenetic crusts. Te is a highly hydrogenetic
metal originating from seawater, and the highest Te contents are observed in hydrogenetic
crusts, whereas Te only displayed insignificant enrichment in diagenetic nodules [26,72].
However, studies regarding Te enrichments in oceanic Fe-Mn crusts and nodules are rather
few, considering its high enrichment. The Te speciation in seawater has been proposed as
HTeO3~, H5TeO%~ or TeO(OH)3~ and TeO(OH)®~ [60,185,186]. Te in seawater as a tetrava-
lent or hexavalent hydrated oxyanion would be attracted to positively charged amorphous
FeOOH, which is in good agreement with previous sequential leaching that showed more
than 80% of Te in hydrogenetic crusts and nodules was enriched on Fe oxyhydroxides,
while partial Te enrichments were contributed by Mn phase [33,187-189]. Hein et al. [26]
proposed that the high Te enrichments can be caused by the oxidation from Te** to Te®* on
the FeOOH surface. However, Kashiwabara et al. [34] conducted co-ordination observation
and found that no Te oxidation process occurred in ferrihydrite, instead, oxidations of Te**
to Te®* were detected upon enrichment onto hydrogenetic layered MnO,. Thus, Te** was
suggested to be only oxidatively enriched on 6-MnO;, whereas on the ferrihydrite surface,
Te** was enriched through electrostatic adsorption and Te®* can be predominately incorpo-
rated through co-precipitation due to similar molecular geometry to Fe>* octahedrons [34].
It is noteworthy that Te in natural Fe-Mn crusts has been suggested to be solely Te®* [34],
therefore, we suggest that Te in hydrogenetic Fe-Mn crusts and nodules is mainly enriched
through a unique combined enrichment pathway between Fe structural incorporation
and Mn oxidative enrichment. Phosphatization generally enriches Te, and the older crust
layers from Magellan Seamount (76.5 ppm) exhibited twice the value of the younger layer
(33.8 ppm) [4,102]. The detailed mechanism of Te enrichment during phosphatization
is not yet known, but host-phase transfer and enrichment of Te from Fe phase to newly
formed stable Mn phase may be responsible as previous studies showed phosphatization
hinders Fe incorporation and induces reductive dissolution [97,183]. Tellurium, as the most
enriched element in marine Fe-Mn deposits, is shrouded with many unknowns (e.g., the
low contribution from MnQO, indicated by leaching and XAFS data cannot explain the high
correlation between Te and Mn), and the current explanation requires more investigation
and progress to explain its high enrichment [26,72].

5.4.2. Thallium

The average Tl contents of major oceans range from 41 to 160 ppm in Fe-Mn crusts and
from 129 to 347 ppm in Fe-Mn nodules [2], and Tl shows a high enrichment factor of more
than 100 times compared to the Earth’s crust (Figure 1). Tl exhibits negative relations with
the Fe-Mn mineral’s growth rates and water depths and endures significant enrichment
upon phosphatization [4,102]. The majority of dissolved seawater T1 generally exists as T1*,
and to a lesser extent, as TICl and TI(OH),~ [60]. Similar to many other redox-sensitive
elements, under hydrogenetic conditions, Tl is favored in oxidative enrichment through
Mn substitution [118,123,127,190]. The availability of Tl oxidative enrichment has been sug-
gested to be partly determined by the mineralogical composition of the Fe-Mn adsorbent,
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specifically, the reactivity and capacity of sorption sites in the layered structure [62,115,190].
The oxidation of TI* to TI3* almost exclusively occurs in hexagonal birnessite, which is
characteristic for having vacancies in its layers. Oxidized TI** occupies an inner-sphere TCS
configuration. Tl sorption onto todorokite, triclinic birnessite (no vacant sites in the layer
lattice) or ferrihydrite was observed without thermodynamically unfavored oxidation. TI*
is enriched through outer-sphere surface adsorption in the interlayers and the tunnel center
in these Mn minerals [118,127,190]. For layered vernadite, low dissolved Tl concentrations
dictate higher TCS oxidative enrichment and vice versa. Studies have shown that Tl enrich-
ments were adsorbed exclusively as TI** at a low T1/Mn ratio of 0.02, while a high T1/Mn
ratio of 0.127 has shown that more than 50% of T1 was sorbed as T1*. This was interpreted
to be a result of blockades and complete uptake of the vacant sites. Excessive critical metals
without adequate vacant sites to sorb onto tend to be non-oxidatively adsorbed, either in
the loose-bound interlayers or edge-sharing configurations [62,122,123,190]. This is also
implicative of the micro-enrichment mechanisms of other critical metals. In addition to
T1 lattice oxidative incorporations, the formation of independent Tl,O3 particles on the
Fe-Mn surface at high Tl loadings was also observed, corresponded with the decrease
in the signature peak of vernadite 7.2-A. This also suggests the gradual uptake of Tl has
been accompanied by the dissolution/substitution of the Mn oxides [118,189]. Manceau
et al. [127] also supplemented another possible mechanism for Tl concentration. Their work
suggested that the incomplete oxidative enrichment of T1* cannot be simply explained by
the saturation of Mn vacancy caused by the excessive T, but that a partial fraction of TI*
would be sorbed on the crystallographic site of Ba at the surface of the Mn layers, which is
analogous to the surface site of K which is also suitable for Tl sorption.

5.4.3. Selenium

Although selenium in Fe-Mn crusts is also enriched more than 100 times compared
to the Earth’s crust value, studies regarding Se adsorption in Fe-Mn deposits have been
limited [42]. Se in Fe-Mn nodules has an enrichment range of 1.78-6.88 ppm, whereas Se in
crusts shows 3.95-8.82 ppm [72]. Se also shows a relatively high content of 14.8 ppm in the
PPCZ Fe-Mn crusts [2]. Selenium contents are depleted in the surface water and increase
with water depths and demonstrates a relatively constant concentration for adsorption
at typical Fe-Mn crust and nodule precipitation depths [72,191]. Se in modern seawater
consists of mainly Se(VI) and Se(IV), in the forms of SeO42~ and SeO32~ in seawater
pH conditions [60], but selenate Se(VI) is the predominate species in oxic seawater due
to the higher solubility [187,191]. The negatively charged Se species tend to bind on the
positively charged FeOOH [33], which is in good agreement with correlation analysis which
suggested a positive Se-Fe association [72,187]. Previous sorption experiments showed that
8-MnO; and amorphous FeOOH separately exhibit preferential adsorption to Se(IV) and
Se(VI), indicating an oxidative enrichment by Mn phase and structural incorporation by
Fe phase. However, Fe phase shows a much larger efficiency to adsorb Se than Mn phase
(26.4 mg/L of Fe displayed the same Se sorption ability as 100 mg/L of Mn), which reveals
that Se is predominantly adsorbed by amorphous FeOOH [145]. Hence, the combination
of this evidence indicates that Se is predominately enriched in the Fe-Mn deposits by the
adsorption of Se onto the Fe oxyhydroxide particles [33,72,145].

5.4.4. Cadmium

Cd(II) as a single-valent heavy metal is often discussed with similar transitional el-
ements like Cu and Ni [192-194]. However, many Cd studies regarding enrichments
on 8-MnQO, and FeOOH are from environmental perspectives instead of the enrichment
study of marine Fe-Mn crusts and nodules. Hence, Cd enrichment research in marine
Fe-Mn deposits is limited. Cd is more enriched in nodules with higher diagenetic in-
fluences (2.7-25.2 ppm) than pure hydrogenetic crusts (1.93—4.11 ppm) [2,72], and also
showed an evident increase with deeper depths [72,88,195]. Unlike previous dispersed
elements, Cd demonstrates moderately balanced speciation, i.e., CACl* (36%), CdCl, (45%)



Minerals 2023, 13, 1532

19 of 30

and CdCls™ (16%) [60,184], therefore, Cd electro-preferences dictate that Cd should be
adsorbed on both Mn and Fe phases, as supported by leaching results [33]. Sorption ex-
periments also elaborated on the preferential uptake of Cd in layered MnO, rather than
ferrihydrite [106,131], as suggested by correlation analysis [72]. Cd in hydrogenetic envi-
ronments has shown a high preference to sorb onto layer vacancies in TCS coordination,
only showing DES/DCS coordination modes upon reducing conditions, i.e., being driven
out of the layer vacancy to edge sites [106,125,193], but due to the large radius of Cd?*
(1.09-A), Cd incorporation into the Mn layers is likely limited. Under diagenetic condi-
tions, todorokite preferentially incorporates Cd in its tunnel structure and Cd is mobilized
from the sediment during early diagenesis, which controls significant Cd enrichment in
diagenetic nodules [2,105]. Randall et al. [196] examined Cd coordination in a similar tun-
neled mineral, cryptomelane, and suggested hydrated tunnel-center occupation through
replacing H* and possible TCS to the tunnel wall, which is implicative of this issue.

5.5. Other Critical Elements
5.5.1. Lithium

Li enrichments have shown affinities to geneses in the order of hydrogenetic < phos-
phatized < diagenetic < hydrothermal. Li contents in marine Fe-Mn deposits may reach up
to more than 300 ppm in diagenetic nodules but exhibit much lower contents in hydroge-
netic crusts and nodules (2.92 ppm). Some hydrothermal samples could uniquely stimulate
higher Li contents over 800 ppm [2,197,198]. Sequential leaching and correlation analysis
indicated that Li should be largely associated with the aluminosilicate phase and §-MnO,.
Coefficients between Li and Al, Mn, Fe, Si were 0.98, 0.94, 0.07 and 0.89, suggesting that
lithium is present mostly in the aluminosilicate phase and partly Mn phase rather than
in other phases [33,38,199]. Feng et al. [200] have shown that Li in hydrogenetic layered
MnO; is adsorbed in the outer-sphere hydrated interlayer. Jiang et al. [38] have suggested
that Li incorporation in diagenetic 10-A manganate mainly occupies the tunnel-wall sites
in the 3-D tunnel. However, the large ionic radius and the low oxidation valence of Li
make it inferior in compensating the structural charge deficit and would relatively limit its
enrichment. In addition, hydrogenetic layered MnO,; can hardly adsorb Li* into its struc-
ture because of the lack of available sites and large radius difference [112]. Despite high Li
contents, the investigations regarding Li enrichments have been few and dissatisfactory in
elaborating on the high Li enrichments in Fe-Mn nodules [33,38,199]. The current research
status of Li in marine Fe-Mn crusts and nodules requires continuous studies.

5.5.2. Molybdenum, Tungsten and Vanadium

Mo, W and V are generally enriched in hydrogenetic, diagenetic and mixed hydrogenetic—
diagenetic geneses of deep-sea Fe-Mn crusts and nodules, their concentrations do not
differ significantly under diagenetic or hydrogenetic conditions (Table 1) [2,37] and their
contents only alter slightly even in the phosphatized Fe-Mn crusts [4,92,102]. Mo and V
contents in hydrogenetic and diagenetic samples range from 400 to 700 ppm, while W
contents are much lower, typically ranging below 100 ppm. The extremely low seawater V
concentration (53-60 pmol /L), 1/1800 of the seawater Mo concentration, also reflects the
high V adsorption proficiency and higher V enrichment factor in marine Fe-Mn crusts and
nodules [2,201]. In the oxic oceanic environment, Mo and W are mostly present as Mo®*
and W®*, while V exists exclusively as V°*. Their seawater species are mainly tetrahedral
anion complexes, MoO,2~, WO4%~ and VO,3~, which all can be progressively enriched
on Fe-Mn (oxy)hydroxides. Thus, the oxidative reactions are less observed with Mo and
W in Fe-Mn crusts and nodules despite their multi-valent properties [60]. Their electro-
complexions direct their preferential sorption onto Fe oxyhydroxides as supported by the
leaching results that showed Mo and W are dominantly distributed in Fe phase. However,
in situ mappings and correlation analysis also revealed high Mo and W distributions and
host phases in the Mn oxides, thus, similar to platinum, a similar process of overcoming the
electro-repulsion might be in effect for Mo and W enrichments [37,202]. Vanadium, on the
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other hand, shows balanced positive and negative species that interact with both Mn and Fe
phases, hence justifying the combined Mn and Fe phase enrichments and the positive V-Mn
and V-Fe correlations [31,63,203]. Extensive XAS results and geometry modeling have
explained that the coordination preferences, generally speaking, of Mo W and V, all form
inner-sphere surface complexes on 5-MnQO; and FeOOH surfaces mainly through DCS and
DES configurations on the margins or rims of the MnOg and FeOg layers [63,132,204,205].
Mo, W and V distortions from tetrahedral to octahedral units upon surface complexations
were commonly detected for 5-MnO; and partially detected for ferrihydrite in hydrogenetic
nodules. The metal symmetric changes are suggested to be driven by the formation of
inner-sphere complexes on specific sites of the oxide surface [37,202]. It was suggested that
W species were distorted on both Mn and Fe oxides through DCS and DES coordination
modes [37,132]. For Mo, no distortion and only a few corner-sharing complexes were
observed when interacting with Fe oxyhydroxides and most Mo enriched in Mn phase
was distorted to octahedral MoOg units [133,202,204,205]. For V, adsorption occurs by
the formation of inner-sphere surface complexes resulting from corner-sharing complexes
between VO,3~ and FeOg and MnOy units, and edge-sharing mode is not energetically
favored for V [63,206].

5.5.3. Titanium

The Ti contents in marine ferromanganese crusts are as exceptionally high as 1.7%, but
Ti experiences significant depletion under phosphatization (Figure 5) [92,102]. Despite the
high Ti contents in hydrogenetic Fe-Mn crusts, the Ti enrichment factor is less impressive
because Ti in the Earth’s crust is also as high as 4000 ppm [50]. The high titanium concen-
tration is well known for its almost exclusive positive association with Fe phases under
hydrogenetic conditions [32,33]. The highly positive Ti-Fe correlation was interpreted as
hydrated TiO; being intergrown in the amorphous FeOOH structures, and previous obser-
vation has found in situ Ti precipitates associated with Fe-rich areas [32,128,207]. The high
titanium contents and the associative distribution with Fe phase are considered indicators
for pure hydrogenetic conditions as revealed by TEM and the phase distribution [25,207].
Diagenetic inputs and phosphatization markedly affect the Ti phase distribution and
contents, and highly phosphatized crusts demonstrate evident Ti content release and Ti
host-phase transfer. Leaching results revealed that up to 30% of Ti was remobilized to the
residue phase from Fe phase in the phosphatized Fe-Mn crust layers, while the reductive
dissolution of Ti-hosting Fe oxyhydroxides leads to large intergrown-Ti releases [25,35,208].
Titanium, as a crucial critical metal highly enriched in marine Fe-Mn crusts, is relatively
lacking in current research compared to its importance and high enrichment in Fe-Mn
crusts, requiring further studies.

5.5.4. Antimony and Arsenic

Multi-valent As and Sb are highly enriched in the oceanic Fe-Mn crusts and nod-
ules, they are commonly distributed in natural systems and reservoirs [2,209]. There is
currently only limited research explaining As and Sb enrichments in natural marine Fe-
Mn crusts and nodules. However, As and Sb have been pervasively investigated from
environmental perspectives and analyzed through sorption simulations on $-MnO2 and
ferrihydrite/goethite, which have shown bountiful implications regarding As and Sb en-
richments [135,136,138,141,210]. As and Sb in Fe-Mn crusts from the PCZ showed values of
393 ppm and 39.3 ppm, whereas diagenetic nodules from the Peru Basin showed 65 ppm
and 61 ppm [2,42]. Sb is more correlated to Mn and As is more correlated to Fe, and increas-
ing Mn/Fe conditions are associated with higher Sb and lower As concentrations, which
explain their separate affiliations towards diagenetic and hydrogenetic influences [134,211].
Early studies showed that they were nearly all pentavalent in marine Fe-Mn oxides and
mainly enriched in amorphous Fe oxyhydroxides through sorption experiments and se-
quential leaching [33,60,211,212]. However, many studies have also found and advocated
feasible As and Sb oxidative enrichments on hydrogenetic 6-MnO2 [135,137,141,210]. Qin
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et al. [134] observed evident As and Sb enrichments onto 5-MnO2. Mn phase contributes
14% to 29% Sb enrichment in hydrogenetic conditions and 27% to 54% Sb enrichment in
diagenetic conditions. The same trends were also observed for As. Trivalent and pentava-
lent As and Sb exhibit different sorption behaviors, as As(IlI) and Sb(III) are predominately
accumulated on the surface of Mn oxides through oxidative complexations, whereas As(V)
and Sb(V) were suggested to be enriched on ferrihydrites and goethite through inner-sphere
structural incorporations and co-precipitations [137-139,143,213]. Previous sorption results
revealed that only 10% of seawater As(V) and Sb(V) were enriched onto the Mn oxides,
whereas the majority of As(V) and Sb(V) are enriched through structural incorporations
on the Fe oxyhydroxides without the occurrence of oxidation of trivalent As and Sb on
Fe phase [140,212,214]. This suggested the separate roles of Mn and Fe phases in enrich-
ing As and Sb, that Mn phase likely adsorbs more low-valent species through oxidative
enrichments and Fe phase likely adsorbs more higher-valent species through structural
incorporations [136,142]. Extensive XAS investigations on As and Sb coordination analysis
showed that As and Sb mainly occupy DCS and DES configurations [134,142]. Due to
their geometric differences, Sb(OH)g~ is inclined to form DES complexes because of its
octahedral similarity with MnOg units, whereas tetrahedral AsO43~ struggles to bind with
MnOg units laterally, hence, a DCS complex is preferred [134,210,215].

6. Conclusions and Summary

Marine Fe-Mn Co-rich crusts and polymetallic nodules are salient deep-sea mineral
deposits that enrich large quantities of critical metals. Revealing the occurrence states,
enrichment processes and mechanisms of these critical metals in Fe-Mn crusts and nodules
is paramount to understanding the extreme enrichments of critical elements in marine Fe-
Mn deposits, evaluating the resource potentials in Fe-Mn crusts and nodules and guiding
the exploitations and prospecting of their metal resources. This study systematically
reviews and elucidates the progress and findings regarding the critical metal research in
crusts and nodules of recent years and obtains major understandings as follows:

The influencing factors of critical metal enrichments in crusts and nodules are chiefly:
the growth rates, water depth variations, electro-chemical speciation, post-depositional
phosphatization and the structures of the Fe-Mn adsorbents. The effects of these factors
greatly influence critical metal enrichments and their geochemical behaviors during the
enrichments in Fe-Mn crusts and nodules.

Five major enrichment pathways in Fe-Mn (oxy)hydroxides are concluded: (1) Ni,
Cu, Zn and Li are enriched through direct complexations on the Mn oxides; (2) Co, Ce
and T1 are enriched mainly through oxidation—substitution on the Mn oxides; (3) REY
(except for Ce), Cd, Mo, W and V are partitioned between Fe and Mn (oxy)hydroxides
through electro-attractiveness and overcoming repulsions; (4) seawater anionic Te, Pt, As
and Sb show trends that their low-valence species are oxidatively enriched on 6-MnO,,
in addition to the electro-driven adsorption onto FeOOH, while high-valence species are
likely structurally incorporated in amorphous FeOOH to exhibit combined Mn-Fe phase
enrichments; (5) Ti and Se show predominant sorption by amorphous FeOOH.

There are primarily four coordination preferences of enriched critical metals in layered
and tunneled Mn oxides: (1) incorporations into the layers/tunnel walls are common for
Co, Ni and Cu; (2) triple corner-sharing (TCS) complexes are common for Co, Ni, Cu, Zn
and T1, double corner-sharing (DCS) complexes are common for As, Sb, Mo, W, V and Te;
(3) edge-sharing complexes are common for the corner-sharing metals when they are less
competitive to take up corner-sharing positions or in less oxidizing conditions when the
metals are less able to react with layer vacancies; (4) adsorbed in hydrated loosely bound
interlayers which are common for low-electro-charge metal species like Li* and T1* as well
as electro-compensating elements.

Major ore-forming elements (Co, Ni, Cu and Zn), REY, PGE, dispersed elements
(Te, Tl, Se and Cd) and other enriched critical metals (Mo, W, V, Li and Ti) in crusts
and nodules demonstrate vastly varied enrichment behaviors. In our discussion of the
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critical metal enrichments, critical metals generally exhibit a dominant association with
the Mn oxides or Fe oxyhydroxide and show an enrichment preference for diagenetic or
hydrogenetic conditions. Critical metals are progressively accumulated through surface
complexation and substitution in the structure of Fe-Mn (oxy)hydroxides with respect to
micro-uptake perspectives. Their unique enrichment characteristics, enrichment processes
and mechanisms under different geneses and oceanic conditions contribute to forming the
extreme enrichments of critical metal abundance in Fe-Mn nodules and crusts. This study
provides a conclusive view to understanding the geochemical behavior of critical metals in
oceanic environments and bears significance to direct further exploration of critical metals
in oceanic Fe-Mn crusts and nodules.
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