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The demand for critical chemical elements applied in clean energy technologies is
increasing and, although deep-sea mining feasibility still is an open question, it might be a
pathway to overcome the problem. Among areas of interest for seabed mining, the Rio
Grande Rise is an ocean ridge in the southwest Atlantic Ocean known for hosting a large
polymetallic mineral deposit containing various critical elements at high concentrations.
Therefore, this mineralogical and chemical study characterizes the Rio Grande Rise FeMn
crusts and establishes features from a structural-chemical perspective that can guide
further studies from various locations. Combining X-ray diffractometry, Raman spectros-
copy, chemical analysis, and Scanning Electron Microscopy, it was found that samples are
composed by manganese oxides, MnOy; ferryxite or goethite, FFOOH; magnesian calcite,
Ca,Mg(COs),; and carbonate fluorapatite, Cas(PO4,COs3)sF. The external portion of analyzed
rocks consists of younger crust layers enriched in critical metals, such as cobalt (Co) and
nickel (Ni), associated with MnOx — mainly vernadite and asbolane; titanium (Ti), associ-
ated with iron oxyhydroxides; and rare earth elements (REE), at distinct bearing minerals.
Therefore, the data herein reported show that regions where the FeMn crusts have a
thicker young layer host a higher content of critical elements. In addition, the information
about the elemental distribution and mineral associations can guide further mineral and
metallurgical processing steps.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

critical minerals and associated chemical elements [1]. A
mineral is classified as critical when it is a source of an
essential chemical element for a specific technological appli-

Climate change horizon unleashed the search and develop-
ment of new technologies to provide cleaner energy and
sustainable industrial production. Under this scope, the
implementation and expansion of devices for energy supply
such as solar cells, wind turbines, and batteries for electric
vehicles have collaborated with an increasing demand for
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cation, but its supply is at risk due to any extraction, pro-
cessing, or political limitations [2]. Taking into account the
clean energy industry, critical elements include transition
metals such as cobalt (Co), manganese (Mn), and nickel (Ni);
and the lanthanides, yttrium (Y) and scandium (Sc), known as
rare earth elements (REE) [3]. According to the International
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Energy Agency [2], in the most optimistic future scenario the
global demand for critical minerals is going to increase from 7
x 10° tons yr *in 2021 to 13 x 10° tons yr *in 2050. The main
concern about these growing demands relies on the fact that
many elements are pivotal for clean energy technologies
(Table 1). The production of those elements is concentrated in
a few countries, limited to their production capacity. More-
over, many mineable regions are located in regions culturally
important to native peoples or threatened by water, food, and
conflict insecurity [3—5].

Therefore, deep-sea mining emerges as a new pathway to
increase the global extraction of critical minerals and supply
the clean energy industry's needs [6,7]. Although there is a
broad debate encompassing mineral exploitation versus
environmental impact [8,9], scientific research can provide a
better answer on mitigating impacts in cost-effective mining
seabed. That is why recognizing potential areas for exploita-
tion as well as critical metals content and their mineral as-
sociation is so important.

Ferromanganese (FeMn) crusts are sedimentary authigenic
mineral deposits containing manganese oxides and iron
oxyhydroxides deposited onto the external and internal sur-
face of hard substrates [10—12], although few studies report
their occurrence in soft surfaces [13,14]. The FeMn crusts are
widely known to contain a large variety and high content of
metals, standing out as one of the most important mineral
resources accessed by deep-sea mining. In particular, FeMn
crusts are enriched in critical elements such as Co, Ni, Te,
Platinum Group Metals (PGMs), and REE [11]. Usually found at
submarine elevations at a water depth ranging from 400 m to
7 km [11], FeMn crusts form upon the seafloor surface by slow
precipitation (few millimeters per million-year, mm Ma™?) of
colloidal particles of MnO, and FeOOH containing adsorbed
species from seawater, in a process called hydrogenesis [10].
Thus, seawater chemical composition, influenced by nearby
volcanic activity, biological production, and consumption, as
well as riverine and atmospheric dust inputs, has a critical
influence on FeMn crusts [6]. Still, post-depositional pro-
cesses, such as redox chemical reactions and phosphatization
events can modify the mineral and chemical composition of
the crusts [15].

Considering all the factors aforementioned, the concen-
tration of critical chemical elements in FeMn crusts depends
on their geographical localization [10]. Among known areas
containing FeMn crusts, the most studied and prominent from
the exploration point of view is the Pacific Prime Crust Zone
(PPCZ) in the Pacific Ocean [10]. The region contains one of the
oldest FeMn crusts that have concentrated high amounts of
critical metals in about 7.5 gigatons of dry sediment [16].
Although much knowledge concerning FeMn crust deposits in
the Pacific, Indian, and Northeast Atlantic Oceans has been
accumulated in the past decades, there is still a huge lack of
information about regions in the South Atlantic Ocean, such
as the Rio Grande Rise (RGR) [11,17,18].

The RGRis an ocean ridge located in the southwest Atlantic
Ocean at around 1200 km from the Brazilian southeast coast
[19]. Although an exploration contract for FeMn crusts in this
region was regulated between the International Seabed Au-
thority and the Geological Survey of Brazil since 2015, only
recently scientific investigation studied the mineralogical and

chemical composition of the crusts. Unprecedented mineral-
ogical, geochemical, and isotopic characterization of 22 sam-
ples from the summit of RGR (shallow-water, 650—825 m)
revealed the content of critical metals Ni, Co, REE, and Ti were
0.30—1.10 %wt, 0.09—0.79 %wt, 138—2821 ppm, and 0.05—0.09 %
wt, respectively [17]. Sousa et al. [20] reported the petro-
graphic, mineralogical, and chemical analysis of other 14
samples from RGR which the content of Ni, Co, REE, and Ti
ranged between 0.29 and 0.68 %wt, 0.21-1.05 %wt,
675—2841 ppm, and 0.38—1.24 %wt, respectively. Both studies
described the presence of two generations of FeMn crust with
a distinct appearance, mineralogy, and chemical composition
in the RGR: (1) an older generation (48—55 Ma) composed of
10 A manganates, calcite, and carbonate fluorapatite as a
result of strong diagenetic phosphatization covered by (2) a
younger generation (less than 6 Ma), non-phosphatized,
composed of vernadite and Fe-oxyhydroxides [17,20]. FeMn
crusts phosphatization (shallower than 1500 m) occurred in
relation to suboxic conditions developed in the Middle
Miocene Climatic Optimum, so deeper than 1500 m crusts are
not affected by phosphatization and do not have those
different generations. Additionally, the history and mecha-
nism of phosphatization of the FeMn first-generation were
investigated by Benites et al. [15].

The identification of mineral phases based exclusively on
X-ray diffraction, as reported in previous studies in the RGR, is
limited to crystalline phases at concentrations higher than the
detection limit (around 3%); moreover, do not differentiate
similar patterns of diverse manganates due to their poor
crystallinity and isomorphic substitution into the lattice.
Therefore, this study focused for the first time on a structural
perspective applying Raman spectroscopy as a tool to improve
FeMn crust characterization in the RGR. This encompasses the
compositional characterization of 9 bulk samples from RGR,
comparing structural and chemical aspects of the older and
younger crust layers. Besides expanding the number of
analyzed samples from this region, our proposal comprises
deepening the understanding of compositional and structural
aspects of minerals to support further decision-making in
minerals exploitation.

2. Materials and methods
2.1. Samples

The FeMn crust samples analyzed (9 samples, Fig. 1) were
dredged from RGR between 650 and 825 m water depths (Fig. 2,
Table 2) during the scientific cruise RGR1 on board the N/Oc
Alpha Crucis of the Instituto Oceanogréfico of Universidade de
Sao Paulo (more information about the cruise was previously
reported [21]). The samples were named according to the
dredge number (D02, D05, D06, D07, D09, and D10) and their
corresponding number ID within the dredge (030, 011, etc.).
Original samples were cut still on board and subsampled in
land. The younger layer of sample DO7_006 was detached from
the older surface, and treated as an independent sample
(D07_006_0).

From each of the sample fragments, two smaller pieces
were cut. The first one was ground for X-ray diffractometry
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Table 1 — High ( 11 ), moderate (mm), and low (=) need of some chemical elements for developing clean energy technologies,

adapted from [2]. PGM refers to the platinum group metals (ruthenium, rhodium, palladium, osmium, iridium e platinum).

Clean energy technology Cu Co Ni REE Cr Zn PGMs
Solar Photovoltaic
HEE | | | | | |
Wind
HEE | [ || HER [ ] | HER |
Concentrating solar power
(1| | (1| | HEER [ | | |
Bioenergy
HEE u u | | (1] u
Geothermal
| | HER | HER | |
Nuclear
[ 1] u (1| u HE | |
Electricity networks
HEN ] ] [ ] ] ] ]
Electric vehicles and batteries
HEE HER HEE HER | | |
Hydrogen
| | HEE HE | | HEE

and chemical analysis in an agate vase using a Fritsch Pul-
verisette 5 high-energy planetary mill for 10 min, according to
the standard procedure of the Technological Characterization
Laboratory (Department of Mining and Petroleum Engineer-
ing, Polytechnic School, Universidade de Sao Paulo) (Fig. S1);
the second was used for Raman spectra register and further
prepared for Scanning electron microscopy (SEM) analysis for
samples D07_002, D07_006_0 and D10_002 (Fig. S2).

2.2. Characterization

Powder X-ray diffractograms (PXRD) were recorded in a Mal-
vern Panalytical Empyrean 3rd generation diffractometer,
using a Cu Ka radiation (A = 1.542 A, 45 kV and 40 mA) in 260
range from 2.5 to 70° and a step of 0.02° s .

Raman spectra were collected from pristine rock fragments
in a Renishaw Invia Reflex spectrometer, equipped with a CCD

camera (1040 x 256 pixels) thermoelectrically cooled detector
and coupled to a Leica DM2500 M optical microscope (50x
lens). Excitation was performed using a diode laser (lex of
785 nm, power of 0.5 mW) and a diffraction grating of 1200
lines.

Chemical analysis of major elements was performed in a
Malvern Panalytical Zetium X-ray fluorescence spectrometer
at the Technological Characterization Laboratory using fused
beads with lithium tetraborate as flux and powdered samples
in a mass ratio of 7:1 (flux:sample). The analytical method was
standardless for chemical elements between fluorine (F) and
uranium (U), and the obtained concentrations (%wt) were
normalized to 100%. Loss on ignition (LOI) was determined
from sample calcination at 1020 °C for 2 h. Minor and trace
elements, including lithium (Li), yttrium (Y), rare earth ele-
ments (REE), zirconium (Zr), niobium (Nb), barium (Ba),
hafnium (Hf), tantalum (Ta), tungsten (W), lead (Pb), thorium
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Fig. 1 — FeMn crust samples from RGR.

(Th) and uranium (U), were analyzed by Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) at Laboratoratério de
Quimica e ICP-MS, Geoanalitica - Universidade de Sao Paulo
Facility under method established by Navarro et al. [22]. Based
on chemical analysis, a correlation matrix was generated in
Origin® 2021 software to evaluate Spearman coefficients (R-
value) at a confidence level of 95%.

Rock fragments of samples DO07_002, D07_006_0, and
D10_002 were mounted and embedded into epoxy resin and
polished to obtain flat sections (Fig. S3). The sections were
analyzed in a Quanta 650 FEG (Thermo Fisher/FEI) SEM mi-
croscope coupled to a Quantax 4030 (Bruker) energy-

-36.00 -35.80 -35.60

dispersive X-ray spectrometer (EDS) for chemical elemental
mapping and punctual spectra acquisition.

3. Results and discussion
3.1. Structural characterization
3.1.1. Powder X-ray diffraction

PXRD pattern of FeMn crusts presented in this study (Fig. 3)
correspond to the presence of specific diffraction peaks
associated with manganese oxides (MnOy), iron oxyhydroxide

-35.40 -35.20 -35.00 -34.80

Fig. 2 — Geographical location and bathymetric map of RGR (a) showing the surveyed area (b), in which dredged areas are

indicated by red traces.
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Table 2 — Geographical coordinates and depths of initial

and final survey points conducted by dredging (bold
indicates final points).

Sample Latitude Longitude Depth (m)
D02_030 31°09.365'S 34°49.800'W 851
31°09.337'S 34°49.807'W 800
DO05_011 30°47.782's 35°58.795W 683
30°58.952'S 35°58.912'W 795
D06_018 30°53.346'S 35°59.029'W 741
30°53.922'S 36°00.836'W 692
D07_002 30°51.251'S 36°00.519W 687
D07_006 30°51.020’S 36°02.119'W 681
D07_006_0
D09_007 30°47.678'S 35°59.657'W 654
D09_008 30°47.598'S 36°03.129'W 647
D10_002 30°52.076'S 35°59.995'W 701
D10_003 30°50.334'S 36°02.301'W 672

(FeOOH, goethite), calcite (CaCOs3), and carbonate fluorapatite
(Cas(PO4,CO3)3F), which is consistent with previous findings
reported by Benites et al. [17,23].

The main peak related to calcite is attributed to the [104]
crystal plane and corresponds to an interplanar distance
(dmyy) of 3.04 A. Upon closer examination of this region
(3.5-2.7 A, Fig. 3b), it is observed that the peak is split and
shifted towards lower dpy values, indicating the partial
substitution of Ca®" ions by smaller cations within the crys-
talline lattice of calcite [24,25]. It is important to note that the
substitution of Ca?" ions by cations with similar ionic radii,
such as lanthanides, is not expected to cause any shift in the
diffraction peaks.

®FeOOH (goethite) ¢ CaCO, (calcite)

Discriminating between different MnO, phases is chal-
lenging compared to calcium-bearing mineral phases due to
their poor crystallinity and the occurrence of overlapping
diffraction peaks associated with distinct minerals. Specif-
ically, the term 7 A-manganates in the literature can be
attributed, at the very least, to vernadite (7 A-vernadite), bir-
nessite, or calcophanite. Similarly, 10 A-manganates may
typify vernadite (10 A-vernadite), busserite, asbolane, lith-
iophorite, or todorokite [26].

A7 A-manganate is present only in sample D06_018. On the
other hand, most of the analyzed samples exhibit 10 A-man-
ganates, as evidenced by diffraction peaks corresponding to
dniy values of 9.63 and 4.76 A (Fig. 3¢) [26]. Except for samples
D02_030 and DO07_006_0, where diffraction peaks related to
distances below 4 A are predominantly occupied by calcite
and CFA contributions, thereby hindering the identification of
MnO, diffraction peaks. These aspects are characteristic of
the old generation of crusts in the RGR summit, as described
by Benites et al. [17], which contains a greater amount of
biogenic particles associated with calcite and magnesian
calcite (Mg-calcite) compared to the younger generation.

Sample DO07_006_0, extracted from the top of D07_006,
represents the second (young) generation of crusts and is
enriched in poorly crystalline MnO, mineral phases, such as
vernadite [17]. Vernadite is a layered mineral with a highly
disordered c-axis and a turbostratic arrangement [26,27]. The
absence of basal planes in the diffractogram of D07_006_0,
coupled with the presence of peaks related to 2.45 and 1.42 A,
allows for the unequivocal identification of Fe-vernadite, a
mineral formed through the intergrowth of poorly crystalline
iron oxyhydroxide (FeOOH) and MnO, phase [28]. Although
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Fig. 3 — X-ray diffractograms of FeMn crust samples (a) and featured regions at 26 ranges of 25—33° (b) and 2—20° (c).
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sample D02_030 seemingly belongs to the 2nd generation, its
diffractogram indicates a minor contribution of carbonate and
phosphate mineral phases, and the poorly crystalline MnOy
phase exhibits a more ordered structure, resulting in basal
diffraction peaks. In this sample, vernadite could be mixed
with other phyllomanganates and the peak at 15 A suggests
the presence of an interstratified phase [27].

3.1.2. Raman spectroscopy

Given the inherent limitations of relying solely on XRD for the
discrimination of all potential MnO, phases, Raman spectra
were acquired from distinct regions of the samples to support
the identification of the mineral phases (Fig. 4). However, it is
essential to emphasize the tentative nature of spectra attri-
bution in this study. While certain spectral bands may serve
as indicators of specific MnOy phases, their broadened feature
can arise from the superposition of numerous narrower
bands, thereby hiding phases in lower abundance. Moreover,
the available literature on this subject is scarce, with few
studies considering the sensitivity of manganese oxides to
laser power [29]. In order to mitigate the possibility of laser-

0.5 mW - return
(a) 2w reum

—5.0mW

—2.5mW

Intensity (a.u.)

induced degradation of MnO, minerals, different laser
powers were examined using D07_006_0 sample (Fig. 4a).
Under a laser power of 0.5 mW, the sample remained stable
after two acquisitions. However, at 2.5 mW, the relative in-
tensities of the bands were altered, and at 5.0 mW, irreversible
broadening of the bands occurred. Consequently, a laser
power of 0.5 mW, coupled with an excitation wavelength of
785 nm, was determined to be an optimal condition as it
avoids sample degradation and any resultant changes in the
spectra that could potentially misguide mineral identification.

The samples belonging to the young crust generation,
specifically the uppermost layers of the crusts, exhibit a
similar visual appearance, which is reflected in comparable
Raman spectra (Fig. 4b). The bands at 639 (strong, s), 593 (very
strong, vs) and around 500 cm ! (medium, m) resemble those
reported by Manceau et al. [27], which were attributed to Fe-
vernadite. The elongated tail of the 639 cm~* band towards
the higher wavenumber indicates its superposition with a
broad band around 700 cm ™, attributed to poorly crystalized
feroxyhyte intergrown with the MnO, mineral phase. This
elongation is more pronounced in sample D07_006_0, for

(l)) 593
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Fig. 4 — Raman spectra of sample D07_006_0 recorded at different laser powers in the same spot (a); Raman spectra of crust
layers from the younger (b) and the older generation (c); and of distinct accessory minerals in sample D09_008 (d).
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which the XRD data suggest a mineralogical composition
primarily consisting of Fe-vernadite. However, the presence of
a shoulder (sh) at around 550 cm * indicates the overlapping
of the Fe-vernadite and asbolane spectra [30]. In fact, Novikov
et al. [31] claim that the sorption of Ni and Co cations onto
vernadite results in its post-depositional conversion to asbo-
lane. In the case of sample D10_003, which has a young crust
generation overlying an ironstone layer, the Raman spectrum
shows bands at 393 cm ™ (m) and 301 cm™* (weak, w), attrib-
uted to vibrational modes of the goethite lattice [32].

Concerning the first-generation crust layers, their older age
likely resulted in more extensive post-depositional modifying
processes. Consequently, these layers are more heteroge-
neous than their young counterparts, not only due to the
presence of phosphatized minerals but also due to the diver-
sification of MnOy, phases (Fig. 4c). It is worth mentioning that
due to this heterogeneity, the collected spectra do not repre-
sent the entire sample but rather a specific point. Additional
spectra collected for each sample are presented in the Sup-
porting Information (Fig. S4).

Compared to the spectra of the young crust layers (Fig. 4b),
the spectra of certain old crust layers exhibit a shifted band at
630 to 620 cm *, a change in the intensity ratio of bands at 620
and 593 cm ', and an increased relative intensity of bands
around 500 cm ™. These features suggest that vernadite and
asbolane may not be the dominant manganate minerals in the
old crust layers. The spectra of samples D02_030, D0O5_011,
D07_006, D09_007, D09_008, and D10_002 (Fig. 4c) indicate the
superposition of bands originating from the minerals lith-
iophorite and todorokite. The high relative intensity of bands
at 476 and 496 cm * (s), accompanied by a higher intensity of
the 364 cm™" band (w) suggests the presence of lithiophorite
[33], while the profile between 800 and 500 cm™* resembles
that of todorokite, as reported by Bernardini et al. and Mule
et al. [29,33]. Post et al. [30,34] found that a band between 725
and 740 cm~? in the spectra of MnOy minerals can be associ-
ated with the presence of tunnel structures, also known as
tectomanganates. In fact, for some of the aforementioned
spectra (D05_011, D07_006, and D10_003), a band at 728 cm™?!
confirms the presence of the tectomanganate todorokite.

The spectrum of sample D06_018 (Fig. 4c) shows equivalent
intensities of bands at 629 and 592 cm ™' and broader over-
lapped bands at 496 and 476 cm ! which may be associated
with vernadite and birnessite minerals [33]. Considering that
vernadite can be assumed as a nanocrystalline and c-axis
disordered birnessite, the gradual conversion from the former
structure to the latter is expected. Over time, the aging of
minerals through Ostwald ripening can lead to structures with
larger crystallite sizes [35]. On the other hand, the spectrum of
D07_002 is similar to those from the 2nd generation crusts
(Fig. 4b), showing a very strong band at 592 cm™' and a
shoulder at approximately 550 cm™?, corresponding to a
mixture of vernadite and asbolane. Lastly, the spectrum of
sample D10_003 exhibits broad bands at 728 (w), 633 (vs), 588
(s), and around 500 cm~* (w), possibly related to birnessite and
todorokite. The presence of tectomanganates (i.e. todokorite)
in the old crust layers reinforces the extensive post-
depositional modifications favored by the aging of the
crusts. According to Wegorzewski et al. [36], todorokite was
identified in older FeMn nodules buried below a 530—985 cm

sediment column but not in samples closer to the seabed
(14—16 cm). Likewise, Wu et al. [37—39] have shown that the
conversion of phyllomanganates to tectomanganates de-
pends on geochemical conditions (such as pH, adsorbed or
incorporated cations, etc.) that drive structural and chemical
transformations. For example, high contents of Co and Ni can
lead to the conversion of vernadite to asbolane instead of
tectomanganates, which may have occurred in the young
crust layers reported herein (Fig. 4b).

In addition to manganese oxides, Raman spectroscopy can
also be used to identify accessory minerals present in FeMn
crusts. To demonstrate this, spectra were collected from re-
gions of sample D09_008 that exhibited visually distinct colors
other than the characteristic black-brownish color of MnOy
minerals, such as whitish, reddish, and pinkish regions
(Fig. 4d). The spectrum of the whitish region of the sample
displays bands at 1089 (vs), 716 (w), 286 (m), and 157 (w) cm™?,
which correspond to Mg-calcite [40]. This finding supports the
isomorphic substitution of Ca®* into the calcite lattice as
indicated by XRD data (Fig. 3b). However, it is important to
highlight that this spectrum represents a specific region and
does not represent the entire sample, meaning that possible
substitution of Ca?' by larger cations such as Sr*' and Ba?' or
other cations with similar ionic radii, such as REE>*, in other
regions cannot be ruled out. In addition to bands related to
calcite, the spectrum of the reddish region shows bands at 560
(vw), 394 (s), and 304 (w) cm ™, which are attributed to goethite
and are in agreement with the XRD data of ironstones from
RGR [23]. The spectrum of the pinkish region provides evi-
dence of CFA due to bands at 1077 (w), 968 (s), 587 (vw), and 433
(vw) cm ! [41—43]. Although bands attributed to the vibra-
tional modes v; of phosphate and v, of carbonate can occur
around 1040—1080 cm™! [44], the position of the band at
1077 cm™ ! indicates the insertion of carbonate into the apatite
lattice. Therefore, Raman spectra support the mineralogical
composition of FeMn crusts suggested by XRD, but it serves as
a crucial tool to complement the understanding of MnOx
phases and provide evidence about ionic substitutions into
calcite and CFA minerals.

3.2 Chemical characterization

3.2.1. Mass balance of main constituents of FeMn crusts
From a stoichiometric perspective, elemental substitutions
into mineral lattices do not significantly contribute to the
mass balance of the main constituents of FeMn crusts.
Therefore, the major elemental contents (Table S1) — Mn, Fe,
Ca, and P - determined by XRF spectrometry were used to
estimate the mass percentage distribution of calcite, CFA,
FeOOH, and MnOy, phases in the samples, normalized to 100%
(Fig. 5). In this analysis, asbolane (Cag1[Nip3C001Mn;s0; s
(OH),]-0.6 H,0) [45] was considered as the major MnOy phase
in the samples, except for D07_006_0, where vernadite (Cao ;-
Nag 1[Mng ¢Feo.201.5(0H)o 5] - 1.4 H,0) [45] was adopted. Ca was
distributed between pure calcite (CaCOs;) and CFA (Cas
(PO4)2.5(CO3)o.5F). Goethite was used as a representative of Fe
minerals, including both goethite and feroxyhyte.

Consistent with the discussion in Section 3.1, samples
D02_030 and DO07_006_0 predominantly consist of MnOy.
Conversely, the older crust layers present a significant
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Fig. 5 — Mass percentage (%wt) of main constituents of samples.

amount of calcite and CFA, reflecting a higher accumulation of
biogenic particles and phosphatization events [15]. It is
important to note that samples D07_006, D10_002, and
D10_003 contain fragments of substrate rocks, which can in-
fluence the mass balance and result in a decrease in the mass
percentage of MnOy. Samples D05_011, D07_006, D09_008, and
D10_003 show thick layers associated with ironstones (Fig. 1)
and, as a result, contain a substantial amount of goethite.

3.2.2. Transition metals and rare earth elements composition
Interestingly, samples D02_030, D07_002, and D07_006_0
exhibit a higher mass fraction of MnOy phases, which contain
an increased concentration of transition metals and REEs
(Fig. 6). Previous research by Benites et al. [17] also observed a
higher enrichment of transition metals and REE in the non-
phosphatized FeMn crusts (young generation) compared to
phosphatized (old generation) ones. This enrichment can be
attributed, in part, to a dilution effect caused by the presence
of calcite and CFA phases, as the uptake of metals from
seawater primarily occurs through adsorption onto MnOy and
FeOOH colloidal particles.

Sample D07_006_0 stands out among the others as a
representative of the young generation crusts and exhibits the
highest concentration of economically significant metals.
Specifically, it contains 0.66 %wt of Co (Fig. 6a; Table S1),
which is similar to the average value found by Benites et al.
[17] for non-phosphatized RGR FeMn crust samples
(6604 ppm), and comparable to FeMn crusts and nodules from
the PPCZ (average 6662 ppm) [10]. Furthermore, this value is
approximately twice the Co content of crusts from the
Atlantic Ocean (3608 ppm) and Indian Ocean (3291 ppm) [10],
and more than ten times the Co content of manganese nod-
ules from the Peru Basin (0.048%) [6]. Similarly, sample
D02_030, representing the young generation of crusts, also
presents a high content of Co (0.51%). These two samples also
have the highest concentrations of Ti, Mo, Zr, Nb, and REE
elements (except Y) among the analyzed samples (Table S1
and Table S2, Fig. S1).

Sample D07_002, mainly composed of old generation crust
with a thin layer of young crust on top, contains the highest

amount of Ni (1.12 %wt), Y (345 ppm), and HREE (heavy REE —
Tb to Lu, 440 ppm) among the samples analyzed (Fig. 6b; Table
S2). In contrast, D07_006_0 has a Ni content of 0.51 %wt and
322 ppm of HREE. The higher concentrations of Y and HREE in
DO07_002 are possibly due to a more significant presence of CFA
phases (Fig. 5). Trivalent Y and HREE anions have a similar
ionic radius to Ca®" anions in the seven-fold coordinated po-
sition in the CFA lattice, 1.06 pm [46], which favors their
isomorphic substitution. This substitution is facilitated by the
charge compensation through the substitution of trivalent
PO; by divalent CO3 anions [47]. The enrichment of Ni might
be associated with the mechanism of uptake and subsequent
structural incorporation of Ni** species. The young generation
crusts are composed of poorly-crystalline MnOy with a high
density of structural defects, allowing them to adsorb labile
species. In contrast, in the older generation crust layers, post-
depositional processes can lead to the substitution of Mn"*
(n = 3 or 4) ions by Ni*" species [48]. Although D07_002 con-
tains a young crust layer, most of its volume consists of older
phosphatized layers that can carry a higher content of struc-
turally immobilized Ni. Sample D09_007 presents a similar
structure (Fig. 1) and is the second sample in the set with
higher Ni content (0.62 %wt).

3.2.3.  Correlation between elements

Through the obtained results, the correlation between pairs of
elements was assessed using a Spearman correlation matrix
as presented in Table S3. Scatter plots highlighting moderate
(0.4 <R <0.59), strong (0.6 < R < 0.79), and very strong (R > 0.8)
correlations [49] are presented in Fig. 7. For instance, a very
strong positive correlation is observed between Co and Mn
(Fig. 7a). Furthermore, Co exhibits a strong negative correla-
tion with Ca (R = —0.721), supporting its association with
manganates. During the formation of FeMn crusts, Co** cat-
ions are adsorbed by negatively charged colloidal MnO, par-
ticles and subsequently incorporated into the MnOy structure
[11]. Therefore, the high content of Co in the analyzed samples
suggests its structural incorporation into asbolane-like min-
erals, in addition to its adsorption onto vernadite surface.
Similarly, Ni does not show a correlation with either Ca or Fe,
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but it exhibits a strong correlation with manganese (Fig. 7b).
Additionally, a moderate correlation between Al and Li is
observed (Fig. 7c), indicating their association with lith-
iophorite, which is consistent with the attributions proposed
in Raman spectra (Fig. 4b). Asbolane and lithiophorite are
commonly found together in Mn ores and can also be intrin-
sically mixed into intermediate mineral phases [50].

Among the REE, Ce is the only chemical element that
presents a correlation with Mn (Fig. 7d). This strong
(R = 0.697) and positive correlation can be attributed to the
mechanism of Ce uptake from seawater. The electro-
chemical oxidation of Ce*" to Ce?* facilitates its incorpora-
tion into hydrogenetically formed manganates [6]. Previous
literature indicates that hydrogenetic crusts (e.g., D02_030
and D07_006_0) and phosphatized crusts (most samples)

exhibit Ce enrichment and depletion, respectively, relative
to other REEs [10]. Indeed, D02_030 and D07_006_0 demon-
strate higher Ce concentrations (Table S2). Most of the REEs
show a very strong positive correlation with Ti, such as the
example of Ce (Fig. 7e) and La (Fig. 7f). Conversely, Ti dem-
onstrates a strong correlation with Mn (Fig. 7g), although
Ti(OH), in seawater is captured by FeOOH colloidal particles
during crust formation [11]. Therefore, while these correla-
tions may not represent direct mineral associations, the Ti
content in FeMn crusts can serve as an indicator of REE
content in the samples.

In addition to the correlation with Ti, the REEs exhibit very
strong correlations among themselves. For example, correla-
tions between La and Eu (Fig. 7h), as well as between La and Nd
(Fig. 7i). This behavior can be explained by the chemical
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some chemical elements at 95% confidence level as indicated

properties of the REEs, wherein similar oxidation states and
ionic radii lead to equivalent bond energies and facilitate
isomorphic substitution of one element for another within
crystal lattices [46,51]. Similarly, Ti demonstrates strong or very
strong correlations with Zr (R = 0.939), Nb (Fig. 7j), Mo (R =0.911),
Ta (R=0.830), and Pb (R = 0.939) [46,52]. In terms of Fe, it exhibits
a strong negative correlation with Ca (R = —0.770) and P
(R = —0.758), and a very strong positive correlation with V
(Fig. 7k). Fe and V are commonly associated in nature, and there
is a possibility of structural incorporation of V substituting Fe
within goethite lattice [53]. The negative associations specif-
ically with Ca and P arise due to their presence in the CFA phase
(Fig. 71), which leads to the dilution of iron mineral phases
within FeMn crusts. Furthermore, the preferential replacement
of Fe oxyhydroxides by CFA, rather than Mn oxides, is a com-
mon process during phosphatization [54—56].

3.24.
crusts
To investigate the elemental correlations and their connection
with mineral associations, SEM coupled with EDS mapping
was performed on polished sections of fragments from sam-
ples D07_002 (Fig. 8), D07_006_0 (Fig. 9), and D10_002 (Fig. 10).

Spatial mineral—element association in the FeMn

The cross-section of the D07_002 crust fragment exhibits
an uneven chemical composition with various textures
comprising laminated, botryoidal, and shapeless cement
with embedded microfossil shells (Fig. S5). The top of the
fragment (Fig. 8a) reveals young thin crust laminae depos-
ited between large columns of the older crust. These
laminae contained intercalations of Mn- and Fe-rich layers
(Fig. 8b), indicating the intergrowth of MnOy and FeOOH.
The surrounding region is predominantly composed of the
CFA phase, as indicated by the overlapping of Ca (blue) and
P (red) maps. This region also contained abundant calcite
microfossils (blue circles). Inset elemental maps suggest
that Mg and Ti are associated with MnO, and FeOOH, while
Al and Si are diffused throughout the sample with localized
enrichment. The inner region of the fragment exhibits
thicker layers of segregated MnOy, FeOOH, and CFA (Fig. 8c,
blue, orange, and pink). Mg (inset of Fig. 8c) is associated
with MnO, instead of calcite or CFA, which could be
attributed to the adsorption of cations present in seawater
by colloidal Mn oxide particles [11]. The association of Al
and Ni with MnO, (inset maps) supports the presence of
specific mineral phases such as lithiophorite and asbolane,
respectively. Si appears to be concentrated in the CFA
cement, suggesting a possible substitution of P in the CFA
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Fig. 8 — SEM micrographs (a) and EDS mapping collected at 100x magnification (b, c, d, and e) of distinct regions from a cross-
section of sample D07_002 fragment. SEM micrograph on the top of a fragment of younger crust detached from D07_002

surface (f) and its corresponding EDS mapping (g).

lattice [57]. Cl is uniformly distributed throughout the sec-
tion, while Ti is concentrated in the arched structure at the
top, divided into Fe and Mn phases. Elemental maps in
different color schemes (Fig. 8d and e) provide insights into
the elemental distribution. This section comprises two
distinct generations of crusts separated by a cement of CFA
and FeOOH (Fig. S6). The structure of the younger crust
generation resembles the one depicted in Fig. 8a, consisting
of thin, curved layers of MnOy and FeOOH phases, forming a
botryoidal texture. Towards the lower part of the younger
crusts, there is a concentrated region of Mn and Fe with a
different texture, possibly indicating the presence of poorly
crystallized mineral phases. The inset element map in-
dicates that Ti is predominantly found within the FeOOH
mineral phases. Furthermore, the elemental map shown in
Fig. 8e provides additional evidence that Mg is associated
with MnOy mineral phases, while Si and P elemental maps
do not overlap, supporting the hypothesis of elemental
substitution within the CFA lattice.

Fig. 8f displays an electron micrograph of the upper part of
a younger crust layer detached from the top surface of sample
D07_002. FeMn crust layers exhibit a botryoidal texture ar-
ranged around flat, shapeless encrustations of Mg-calcite as
depicted in Fig. 8g. The association between Mg and Ca
observed in the inset elemental map suggests that, during the
aging of the crust, the dissolution of calcite, coupled with
phosphatization events, released Mg?* cations that subse-
quently reprecipitated into MnOy minerals. EDS data further
confirm the association of Ti with FeOOH phase, which is
concentrated at the boundary of the Mg-calcite particles. One
possible explanation for this phenomenon is the interaction
between goethite or feroxyhyte with carbonate anions within
calcite, forming robust hydrogen bonds that bind the mineral
phases together.

Among all the samples, D07_006_0 best represents the
younger generation of FeMn crusts. Similar to the previous
findings (Fig. 8f), it also exhibits a botryoidal texture sur-
rounding regions containing Mg-calcite (Fig. 9a and b).



5644

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;25:5633-5649

Intensity (a.u.)

Tz 3 4 5 68 7
Energy (keV)

Fig. 9 — SEM micrograph (a) and EDS mappings on the top (b, c) of a fragment from D07_006_0. SEM micrograph (d), EDS
mapping (e), and punctual EDS analysis (f, g) on the cross-section of a fragment from D07_006_0. EDS mapping (h) and
punctual EDS analysis (i, j) on the bottom of a fragment from D07_006_0.

However, it also displays areas with a more uniform texture
that lacks calcite (Fig. S7) and consists of Mn and Fe
dispersed within a shapeless matrix (Fig. 9¢). It is hypothe-
sized that these regions represent young crusts containing
smaller particles of manganese oxide (MnOy) and iron oxy-
hydroxide (FeOOH). When observed from a lateral view, the
crust layers exhibit a laminated texture (Fig. 9d), with flat,
shapeless inclusions in darker regions and some poorly or-
dered cement without a defined structure. The correspond-
ing elemental mapping (Fig. 9e) shows similarities to the
inclusions composed of Mg-calcite surrounded by thin
layers of Ti-concentrated FeOOH and enveloped by lami-
nated phases of MnO, and FeOOH. Even the region with an
undefined texture is attributed to the FeMn crust. Point an-
alyses using energy-dispersive X-ray spectroscopy (EDS)
(Fig. 9f and g) reveal that regions enriched in Mn (points 2, 3,
and 4) are also enriched in Na, Mg, Al, and Ni, indicating
their association with MnOx minerals. Similarly, there is a
comparable trend between Fe and Ti (points 5 and 6), sup-
porting their mineral association. Point 7 is located in the
center of Mg-calcite, and the spectrum shows the absence of

a significant amount of P, which is a characteristic feature of
the younger crust layer.

The bottom section of the crust exhibits the same structure
(Fig. S8) and chemical composition as the top section (Fig. 9h).
Additionally, regions rich in FefOOH show concentrated Ti and
Si to a lesser extent. Point EDS analyses (Fig. 9i and j) provide
further evidence of a higher Si content associated with Fe
(points 4 and 5). It is possible that Si(OH), present in seawater
binds to colloidal particles of FeOOH through hydrogen
bonding and becomes incorporated into the crusts [11].

In contrast to the other samples, D10_002 grew on a sub-
strate rock that was extensively phosphatized and contained
abundant microfossils (Fig. S9, Fig. 10a). Within the substrate
rock, there are visible occurrences of CFA (pink color in
Fig. 10b) both inside and outside the shells. Siis also presentin
the substrate, possibly resulting from the replacement of P, as
previously proposed for the D07_002 sample, or due to the
presence of siliceous shells and aluminosilicates. Similar to
the other samples, the FeMn laminas contain Mg and Ti,
although Mg is also combined with Ca in the microfossil
shells. Fig. 10c reveals a distinct region that is richer in Mn and
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Fig. 10 — SEM micrograph showing FeMn crusts deposited onto a substrate rock (a) and its corresponding EDS mapping (b) in
a fragment of sample D10_002. EDS mapping of distinct regions focusing on crusts (c) and substrate rock (d), and punctual

EDS analysis of a microfossil structure and surroundings (e, f).

exhibits a more pronounced botryoidal texture, possibly
associated with a deposition event separate from the main
crust layers. Meanwhile, the substrate rock exhibits a surface
enriched in buried microfossils, within a cement composed of
CFA and possibly some regions containing aluminosilicates,
as indicated by Al and Si elemental mapping (Fig. 10d).
Furthermore, many microfossil shell chambers have pre-
served calcite or Mg-calcite, which could be attributed to
phosphatization processes surrounding these chambers, with
CFA filling the pores and protecting the pristine calcite from
phosphate-rich seawater [15]. Upon closer inspection, it is
evident that regions with colloidal FeEOOH and MnO, have
likely penetrated through the pores and contributed to the
growth of crusts (Fig. S10). Point analyses using EDS (Fig. 10e

and f) reveal a diverse chemical composition. These include
small clasts primarily composed of Ti (point 1), cement re-
gions with higher Si and Al content (points 2 and 3), crust
deposition containing only MnO, without associated FeOOH
(point 4), shell chambers preserved as Mg-calcite (point 5), and
other phosphatized shell chambers containing minor
amounts of Sr, which may substitute Ca?" ions in the CFA
lattice (point 6).

It is important to note that in all analyzed samples,
regardless of the age of the crusts, manganese (Mn) and iron
(Fe) minerals are segregated, appearingin distinctlaminated or
botryoidal arrangements. This is expected since goethite and
MnO, minerals do not have the same crystal structure [28],
which favors phase segregation rather than isomorphic
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substitution. Therefore, the use of EDS mapping has helped
clarify the mineral association of certain minor metallic cat-
ions found in FeMn crusts. Titanium (Ti), although correlated
with Mn (Fig. 7), is frequently associated with goethite or its
precursor mineral, feroxyhyte. Magnesium (Mg), apart from
being present in Mg-calcite, is also found in MnOy phases.
These associations are consistent with the hydrogenetic origin
of the Rio Grande Rise crusts, as colloidal MnO, and FeOOH
precursors possess surface charges that enable their interac-
tion with ionic species in seawater [11]. Another factor driving
these preferential interactions is the ability of FeOOH to
establish hydrogen bonds with anionic or neutral species, such
as Ti(OH),. Punctual EDS analysis has also revealed a higher
intensity of peaks attributed to Al and Ni associated with MnOy

® YOUNGER LAYERS

FeOOH and MnOx

asbolane

« Composed by poorly crystalline
« MnOx main minerals: vernadite and
« Higher concentration of transition

metals and REE than older layers
« High content of Ni, Co, Ti, Ce and La

OLDER LAYERS

« MnOx modified by post-
depositional processes;
Evidence of tectomanganes

presence, such as todorokite;

Hosts lithiophorite, a lithium
bearing mineral;

Presence of CFA cement
incrusted of microfossils.

phases. In particular, this result indicates the presence of
relevant mineral phases such as asbolane, lithiophorite, and
possible intermediates within the MnOy, fraction. Additionally,
the layered structure of these minerals may contribute to the
observed laminated textures. The absence of definitive evi-
dence in EDS maps or spectra indicating the association of Co
or REEs with any specific phase is due to their low concentra-
tion and the high detection limit of EDS, which makes it chal-
lenging to detect trace elements dispersed within the mineral
matrix. Regarding the REEs, their dispersion among various
minerals is consistent with the lack of correlation with Mn, Ca,
and Fe (Table S3).

In summary, the main findings of this study are presented
in Fig. 11. A structural-chemical approach was employed,

® GOETHITE

« Crystallized in older
crusts layers

« Evidences that it
concentrates Ti

MAGNESIAN CALCITE

« Encrusted in ferromanganese
younger crusts layers

« Preserved into microfossils
shells

Fig. 11 — Summary of the structural and chemical composition of Fe—Mn crusts analyzed.
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utilizing various characterization techniques to investigate
the key characteristics of FeMn crusts. The data obtained from
the samples collected at the Rio Grande Rise have provided
valuable insights that can guide future research and facilitate
the planning of FeMn crust exploitation in diverse regions
worldwide. These findings serve as a valuable resource for
researchers and stakeholders involved in the study and utili-
zation of FeMn crusts.

4, Conclusions

Herein it is reported the application of Raman and SEM-EDS
techniques as key characterization tools enabled a more
complete mineralogical understanding of the FeMn crusts
from the summit of RGR. For instance, 10 A manganates can be
identified as asbolane and lithiophorite, mineral phases that
could not be distinguished by the previous study of Benites
et al. [17] based only on the PXRD technique. These data have
important implications for the element—mineral association.

Taking into account the FeMn crusts as fruitful critical el-
ements reservoirs, structural and chemical characterization
shed light on the desirable characteristics of the samples that
can be exploited.

e Contain thicker younger hydrogenetic crusts layers bearing
higher content of chemical elements of economic interest;

e Have a high content of Ti, considering its strong correlation
to REE as well as to valuable transition metals from the 5th
(Zr, Nb, and Mo) and 6th (Hf, Ta, and Pb) period of the Pe-
riodic Table. These correlations can be especially beneficial
for a preliminary in situ chemical characterization based on
portable XRF techniques aiming to identify the crusts with
the biggest potential for exploration.

Additionally, the high level of intergrowth among distinct
mineral phases contained in FeMn crusts reveals that any
mineral processing aiming at the extraction of metals should
appeal to chemical methods/hydrometallurgy (i.e., acid disso-
lution, selective leaching, etc) rather than physical methods of
separation. Thus, the feasibility of commercial exploitation of
these samples still lacks much information, including further
steps to understand their chemical behavior, environmental
and, social impacts.
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