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ARTICLE INFO ABSTRACT

Editor: Shu Gao Marine minerals are important because concentrate in their structure high contents of strategic and critical el-
ements as rare earth elements. Forty-two samples from eight seamounts of Canary Islands Seamount Province
(CISP) have been analyzed in order to evaluate their rare earth elements plus yttrium contents (REY). Highest
contents of REY are related to hydrogenetic minerals and essentially Fe-vernadite (on average 3000 pg/g).
Diagenetic minerals, on the other hand, show the lowest REY contents with an average content of 260 ug/g.
These differences also depend on the growth rates, hydrogenetic minerals with growth rates between 0.5 and 5
mm/Ma allow the incorporation of more REY in their structure. REY contents in studied samples varies
depending several factors associated with depth and location, shallowest samples presumably growth near or
within the oxygen minimum zone are the most enriched with up to 3800 ug/g due to local enrichment of these
elements and the slowest growth rate promoted by the reduced ambient conditions while deeper samples around
3000 m water depth show 2800 pg/g. Location also has a role in REY contents essentially due to the presence of
different currents. Samples faced to north are exposed to the more oxygenated waters of the North Atlantic Deep
Water and are depleted in REY if compared with deeper samples facing to south to the more oxic Antarctic
Bottom Water. Finally, the case of study made on three different seamounts of the CISP show that Fe—Mn crusts
from this area could provide on average 130 tons of hydrometallurgical recovered REY (based on 1 km? areal
crust coverage) together with interesting quantity of several other strategic and base elements as Mn, Co, Ni, Cu,
V, Mo between others.
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1. Introduction magnets used in windmills or hydro-electric power dams, but also as

alloy metals in the development of superconductors, or in the produc-

Rare Earth Elements plus Yttrium (hereafter REY) are a group of
chemical elements composed by the lanthanides and yttrium that usu-
ally can be found associated in the same ore (Haxel et al., 2002; Long
et al., 2010). Scandium, present in most deposits of rare-earth com-
poundes, is also included by the International Union of Pure and Applied
Chemistry as a rare-earth element. REY have gained importance in the
last 20 years due to their use in the development of new technologies,
such as laptops, smartphones and tablets. Probably more important is
their use in the development of more efficient electric turbines, e.g. Nd
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tion of better ceramics or glasses. Anyway, more than a half of REY are
used as catalysts in the petroleum refinery that comprehend >20% of
their consumption (The White House, 2021).

REY are not so rare in the continental crust as their name may sug-
gest, but they are considered rare because they are hardly found in
exploitable deposits (Haxel et al., 2002). Currently, the global produc-
tion is led by China, with >80%, followed by Australia with almost 15%,
while the remaining 5% is divided by the rest of producers. Land-based
REY deposits are represented by different types like carbonatites,
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alkaline igneous rocks, skarns or enriched in sedimentary rock by the
weathering of these deposits forming placers, bauxites and laterites
(Lottermoser, 1990; Hedrick et al., 1997; Berger et al., 2014; Holtstam
et al., 2014; Deady et al., 2016; Dostal, 2016; Verplanck et al., 2016;
Santofimia et al., 2022; Gonzalez et al., 2023). The principal metal as-
sociation of carbonatite is represented by Fe-Nb-REY minerals deposit
and hydrothermal iron-oxides (Cu-Au-REE) (Mountain Pass, Bayan Obo,
Olympic Dam mines), in which the main ores are represented by REY-
rich phosphates, as monazite, bastnaesite, huanghoite (Drew et al.,
1990; Chao et al., 1997; Fan et al., 2016). Placer deposits have been a
source of REY in fluvial, beaches and shallow-water areas as monazite
and xenotime bearing deposits formed by erosion and weathering of
primary rocks (Chakhmouradian and Wall, 2012; Wall, 2013; Sakellar-
iadou et al., 2022). Enrichment of these elements also occurs by ion-
adsorption ores in lateritic weathering crusts developed on granitic
and syenitic rocks in tropical environment and in secondary clay min-
erals (Haxel et al., 2002; Zhou et al., 2017).

Fe—Mn crusts on the deep-seafloor concentrate contents of REY with
economic potential in their structure due to the slow absorption of
mono- and di- carbonate complexes from seawater (Bau, 1996; Bau
et al., 2014). Fe—Mn crusts can be found in all ocean basins covering
different hard substrates on seamounts and plateaus, forming quite
continuous pavements of up to 25 cm of thickness (Glasby, 1972; Hal-
bach et al., 1981; Koschinsky and Halbach, 1995; Koschinsky et al.,
1996; Hein et al., 1997, 2000; Rona, 2003; Gonzalez et al., 2016; Marino
et al., 2017, 2018, 2019). Fe—Mn crusts form essentially under the
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influence of hydrogenetic process, involving slow precipitation of
colloidal Fe and Mn oxy-hydroxides during millions of years and
concentrating high contents of LREE, especially Ce (Hein et al., 1988;
Bau and Koschinsky, 2009; Bau et al., 2014; Gonzalez et al., 2016; 2023;
Sakellariadou et al., 2022; Benites et al., 2023). Sometimes, Fe—Mn
crusts could show the influence of diagenetic processes when they are
submitted to particular redox conditions or when the water-crust
interface is blocked by sediments promoting a pore water precipita-
tion that endorse a higher growth and a lower enrichment in REE.
Ancient Fe—Mn crusts affected by phosphatization processes, especially
extended during the Eocene-Miocene, can accumulate high contents of Y
(Glasby et al., 1997; Hein et al., 1997, 2000; Usui et al., 2017; Kuhn
et al., 2017; Marino et al., 2017, 2018). Hydrothermal formation of
Fe—Mn crusts and stratabounds due to direct precipitation of oxy-
hydroxides from hydrothermal fluids are usually very poor in REYs
(Hein et al., 2005; Gonzalez et al., 2016, 2020; Marino et al., 2019).
Diagenetic and hydrothermal Fe—Mn minerals usually concentrate low
contents of REY essentially due to their high growth rate (10-100 and
100-1000 and more mm/My respectively) that did not allow the ab-
sorption of these elements from the surrounding waters (Hein et al.,
1997; Gonzalez et al., 2009, 2010, 2012; Zawadzki et al., 2021).

This work is focused on evaluating of the REY contents in forty-two
different studied samples of Fe—Mn crusts from the CISP area. We
present a regional study on the distribution of REY proposing their
mechanisms of enrichment in eight representative seamounts of the
Canary Islands Seamounts Province (CISP). The main topic of the paper
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Fig. 1. Regional setting of the Canary Islands Seamounts Province (CISP). General bathymetric view of the study area on the left and zoom of the individual studied
seamounts and their sampling sites on the right. The ages of principal seamounts are showed in the bathymetric mosaic: Henry Seamount (126 Ma), El Hierro South
Ridge (133 Ma), Las Hijas Seamount (142 Ma), The Paps Seamount (91 Ma), Echo Seamount (72 Ma), Tropic Seamount (142 Ma), ages from van den Bogaard, 2013

and Somoza et al., 2015 (Echo age).
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is to get better knowledge on how REY are concentrated in Fe—Mn
crusts. To address the variation in REY contents we used high-resolution
mineralogical and geochemical analyses and the application of statisti-
cal methods in order to highlight in which mineral phases REY are
concentrated and what is their variability in accordance with water
depth and different location on samples.

2. Geological and oceanographic setting

The study area is located west and southwest of the Canary Islands
Archipelago, and comprises several seamounts at different depths
ranging from 5000 to 3500 m at their base (Fig. 1)). These seamounts
have a volcanic intraplate origin due to the presence of a mantle area
anomalously hot (van den Bogaard, 2013). This mantle plume promoted
a higher proportion of melting in the mantle and the rise of the magma
leading to the formation of the Canary archipelago and of hundreds of
seamounts. Geochemical dating methods based on “°Ar/*°Ar age per-
formed on different minerals show that their formation is placed in the
Early Cretaceous period, after the opening of the Atlantic Ocean (van
den Bogaard, 2013). The oldest age calculated in the area belongs to Las
Hijas seamount (142 Ma) and similar ages have been also calculated in
El Hierro Ridge and in the Henry seamount (respectively 133 and 126
Ma). Southern seamounts as The Paps and Tropic (respectively 91 and
119 Ma) show younger age of Late Cretaceous period. These data made
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CISP seamounts to be considered the oldest volcanic seamount track in
the Atlantic Ocean (van den Bogaard, 2013). Seamounts of the CISP
show variable morphology represented essentially by i) guyot type
(Echo, Tropic), ii) ridge type (Bimbache, The Paps and Drago), iii) cone
type (Las Hijas, Amuley and Gaire) (Fig. 2). Biggest seamounts also show
the presence of secondary volcanic cones on the top (Echo) and the signs
of old landslides in their flanks (Tropic, Echo, The Paps) (Fig. 2C, D, F)
(Palomino et al., 2016). Seamount investigation is not only important
for their formation and as source of minerals deposits but also due to
their singular ecosystems in the oceans for the benthic fauna (Somoza
et al., 2021).

REY elements can be concentrated in seawater from different sources
such as continental shelf weathering, dust input, volcanic-hydrothermal
sources or diagenetic alteration of the substrate rocks (Juteau et al.,
1978; Hein et al., 2000; Maslennikov et al., 2003; Dubinin, 2004;
Dubinin and Rozanov, 2001; Zhong et al., 2018). The presence of vol-
canic activity in the CISP since the Early Cretaceous is evident from the
occurrence of the great amount of seamounts, the active volcanoes and
submarine magmatic-hydrothermal systems development in the Canary
Islands (van den Bogaard, 2013; Medialdea et al., 2017; Somoza et al.,
2017; Gonzalez et al., 2020; Kliigel et al., 2020). Another source of REY
in the study area came from the Saharan dust that moves each year tons
of materials from the continent to the Atlantic Ocean. This dust can be
transported for hundreds of kilometers to the west, reaching Canary

Fig. 2. Images of some of the selected Fe—Mn crust samples for this study. (A-D). Samples show different surface structure and lamination. Different substrates can
be recognized: D) calcareous semiconsolidated rocks, E) altered volcanic breccia, F) phosphates.
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Islands and the study area, as can be interpreted by the presence of
Saharan sands, which are recognized from mineralogical and
geochemical studies (Grousset et al., 1998; Grousset and Biscaye, 2005;
Kandler et al., 2011; Lazaro et al., 2008; Muhs et al., 2010; Mendez et al.,
2010). Moreover, the high contents of REY in Saharan sands can be
linked to the presence of vast phosphate deposits located in the Western
Sahara (Abed et al., 2009; Newman, 2011).

Within the study area it has been recognized the important role of
several shallow and deep currents that mobilize water masses from
north to south and also conversely from south to north (Sarnthein et al.,
1982; Machin et al., 2006; Pastor et al., 2015; Marino et al., 2017). The
most important currents at intermediate depths (between around 700
and 1000 m depths) are represented by the North Atlantic Central Water
(NACW) and the South Atlantic Central Water (SACW) and Antarctic
Intermediate Water (AAIW). The deepest currents are represented by the
North Atlantic Deep Water (NADW) below water depths of 1500 m and
the AABW below ~4000 m. Moreover, the study area shows the pres-
ence of a thick Oxygen Minimum Zone (OMZ) located between water
depths of 100 and 700 m in the equatorial and tropical Atlantic Ocean.
The lowest contents of oxygen (<50 pmol/kg) occur in the core of the
OMZ and at 400-500 m deep (Brandt et al., 2010, 2012). The formation
of this thick OMZ is due both to the dissolved oxygen (DO) of the cur-
rents that are ventilating the area, and also to the high biological activity
resulting from upwelling currents (Brandt et al., 2010; Bashmachnikov
et al., 2015). The OMZ concentrate several elements (Fe, Mn, Co, etc.) as
reduced dissolved metals that can precipitate forming thick Fe—Mn

Table 1
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crusts pavements due to oxidation promoted by the mixing of waters due
to currents, which are potential sources for REY (Johnson et al., 1996;
Hein et al., 2000, 2013; Marino et al., 2017; Zhong et al., 2018).

3. Sampling sites and methodology

In this work, 42 samples recovered by dredging from eight sea-
mounts in the CISP have been studied. These samples were collected
both at different depths and geographical location (Table 1 and Fig. 1).
Extensive pavements of Fe—Mn crusts covering volcanic and sedimen-
tary substrates have been discovered in the CISP (Vazquez et al., 2011;
Gonzalez et al., 2014; Marino et al., 2017). Hundreds of seamounts and
submarine hills formed from extinct volcanoes rise abruptly from the
seafloor at 4000-5000 m water depth. Amongst them we sample eight
seamounts (Las Hijas, Bimbache, Echo, The Paps, Drago, Tropic, Gaire
and Amuley) and recovered Fe—Mn crusts from them were studied using
bulk and high-resolution mineralogical and chemical methods.

Laboratory mineralogical and geochemical analyses were performed
at the General Laboratories of the Geological and Mining Institute of
Spain (IGME-CSIC) and the National Centre of Electronic Microscopy
(CNME-UCM), the HERCULES laboratory of Evora University (HERCU-
LES-UE, Portugal) while some EPMA and the LA-ICP-MS were performed
in collaboration with the Institute for Mineralogy of the Leibniz Uni-
versity Hannover (LUH, Germany) and the Federal Institute for Geo-
sciences and Natural Resources of Hannover (BGR, Germany).

General mineralogical and petrographic analyses were conducted at

Resume table of Fe—Mn crusts from CISP including location, dredge depth, average depth of the samples and thickness.

Sample Cruise Seamount Latitude Longitude Water depth (m) Avrg. Depth Thickness (mm)
DR02-9 DRAGO0511 Echo 25° 29,62'N 19° 23,47W 1890-1875 1880 50
DR02-10 DRAGOO0511 25° 29,62'N 19° 23,47W 1890-1875 1880 27
DRO03-1 DRAGOO0511 25° 15,10N 19° 23,55'W 1949-1757 1800 30
DR04-14 DRAGO0511 25° 19,51'N 19° 18,92'W 1832-1593 1600 35
DR04-15 A DRAGO0511 25° 19,51'N 19° 18,92'W 1832-1593 1600 25
DRO07-8 DRAGOO0511 The Paps 25° 57,18'N 20° 21,73'W 1860 1860 80
DRO7-9 DRAGO0511 25° 57,18'N 20° 21,73W 1860 1860 58
DRO07-10 DRAGO0511 25° 57,18N 20° 21,73'W 1860 1860 85
DRO7-11 DRAGOO0511 25° 57,18'N 20° 21,73'W 1860 1860 50
DR07-12 DRAGO0511 25° 57,18N 20° 21,73W 1860 1860 110
DR09-10 DRAGO0511 26° 00,80'N 20° 21,57W 2340-2198 2300 20
DR09-11 DRAGO0511 26° 00,80'N 20° 21,57W 2340-2198 2300 60
DR09-20 DRAGO0511 26° 00,80'N 20° 21,57W 2340-2198 2300 45
DR09-21 DRAGO0511 26° 00,80'N 20° 21,57W 2340-2198 2300 35
DR09-22 DRAGO0511 26° 00,80'N 20° 21,57W 2340-2198 2300 48
DR10-7 DRAGO0511 26° 07,09'N 20° 19,75W 3010-2839 2900 60
DR10-10A DRAGO0511 26° 07,09'N 20° 19,75'W 3010-2839 2900 34
DR10-10B DRAGO0511 26° 07,09'N 20° 19,75'W 3010-2839 2900 18
DR11-1 DRAGO0511 25° 57,68'N 20° 19,18W 1957-1952 1950 15
DR11-2 DRAGO0511 25° 57,68'N 20° 19,18W 1957-1952 1950 30
DR14-1 DRAGO0511 25° 39,25'N 20° 07,45'W 2221-2157 2180 30
DR14-3 DRAGO0511 25° 39,25'N 20° 07,45W 2221-2157 2180 15
DR13-11 DRAGO0511 Drago 25° 13,60'N 20° 24,90W 2426-2290 2300 35
DR13-12 DRAGO0511 25° 13,60'N 20° 24,90W 2426-2290 2300 110
DR13-13 DRAGO0511 25° 13,60'N 20° 24,90W 2426-2290 2300 85
DR13-21 DRAGOO0511 25° 13,60'N 20° 24,90W 2426-2290 2300 94
DR13-22 DRAGO0511 25° 13,60'N 20° 24,90W 2426-2290 2300 47
DR13-23 DRAGO0511 25° 13,60'N 20° 24,90W 2426-2290 2300 43
DR13-24 DRAGOO0511 25° 13,60'N 20° 24,90W 2426-2290 2300 35
DR13-25 DRAGO0511 25° 13,60'N 20° 24,90W 2426-2290 2300 38
DR15-14 A DRAGO0511 Tropic 23° 46,18'N 20° 43,17W 2287-2263 2270 70
DR15-15 DRAGOO0511 23° 46,18'N 20° 43,17W 2287-2263 2270 70
DR16-13 DRAGO0511 23° 52,91'N 20° 37,07W 1719 1719 90
DR16-14 DRAGO0511 23° 52,91'N 20° 37,07W 1719 1719 100
DR19-1 DRAGO0511 23° 51,81'N 20° 46,26'W 2311-1272 1800 29
DAO6-1 SUBVENT1 Gaire 26°06.20' N 22°09.00'W 4823 4823 120
DA06-2 SUBVENT1 26°06.20' N 22°09.00'W 4823 4823 78
DA06-4 SUBVENT1 26°06.20' N 22°09.00'W 4823 4823 64
DA06-7 SUBVENT1 26°06.20' N 22°09.00'W 4823 4823 45
DA07-1 SUBVENT1 Amuley 30°56.12'N 20°25.66'W 4200 4200 68
DA11-8 SUBVENT1 Bimbache 26°03.11'N 18°39.47'W 1840-1165 1450 30
DA12-11 SUBVENT1 Las Hijas 27°07.37'N 18°36.37'W 3720-2200 3100 28
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IGME-CSIC on polished thin sections (ca. 30-120 pm thick) using a
DM2700P Leica Microscope (Leica, Wetzlar, Germany) coupled to a
DFC550 digital camera. X-ray powder diffraction (XRD) method was
performed using a PANalytical X’'Pert PRO diffractometer (Philips
Analytical, Almelo, The Netherlands), with CuKa radiation, carbon
monochromator and automatic slit. The analytical conditions were:
CuKa radiation at 40 kV and 30 mA, a curved graphite secondary
monochromator, scans from 2 to 70° (26), step size of 0.0170° (26) and
step time 0.5°/min.

Raman analyses were performed at HERCULES-UE with a Raman
spectrometer HORIBA XPlora (Horiba, Ltd., Kyoto, Japan) equipped
with a diode laser of 28 mW operating at 785 nm, coupled to an Olympus
microscope (Tokyo, Japan). Raman spectra were acquired at room
temperature in extended mode in the 100-1000 em™? region, where
most of Fe—Mn oxyhydroxides peaks are identifiable. The laser was
focused with an Olympus 50 lens, with 1.1-2.8 mW laser power on the
sample surface. Several exposure times and number of accumulation
cycles have been tested. The best results were reached using 10 s of
exposure time, 50 to 100 cycles of accumulation and a 600 g/mm
diffraction grating that provides high signal intensity and the best
Raman bands resolution, using the LabSPEC5 software designed for
HORIBA.

Electron probe micro-analyser (EPMA) analyses were performed at
CNME-UCM on polished thin sections using a Jeol JXA-8900 M Electron
Probe WDS/EDS Micro Analyser (JEOL, Tokyo, Japan), operating at
15-20 kV and 50 mA, operating at 15 kV, equipped with four wave-
length dispersion spectrometers in which these crystals were placed, as
follows: channel 1: TAP; channel 2: LIF; channel 3: PETJ; channel 4:
PETH. Several standards were used to calibrate the analyses: pure
metals, synthetic and natural minerals, all from international suppliers.
The EPMA also allow to collect Back-scattered electron images of the
different spot analyses. Electron probe micro-analyser (CAMECA SX 100
and JEOLJXA-8530F, CAMECA, Paris, France, JEOL, Tokyo, Japan) was
used in the BGR laboratory. Analyses were made on polished thin sec-
tions at 15/20 kV accelerating voltage and 40 nA beam current. The
single layers were analyzed with a focused (1-5 pm) and a defocused
(5-20 pm) beam. Counting times for the analyzed elements were 10s for
Mn, Fe, Ni, Cu, Na, Mg, Al, Si, K, Ca, Ti, P, S, Cl, 40s for V, 45 s for Pb, 50s
forCo, 90s for Zn, 100 s for Ba, Mo and Sr and 110 s for Ce.

Bulk geochemistry of major elements was determined at IGME-CSIC
using X-Ray Fluorescence (XRF), PANalytical’s ZETIUM (Malvern Pan-
alytical, Almelo, The Netherlands) equipment with a rhodium tube and
fused pearl preparation (SuperQ, Malvern Panalytical, Almelo, The
Netherlands). The accuracy of the data was verified using international
standard NOD-A-1 (USGS), and precision was found to be better than
+5%. Analytical conditions were 50 kV voltage and 50 mA. The ob-
tained contents were compared with certified international standards.
Na was measured using a Varian FS-220 atomic absorption spectrometer
(Varian Inc., Palo Alto, CA, USA) and loss on ignition (LOI) was deter-
mined by calcination at 950 °C. Trace (Be, V, Cr, Ni, Cu Zn, As, Se, Mo,
Cd, Sb, Te, Ba, Tl, Pb, Th, U) and REY elements were performed using
coupled plasma mass spectrometry (ICP-MS) (AGILENT 7500 ce, Agilent
Technologies, Santa Clara, CA, USA) and Inductively Coupled Plasma
Atomic Emission Spectroscopy (ICP-AES) (Varian Vista-MPX, Varian
Inc., Palo Alto, CA, USA) measurements for Co and Ni. For these tech-
niques, samples were prepared with an ultrapure 3-acid digestion (HF,
HNO3, and HCl), dried afterwards until almost complete dryness and the
residuals were diluted with HCI 10%.

Trace element concentrations of spot analyses on Fe—Mn crusts were
acquired at LUH by femtosecond-Laser Ablation-ICP-MS employing a
fast scanning sector field ICP-MS (Thermo Scientific Element XR,
Thermo Fisher Scientific, Waltham, MA, USA) coupled to a Spectra
Physics (Santa Clara, CA, USA) Solstice 194 nm femtosecond laser
ablation system at the Institute of Mineralogy at the Leibniz University
of Hannover (Hannover, Germany). Details of the fs-LA system are
described in (Oeser et al., 2014; Lazarov and Horn, 2015; Collinet et al.,
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2017; Neave et al., 2018). In the present study, sample material was
ablated along lines with a laser spot size of 40 pm in diameter and a
scanning speed of 20 pm/s. Laser repetition rate was 20 Hz. Each
analysis consisted of 30 s background acquisition and 60-80 s ablation
interval. Ablated material was transported with a He gas stream towards
the ICP-MS and mixed with Ar before entering the torch. The ICP-MS
was operated in low mass resolution mode and the following isotopes
were analyzed: 7Li, 27Al, 43Ca, 55Mn, 57Fe, 59Co, 60Ni, 63Cu, 66Zn,
69Ga, 75As, 77Se, 89Y, 90Zr, 93Nb, 95Mo, 121Sb, 125Te, 139La,
140Ce, 141Pr, 143Nd, 147Sm, 153Eu, 157Gd, 159 Tb, 163Dy, 165Ho,
167Er, 169Tm, 172Yb, 175Lu, 177Hf, 181Ta, 208Pb, 232Th, 238 U.
ThO-Th ratios were monitored and found to be always <0.4%, indi-
cating that oxide formation rates were negligible. The precision of the
technique is better than 1.5% and the accuracy is better than 1.6%.
External calibration of the acquired data was performed using the USGS
reference glasses BCR-2G with the preferred values reported in the
GeoReM database (Jochum et al., 2007), or using NIST SRM 610 (Joc-
hum et al., 2011). Data reduction was performed with the Lotus-based
spreadsheet program LAMTRACE (Jackson, 2008), where 27Al was
used for internal standardization.

The age of the Fe—Mn crust samples was calculated using the
empirical Co-chronometer method established by Manheim and Lane-
Bostwick (1988) with bulk chemical compositions.

GR (mm/Ma) = 0.68/Co," " >Co, = Co%x 50/(Fe% -+ Mn%)

This method has the limitation that does not consider the presence of
possible hiatuses or erosion during the growth of the Fe—Mn crusts.
Therefore, calculated ages have to be considered as minimum values
while the growth rates represent the maximum values (Ingram et al.,
1990).

4. Results
4.1. Physical properties and textural features

Studied samples (Table 1) represent fragments of Fe—Mn crusts
pavements recovered from the studied seamounts (Las Hijas, Bimbache,
The Paps, Echo, Drago, Tropic, Gaire and Amuley). These fragments
show variable size from 3 cm up to 30 cm and thickness variable from
few mm up to 20 cm. Surface morphology ranges from microbotryoidal-
smooth flat to botryoidal, the latter presenting botryoids size ranging
from 1 to 2 mm up to 5 cm, and a great variety of mixed types (Fig. 2).
Fe—Mn crusts are fragile and porous, usually dark colored (from dark
brown to black), with a general matte luster, although in some samples is
possible to identify a metallic luster in naturally polished surfaces. In
cross sections, crusts are formed by the accretion of very thin parallel to
sub-parallel laminae (< 1 mm), packed in layers that enclose laminae
with similar colour and texture with variable thickness (0,5-2 cm)
(Fig. 2A, B, D, E). Within the lamination it is possible to identify light
colored laminae (white to beige) formed by silicate-carbonate sediments
and bioclasts or authigenic phosphates (Fig. 2E). Substrates on which
Fe—Mn crusts growth are variable from altered basalts, calcareous
semiconsolidated sediments, altered volcanic breccia and phosphates
(Fig. 2D-F).

Samples show different morphological features and thickness
depending on their depth and location on the seamount. Shallowest
samples (< 2000 m) formed near the top of the seamount are usually
thinner with an average thickness of 27 mm with poor presence of
elongated botryoids, belonging essentially to Echo and The Paps sea-
mounts. (Fig. 2A). The second range of average depths is located be-
tween 2000 and 2500 m that correspond to most samples of this work.
The average thickness is 61 mm with three samples reaching 100 mm or
more (DR07-12, DR13-12 and DR16-14) from The Paps, Drago and
Tropic seamounts. Samples from this range are usually botryoidal
(essentially from The Paps Seamount) even if some can also show
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smooth surfaces (Table 1, Fig. 2B, E). Finally, the last thickness range
comprises all those samples with an average depth of over 2500 m. At
these depths were collected samples from one of the dredges obtained in
The Paps, from Gaire, Amuley and Las Hijas, with an average thickness
of 65 mm and essentially smooth surface or with the presence of small
botryoids on the sides protected from the influence of ocean currents
(Fig. 2C).

Under the petrographic microscope (reflected light) Fe—Mn crusts
appear grey colored with low or no pleochroism and high porosity (up to
60%). Microscopic studies allow to differentiate two main texture in
CISP Fe—Mn crusts: i) columnar to dense parallel and ii) dendritic to
mottled. Both structures can be found in all the studied samples in
different proportions (Fig. 3). The transition between these two main
structures shows different features and could be found as an abrupt
change after a discontinuity (Fig. 3C) or with a gradual change (Fig. 3D).
In studied samples there is no clear relationship between depth and main
structure even if it is possible to highlight that deepest samples show a
massive lamination if compared with shallower samples (Fig. 3B, C).
Internal structures are mostly related to the position of the crust pave-
ment on the seamount. In this way, samples collected in the south flank
of the seamounts (e.g. DR04-14 and DR16-14) show a prevalence of

Marine Geology 464 (2023) 107144

dense/columnar structure, while samples collected on the north flank of
the seamount (e.g. DR07-9 and DR10-7) show a prevalence of den-
dritic/mottled structure (Fig. 3).

Within the lamination it was also possible to identify several detrital
grains (essentially quartz with less feldspars and calcite or magnetite/
ilmenite), usually accumulated in the inter-columnar space or in the
mottled-dendritic layers, and also the presence of different foraminifera
and coccoliths (Fig. 3E, F).

4.2. Bulk mineralogy

All samples were studied with powder X-Ray diffraction method
showing that main Fe and Mn minerals have a low crystallinity and
broad reflections that sometimes are masked by the presence of well-
crystallized detrital minerals such as quartz, feldspar, calcite or authi-
genic carbonate fluorapatite (CFA). Predominant Mn minerals are ver-
nadite, which reflections at 2.45 and 1.42 ;\, and birnessite that usually
overlap vernadite reflections while its main reflection at 7 A is not
present or is masked in the basal noise (Fig. 4).

In some samples (e.g. DR02-10, DR07-8, DR09-10) it is possible to
identify small and broad 9-10 A and 4.8-4.5 A peaks that belong to the

Fig. 3. Petrographic microscope image of thin polished samples (E-H) in which it is possible to differentiate: A, E) columnar/dense, B, C, D) dendritic and mottled

structures and discontinuity within the lamination.
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Fig. 4. X-Ray Diffraction (XRD) analysis of bulk selected samples. In both samples it is possible to recognize Fe-oxyhydroxides represented by goethite group (Gth)
minerals and Mn-oxides essentially Fe-vernadite (Ver) and birnessite (Bir). In sample DR07-9, it is also possible to recognize ~10 A reflection due to the presence of

todorokite (Tod), asbolane (Asb) or buserite (Bus).

001 and 002 reflections of diagenetic Mn minerals such as todorokite,
asbolane or buserite. Fe oxyhydroxides are represented by goethite
group minerals, whose reflections are at 4.2 and 1.4 A and metastable
phases as feroxyhyte and ferrihydrite that are masked in the broad
goethite peaks (Fig. 4). Minor minerals are represented by quartz,
feldspars, calcite, CFA, clays and sometimes magnetite/ilmenite.

4.3. Bulk geochemistry

4.3.1. Major and trace elements

The geochemistry of the studied Fe—Mn crusts is in accordance with
mineralogical data, with the highest contents represented by Fe and Mn
(in average 25 and 17 wt% respectively) and an average Mn/Fe ratio of
0.8 (varying from 0.5 and 1) (Table 2). Silica related elements (Si, Al,
Mg, K, Ca and Na) sum in average around 10 wt% with the highest
contents represented by Si and Al (maximum of 9.1 and 3.4 wt%
respectively). Ca show an average content of 3 wt% but in sample
DR11-2 reach the maximum of 18 wt% due to the presence of detrital
carbonates observed within the lamination. In other samples (e.g.
DRO04-15 or DR13-11) the high contents of Ca (up to 8,7 wt%). This
element is also coupled with high P that in these samples reach 3.9 wt%
due to the presence of CFA and the average values of all the samples
reach 0.7 wt% (Table 2, Supp. Table 1).

CISP Fe—Mn crusts also show high contents of several strategic and
critical elements. The highest values are represented by Co with an
average content of 5000 pg/g and a maximum of 8400 pg/g, followed by
Ni, Pb, Ba, V, Cu, Zn and Mo (in average 2400, 1500, 1460, 990, 620,
520 and 450 pg/g respectively. The total content of all potential ore
metals (Cu, Co, Ni, V, Zn and Mo) sum in average 1 wt% with maximum
contents of 1.4 wt% in the richest samples. The contents of other ele-
ments like Sb (56 pg/g), Tl (98 pg/g) and especially Te (in average 41
pg/g with a maximum of 65 pg/g), are significant for their value as rare
elements. The average sum of selected valuable elements (Co, Ni, Cu, V,
Mo, Tl and Te) varies between 7200 pg/g in the Gaire Seamount samples
and 10,200 pg/g in Tropic Seamount samples, with the minimum (4700
ng/g) reached in the only sample of the Amuley Seamount. CISP average
geochemical data have been normalized to the values of the continental
crust, the result showing that the Mn-related elements (e.g., Te, Co, Mo,
Ni, Ce) have 1 to 3.5 magnitude order enrichment, while the Fe-related
elements have 1 to 1.5 enrichment (Fig. 5). The most enriched element is
Te with 4000 times more with respect the continental crust, followed by
Co (500 times). On the other hand, Si related elements show no
enrichment (Ca and Na) or a depletion reaching almost one magnitude
order less (Si) (Fig. 5).

4.4. REY

REY bulk contents have been obtained from all studied samples using
ICP-MS (Supp. Table 1). Their results have been summarized in Table 2.
The average ZREY is 3000 pg/g varying from 1500 to 3800 pg/g, and the
highest contents are represented by the light rare earth elements (LREE)
(La, Ce, Pr, Nd, Sm, Eu, and Gd) that in average reach a total of 2700 pg/
g. Ce shows the highest concentration in CISP Fe—Mn crusts amongst all
the LREE (up to 2300 pg/g), followed by La and Nd (respectively up to
490 and 430 pg/g). Heavy REY (HREY), on the other hand, show less
contents with an average of 360 pg/g and reaching contents of 470 pg/g
and a percentage with respect to the total REY varying from 7.4 to 22%.

The normalization of REY to the continental crust show a similar
enrichment for all of them and about 10 to 20 times in CISP Fe—Mn
crusts (Fig. 5). Furthermore, the normalization to the Post Archean
Australian Shales (PAAS), typical standard for marine environments,
show that all samples have a similar pattern, with a positive Ce anomaly
and negative Y anomaly (Fig. 6). In this way we show the normalization
of all the studied samples (Fig. 6A) and separately only samples with
high contents of phosphates (Fig. 6B). In this figure is possible to see that
some samples show less positive Ce anomaly or, in a particular case
(DR07-8), a slightly positive Y anomaly.

4.5. High-resolution mineralogy and geochemistry

High-resolution mineralogy using micro-Raman analysis was per-
formed in selected samples in order to identify the mineralogy of the
single analyzed laminae (Fig. 7A-C). Results show the presence of the
characteristic Raman bands of todorokite, asbolane/buserite and verna-
dite. The todorokite Raman spectrum shows a narrow peak around 650
em™! (643-647 cm™ 1) and two other peaks at around 295 and 359 em ™!
(Fig. 7A). On the other hand, asbolane/buserite Raman spectrum shows
several overlapped peaks especially at around 480, 500, 600 and 660
cm ™}, characteristic of this compound (Fig. 7B). Finally, vernadite was
identified based on its characteristic Raman bands around 610 cm ! and a
shoulder around 560 cm . This mineral is usually mixed with birnessite,
of which characteristic Raman bands are present at 480, 550 and 670
em™! (Fig. 7G). Several layer-by-layer analyses made in-situ on polished
thin sections have revealed that these CISP Fe—Mn crusts are formed
essentially by low crystalline vernadite in up to 90% but it is also possible
to individualize the presence of thin laminae, recognized with EPMA
images (<100 pm) formed by asbolane/buserite and or todorokite
(Fig. 7D, E). Spot analysis performed both with EPMA and with LA-ICP-
MS confirmed the chemical differences between these minerals (Ta-
bles 2 and 3).

Microprobe geochemical analyses were performed on thin polished
sections of 10 different samples from all the major seamounts of the CISP.
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Table 2
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Bulk chemical composition of the studied CISP Fe—Mn crusts from CISP normalized to 0% H20. LOI = Loss on Ignition, ¥ Val. Met. = Sum of other valuable metals (Cu,
Co, Ni, V, Zn and Mo), N = number of samples.

Echo The Paps Drago

Mean Min Max N Mean Min Max Mean Min Max
Si (Wt%) 5 4.1 2.5 5.8 17 5.0 2.1 9.7 8 3.9 31 5.7
Al 5 1.9 1.4 2.7 17 2.1 1.1 3.5 8 1.9 1.6 2.4
Fe 5 25 23 26 17 24 14 28 8 25 19 29
Ca 5 3.1 2.2 5.5 17 3.7 1.9 18.0 8 4.2 2.1 8.7
Ti 5 1.0 0.8 1.5 17 1.0 0.6 1.3 8 1.0 0.9 1.2
Mn 5 17 14 18 17 17 8 21 8 17 12 19
K 5 0.5 0.4 0.7 17 0.5 0.2 0.8 8 0.5 0.4 0.8
Mg 5 1.6 1.3 1.8 17 1.6 1.1 2.7 8 1.4 1.2 1.7
P 5 0.8 0.5 1.4 17 0.6 0.4 1.6 8 0.9 0.4 2.8
Na 5 1.4 1.2 1.6 17 1.5 0.8 1.9 8 1.4 1.1 1.8
LOI 5 25 23 27 17 25 21 31 8 25 22 26
H,0 5 14.8 10.7 21 17 14.2 6 23.4 8 14.2 7.1 22.4
Mn/Fe 5 0.79 0.70 0.92 17 0.82 0.53 1.04 8 0.79 0.70 0.88
3Si related el. 5 13 9 15 17 14 8 24 8 13 10 20
Be (ug/g) 5 11.55 9.31 13.63 17 10.20 3.33 13.43 8 10.80 9.40 13.56
A% 5 1078 856 1195 17 936 404 1206 8 1052 899 1288
Cr 5 28.5 15.8 48.8 17 24.8 17.6 54.0 8 30.9 21.7 40.0
Co 5 4830 4077 5414 17 5202 3194 7700 8 5265 3659 6387
Ni 5 2345 1852 2996 17 2552 891 4430 8 2457 2086 3711
Cu 5 471 207 602 17 650 286 1016 8 667 511 794
Zn 5 545 468 613 17 521 200 683 8 538 469 640
As 5 413 364 439 17 373 194 459 8 389 331 482
Se 5 32.88 26.76 37.28 17 32.75 12.04 44.80 8 40.24 35.36 45.73
Mo 5 443 346 497 17 418 81 606 8 482 335 615
Ccd 5 2.1 1.6 2.6 17 2.8 0.5 5.6 8 3.2 2.0 8.6
Sb 5 53.5 46.7 59.1 17 56.3 40.1 86.5 8 62.9 52.5 85.0
Te 5 42.9 33.1 47.3 17 42.8 25.5 60.3 8 48.9 41.2 56.8
Ba 5 1483 1115 1746 17 1329 429 2011 8 1549 1116 1995
Tl 5 85.23 68.44 101.51 17 104.59 41.18 140.74 8 98.81 77.79 113.38
Pb 5 1761 1422 1989 17 1537 564 2026 8 1480 1222 1932
Th 5 50.84 40.62 59.70 17 56.45 29.56 80.92 8 67.06 55.75 78.92
U 5 14.14 12.12 15.75 17 13.25 5.46 16.54 8 12.30 9.74 15.18
Y 5 218 199 239 17 210 120 264 8 234 175 285
La 5 353 305 397 17 345 172 485 8 393 324 456
Ce 5 1791 1663 1913 17 1665 692 2200 8 1839 1283 2155
Pr 5 76 63 88 17 74 34 105 8 87 69 101
Nd 5 312 260 360 17 304 143 432 8 356 285 417
Sm 5 63 53 73 17 62 29 87 8 73 57 85
Eu 5 15.3 13.0 17.7 17 15.0 6.9 21.2 8 17.5 14.0 20.6
Gd 5 73.3 62.9 82.1 17 71.2 35.8 98.2 8 80.9 65.5 93.9
Tb 5 10.3 8.9 11.6 17 10.1 5.0 14.0 8 11.5 9.1 13.4
Dy 5 60.4 54.2 66.3 17 59.0 29.3 81.4 8 65.9 51.9 76.4
Ho 5 11.9 11.1 12.8 17 11.5 5.8 15.6 8 12.6 10.0 14.7
Er 5 33.3 30.8 35.8 17 321 16.4 43.6 8 34.9 27.4 41.3
Tm 5 4.6 4.3 5.0 17 4.5 2.4 6.1 8 4.8 3.8 5.6
Yb 5 29.0 26.7 31.1 17 28.3 15.3 37.2 8 30.2 23.9 34.8
Lu 5 4.3 3.9 4.8 17 4.2 2.3 5.4 8 4.4 3.5 5.2
ZREY 5 3056 2886 3283 17 2895 1447 3813 8 3245 2532 3675
GR(mm/Ma) 5 1.81 1.23 2.43 17 1.52 0.88 2.64 8 1.61 0.79 2.62
Age (Ma) 5 20 12 30 17 33 10 83 8 42 16 90
TVal. Met. (pg/g) 5 9295 7823 10,830 17 9906 5631 12,790 8 10,071 7933 12,083

Tropic Gaire Amuley Bimbache Las Hijas

Mean Min Max Mean Min Max DA07-1 DA11-8 DA12-11
Si (Wt%) 5 2.8 1.7 3.8 4 4.6 3.1 6.9 9.6 4.5 10.1
Al 5 1.3 0.7 1.6 4 2.3 1.8 3.0 2.7 2.6 4.3
Fe 5 27 27 28 4 24 21 26 20 26 23
Ca 5 3.3 2.5 4.4 4 1.6 1.4 1.8 1.5 4.9 4.6
Ti 5 0.9 0.7 1.2 4 0.7 0.6 0.7 0.7 1.0 1.6
Mn 5 19 17 22 4 17 16 17 14 18 13
K 5 0.3 0.3 0.4 4 0.5 0.4 0.7 0.8 0.5 1.0
Mg 5 1.3 1.1 1.5 4 1.3 1.2 1.6 1.1 1.9 1.5
P 5 0.7 0.5 1.2 4 0.4 0.4 0.4 0.3 0.7 0.9
Na 5 1.4 1.2 1.6 4 11 1.0 1.2 1.3 1.3 1.7
LOI 5 25 23 27 4 24 23 25 22 24 19
H,0 5 15 11.6 20 4 6.7 6.1 7 5.5 23.3 20.4
Mn/Fe 5 0.84 0.72 0.94 4 0.77 0.72 0.86 0.76 0.91 0.69
ZSi related el. 5 10 8 12 4 12 9 15 17 16 23
Be (ng/g) 5 10.64 9.37 11.75 4 8.07 6.91 8.95 8.26 11.59 8.52

(continued on next page)
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Table 2 (continued)

Tropic Gaire Amuley Bimbache Las Hijas
Mean Min Max N Mean Min Max DA07-1 DA11-8 DA12-11
\Y% 5 1109 923 1266 4 894 718 1044 666 1193 848
Cr 5 25.7 17.8 35.7 4 17.6 11.8 24.9 11.3 28.4 25.0
Co 5 5676 4054 8347 4 2965 2583 3194 1361 5904 3254
Ni 5 2293 1866 2919 4 1903 1399 3030 1343 2153 1611
Cu 5 452 258 647 4 818 441 1429 814 316 536
Zn 5 558 511 649 4 432 400 459 437 468 478
As 5 418 330 489 4 312 246 357 247 506 298
Se 5 35.20 26.97 41.95 4 37.15 31.49 43.37 24.92 34.63 31.57
Mo 5 535 440 648 4 492 401 570 462 488 286
Ccd 5 2.2 1.5 2.9 4 3.2 2.2 4.3 2.3 3.4 2.6
Sb 5 67.5 55.2 88.7 4 41.7 33.8 47.2 39.0 62.6 40.6
Te 5 44.7 33.4 63.7 4 26.0 19.2 36.4 12.2 51.6 25.4
Ba 5 1658 1300 1998 4 1494 1265 1698 1741 1508 1362
Tl 5 101.71 65.70 130.37 4 97.11 76.50 121.86 45.68 142.72 59.22
Pb 5 1577 1258 1868 4 1124 915 1311 827 2366 1146
Th 5 58.44 48.13 80.86 4 155.93 115.12 188.51 119.93 53.46 48.53
U 5 12.06 9.13 14.54 4 10.31 9.07 11.55 7.73 16.46 12.69
Y 5 210 173 246 4 164 142 198 97 228 214
La 5 384 316 426 4 285 222 334 212 364 309
Ce 5 1954 1661 2230 4 2012 1572 2284 1789 1846 1494
Pr 5 86 67 97 4 77 61 93 56 79 69
Nd 5 349 277 392 4 304 239 366 221 326 284
Sm 5 72 58 79 4 68 54 83 51 67 58
Eu 5 17.1 14.0 18.8 4 15.9 13.0 19.5 11.6 16.0 14.6
Gd 5 78.9 68.1 84.8 4 70.0 57.1 84.7 50.1 74.9 67.5
Tb 5 11.2 9.9 12.1 4 10.1 8.2 12.3 7.2 10.7 9.7
Dy 5 64.1 59.7 68.9 4 55.6 46.1 67.7 38.2 64.6 57.3
Ho 5 12.1 11.1 129 4 10.0 8.4 12.2 6.9 12.9 11.0
Er 5 33.3 29.6 35.1 4 27.3 23.2 33.2 18.7 36.7 31.4
Tm 5 4.6 4.1 4.9 4 3.8 3.3 4.6 2.7 5.0 4.4
Yb 5 29.0 25.1 30.7 4 24.4 21.3 28.7 17.5 32.2 27.8
Lu 5 4.2 3.5 4.6 4 3.6 3.2 4.2 2.6 4.9 4.1
YREY 5 3308 2836 3666 4 3130 2475 3468 2581 3167 2655
GR(mm/Ma) 5 1.79 0.85 2.65 4 3.69 3.46 4.00 10.18 1.36 2.51
Age (Ma) 5 52 15 117 4 21 13 33 7 22 11
>Val. Met. (ug/g) 5 10,211 8307 13,398 4 7196 6645 8303 4703 10,248 6619
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Up to 2200 analyses were made in order to obtain the in-situ geochem- analysis and Raman microscopy analysis allowed to verify that vernadite
istry of the studied samples, differentiating the minerals forming the CISP shows quite similar contents of Fe and Mn (between 18 and 25 wt%) being
Fe—Mn crusts. A summary of the obtained results is presented in Table 3. characterized by high contents of strategic elements such as Co, Ni, V, Mo,

The comparison between the results obtained by the spot mineralogical and Ce (0.6, 0.2, 0.13, 0.05 and 0.2 wt%) (Fig. 7F).
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Fig. 6. PAAS (Taylor and McLennan, 1985) normalized bulk REY composition: (A) All studied samples. (B) phosphatized samples.
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Fig. 7. EPMA phothomicrographs of studied Fe—Mn crusts in which is possible to identify the presence of fibrous minerals (on the left) and the columnar/dense

structure (on the right).

On the other hand, asbolane/buserite show higher contents of Mn
(up to 45 wt%) and less of Fe (around 5 wt%). These minerals also
present high contents of Ni and Cu (respectively in average 2.8, 1.1 wt
%), while todorokite show less contents of Mn, Ni and Cu (in average 34
wt% and 6500 and 2000 pg/g respectively) (Fig. 7D, E; Table 3).
Asbolane/buserite and todorokite shows low contents of V and Ce on
average <500 and 100 pg/g respectively. Manganese minerals exhibit
low contents of Si linked elements. In vernadite these elements have an
average content of 4 wt% in which Si and Al have the highest values
(around 2.8 and 1.2 wt%). Asbolane/buserite, on the other hand, shows
slightly higher total contents (in average 7 wt%) but low Si (with min-
imum under 1 wt%) and high Mg, Na and K contents (respectively 3.5, 1
and 0.7 wt% compared to 1.5, 0.2 and 0.15 present in vernadite).
Finally, todorokite has the same Si related elements contents of asbo-
lane/buserite but lower Mg (2.5 vs. 3.5 wt%) and higher Si contents (1,5
vs 0.5 wt%) (Table 3).

Furthermore, through the studied Fe—Mn crusts were analyzed Fe-
rich minerals (Fe up to 50 wt%) withlow Mn contents (from 0.5 to 2
wt%) representing essentially goethite group minerals. These minerals
are usually impoverished in all trace elements except Cu and V which
show average contents of 1200 and 2300 pg/g. In some cases, it is
possible to find intermediate minerals with high Fe (up to 40 wt%) and

10

some Mn (4-12 wt%) that also show significant contents of Co, Ni and Ce
(in average 4000, 800 and 1000 pg/g) but with less Cu and V (800 and
1000 pg/g respectively). Fe-rich minerals show quite the same Si related
elements contents of vernadite with a sum of around 5 wt% and similar
distribution with high Si and Al (Supp. Mat. Table 2).

4.6. Relative REY enrichment in the different minerals

The use of in-situ analyses with LA-ICP-MS allow to quantify the REY
contents in the different minerals recognized in CISP Fe—Mn crusts.
These results are summarized in Table 4 and in this section are described
from the most enriched to the less. Vernadite and Fe-vernadite show the
highest contents of REY reaching a maximum of 4800 ug/g. Ce is the
most enriched element with average contents of 2000 pg/g. These re-
sults of are coherent with values obtained from bulk analyses (Table 2).
The rest of LREEs also show high contents, especially these minerals
have high La and Nd (in average 380 and 300 pg/g), followed by Sm and
Gd (in average 63 and 62 pg/g respectively) that also are coherent with
bulk analyses. HREY have less summary contents from 150 to 450 pg/g
represented essentially by Y that can reach 300 pg/g and represent from
9 to 16% of the total REY.

Fe-rich minerals were also analyzed showing that goethite (with Mn
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Table 3

EPMA summarized table with the mineralogy of Fe—Mn oxyhydroxides present in all the studied samples distributed for each seamount, N = number of analyses.
Smt. Echo The Paps
Mineral asbolane/buserite vernadite Fe-vernadite goethite asbolane/buserite vernadite Fe-vernadite goethite
N 20 84 31 1 87 595 101 10
Mn/Fe 27.88 0.88 0.52 0.02 10.95 0.89 0.53 0.07
Mn (wt%) 34.14 19.50 15.53 1.11 38.22 19.31 15.53 3.01
Fe 1.22 22.21 30.06 46.92 3.49 21.59 29.04 45.03
Si 1.24 1.88 2.34 2.60 0.73 2.15 2.55 3.06
Al 1.02 1.14 1.20 1.94 1.59 1.65 1.71 1.67
Ca 6.25 2.63 2.07 0.50 1.14 2.39 1.95 0.83
K 0.70 0.14 0.11 0.06 0.59 0.19 0.13 0.07
P 0.02 0.15 0.16 0.24 0.06 0.40 0.37 0.38
Co 0.05 0.53 0.44 0.00 0.40 0.61 0.44 0.08
Ni 0.70 0.26 0.19 0.03 2.62 0.32 0.24 0.06
Cu 0.24 0.04 0.04 0.20 0.69 0.07 0.09 0.11
Ce 0.02 0.21 0.23 0.07 0.05 0.24 0.24 0.12
Mg 2.21 1.44 1.45 1.75 3.55 1.36 1.26 1.12
Na 1.08 0.51 0.32 0.29 0.69 0.22 0.19 0.09
Ti 0.07 0.57 0.70 1.13 0.08 0.55 0.55 0.47
A% 0.02 0.13 0.17 0.20 0.03 0.13 0.15 0.20
Mo 0.04 0.05 0.04 0.00 0.03 0.05 0.04 0.02
Ba 0.03 0.20 0.25 0.14 0.10 0.16 0.21 0.11

Drago Tropic
asbolane/buserite vernadite Fe-vernadite goethite asbolane/buserite vernadite Fe-vernadite goethite

N 0 69 95 15 2 634 104 138
Mn/Fe - 0.88 0.53 0.26 11.72 0.87 0.46 0.18
Mn (wt%) - 17.18 13.56 8.56 29.35 19.34 13.49 5.25
Fe - 19.58 25.40 33.12 2.51 22.11 29.28 29.29
Si - 2.00 2.51 3.15 0.31 1.73 2.20 2.79
Al - 1.17 1.26 1.63 2.39 1.22 1.29 2.11
Ca - 2.37 1.78 1.28 11.02 2.61 1.93 0.91
K - 0.28 0.11 0.15 0.17 0.15 0.12 0.17
P - 0.10 0.10 0.17 3.34 0.36 0.41 0.34
Co - 0.64 0.45 0.28 1.79 0.76 0.55 0.29
Ni - 0.25 0.16 0.09 2.92 0.28 0.15 0.07
Cu - 0.03 0.03 0.06 0.36 0.04 0.04 0.06
Ce - 0.09 0.11 0.10 - 0.20 0.20 0.11
Mg - 1.51 1.15 1.41 3.98 1.34 117 1.48
Na - 1.39 0.54 0.41 1.94 0.39 0.30 0.17
Ti - 0.96 1.37 0.77 - 0.56 0.54 1.55
v - 0.08 0.09 0.10 0.02 0.14 0.18 0.16
Mo - 0.04 0.02 0.01 - 0.07 0.06 0.03
Ba - 0.11 0.12 0.11 - 0.15 0.17 0.09

contents below 2 wt%; Supp. Mat. Table 2) display less contents of REY
between 350 and 800 pg/g, dominated by Ce as the richest element of
the list (from 130 to 400 pg/g). These Fe-oxyhydroxides have a higher
proportion of HREY than of LREE with respect to vernadite, with con-
tents from 60 to 140 pug/g, representing 9 to 30% of the total REY
content.

Finally, Mn-rich minerals (asbolane/buserite and todorokite) exhibit
the lowest REY contents of the studied minerals. Purely Mn-rich min-
erals have REY contents from 60 to 200 pg/g on the other hand, minerals
with slightly high Fe content (from 4 to 10 wt%) show slightly high
contents of REY from 200 to 500 pg/g. HREY contents are also low in
both types of minerals (respectively from 4 to 20 pg/g and from 20 to 35
pg/g) with HREY% in the same range of vernadite from 5 to 10%.
Furthermore, the minerals recognized as Ca-rich todorokite also have
low REY contents (ranging 70-110 pg/g), but with high HREY contents
in proportion (HREY% from 20 to 34%).

4.7. Growth rates and ages

The calculation of growth rates (GR) was made using data from bulk
geochemistry with the empirical equation. The results of the calculation
are expressed in Table 2 and graphical representations of growth rates
throughout crust sections of Tropic, Drago and The Paps seamounts are
showed in Fig. 8. Bulk CISP Fe—Mn crusts show growth rates varying
between 0.8 and 2.6 mm/Ma in the biggest seamounts (e.g. The Paps,
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Tropic, Bimbache) and slightly higher (3.4-4 mm/Ma) in the deepest
and smallest seamounts (Gaire and Las Hijas) reaching the highest
values in the Amuley sample, 10.2 mm/Ma, due to its high detrital
contents (up to 16 wt% for the total Si related elements, Table 2). On the
other hand, growth rates calculated in fibrous high-reflective minerals
(asbolane, todorokite) can reach up to 100 mm/Ma.

The calculated age depends on the obtained growth rates and the
average thickness of the studied crusts. Results vary from 7 to 117 Ma.
Between the biggest seamounts, Echo shows the younger ages with an
average of 20 Ma and maximum ages of 30 Ma and an average thickness
of 33 mm, followed by The Paps with average age and thickness
respectively of 33 Ma and 47 mm (Table 2). The oldest crusts can be
found on Drago and Tropic Seamounts with average ages of 42 and 52
Ma and thickness of 61 and 72 mm respectively. On the other hand,
deeper seamounts like Gaire and Amuley even if show crusts with great
thickness (77 and 68 mm) result with younger ages of 21 and 7 Ma
respectively (Table 2).

4.8. Statistical analyses

Geochemical data of studied Fe—Mn crusts have been used to create
a Pearson correlation matrix and principal component analyses (PCA).
Results of the Pearson correlation matrix are shown in the Supp. Mat.
Table 1 identifying the correlation between all elements. Fe and Mn
exhibit a strong positive correlation with Co, Ni, Cu, Mo, V, Te and all
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Table 4
LA-ICP-MS data obtained by point analyses on the different laminae in selected samples. Results are compiled by genetic process type., N = number of analyses.

Element Vernadite/birnessite Asbolane/todorokite

N Mean Min Max N Mean Min Max
Al (Wt%) 22 0.6 0.4 1.2 20 0.7 0.1 2
Ca 22 2.5 0.8 4 20 4.6 0.7 18
Mn 22 18 9.7 27 20 39 20 64
Fe 22 21 14 31 20 2.2 0.3 12
Co (pg/g) 22 5404 870 10,300 20 2403 177 15,500
Ni 22 2979 1460 7170 20 22,833 5470 65,100
Cu 22 869 154 3130 20 6867 1340 21,000
Mo 22 535 180 1010 20 498 227 755
Te 22 71 1.08 103 20 4.59 0.01 16.1
La 22 349 106 517 20 25.2 10.7 56.6
Ce 22 1667 591 2340 20 96.5 10.5 273
Pr 22 75.6 23.3 118 20 6.5 2.15 19.3
Nd 22 308 98.8 476 20 27.1 9.91 59.5
Sm 22 63.1 21.1 97.3 20 6.3 2.16 11.5
Eu 22 14.6 4.96 235 20 1.5 0.4 3.12
Gd 22 62.2 23.4 90.9 20 6.3 2 14.7
Tb 22 9.01 3.34 14 20 0.9 0.25 2.08
Dy 22 54.3 20.8 83.2 20 5. 1.58 13
Y 22 181 82 269 20 21.8 5.13 55.7
Ho 22 10 4.4 14.2 20 1.13 0.32 29
Er 22 28.2 13 41.4 20 3 0.87 7.06
Tm 22 3.8 1.8 5.37 20 0.5 0.12 1.4
Yb 22 24.1 10.8 36 20 2.8 0.9 7.7
Lu 22 3.5 1.6 5.05 20 0.4 0.1 1.1
REY 21 2906 1599 4698 21 262 62 1010

(Co, V, Mo, Sb, Ba, Te, T1) have a positive correlation between each other
The Paps SM The Paps SM and with all REY between 0.4 and 0.94, with the highest correlation

SMa 26.6 Ma

Av. GR=1.47 mm/Ma
Av. GR=1.02 mm/Ma o P
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Tropic SM
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Fig. 8. Growth rates and ages obtained with spot-by-spot analyses made with
EPMA in different thin section samples from three seamounts from CISP area.
On the right side of each sample is possible to see the average growth rate (Av.
GR) and its variation along the studied transect (Modified from Marino et al.,
2017, 2018 and Marino, 2020).

REY (between 0.6 and 0.86). On the other hand, Fe and Mn show a
negative correlation (reaching —0.6 with Si) with Si related elements.
These last only show a positive correlation between each other and with
Cu while having negative correlation with the strategic/critical elements
and REY (up to —0.6 with Si and Al). Strategic and critical trace elements
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(0.94) represented by Co and Te. Finally, REY exhibit a positive corre-
lation between each other and the strategic/critical elements but a
negative correlation with Si related elements and Cu. Considering water
depth, all elements show a negative correlation except aluminosilicates
and Cu, which show no real correlation and Cu that show a slight pos-
itive correlation (+0.4).

PCA shows four components and the projection of data on a binary
diagram is useful to evidence the relationship between all the elements
and the minerals present in the studied samples. In this way it is possible
to highlight all elements linked to Fe and Mn but also the Si related
elements and the relationship with CFA separated from the others
(Fig. 9). The diagram represents the projection of the different elements
by the principal components, in this way in blue and red the Fe—Mn
oxyhydroxides and their related elements, in the middle of them is
possible highlight (in black) the elements related to Fe-vernadite, in
green the elements related the CFA and in yellow siliciclastic elements
directly linked with depth.

5. Discussion

In this section the REY contents of CISP crusts will be compared with
similar deposits from the world oceans, focusing on the bulk and high-
resolution data. In addition, it is considered the dependence of REY to
the genetic processes, geographic location and depth. Finally, an eco-
nomic case of study is presented reporting data on the possible recovery
of interesting metals in CISP seamounts.

5.1. REY concentration of CISP crusts compared with other similar
deposits

CISP Fe—Mn crusts are composed of low crystalline minerals, essen-
tially Fe-vernadite as the main mineral (>70%) with less birnessite and
goethite. Vernadite was also recognized with Raman and the geochemical
high-resolution geochemical analyses with EPMA and LA-ICP-MS
confirm that is the Mn-mineral which concentrate the highest REY con-
tents in the studied samples (up to 3600 pg/g; Tables 3 and 4). Minor
minerals are represented by detrital quartz or calcite (bioclasts) or
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Fig. 9. Principal components diagram. Discontinue areas comprehend elements associated to the different phases: Fe oxyhydroxides (blue), Mn oxides (red), Fe-
vernadite (black), CFA (green) and Si related elements (yellow). (For interpretation of the references to colour in this figure legend, the reader is referred to the
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authigenic minerals like CFA or clays (the latter could be formed by the
alteration of the basaltic substrate). These minerals are formed by the
slow accretion of thin laminae (<20 p; Figs. 3 and 7) packed in two main
structures dense/columnar and dendritic/mottled that reflect both the
environmental factor during their formation (i.e. currents) and the ge-
netic process and growth rates. Also observed in other Fe—Mn deposits
(Varentsov et al., 1991; Hein et al., 2000; Wang et al., 2011; Muinos et al.,
2013; Marino et al., 2017, 2018) (Fig. 3A, Table 2). Similar mineralogy
and structures have been also found in several other parts of the Atlantic
Ocean with similar REY contents (Cronan, 1975; Koschinsky et al., 1996;
Canet et al., 2008; Muinos et al., 2008, 2013; Gonzalez et al., 2016;
Benites et al., 2021, 2023). On the other hand, even if internal structure
and mineralogy is similar, samples from the Pacific and Indian oceans
show less REY contents as discussed in previous works (Halbach et al.,
1981; Bogdanovetal., 1990, 1995; Hein etal., 1997, 2000; Banakar et al.,
1997, 2007; Banakar and Hein, 2000; Hein and Koschinsky, 2014; Rajani
et al., 2005; Bogdanova et al., 2008; Bau and Koschinsky, 2009; Baturin
etal., 2012; Marino etal., 2017, 2019). This mineralogical composition is
reflected by the geochemical composition (Table 2). Vernadite together
with REY also incorporate in their structure several strategic and critical
elements such as Co, Ni, Cu, V, Mo that as can be seen in the Pearson
matrix are positively correlated with all REY elements (Tables 3 and 4,
Supp. Mat Table 1). In bulk mineralogical analyses, together with the
previous minerals listed, it is possible to recognize some small peaks
around 10 A that are related to Mn minerals like asbolane, buserite or
todorokite. The presence of these minerals was already described in fer-
romanganese nodules or crusts from the Pacific and Atlantic oceans,
showing a similar internal structure and geochemistry to the CISP Fe—Mn
crusts (Hein et al., 2000, 2008; Muinos et al., 2013; Wegorzewski and
Kuhn, 2014; Kuhn et al., 2017; ZawadzKki et al., 2021).

The presence of ~10 A minerals is difficult to confirm in bulk XRD
due to their small amount in the studied samples. Still, their study was
possible using point XRD and Raman analyses and geochemical analyses
made with EPMA and LA-ICP-MS (Fig. 7) (Marino et al., 2019). The
different minerals present in the studied crusts also affect the contents of
REY and other critical elements like Co, Ni, Mo, and V. In this way,
samples with the presence of ~10 A Mn oxides show in bulk with less
contents of REY when compared with samples with only vernadite as the
Mn mineral phase (in average 2900 compared to 3300 pg/g; Supp. Mat.
Table 1). If it is considered other critical elements, samples with asbo-
lane, buserite or todorokite show higher contents of Ni and Cu when
compared with samples composed only by vernadite (respectively in
average 2800 and 850 pg/g compared to 2300 and 600 pg/g). On the
other hand, these samples show less contents of other elements such as
Co, V, Mo and Te (in average 3500, 830, 370 and 29 pg/g compared to
5200, 1000, 490 and 45 pg/g). Similar results were also found in Fe—Mn
nodules from the Clarion-Clippertone Zone (CCZ) and crusts from Cocos-
Nazca Ridge in the Pacific Ocean (Wegorzewski and Kuhn, 2014;
Wegorzewski et al., 2015; Hein et al., 2015; Zawadzki et al., 2021). The
geochemical differences depend essentially on the presence of these
~10 A minerals. Spot analyses obtained by EPMA and LA-ICP-MS, show
that these minerals have the lowest contents of REY (in average 262 pg/
g with a maximum of 1010 pg/g; Table 4). The contents of Mn, Ni and Cu
in these minerals are high (on average of 38, 3 and 0.7 wt%, respec-
tively) if compared with vernadite (respectively 19, 0.3 and 0.07 wt%)
while the contents of several strategic elements such as Co, V, Te, Nb and
Zr (respectively 2400, 300, 5, 9.6 and 49 pg/g) are depleted in these
minerals. Similar minerals and geochemistry were also identified in
nodules from the CCZ (Wegorzewski and Kuhn, 2014; Wegorzewski
et al., 2015; Kuhn et al., 2017).
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The Pearson correlation done with bulk data also reflects the
dependence of the geochemistry from the mineralogy. First of all, Si
related elements show a poor correlation (—0.2 to —0,60; Supp. Mat.
Table 1) with all the strategic elements and especially REY that confirm
their origin as detrital input from the Canary Islands or sand dusts of the
Sahara Desert (Lazaro et al., 2008; Muhs et al., 2010). It is also possible
to see that REY elements are clearly linked to Fe an Mn (40.4 to +0.86)
and other elements enriched in vernadite minerals such as Co, Mo, V and
Te (between +0.39 and +0.76). 10 A Mn minerals are usually enriched
in Ni and Cu (Tables 2 and 3) and these elements show different cor-
relations with REY. Ni is an element also partially enriched in vernadite
minerals so its correlation with REY is not clearly correlated (from 0 to
+0.3). Cu, on the other hand, shows a slow negative correlation (—0.3 to
—0.42). All these data confirm the dependence of REY on the mineralogy
and the genetic process.

5.2. REY dependence on the genetic processes

The presence of a particular genetic process in forming the Fe—Mn
crusts can affect the REY contents in different ways. The comparison of
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bulk geochemistry with spot analyses is represented in Fig. 10. In the
ternary diagram are plotted the Fe, Mn and (Co + Ni + Cu)x10 values on
the ternary diagram of Bonatti et al., 1972 and modified by Kuhn et al.,
2017 and Josso et al., 2017 and in the binary diagram from Dymond
et al., 1984. In the bulk diagram are also plotted data of Fe—Mn crusts
from other ocean basins (Fig. 10A and B). The result obtained confirmed
the diagenetic influence on the formation of selected laminae that is
mainly masked in bulk data with a general hydrogenetic growth.

5.2.1. Hydrogenesis

As was mentioned before, the main mineralogy of Fe—Mn crusts is
vernadite, formed by the accumulation of nanometric colloids of Fe and
Mn s from cold seawaters, a process typical of hydrogenetic growth
(Hein et al., 1992, 2000; Koschinsky et al., 1995; Mohwinkel et al.,
2014; Usui et al., 2017; Marino et al., 2017, 2019). The colloidal Mn
oxide surfaces in the water column provide several free negative charges
on which elements dissolved in seawaters could be absorbed. The
presence of these charges depends on the mineral structure (phil-
lomanganate), the low crystallinity of these minerals and the formation
of vacancies or structural deformations that have to be compensated by

1005 T TTTI T TTTI T T T T I T T TTTH
10 £ Hydrogenetic E
o i
=]
O 1 o =
£ E
< C 7
3 L _
©0E g N 3
— \ —
C . 7
- - _
0.01= =’ =
E Suboxic diagenetic 3
s 1L T YT B WA 1
0.01 0.1 1 Mn/Fel® 100 1000
100 e—rrrrmr—T T T T T T T T T
@ ]
10 HydrogeneticA _
S 1
3 E
X 3
E —
S -
O 0.1 =
0.01
§ Suboxic diagenetic ?
(K o L I 1 T I T O A
0.01 0.1 100 1000

£ Mn/Fe 10

Fig. 10. (A-B) Bulk analyses of studied samples plotted in the modified ternary diagram (Bonatti et al., 1972; Kuhn et al., 2017; Josso et al., 2017) and the binary
diagram (Dymond et al., 1984) and compared with samples from other oceans (Hein et al., 2000). (C—D) EPMA spots analysis of samples from four of the different
seamounts studied plotted in the ternary and binary diagrams to differentiate genetic processes in the formation of the Fe—Mn oxides.
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the absorption of different cations (Manceau et al., 1992a; Post, 1999).
The enrichment of hydrogenetic Fe—Mn minerals in similar deposits
was also confirmed by previous studies and several authors both for the
Atlantic Ocean and the Pacific (Hein et al., 2013, 2016; Muinos et al.,
2013; Gonzalez et al., 2016; Marino et al., 2017, 2019; Kfouri et al.,
2021; Benites et al., 2023). The results from layer-by-layer analyses
show that vernadite has high contents of REY (sum ranging from 1600
and 4700 pg/g) and when compared with PAAS show a typical positive
Ce anomaly and negative Y anomaly (Bau et al., 2014; Hein et al., 2000;
Bau et al., 2014; Usui et al., 2017).

Another factor influencing the enrichment in strategic elements and
REY of hydrogenetic Fe—Mn minerals is their growth rates. Several
researches show that Fe—Mn minerals have different growth rates
depending on their genetic process, 0.5-10 mm/Ma for hydrogenetic
growth, 10-100 mm/Ma for diagenetic and 100-1000 mm/Ma or more
for hydrothermal minerals (Hein et al., 1997, 2000). The slow growth
rates typical of hydrogenetic minerals allow the absorption of dissolved
REY found in the marine environment as mono- and di- carbonates, on
the structure of the recently precipitated oxyhydroxide colloids (Bau,
1996; Byrne and Sholkovitz, 1996; Bau et al., 2014; Baturin et al., 2012).
Calculated growth rates with bulk data of the Fe—Mn crusts of the
different CISP seamounts are in the range attributed to hydrogenetic
processes but Amuley samples show growth rates more typical of
diagenetic formation (10.18 mm/Ma). These calculated high growth
rates could also be due to the high contents of aluminosilicates (in total
17 wt%) with detrital origin transported by bottom currents at the base
of the seamount that dilute the contents of Fe, Mn and Co contents and
increase the sedimentation rate (Table 1).

5.2.2. Diagenesis

The presence of 10 A Mn minerals in CISP Fe—Mn crusts has been
proved by the use of high resolution mineralogical and geochemical
analyses. These minerals show different elemental contents if compared
with vernadite, essentially in their high contents of Mn, Ni and Cu and
low contents of several strategic elements (such as Co, V and REY)
(Tables 3 and 4). All these differences are linked to the genetic process
acting during their formation. Asbolane, buserite and todorokite are
minerals usually linked to the diagenetic process of pore water precip-
itation or dissolution and precipitation of previous formed Fe—Mn
oxyhydroxides in diagenetic conditions (Hein et al., 2000, 2013, 2016;
Mohwinkel et al., 2014; Kuhn et al., 2017). The Mn/Fe ratio of these
laminae is high (> 10) typical of early stage of diagenesis either under
oxic or suboxic conditions (Halbach et al., 1988; Wegorzewski and
Kuhn, 2014; Marino et al., 2018, 2019; Kfouri et al., 2021; Zawadzki
et al., 2021). The comparison of REY contents of these minerals with
PAAS (Fig. 11) show a different pattern when compared with that ob-
tained for vernadite. Asbolane, buserite and todorokite show none or
negative Ce anomalies that when intermixed with vernadite change to a
small positive anomaly (Fig, 11 A and B). Similar patterns have been also
seen in thin diagenetic samples from Cocos-Nazca Ridge (Zawadzki
et al., 2021). In general, all these laminae have no or small negative Y
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anomaly. Finally, it is possible to identify the presence of some laminae
with an intermediate behavior (Fig. 11) both, due to mixed diagenetic
laminae or to Fe-rich laminae with hydrogenetic signature with inter-
mediate REY contents. Enrichment of REY in freshly precipitated Fe-
oxyhydroxides have been also found in land waters (Santofimia et al.,
2022). All these data confirm the diagenetic origin of these minerals, as
could also be seen in other studies of similar deposits (Bau et al., 2014;
Kuhn et al., 2017). These minerals also show a different structure when
compared with hydrogenetic minerals. Asbolane and buserite are both
phyllomanganates but with different structure. The former form a
structure with octahedral sheets of MnOg separated by a layer of metal
octahedrons cations formed by hydroxyl metals that are connected with
the Mn sheets by the link of H bonds r and the O from the Mn layer. The
metal layer is usually formed by Li, Co, Ni and other transitional metals
(Manceau et al., 1992a, 1992b, 1997; Post, 1999). Buserite is considered
a precursor of the birnessite with a 10 A interlayer of water that could be
stabilized by the incorporation of big cations in the interlayer (Mg, Ca,
Co, Ni) (Manceau et al., 1992a, 1992b, 1997; Post, 1999). Todorokite,
on the other hand, show a tunnel structure formed by 3 x 3 octahedron
chains that share corners in order to form a stable structure that did not
collapse after drying and allow incorporate several big cations in the
tunnels (e.g. Mg, Na, Ca, K, Ni, Cu, etc.) (Manceau et al., 1992a, 1992b;
Post, 1999). The presence of all these big cations, both stabilizing
buserite and asbolane structure or included in the tunnel structure of the
todorokite can be confirmed by point analyses (Tables 3 and 4). The
structure of these minerals, stabilized essentially by Ni, Cu and Mg
cations, show less free charges on which dissolved mono- and di-car-
bonates could be absorbed.

Together with the differences in structure and cations sorption,
growth rates also influence the incorporation of metals. As was seen
before, diagenetic minerals are usually formed at growth rates of
10-100 mm/Ma. High-resolution analyses made on selected diagenetic
minerals in studied samples allowed the estimation of their growth rates
within a range varying between 11 and 300 mm/Ma (Supp. Table 2).
These high growth rates did not allow the incorporation of dissolved
metals from seawater making diagenetic minerals depleted in several
strategic elements and especially REY (Table 4).

5.2.3. Phosphatization

Phosphatization is a process similar to diagenesis in which previ-
ously formed minerals (essentially carbonate and Fe—Mn oxy-
hydroxides) are substituted by phosphates in the marine environment
when fluids are enriched in dissolved phosphorous and the redox con-
dition are favorable (Hein et al., 1997, 2000, 2016; Koschinsky et al.,
1997).

Phosphates minerals concentrate in their structure some contents of
different heavy REE and especially Y that could increase the REY con-
tents of the studied Fe—Mn crusts. CISP Fe—Mn crusts with P contents
high enough to consider the presence of phophatization show similar
REY contents to those of from non-phosphatized crusts and their rep-
resentation compared with PAAS also reflect a pattern comparable to the
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Fig. 11. REY diagram obtained with punctual analysis with LA-ICP-MS on selected samples. A and B) In green diagenetic laminae, in violet mixed laminae for
samples DR02-10 and DR07-9. C). In dark blue Fe rich laminae of sample DR16-14. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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other studied Fe—Mn crusts (Fig. 5). The only sample with a different
behavior is DRO7-8 that together with high P contents also showed the
presence of diagenetic minerals (Fig. 5, Table 2) but, unlike the others
crusts with diagenetic influence, it presents a positive Y anomaly
(Fig. 5). High-resolution spot analyses made on similar diagenetic
minerals in crusts DR02-10 and DR07-9 did not show enrichment of Y.
Conversely, results of the analyses on these minerals have 10 times less Y
contents with respect to hydrogenetic ones (Table 4). Furthermore, the
result of the sequential leaching of this crust shows that the Y sum of the
four fractions (calcite, Mn-oxides, Fe-oxyhydroxides, residuals) (109 pg/
g) only corresponds to half of the total Y (225 pg/g). In contrast, in the
other analyzed crust (DR16-13), the sum of the four fractions is 70% of
the total. This difference could be due to the presence of some phos-
phates minerals that cannot be dissolved in the fourth fraction (Marino
et al., 2018, 2019).

In any case, the actual data obtained on CISP Fe—Mn crusts are
insufficient to demonstrate that the presence of phospatization may
entail an enrichment of REY in Fe—Mn crusts. Further studies involving
Fe—Mn crusts, nodules and phosphorites recovered in Tropic Seamount
may help to elucidate the role of phosphatization on the composition of
Fe—Mn crusts.

5.3. Controls of REY related with depth and location

Many elements that compose Fe—Mn oxyhydroxides as the main
elements Fe and Mn, together with Co, Ni, Mo, V and Pb amongst others
are enriched in the OMZ in their reduced form (Johnson et al., 1996;
Saager et al., 1997; Hein et al., 2000; Milne et al., 2010; Pohl et al.,
2011). As can be observed by results from other studies on Fe—Mn crusts
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with hydrogenetic origin, which main mineral is vernadite, show a high
scavenging of REY elements in the solid phase vs seawater (Bau, 1996;
Bau et al., 2014). Therefore, Fe—Mn crusts formed within the OMZ or at
depths just below, that also show slow growth rates, should be enriched
in these elements. Moreover, seawater within or proximal to the OMZ is
enriched in dissolved REY owing to the desorption of these elements due
to the local reductive dissolution of Fe—Mn oxides and subsequent
precipitation in moments of oxidation due to the mixing of water masses
(e.g. De Baar et al., 1988; Sholkovitz et al., 1992; Schijf et al., 1995).

Despite the fact that samples from the west part of The Paps
seamount show a slightly high presence of diagenetic minerals, the
depth and position for the occurrence of Fe—Mn crusts on the seamounts
seem to not have any influence on their mineralogy. The presence of
diagenetic minerals on the western side of this seamount is probably
linked to the fall of detritus and sands from the top of the seamount.
These detrital minerals are also clearly visible in EPMA images and have
been associated to the presence of bright fibrous diagenetic laminae, this
detrital enrichment could be due to the presence of landslides visible in
in the bathymetry (Palomino et al., 2016; Marino et al., 2019).

In order to test the possible controls of REY contents associated with
depth and location in studied Fe—Mn crusts, only hydrogenetic samples
from the same seamount have been taken into account. Samples from
the Paps Seamount show the highest variability of depths useful to see if
there is a direct connection with REY contents. Results show that when
the depth increases, the REY contents decrease progressively (Fig. 12,
Supp. Mat. Table 1). Samples collected at depths around 1800 m are the
most enriched with up to 3800 pg/g followed by samples with depths
around 2300 m with up to 3400 pg/g located on the west side. Finally,
samples from the deepest part of the seamount (around 2900 m) located
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Fig. 12. Comparison of depth, orientation and REY contents of the purely hydrogenetic samples. In the yellow cube are located the shallowest samples with high REY
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on the north-west side of the seamount show the lowest REY contents
with maximums of 2870 pg/g (Fig. 11, Supp. Mat. Table). Mineralogical
data of these samples confirm the presence of only hydrogenetic min-
erals as vernadite with less goethite and the geochemical data also show
that there is no dilution due to the presence of detrital elements (Si, Al,
Ca) from the top that could explain the lower REY contents. In this way
the only controls that could affect REY contents are those associated to
depth and position of the sample in the seamount.

Deeper samples are located almost 1000 m below the lower part of
the OMZ (whose core is located between water depths of 400 and 700 m)
and that could extend down to 1700 m deep (Brandt et al., 2010, 2012;
Marino et al., 2017). At these depths seamount slopes are bated by the
deepest currents, from the north the North Atlantic Deep Water (NADW)
and from the south by the Antarctic Intermediate Water (AAIW) and the
Antarctic Bottom Water (AABW). The first two currents have different
characteristics, but essentially different dissolved oxygen (DO), the
NADW showing the highest DO around 200 pmol/kg, that is double with
respect to the AAIW that shows 110 pmol/kg (Mémery et al., 2000;
Bashmachnikov et al., 2015). On the other hand, studies made on several
water samples demonstrated that AABW have high contents of dissolver
REY compared with the other water masses (German et al., 1995). These
differences in DO could and REY contents together with redox interac-
tion caused by the mixing of waters also affect the concentration of the
elements in samples exposed to them. The comparison of samples with
almost the same depth (2180 and 23,000 m) but recovered in different
part of the seamount show that samples from the south have a slightly
higher REY contents than those recovered on the west-north slope
(maximum of 3700 pg/g compared with 3400 pg/g) due to the action of
the AAIW. Also, deepest samples (4800 m) recovered from southern part
of the Gaire Seamount show similar REY contents to those that are
located within or just below the OMZ (DA06-1, DA06-2 and DA06-7)
(Fig. 12, Supp. Mat. Table 1). This is also supported by the principal
component analysis (Fig. 8) in which is possible to see that the depth is
only related with Si related elements, while REY are related with Mn and
Fe oxyhydroxides.

Finally, we compare spot data obtained with LA-ICP-MS from the top
of samples with different orientations, sample DR16-14 in the Tropic
seamount oriented south and DR02-10 in the Echo seamount oriented
north and both at similar depths around 1800 m. Point data show that in
Tropic sample the uppermost layers have high REY contents (up to 3800
pg/g in hydrogenetic Fe—Mn laminae and 3700 pg/g in Fe-rich
laminae), while data obtained on sample from the Echo show less REY
contents between 2000 and 2700 pg/g (Supp. Mat. Table 2). Also, if
considering bulk data, the deepest samples (4800 m) recovered from
southern part of the Gaire seamount show similar REY contents to those
located within or just below the OMZ (DA06-1, DA06-2 and DA06-7)
(Fig. 12, Supp. Mat. Table 1). These results show that the exposition to
different deep currents (NADW from the north and AAIW from the
south) could influence the enrichment of REY in the different samples. It
also confirms the influence of the different currents NADW and AAIW on
the forming Fe—Mn samples.

In summary, the contents of REY are strictly linked to the miner-
alogy, orientation and depth of the samples. Samples with the presence
of diagenetic minerals (asbolane, buserite, todorokite) show low bulk
contents of REY if compared with samples purely hydrogenetic (eg.
DRO07-0 and DR07-9 compared to DR0O710; Supp. Mat. Table 1). The
orientation of Fe—Mn crusts and their exposure to different deep cur-
rents also have an influence on the REY contents. Samples located on the
northern side of the seamounts and exposed to the NADW show lower
REY contents than those located on the south (or south-west) with major
exposition to the AAIW and AABW (Fig. 12, Supp. Mat. Table 1). This
difference mainly depends on the DO contents of the seawater masses
that could affect the redox condition locally and promote the dissolution
of Fe—Mn crusts and enrichment in several elements and REY. Finally,
depth also shows a key behavior in studied Fe—Mn crusts, in this way,
shallowest samples (around 1700 m), right below of the OMZ, show the
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highest contents of REY (up to 3400 pg/g). REY contents start to
decrease with greater water depths reaching the minimum at depths
around 3000 m (around 2700 pg/g) essentially due to the distance from
OMZ as was also observed in Fe—Mn crusts from Rio Grande Rise
(Benites et al., 2023).

5.4. Case of study: economic interest of REY in CISP seamounts

REY bulk contents observed in studied Fe—Mn crusts (Table 2) seem
high enough to consider its extraction as a by-product of the main metal
extraction represented by Mn, Fe, Co, Ni, Cu, and V. Two different
extractive experiments have been made on five Fe—Mn crusts showing
that both the selective extraction as well as the experiment with the
addition of a reducing agent, results in recovery rates for all REY be-
tween 70 and 90% (Table 6). In both experiments it is also clear that
hydrogenetic Fe—Mn crusts show the highest recovery rates (up to
85%), due to a better digestion of hydrogenetic minerals when
compared to diagenetic ones (Marino et al., 2018, 2019).

Data obtained in these samples allow calculating the amount of
metal that can be extracted in a possible mining site on the top of the
seamounts. In order to make the correct calculation it is important to
know the average thickness of the crusts present on the seamount, the
average geochemical contents and the recovery rate obtained in samples
from the same seamount. The average thickness of the top of the Tropic
Seamount has been calculated using data from Yeo et al., 2019 in which
several areas of the seamount have been sampled with cores drilled by
ROV. The data obtained give an average thickness of 46 mm for the top
of the seamount. The average thickness of the crusts from Echo and The
Paps seamounts have been calculated using data obtained during the
study of the CISP area (Table 1). The density of the Fe—Mn crusts is
variable depending on the porosity and the mineralogy of the crusts but
has been calculated at an average dry density of 1,3 g/cm® based on the
study of several samples from the Pacific Ocean (Hein et al., 2009; Hein
and Koschinsky, 2014). With these data it is possible to calculate the dry
tons of Fe—Mn crusts for each seamount taking into account a surface of
1 Km?. The value of dry tons for each element has been calculated using
the total dry tons and the average wt. percentage calculated in the result
chapter (Table 2).

With all these data it was possible to calculate the recovered tons of
metals for possible mine sites in the three selected seamounts resumed in
Table 5. The most interesting values are represented by the contents of
Mn (ranging from 6000 to 9400 tons) and Fe (ranging from 6300 and
9300 tons) but especially by the high amount of strategic elements as Co,
Ni and V (265, 92 and 50 tons respectively). REY recovery tonnage is
also very high with the maximum values obtained for seamounts in
which have been found only purely hydrogenetic samples (160 tons)
while in seamount in which there is the presence of mixed samples are
slightly low (109 and 126 tons).

REY values will depend essentially on the mineralogy of the samples;
samples with higher diagenetic influence as DR07-9 from The Paps
Seamount (Marino et al., 2019) show the lowest recovery rates due to
the presence of several laminae formed by diagenetic minerals with low
contents of REY (from 60 to 270 pg/g). These minerals also show the
poorest digestion probably due to their genetic formation and the better-
formed crystals. Comparison with the sequential leaching experiment
shows that the total recovery rates, by adding the hydroxylamine and
hydrochloric acid results, increase about 10 to 20% for several critic
elements. In this way better recovery rates have been found, especially
for Mn Co and Ni, also in diagenetic-influenced Fe—Mn crusts (Marino
et al., 2018). The REY recovery rates also increase a little from 80% to
88% with no distinguishable difference in purely hydrogenetic or mixed
diagenetic samples. In this way, REY recovery tonnageons could in-
crease by about a factor of 14% for the diagenetic-influenced crusts and
by 7-8% for hydrogenetic sample types.

With these data it is possible to propose an extraction of elements in
two phases in order to mine the maximum contents possible for all the



E. Marino et al.

Marine Geology 464 (2023) 107144

Table 5
Dry Tons contents, recovery rates and recovery Tons of the different valuable metals in a square kilometer of Fe—Mn crusts from CISP seamounts.
REY Co Ni Cu \% Mo Mn Fe
Echo Dry Tons 130 208 100 18 43 17 7381 10,855
Rec. Rates 84 95 85 74 85 63 81 58
Rec. Tons 109 198 85 13 37 11 5979 6296
The Paps Dry Tons 170 315 151 39 55 25 10,299 14,539
Rec. Rates 74 84 53 68 58 26 75 49
Rec. Tons 126 265 80 27 32 6 7724 7124
Tropic Dry Tons 197 341 132 24 60 30 11,601 16,266
Rec. Rates 81 63 70 50 83 42 81 57
Rec. Tons 160 215 92 12 50 13 9397 9271
interesting metals considering REY not only as by-product but in most changes.

cases a primary metal with Co and Ni.

It is important to highlight that before starting any possible future
mining, there is the obligation to preserve the marine environment to
prevent, reduce and control the possible pollution derived from the
mining site. For this reason, EU has drafted the EU Directive 2008/56/
EC (European Directive, 2023) to achieve a good environmental status
for all the EU’s marine waters and protect the different biotas. The
seamounts from the Canary Islands area may represent natural labora-
tories where technological developments and further seabed investiga-
tion should be conducted to confirm that these mineral resources can be
recovered with minimal environmental impact.

6. Conclusions

In this work a complete set of 42 Fe—Mn crusts from 8 seamounts of
the CISP have been analyzed for their contents of REY and their rela-
tionship with mineralogy, genetic process, localization and depth.

Fe—Mn crusts concentrate great amounts of REY, but this concen-
tration depends on several factors.

Mineralogy and genetic processes are the main factors controlling
REY contents. Due to its structure, Fe-vernadite can concentrate high
contents (in average 3000 pg/g with a maximum of 4700 pg/g) of total
REY and especially LREY (with the highest contents represented by Ce
up to 2300 pg/g). Vernadite formation is linked to the hydrogenetic
process and to the slow growth of these minerals (between 0.2 and 2
mm/Ma).

On the other hand, asbolane, buserite and todorokite are the min-
erals with the lowest REY contents (on average 260 pg/g). This depends
on the mineral structure of these that need the presence of big cations as
Ni and Cu to be stable (asbolane and buserite) or the tunnel structure of
10 A that did not allow the entrance of the biggest of -mono and -di
carbonate that usually are linked to dissolved REY. Moreover, these
minerals are linked to diagenetic processes and fast growth rates with up
to 500 mm/Ma.

Another important factor is the formation depth of the samples.
Fe—Mn crusts from shallower depth of 1800 m are more enriched in REY
(up to 3800 pg/g) due to the presence of the OMZ that promote very
slow growth rates and also the possible dissolution of Fe—Mn minerals
previously formed that locally enrich seawater of dissolved REY. With
depth REY contents slowly decrease reaching contents of 2800 ug/g at
3000 m water depth. Together with depth the location of the samples
and the water masses that bated them also influence REY contents.
Fe—Mn crusts located in the north face of the seamount show less REY
contents due to the high oxygenated waters of the NADW. On the other
hand, sample deeper (4800 m) but located on the south part of the
seamounts show high REY contents (average of 3300 pg/g) due to the
mixing of waters masses represented by the low oxygenated AAIW and
the enriched in REY AABW.

Further studies realized with sets of samples collected in situ at
different depth of several seamounts together with the use of high-
resolution spot-by-spot analyses would help to increase the correlation
of the variation of REY in CISP area with local, regional o global oceanic
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Finally, the economic case of study made on data obtained on three
seamounts of the CISP show that the future possible mine and hydro-
metallurgical process of recovered Fe—Mn crust could provide in
average 130 tons of REY together with other strategic and base metals
such as Mn, Fe, Co, Ni, Cu, V and Mo. In this way several studies have to
be made in order to evaluate what is the environmental impact of all the
processes involved in the exploitation of these deposits.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.margeo.2023.107144.
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