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Thick ferromanganese (Fe-Mn) crusts from four Cretaceous seamounts (The Paps, Tropic, Echo and Drago) at the
southern Canary Island Seamount Province (CISP) in the northeastern tropical Atlantic were recovered along the
flanks and summits from 1700 to 3000 m water depths. CISP is composed of >100 seamounts and submarine
hills, is likely the oldest hotspot track in the Atlantic Ocean, and is the most long-lived of known hotspots globally.
The Fe-Mn crusts grow on basalt-sedimentary rock substrates below the northeastern tropical Atlantic core of the
oxygen minimum zone (OMZ) with a maximum thickness of 250 mm at a water depth of 2400 m. The mineral-
ogical and chemical composition of these Fe-Mn crusts indicate a hydrogenetic origin. The main Mn minerals are
vernadite with minor interlayered todorokite and asbolane-buserite. Fe oxides are essentially ferroxyhyte and
goethite. The Fe-Mn crusts show high average contents in Fe (23.5 wt%), Mn (16.1 wt%), and trace elements
like Co (4700 pg/g), Ni (2800 pg/g), V (2400 pg/g) and Pb (1600 pg/g). Rare earth elements plus yttrium (REY)
averages 2800 pg/g with high proportions of Ce (1600 pg/g). Total platinum group elements (PGEs) average
230 ng/g, with average Pt of 182 ng/g. Two main types of growth layers form the crusts: 1) a dense laminae of
oxides with high contents in Mn, Co and Ni associated with vernadite and Cu, Ni, and Zn associated with
todorokite; 2) botryoidal layers with high contents in Fe, Ti, V and REY associated with goethite. The Fe-Mn crusts
from the CISP region show higher contents in Fe, V, Pb and REY but lower Mn, Co, Ni and PGEs contents than Pa-
cific or Indian ocean seamount crusts. The oldest maximum age of initiation of crust growth was at 76 Ma (Cam-
panian, Late Cretaceous). Using a combination of high resolution Co-chronometer and geochemical data along an
Electron Probe Micro Analysis (EPMA) transect, four stages in morphology, chemical contents and growth rates
can be differentiated in the the Cenozoic crusts since 28 Ma, which we interpret as due to changes in the venti-
lation of the North Atlantic OMZ and to the increase of Saharian dust inputs. An earliest growth period, charac-
terized by similar contents of Fe and Mn in the interval 27.8-24.45 Ma (late Oligocene-early Miocene) reflects
slow precipitation related to a thick OMZ. An intermediate laminated zone with higher contents of Fe, Si and P,
high growth rates reaching 4.5 mm/Ma, and precipitation of Fe-Mn oxides during the interval 24.5-16 Ma is re-
lated to periods of ventilation of the OMZ by intrusion of deep upwelling currents. Significant increase in Fe con-
tents at ca. 16 Ma correlates with the onset of incursions of Northern Component Waters into the North Atlantic.
Finally, since 12 Ma, the very low growth rates (<0.5 mm/Ma) of the crust are related to a thick North Atlantic
OMZ, an increase in Sahara dust input and a stable thermohaline circulation.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

kept the rocks swept clean of sediments for millions of years
(e.g., Koschinsky et al., 1996; Hein et al., 1997, 2000, 2013; Rona,

Ferromanganese (Fe-Mn) crusts occur globally throughout the
ocean and on seamounts, ridges and plateaus where currents have
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2008). The first Fe-Mn crusts were collected southwest of the Canary
Islands on HMS Challenger cruises in the late nineteenth century
(Murray and Renard, 1891). Crusts form at water depths of about
400-7000 m, the thickest ones occurring at depths of about 800-
2500 m (Hein and Koschinsky, 2014). Fe-Mn crusts have been system-
atically studied since the 1980s (Halbach et al., 1981; Baturin, 1988;


http://crossmark.crossref.org/dialog/?doi=10.1016/j.oregeorev.2016.10.005&domain=pdf
http://dx.doi.org/10.1016/j.oregeorev.2016.10.005
mailto:emarino@ucm.es
http://dx.doi.org/10.1016/j.oregeorev.2016.10.005
http://www.sciencedirect.com/science/journal/01691368
www.elsevier.com/locate/oregeorev

42 E. Marino et al. / Ore Geology Reviews 87 (2017) 41-61

Bogdanov et al., 1995; Hein et al., 1997). These Fe-Mn crusts are
enriched in base metals and strategic and critical elements such as Co,
V, Ni, Ti, platinum group elements (PGEs) or rare earth elements
(REEs) plus yttrium (REY) and are being considered for future mining
(Baturin, 1988; Hein et al., 1997, 2013; Gonzalez et al., 2012).

According to the International Seabed Authority (ISBA, 2016), ‘co-
balt crusts’ are defined as hydroxide/oxide deposits of cobalt-rich
iron/manganese (ferromanganese) crusts formed by direct precipita-
tion of minerals from seawater onto hard substrates, containing minor
but significant concentrations of Co, Ti, Ni, Pt, Mo, Te, Ce, other metallic
and REEs (ISBA/16/C/WP2). Four main types of Fe-Mn deposits have
been traditionally recognized (Hein et al., 2000): Hydrogenetic crusts,
hydrogenetic-diagenetic nodules, mixed hydrothermal-hydrogenetic
crusts, and stratabound hydrothermal deposits. Mixed hydrogenetic-
diagenetic Fe-Mn pavements and nodules related to the oxidation of
metals in hydrocarbon seeps occur in the Gulf of Cadiz (Gonzélez
etal, 2012).

At present, the strategic elements of interest for future mining are
those commonly used in high-technology industries, development of
super alloys and clean energy or elements that replace heavy metals
in petroleum fracking (Hein et al., 2013). In 2013, the European Union
(EU) pointed out 54 elements as strategic elements (European Commis-
sion, 2016), including Co, V, Cd, Te, Ba, Ni, REY and PGEs. These strategic
elements are defined as metal or chemical elements used in the industry
for their particular intrinsic characteristics and are needed by all indus-
trialized countries (Adachi et al,, 2010; Massari and Ruberti, 2013). This
makes Fe-Mn crusts a potential resource for many of the metals used in
emerging high-technology and green-technology applications (Hein
and Petersen, 2013). However, only the purely hydrogenetic crusts con-
tain sufficient rare metals to be of current economic interest (Hein et al.,
2000).

Regulations for prospecting and exploration for cobalt-rich Fe-Mn
crusts in areas beyond national jurisdictions (referred to as ‘the Area’)
were approved at the ISBA's Eighteenth Session in 2012 (ISBA/18e/A/
11). Several exploration contracts for cobalt-rich Fe-Mn crusts on Pacific
and South Atlantic seamounts have been signed.

This paper presents a comprehensive study of Fe-Mn crust deposits
on four seamounts (Tropic, The Paps, Drago and Echo) with summits
ranging from 250 to 2400 m water depths within the Canary Island Sea-
mount Province (CISP) in the northeastern tropical Atlantic. >100 sea-
mounts compose the CISP from 23° to 33° N. The studied seamounts,
which are the oldest of the CISP (ranging from 91 to 119 Ma), are locat-
ed along the southern side of the CISP within the Spanish EEZ and Ex-
tended Continental Shelf, submitted by Spain on 14 December 2014 to
the Commission on the Extension of the Continental Shelf. We herein
present the results corresponding to a full suite of Fe-Mn crusts based
on detailed mineralogy, petrography and chemical analyses, including
major oxides, minor elements, REY and PGEs. Furthermore, we present
multibeam bathymetry echosounder (MBES) mosaics of the seamounts
where the crusts were collected between 1700 and 3000 m water
depths. Crust growth rates and ages were estimated using the Co-
Chronometer. Finally, we propose genetic models for the Fe-Mn crust
deposits and correlate the latter to key paleoceanographic and tectonic
events that occurred in the North Atlantic since the late Cretaceous.

2. Geological and present-day oceanographic setting
2.1. Geological setting

The studied area is located on the southern side of the Canary
Islands. The CISP islands and seamount cluster form one of the most im-
portant volcanic provinces in the Atlantic Ocean (Fig. 1). The CISP
consists of >100 seamounts that extend along 1000 km from the Lars-
Essaouria seamount in the north (32.7°N, 13.2°W) to the Tropic
seamount in the southwest of the archipelago (23.8° N, 20.7° W), fol-
lowing a general SW-NE orientation 100 km west off the African coast

(Fig. 1B). The CISP formed by recurrent shallow mantle upwelling be-
neath the Atlantic Ocean basin, which produced recurrent anomalies
and seamounts from the Early Cretaceous to the present day, making
CISP the oldest active hotspot track in the Atlantic Ocean and the most
long-lived preserved on Earth (van den Bogaard, 2013).

Volcanism in the Canary Islands Archipelago is of alkali type, which
is characteristic of oceanic islands (Carracedo et al., 2002; Ancochea,
2004). The studied southwest Canary Islands seamounts are composi-
tionally similar to the islands (Schmincke et al., 2000; IGME, 2015),
also indicating intraplate alkalic volcanism.

2.2. Modern circulation in the CISP region

The CISP forms an important oceanographic regime in the tropical
Atlantic, which includes both the oligotrophic waters of the eastern
North Atlantic subtropical gyre and the productive, seasonal coastal up-
welling zones of Morocco-Sahara (Henderiks, 2001). The mixed layer
(upper 100 m of the water column) is characterized by the Canary
Current (CC). The intermediate depth is ventilated by North Atlantic
Central Water (NACW) and South Atlantic Central Water (SACW)
above ~700 m and Antarctic Intermediate Water (AAIW) at ~1000 m.
The North Atlantic Deep Water (NADW) fills the depth below 1500 m
and the AABW occurs below ~4000 m (Fig. 1) (Machin et al., 2006;
Pastor et al., 2015; Sarnthein et al., 1982; Herndndez-Guerra et al.,
2005; Knoll et al., 2002). In addition, the study area is beneath the
northern end of the oxygen minimum zone (OMZ), which extends
from 100 to 700 m water depths, from near the equator to 25° N. The
core of the OMZ is located at 400-500 m, reaching very low oxygen
values (<50 pmol/kg) (Brandt et al,, 2010, 2012). The currents ventilat-
ing the OMZ are the NACW and SACW. These two currents have
dissolved oxygen contents (DO) of around 200 pmol/kg in more proxi-
mal areas (Mémery et al., 2000; Bashmachnikov et al., 2015). Depletion
in DO contents within the OMZ depend on interferences from less oxy-
genated water masses such as the Mediterran Outflow Water
(170 pmol/kg) and AAIW (110 umol/kg). DO is also depleted by the
high biological productivity in proximity to the Canary Islands produced
by upwelling and nutrient-rich currents (Brandt et al, 2010;
Bashmachnikov et al,, 2015).

3. Materials and methods
3.1. Sampling site description

Fe-Mn crusts were collected on board the R/V Miguel Oliver in 2011
during the DRAGOO0511 cruise using a rectangular rock dredge
(2 x 0.8 m) (Project for the Extension of Spain's Continental Shelf west-
ward from the Canary Islands). Dredging sites were previously selected
on the basis of the 3D models of bathymetry and backscatter data ac-
quired with the Konsberg-Simrad EM302 echo sounder during the
cruise. Submarine images and HRS (TOPAS PS 018) profiles were also
obtained, which indicated the presence of hardground encrustations
along the slopes and summits on the four seamounts: Echo, Tropic,
Drago and The Paps. These high-resolution bathymetric data show two
different morphologies. Tropic and Echo have typical guyot morphology
showing flat summits. Sub-aerial exposure and erosion above sea level is
supported for Echo and Tropic seamounts (conglomerates, shallow
water calcarenites and guyot-like flat tops) (Schmincke et al., 2000;
IGME, 2015). The Paps and Drago seamounts show ridge-like morphol-
ogies with multi-crest summits and were emplaced below sea level. Lin-
ear volcanic alignments along eruptive fissures and faults are commonly
perpendicular to the least compressive stress and frequent in the Canary
Islands (Delaney et al., 1986; Becerril et al., 2013, 2015). A detailed de-
scription of the morphology of the seamounts based on the multibeam
bathymetry of the project can be found in Palomino et al. (2016).

The Tropic rises from 4300 to 970 m and has a surface area of 1530
km?; its base morphology shows a four-arm star due to landslide scars
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Fig. 1. Setting of the Canary Island Seamount Province (CISP). A) Pathways of principal currents along the Atlantic margins: NADW-North Atlantic Deep Water, ENADW-Eastern North
Atlantic Deep Water; AABW-Antarctic Bottom Water, MOW-Mediterranean Outflow Water (Based on Abouchami et al., 1999 and Miiller-Michaelis et al., 2013). B) Location of CISP
formed by two seamount groups to the north and south of the Canary Islands. The CISP is the oldest hotspot track in the Atlantic Ocean (van den Bogaard, 2013), located close to the
African continental margin within the area of influence of the Paleo-Tethys seaway and the Sahara Desert. Sampled seamounts are marked in yellow. See text for detailed explanation.

(Palomino et al., 2016). Samples DR15 and DR16 were dredged from
2287 to 2263 m along the southern arm and at 1719 m along the eastern
arm respectively (Table 1 and Fig. 2A).

Echo seamount rises 3700 to 250 m and has a total surface area of
1400 km? and is also topped by a flat summit with several small volcanic
cones-domes. Landslide scars can also be identified (Palomino et al.,
2016). Fe-Mn crusts were dredged along the slope of spurs identified
along the north (DR02), west (DR04) and south (DR03) flanks of the
seamount between 1949 and 1593 m water depths. (Table 1 and
Fig. 2B). Fe-Mn crusts from the summits of both flat-topped seamounts
were not recovered, possibly because of sediment accumulation. Sedi-
mentation on the summit inhibits the formation of Fe-Mn crusts. Volca-
nic rocks were sampled from the cones-domes projecting from the flat
summit, which showed very thin Fe-Mn crusts (<5 mm).

The Paps seamount has an elongated N-S morphology with a narrow
ridge extending in a NW-SE direction (Fig. 2C). This seamount rises
from 4400 to 1500 m and has an area of 2150 km?. Fe-Mn crusts were
mainly recovered from the northern flank (DRO7, DR09, DR10 and
DR11) via dredging from 2340 to 1860 m (Table 1 and Fig. 2C). Only
one dredge (DR14) was collected along the southern ridge of the Paps
seamount from 2221 to 2157 m water depth.

Drago seamount rises from 4400 to 2200 m, showing an elliptic mor-
phology with a NNW-SSE trend. This seamount covers an area of 315
km? (Fig. 2D). Fe-Mn crusts were recovered only from one sampling
site (DR13) from the summit of this seamount at 2426-2290 m water
depth due to limitations of cable length (Table 1 and Fig. 2D).

A total of 16 Fe-Mn crusts were selected as representative of a large
quantity of fragments from eleven dredge stations (Table 1) on the four

Table 1

Dataset of the most relevant characteristics of the dredge stations selected for this study, growth rate and approximate maximum age calculated for CISP Fe-Mn crusts using the Cobalt

Chronometer proposed by Manheim and Lane-Bostwick (1988).

DREDGE-sample Seamount Latitude Longitude Water depth (m) Co (ug/g) Thickness (mm) G.R. (mm/Ma) Calc. age (Ma)
DR 02-9 Echo 25°29,62'N 19° 23,47W 1890-1875 5157 50 1.66 30
DR 03-1 25°15,10'N 19°23,55'W 1949-1757 5375 30 1.15 26
DR 04-14 25°19,51'N 19° 18,92'W 1832-1593 4245 35 227 15
DR 07-8 The Paps 25°57,18'N 20° 21,73'W 1860 3560 80 133 60
DR 09-10 26° 00,80'N 20° 21,57'W 2340-2198 4239 20 1.50 13
DR 09-11 26° 00,80'N 20°21,57'W 2340-2198 3767 60 2.00 30
DR 10-7 26° 07,09'N 20°19,75'W 3010-2839 4502 60 1.96 31
DR 11-2 25°57,68'N 20°19,18'W 1957-1952 4230 30 0.80 38
DR 13-11 Drago 25°13,60'N 20° 24,90'W 2426-2290 3359 35 1.89 19
DR 13-12 25°13,60'N 20° 24,90'W 2426-2290 4887 110 1.83 60
DR 13-13 25° 13,60'N 20° 24,90'W 2426-2290 5090 85 1.85 46
DR 14-1 The Paps 25°39,25'N 20° 07,45'W 2221-2157 6745 30 1.12 27
DR 15-14A Tropic 23°46,18'N 20°43,17'W 2287-2263 3834 70 2.67 26
DR 15-15 23°46,18'N 20°43,17'W 2287-2263 4664 70 2.10 33
DR 16-5 23°52,91'N 20°37,07'W 1719 1834 40 1.20 33
DR 16-13 23°52,91'N 20°37,07’'W 1719 7169 90 1.19 76
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Fig. 3. A-B) Suite of Fe-Mn crusts collected from The Paps (DR07) and Drago (DR13) seamounts. C) Thick Fe-Mn crust on basaltic substrate. D and E) Phosphatized Fe-Mn crusts recovered

from Tropic seamount. F) Cross section of Fe-Mn crust covering a carbonate substrate.

seamounts. The selected Fe-Mn crusts show thicknesses ranging from
20 to 110 mm, with colors that vary from dark brown to black and bot-
ryoidal surfaces (Fig. 3A-B).

3.2. Laboratory methods

Petrographic, mineralogical and geochemical methods were per-
formed at the Central Laboratories of the Geological Survey of Spain
(IGME), the Electron Microscopy National Center (UCM) and the De-
partment of Crystallography and Mineralogy, Faculty of Geosciences
(UCM). Mineralogical identifications were performed by X-ray powder

diffraction (XRD). The equipment used included a PANalytical X'Pert
PRO diffractometer, Cu-Ko radiation, carbon monochromator and auto-
matic slit (PTRX-004). The analytical conditions for the XRD were: CuKot
radiation at 40 kV and 30 mA, a curved graphite secondary monochro-
mator, scans from 2 to 70 (26), step size of 0.0170 (26) and step time
0.5°/min.

Electron microscopy was used on polished thin sections using a Jeol
JXA-8900 M Electron Probe WDS/EDS Micro Analyzer, operating at 15
EDS, equipped with four wavelength dispersion spectrometers in
which these crystals were placed, as follows: channel 1: TAP; channel
2: LIF; channel 3: PETJ; channel 4: PETH. Two geochemical transects

Fig. 2. High resolution bathymetry of studied seamounts including dredge hauls (stars):

A) Tropic, B) Echo, C) The Paps and D) Drago; bottom, three-dimensional multibeam bathymetric

image (Simrad EM302), Fledermaus visualization of the seabed structure map in the study area. Viewing direction is from the south.
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along the growth axis were performed with EPMA on samples DR 10-7
and DR 13-11 for 308 and 225 layer analysis respectively. Standards in-
cluded pure metals, synthetic and natural minerals, all from interna-
tional suppliers, and the accuracy and precision obtained were above
=+ 5%.

The major and trace elements for bulk Fe-Mn crusts were deter-
mined using X-ray Fluorescence (XRF), using PANalytical's Magix
equipment with a rhodium tube and Major software (PTE-RX-001 Ed.
3) and Irons protocol. The accuracy of the data was verified using inter-
national standard reference materials, and precision based on duplicate
samples was found to better than 4+ 5%. Analytical conditions were
50 kV voltage and 50 mA. The patterns obtained were compared with
certified international standards (USGS, NBS, CANMET, BCS). Na and
Au were measured using a VARIAN FS-220 atomic absorption spectrom-

eter and loss on ignition (LOI) was determined by calcination at 950 °C.

REY and PGEs contents of bulk samples were obtained using ICP-MS
(AGILENT 7500 CE). The standard reference materials SO-1 (CCMET),
GSP-1 (USGS) and BCR-1 (USGS) were used to test the analytical proce-
dure for REY determinations. The accuracy and precision are better than
10% for all REY. The study of PGEs was conducted using the preparation
method described by Jackson et al. (1990) and Li and Feng (2006) and
results were recalculated considering mass interferences described by
Whiteley and Murray (2005). The results are expressed in percentages
for major elements, pg/g (ppm), for minor and trace elements and in
ng/g (ppb), for PGEs (Table 3).

Published studies of Fe-Mn oceanic deposits suggest that a relation-
ship exists between growth rate and chemical composition, especially
for Co contents (Reyss et al., 1982; Halbach et al., 1983; Manheim and
Lane-Bostwick, 1988; Hein et al., 2000, 2013; Hein and Koschinsky,
2014). Crust growth rates and ages were calculated by the empirical
Co-chronometer method established by Manheim and Lane-Bostwick
(1988) which closely match isotopic determinations. In addition to the
Manheim and Lane-Bostwick formula, other variants exist such as the
proposal by Puteanus and Halbach (1988), which was used to minimize
the dilution factor caused by phosphorite enrichment in older layers. For
phosphatized sample DR16-5, the Fe, Mn, and Co were normalized to
0.5% P, therefore making the calculation more accurate (Hein et al.,
2016); 0.5% P is the concentration in the non-phosphatized crust from
the same dredge haul, DR16-13. One limitation of this Co-chronometer
method is that the equation does not measure possible hiatuses during
the accretion process. Therefore, the calculated rates represent maxi-
mum values and the derived ages minimum values (Hein et al.,, 1990).

Pearson correlation coefficients were used to calculate coefficient
matrices for the chemical data. For n = 15, correlation coefficients be-
tween — 5 and + 5 have no correlation at the 95% confidence level.

4. Results
4.1. Structure, mineralogy and petrography

CISP Fe-Mn crusts are dark brownish to black and generally matte,
although in some samples a metallic luster occurs (Fig. 3). Most of the
specimens are characterized by botryoidal surfaces with variable-
diameter botryoids, in which deep-water specimens have larger
botryoids (up to 5 cm diameter) than shallow water specimens (few
mm diameter). The thickness of the Fe-Mn oxide layer varies from a pa-
tina to 25 cm. Both altered volcanic rocks and compacted sediment act
as substrates for the accumulation of oxides (Fig. 3D, F). Sedimentary
substrate rocks frequently show Mn dendrite impregnations. Thin, ligh-
ter colored layers are the result of precipitation of carbonate layers,
siliciclastic inputs and/or diagenetic phosphorites, carbonate fluorapatite
(CFA) and phyllosilicates (Fig. 3E-F). Phosphatized Fe-Mn crusts with re-
placements and veins of CFA that crosscut oxide layers are common on
Tropic seamount crusts (Fig. 3C).

XRD results of the Fe-Mn crusts are summarized in the Table 2. These
oxyhydroxide minerals show strong overlaps and low crystallinity

(Fig. 4). Goethite [a—Fe* "0 (OH)] is the most important mineral
group identified in all samples. Its presence can be observed in the cen-
tral area of the diffractograms (30-60° 26) as a large peak representing
the existence of some minerals of this group, in particular amorphous
feroxyhyte [Fe>+ O(OH)], ferrihydrite [Fe® *14014(OH),] and goethite.
Peaks corresponding to manganese oxides that overlap with large goe-
thite peaks can be recognized in the same area. Mn oxides are vernadite
(6-MnO;) and todorokite [(Na,Ca,K,Ba,Sr);_x(Mn,Mg,Al )01 3-4H,0];
their characteristic peaks are found in the area of higher spacing (~9 A
todorokite) and in broadening of the peaks identified in the
diffractograms. Vernadite and todorokite show some characteristic
peaks: vernadite has a peak at ~2.39-~2.45 and 1.42 A and may some-
times be confused with feroxyhyte, whereas todorokite shows a peak
similar to clay minerals at 9.4 A and the maximum intensity peak at
4.74 A. Minor amounts of buserite (NaysMn;40,7-21H,0) and asbolane
[(CoNi); — y(Mn**0,); — x(OH)3 — 2y 2x-n Hy0], which are usually
inter-grown, can also be recognized on XRD. Quartz, calcite and anor-
thite feldspar were recognized as detrital minerals. Well-defined
palygorskite [(Mg,Al),Si4019(OH)-4H,0] and occasionally carbonate
fluor-apatite [Cas(PO4)sF] peaks are authigenic minerals. CFA is identi-
fied as accessory by XRD in three Fe-Mn crusts from the Tropic, Drago
and The Paps seamounts (Table 2). Sample DR16-05 is essentially
formed by CFA and minor proportions of Fe-Mn oxyhydroxides
representing a phosphatized Fe-Mn crust.

Crust micro-structures are generally laminae from 2 to 10 pm that
compose larger botryoidal and columnar (Figs. 5A1, 2-B) structures, or
more sub-parallel laminar patterns (Fig. 5A-1). The base of some crusts
in contact with the substrate rock generally shows concretions that uni-
formly cover the rock. Occasionally, micronodules with spherical and
botryoidal morphology can be found within a carbonate matrix. The
Fe-Mn layers are not always homogenous and may show color varia-
tions, more specifically in zonation that differentiates massive-dense
laminated areas from more porous parts. Discontinuities and accretion
layers showing discordance with underlying Fe-Mn oxyhydroxide lam-
inations can be found in the samples (Fig. 5A, B and E).

SEM images show Fe-Mn oxyhydroxides with Fe-Mn mineral grain
sizes smaller than SEM resolution. The morphology consists of different
micro-botryoidal aggregates of Fe-Mn oxyhydroxides (Fig. 6A-B). Po-
rous textures under the SEM correspond to hollows where
phyllosilicates crystalized with a filamentous structure (palygorskite)
(Fig. 6D) and also to accumulations of carbonate coccolith shells, de-
tached plaques of Isochrysidales or Coccolithales (Fig. 6D). SEM has not
shown bacteria films, but micrometer size tubular structures have
been recognized (<2 um), covered by Fe-Mn oxides, that may result
from the activity of microorganisms (Fig. 6C).

EPMA analyses on selected Fe-Mn crust polished thin sections are
identified by numbers in Fig. 5. Two different micro-textural features
can be differentiated in the samples: 1) massive sub-parallel layers
(Fig. 5A-1) and 2) columnar-botryoidal (Fig. 5A-2) layers, in which de-
trital minerals and/or foraminifera are recognized. Some minerals are
intercalated in the oxide layers: quartz shows sharp edges and is eolian;
rhombohedral authigenic calcite-dolomite; hematite or magnetite crys-
tals with Ti contents up to 10% (titanomagnetite; Fig. 5C); volcanic glass
(Fig. 5F-15); and Foraminifera, are included within the laminations
(Fig. 5E-12). Foraminifera show, in some samples, a high degree of sub-
stitution by Fe-Mn oxides.

4.2. Geochemistry

The bulk chemical composition of the Fe-Mn crusts is provided in
Table 3. The phosphatized crust DR16-5 is discussed separately because
the composition is significantly different from that of the other 15 sam-
ples. Crusts have high contents of Fe (13 to 28 wt%) and Mn (8 to 22
wt%), with Mn/Fe ratios ranging from 0.5 to 0.96. The crusts have
more SiO, (9.7 wt%) than Al,03 (3.74 wt%), K;0 (0.56 wt%) and MgO
(2.33 wt%). The crusts have mean contents of 1.61 wt% TiO,, 1.78 wt%
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Table 2
XRD mineralogy of crystalline phases from CISP Fe-Mn crusts. Major >25%; Moderate 10-25%; Minor <10%. CFA = carbonate fluorapatite.

Sample Type Thickness (mm) Major Moderate Minor

DR 02-9 Bulk 50 Goethite, 5-MnO, - Quartz

DR 03-1 Bulk 30 Goethite, 5-MnO, - Quartz, Calcite, Phyllosilicate

DR 04-14 Bulk 35 Goethite, 5-MnO, - Quartz

DR 07-8 Bulk 80 Goethite 6-MnO,, Quartz CFA, Calcite, Phyllosilicate

DR 09-10 Bulk 20 Goethite 6-MnO,, Quartz Phyllosilicate

DR 09-11 Bulk 60 Goethite 6-MnO,, Quartz Phyllosilicate, K-feldspar

DR 10-7 Bulk 60 Goethite, 5-MnO, Quartz -

DR 11-2 Bulk 30 Goethite, Calcite - 6-MnO,, Quartz

DR 13-11 Bulk 90 Goethite 6-MnO,, Quartz, CFA Calcite, Phyllosilicate, K-feldspar

DR 13-12 Bulk 110 Goethite, 5-MnO, - Quartz, Calcite, Phyllosilicate

DR 13-13 Bulk 85 Goethite, 5-MnO, - Quartz, Phyllosilicate

DR 14-1 Bulk 30 Goethite, 5-MnO, - Phyllosilicate, CFA

DR 15-14A Bulk 70 Goethite, 5-MnO, - Quartz, Calcite

DR 15-15 Bulk 70 Goethite, 5-MnO, - Quartz, Calcite

DR 16-5 Bulk 40 CFA Calcite Goethite, 5-MnO,

DR 16-13 Bulk 90 Goethite, 5-MnO, - -

P,0s, and 6 wt% Ca0, although two samples have higher bulk contents
of Ca0 and P,0s (respectively 8.19-12.2 wt% and 3.78-6.4 wt%) and an-
other crust has 25.3 wt% CaO due to the presence of carbonate rock frag-
ments in the crust (Table 3). Al, Si, K, Mg and Ca are depleted by an order
of magnitude compared to average composition of Earth's crust (Taylor
and McLennan, 1985; Wedepohl, 1991).

Co shows the highest average content among the minor elements
(0.47 wt%), and ranges from 0.33 to 0.72 wt%. The content of other
minor elements are variable: Ba (1000-5800 pg/g), Ni (1500-6000 pg/
g), V (1000-3600 ng/g) and Pb (800-2300 pg/g). Other economically
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important elements but with a lower average content are Cu (260-
1600 pg/g), Mo (100-650 pg/g) and W (30-140 pg/g). The average con-
centrations of elements that are traditionally considered to be of
greatest economic potential (Co, Ni and Cu) are 0.5, 0.3 and 0.1 wt% re-
spectively. Recent studies indicate that several other critical metals in
Fe-Mn crusts may be of economic interest including Mo, Nb, Tl, V, W,
Pt and REY (Hein and Koschinsky, 2014; Hein et al., 2015). The total av-
erage content of Nb, V, Mo, W and REY is 0.6 wt% ranging from 0.3 to 0.8
wt%. Compared to average continental crust abundances (Taylor and
McLennan, 1985; Wedepohl, 1991), several elements (Co, Ni, Mo, V,
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Fig. 4. XRD for studied Fe-Mn crusts. Fe oxy-hydroxides goethite group (Goe) appears essentially in the central part of the diffractogram. Mn minerals vernadite (Ver), asbolane-buserite
(Asb) and todorokite (Tod) are superimposed on the same zone and also appear around the 8-10 A zone. Crystalline minerals quartz (Qtz), calcite (Cal), fluorapatite (F-Apa) and

authigenic palygorskite (Pal) are easily recognized.
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Fig. 5. Thin and polished-section EPMA photomicrographs of Fe-Mn crusts (backscatter mode) with location of microprobe analysis (see Supplementary Table 2). A) Massive-laminated
texture rich in Mn minerals and botryoidal layered texture enriched in Fe oxyhydroxides. B) Layered oxide texture with different backscatter due to chemical variations in trace metal
content. C) Eolian quartz, magnetite or maghemite and rhomboid dolomite. D) Magnetite or maghemite and typical fan morphology of palygorskite in a phosphatized crust.
E) Bioclasts and phyllosilicates marking a discontinuity between accretion layers in the Fe-Mn crust. F) Mn rich oxyhydroxides in a volcanic vesicle formed in volcanic glass.

W and Cu) are enriched in the Fe-Mn crusts by up to two orders of mag-
nitude (Fig. 7). Compared to other crusts studied here, crust sample
DR16-13 is the most enriched in Fe + Mn (50 wt%), strategic metals
Cu, Co, Ni, V, Mo and W (1.48 wt%), and REEs (0.35 wt%), and is Creta-
ceous, as discussed below.

REY contents are presented in Table 3. The distribution patterns of
REY show moderate variations in total content, with LREEs being most
abundant in all samples. Ce shows the highest average content (690-
2200 pg/g) followed by La (170-420 pg/g) and Nd (140-380 pg/g).
These elements have been normalized with respect to PAAS (Post-Ar-
chean Australian Shale) (Condie, 1993). Results plotted in Fig. 8A
show LREEs and MREEs enrichment and a strong positive Ce anomaly
typical of hydrogenetic crusts (Hein et al., 1988, 1997; Bau and
Koschinsky, 2009). In addition, the samples show positive Gd anoma-
lies. Compared to average continental crust abundances, La and Ce are
enriched by one order of magnitude (Fig. 7).

PGEs bulk crust contents are in Table 3. The element with the highest
content is Pt (103-321 ng/g), followed by Pd (1.17-171 ng/g). Rh and
Ru show contents of 8.8-21 ng/g and 9-18.7 ng/g respectively. Pt
shows a relative standard deviation of 35% and displays this variation
in its concentration across all of the Fe-Mn crusts. Pd instead shows
high standard deviation values that are indicative of great variability
of concentrations. Au content was below the detection limit (0.1 pg/g)
in all of the crusts analyzed except for sample DR10-7 with 2.3 ng/g.
The PGEs mean content for all of the Fe-Mn crusts have been normalized
to continental crust values (Wedepohl, 1995) and other Fe-Mn crusts
from Indian and Pacific oceans. Canary Fe-Mn crusts are enriched in
PGEs by more than two orders of magnitude compared to average

continental crust, where Pt is enriched by three orders of magnitude,
followed by Pd by two orders of magnitude.

Dredge DR16 (Tropic seamount) collected both phosphatized and
non-phosphatized crusts. Pervasively phosphatized Fe-Mn crust
(DR16-5) shows high CaO (33 wt%) and P,05 (18 wt%) contents. Fe
and Mn are 7 and 5 wt% respectively and with a low Mn/Fe ratio. This
phosphatized crust is depleted in trace metals like Co, Ce, V and Mo in
comparison with mean values and other non-phosphatized crusts
from Tropic and other seamounts (Table 3). Additionally, the percent-
age of heavy (Eu through Lu) REY (HREY) to the total in the phospha-
tized crust (40 wt%) exceeds the percentage of HREY in non-
phosphatized crusts (13 wt%). The characteristic patterns of this phos-
phatized Fe-Mn crust are HREY enriched, with a negative Ce anomaly
and positive Gd and Y anomalies. All these patterns for REY are observed
to a lesser degree in the other Fe-Mn crusts affected by less phosphati-
zation (crusts DR7-8 and DR13-11). Phosphatized crusts show higher
contents in PGEs than the average of the CISP crusts (Table 3).

The correlation matrix obtained for the compositional data of fifteen
bulk crust samples (Supplementary Table 1) results in three distinct
groups of elements having significant mutual association (r > 0.5 and
<—0.5 at 95% confidence level). These are, a) Mn, Fe, Co, V, Zn, Mo, Pb,
As and REEs, b) Si, Al, K, Mg and Na, and c¢) PGE. These element groups
suggest that most of the minor elements and REEs in the CISP crusts
are associated with a major Fe-Mn carrier phase, while the detrital ele-
ment group (b) consists of separate minerals that dilute the oxide-
group metals. On the other hand, PGEs do not show correlations with
groups a and b elements and we speculate that they may form separate
phases such as nanometer precious metal grains in Canary Fe-Mn crusts.
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Fig. 6. SEM photomicrographs of Fe-Mn crusts. A-1) Micro-botryoidal texture of Fe-Mn minerals; B-2) globular Mn oxide in a fissure; C-3) tubular biological-like structure; D-4) coccoliths
deposited on the Fe-Mn crust interlayer; D-5) palygorskite authigenic filaments formed in a Fe-Mn crust.

The massive layers studied using EPMA (Supplementary Table 2,
Fig. 5A-1) show high Mn (21 wt%) and lower average Fe content (18
wt%) related to higher amounts of vernadite and other Mn oxides,
while columnar-botryoidal layers have higher Fe (average 22 wt%)
than Mn (19 wt%) (Fig. 5A-2), linked with the abundance of goethite-
group minerals. The most reflective layers (backscatter in EPMA im-
ages) represent time intervals in which vernadite formed and enriched
in Co (5 wt%) and high amounts of Ti (1 wt%) and Ni (0.4 wt%), while
layers with low brightness have higher amounts of goethite (Fe content
up to 25 wt%), V (0.3 wt%) and also subequal Ti (0.9 wt%). Precipitation
of Fe-vernadite or todorokite also occurs in volcanic vesicles (Fig. 5F-14
Mn up to 26% and Fe 9%).

EPMA transects along the growth axis in crust DR10-7 show zones
marked by differences in Fe and Mn content and also Si, Al, Co, Ni, Cu
and P (Fig. 9; Supplementary Table 4). Several bands show higher con-
tents of Fe (ranging from 25 to 34 wt%) that are also enriched in Si and
Al (ranging from 1.3 to 2.6 wt% and from 1.3 to 2 wt% respectively) and
slightly enriched in Cu and P (from 0.02 to 0.08 wt% and from 0.3 to 0.5
wt% respectively). These Fe-rich layers show a complex arrangement of
oxide laminae, high porosity, and abundant microfossil tests. On the
other hand, higher amounts of Co (ranging from 0.5 to 0.9 wt%) and
Ni (from 0.2 to 0.4 wt%) have also been found in layers with higher con-
tents of Mn (from 18 to 23 wt%). These Mn-rich layers show sub-
parallel, dense, oxide laminae and are particularly abundant at the
base and top of the crust.

4.3. Growth rate and ages

Co-chronometer calculated growth rates range from 0.8 mm/Ma to
2.7 mm/Ma (Table 1). The Echo seamount crusts show growth rates of
1.15-2.26 mm/Ma, whereas The Paps seamount crusts show growth
rates for north face crusts range from 0.8 to 2 mm/Ma (5 crusts)

compared to 1.13 mm/Ma (1 crust) for south side crusts. The Drago sea-
mount crusts show growth rates of 1.8 mm/Ma, whereas the Tropic sea-
mount crust growth rates range from 1.19 to 2.66 mm/Ma. The growth
rate for DR16-5 falls within the ranges of the other samples; neverthe-
less, it should be used with caution even though it has been normalized
for phosphatization (see Methods section). Based on the growth rates,
the ages calculated for the initiation of Fe-Mn crust growth by bulk com-
position ranges from 13 to 76 Ma (Table 1), which are ages younger
than the age of substrate volcanic rocks. Maximum calculated ages for
crusts in the Tropic seamount are 76 Ma; The Paps, 60 Ma and Drago,
60 Ma. However, these ages are estimates and need to be verified
using Os isotope dating otherwise the older ages can be off by many mil-
lions of years.

EPMA compositional transects along the growth axis for crusts
DR10-7 (The Paps) and DR13-11 (Drago) show mean growth rates of
1.5 and 2 mm/Ma respectively, which are very similar to those calculat-
ed by bulk chemistry (1.96 and 1.89 mm/Ma respectively). Layer-by-
layer ages for crusts DR10-7 and DR13-11 were 28 Ma, and 17 Ma,
which are strongly coherent with the maximum ages obtained by bulk
composition (30 Ma and 18.5 Ma respectively). This indicates that
these crusts have grown at a remarkably constant rate. The average
growth rate calculated in Fe-rich layers of these profiles was 1.7 mm/
Ma, ranging between 1 and 3.8 mm/Ma, with local maxima of up to
4.5 mm/Ma. Mn-rich layers show a lower average growth rate of 1.2
mm/Ma, ranging from 0.5 to 2 mm/Ma (Fig. 9).

5. Discussion

The internal features as well as the mineralogical and geochemical
data presented here allow us to propose a comparison with deep-
seabed Co-rich Fe-Mn crusts from other ocean basins and tectonic set-
tings around the World. We propose the influence of global and regional
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Table 3

Chemical composition of selected CISP Fe-Mn crusts. <DL: below detection limit. - : no data.

Echo seamount The Paps seamount

Drago seamount

Sample DR2-9 DR3-1 DR04-14 DR7-8 DR9-10 DR9-11 DR10-7 DR11-2 DR14-1 DR13-11 DR13-12 DR13-13
Fe (wt%) 26.5 22.7 26 13.6 203 215 24.7 15.6 26.6 18.9 26.1 27.6
Mn 17.5 14.2 17.7 13 13.8 14.5 17.7 7.72 19 121 18.2 18.8
Mn/Fe 0.66 0.62 0.68 0.96 0.68 0.67 0.72 0.50 0.72 0.64 0.70 0.68
Si0, 5.45 12.5 6.39 18.5 19.3 16.3 11.7 5.70 5.11 12.2 6.80 6.57
Al,03 2.60 5.13 3.23 6.60 6.21 4.94 3.97 2.65 2.75 4.51 3.11 3.11
Cao 337 4.00 3.11 8.19 2.65 298 3.22 253 4.45 12.2 5.04 299
TiO, 1.65 247 1.30 1.04 1.68 1.55 1.75 1.76 1.84 1.53 1.63 1.64
K,0 0.43 0.90 0.50 0.75 0.88 0.69 0.50 0.27 0.41 0.95 0.45 0.51
MgO 2.21 2.96 226 4.48 273 251 2.04 1.79 225 2.00 1.96 1.98
P,05 1.32 1.71 1.25 3.78 1.17 1.28 1.20 0.84 2.01 6.40 1.15 1.12
Na,O 1.70 1.62 1.56 1.67 1.93 247 1.76 1.13 1.81 1.50 1.52 1.94
H,0™ 12.9 10.7 11.8 7.56 10.5 11.2 124 6.06 114 8.71 103 11.7
LOI 26.9 239 263 229 236 24.7 25.7 31.1 25.7 22 26.2 259
Co (ug/g) 5157 5375 4245 3560 4239 3767 4502 4230 6745 3359 4887 5090
\ 3072 2148 3143 1326 1862 2005 2465 1035 2446 1527 2568 2830
Zn 754 721 670 672 656 718 709 373 708 489 669 735
Ni 2443 2737 2252 6036 3238 2734 2756 1502 3558 1972 2420 2513
Cu 476 539 261 1573 969 637 771 479 798 555 651 926
Mo 456 354 511 214 282 355 379 103 440 283 454 504
w 100 91 129 38 44 28 90 29 115 50 114 138
Pb 2284 1707 2224 826 1307 1486 1736 828 1762 1157 1658 1861
As 478 433 479 255 379 389 416 325 470 310 439 458
Tl 72 87 137 95 95 61 71 50 116 56 81 112
Ba 4525 2893 4673 1701 2474 2649 3510 1031 2061 3906 4601 2964
Nb 98 138 97 116 119 100 125 154 122 100 101 123
La 380 343 397 172 222 276 330 189 422 330 390 412
Ce 1913 1663 1859 692 1329 1402 1694 1190 1773 1283 1834 2000
Pr 82.71 73.36 88.18 34.40 46.27 58.45 7034 35.87 89.27 69.45 86.31 93.22
Nd 335 299 360 150 190 240 287 143 363 285 350 375
Sm 67.78 60.25 73.33 3137 40.01 50.23 59.15 28.74 73.69 56.96 71.59 76.45
Eu 16.31 14.56 17.68 7.90 9.84 12.27 14.50 6.93 17.49 14.02 17.06 18.12
Gd 78.35 70.44 82.06 39.70 48.40 59.91 68.97 35.77 81.48 66.16 79.50 81.21
Tb 10.82 9.80 11.56 5.53 6.94 8.67 9.64 5.01 11.40 9.45 11.26 11.44
Dy 62.26 56.33 66.30 34.40 41.58 50.90 56.63 29.27 65.23 55.43 63.45 63.43
Y 199 220 239 225 171 209 201 120 264 285 226 219
Ho 11.95 11.12 12.81 7.33 8.30 10.34 11.06 5.82 12.75 11.06 12.04 11.89
Er 32.51 30.80 35.82 21.74 24.03 29.05 30.49 16.39 35.21 31.33 32.78 32.51
Tm 4.58 4.28 4.95 3.04 3.49 4.23 4.34 236 4.92 4.34 4.57 4.49
Yb 28.37 26.65 30.83 18.93 2224 26.91 27.63 15.33 3047 27.71 28.55 2798
Lu 4.06 3.93 443 294 3.38 4.00 4.11 230 4.59 4.10 4.13 4.02
%REY 0.32 0.29 033 0.14 0.22 0.24 0.29 0.18 0.32 0.25 0.32 0.34
%HREY 13.9 15.5 15.40 253 15.7 17.0 14.9 13.1 20.1 14.9 13.8 16.2
Cesn/Cesn” 2.48 241 2.28 2.06 3.01 253 2.55 3.30 2.10 1.95 230 235
Ce™ 0.37 0.36 0.34 0.28 0.45 0.38 0.38 0.49 0.30 0.26 0.34 0.35
Ysn/Hosn 0.48 0.56 0.53 0.88 0.59 0.58 0.52 0.59 0.59 0.74 0.54 0.53
Ru (ng/g) 10.09 11.42 9.07 14.93 16.09 10.44 12.90 10.86 14.22 16.43 14.83 12.69
Rh 10.55 15.90 8.81 16.12 17.55 9.16 12.79 18.20 17.49 19.72 2141 13.82
Pd 5.30 141 6.45 1.17 1.36 12.73 1.44 21.29 <DL <DL 1.49 2.87
Os 1.00 1.21 0.65 0.93 1.36 0.77 1.07 1.25 1.57 1.87 1.04 0.59
Ir 3.19 3.80 2.74 3.99 4.27 2.65 3.59 4.27 4.33 4.94 5.45 3.78
Pt 291 160 108 222 213 112 146 159 159 173 321 208

*

calculated according Bau et al. (2014).
** Ce anomaly calculated as Ce* = Log (Ce/(2/3La+1/3Nd)).
@ Hein et al. (2000).

b Baturin and Dubinchuk (2011).

¢ Muifios et al. (2013).

environmental/oceanographic conditions on the mineralization. Lastly,
the integration of the full dataset allows us to establish a comprehensive
genetic model for Fe-Mn crust formation and metal accumulation in the
oceanographic and geotectonic context of the CISP.

5.1. Comparison with other marine Fe-Mn deposits

Fe-Mn crusts are found on seamounts, submarine banks and spread-
ing ridges around the world including: the Pacific Ocean (Halbach et al,,
1981; Baturin, 1988; Baturin et al., 2012; Bogdanov et al., 1995; Hein,
2004; Hein et al., 1997, 2000, 2010, 2013), the Indian Ocean (Banakar
et al,, 1997, 2007; Banakar and Hein, 2000; Rajani et al., 2005; Glasby
et al., 2010) and the Atlantic Ocean (Dubinin and Rozanov, 2001;

Canet et al., 2008; Baturin and Dubinchuk, 2011). Many seamounts
along the Atlantic Spanish-Portuguese continental margins are known
to have mineral deposits but are yet poorly studied (Koschinsky et al.,
1995; Gonzalez et al., 2012, 2014a, 2014b, 2016; Muifos et al., 2013;
Marino et al., 2014).

Crust physical properties such as size, thickness, color, porosity and
surficial textures are similar to Fe-Mn crusts reported for other deposits
in world oceans (Hein et al., 1988, 2000; Banakar et al., 1997, 2007;
Banakar and Hein, 2000; Rajani et al., 2005; Hein and Koschinsky,
2014). Laminar-massive and botryoidal-columnar morphologies
(Fig. 3A and B) are similar to structures reported by Melnikov and
Pletnev (2013) and Wang et al. (2015) for Pacific crusts. The formation
of one structure over the other may depend on the presence of detrital
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Tropic seamount CISP crusts Atlantic mean®"< Pacific mean® Indian mean?®
DR15-14A DR15-15 DR16-5 DR16-13 Mean Min. Max. St. Dev. St. Dev. (%) n=25+18 + 13 n = 2339 n=14
26.5 27 6.98 283 2345 13.6 283 4.56 19.46 18.84 19.27 23.6
16.9 18.8 492 21.7 16.11 7.72 21.7 3.53 21.92 14.68 2137 15.6
0.64 0.70 0.70 0.77 0.69 0.50 0.96 0.10 13.91 0.78 1.11 0.66
8.14 7.50 8.00 3.65 9.72 3.65 19.3 5.07 52.13 1042 12.81 7.78
3.04 2.99 2.52 1.29 3.74 1.29 6.60 1.46 39.06 3.87 291 1.34
5.59 3.58 33 349 6.01 2.65 25.2 5.89 98.02 2.53 428 0.75
1.45 1.59 0.55 1.24 1.61 1.04 247 0.32 19.89 1.29 1.63 1015
0.45 0.40 0.49 0.33 0.56 0.27 0.95 0.22 38.74 2.1 0.74 232
1.89 2.04 1.79 1.90 233 1.79 448 0.68 29.12 217 2.04 1.72
1.19 1.21 18.08 1.09 1.78 0.84 6.40 1.46 81.85 143 1.56 0.38
1.58 2.12 1.38 1.77 1.74 1.13 247 0.31 17.62 1.9 232 224
11.6 13.2 3.95 12.6 10.85 6.06 13.2 2.01 18.54 11.2* 15.38 12.8*
26.8 26.7 174 271 25.71 22 311 2.17 8.45 — 28.73 —
3834 4664 1698 7169 4722 3359 7169 1086 23.01 3919.5 4770.75 3126
2643 2796 432 3614 2365 1035 3614 716 30.29 813.37 584 624
625 694 356 899 673 373 899 118 17.55 570.67 655.58 533
1994 2405 2481 2924 2766 1502 6036 1038 37.52 2326.85 3777.33 2558
395 542 490 387 664 261 1573 321 48.33 798.78 892.42 1254
437 457 136 644 392 103 644 133 34.01 383.89 435.92 330
95 106 32 84 83 29 138 36.62 4412 79.63 79.44 78
1595 1819 337 2106 1624 826 2284 445 27.39 1128.13 1502 1058
469 412 99 563 418 255 563 78 18.66 316.28 329.08 181
60 60 31 127 85 50 137 28 3243 106.31 100.36 89.4
3480 4086 1015 5841 3360 1031 5841 1286 38.29 1407 1997 1668
89 88 27 85 110 85 154 20 18.05 52.67 36.17 74
374 402 364 402.3 336 172 422 83 24.79 265.26 292.25 286
1762 1942 449.77 2176 1634 692 2176 386 23.62 1446.34 1157.08 1481
82.97 91.21 61 89.92 72.79 34.40 91.21 20 27.74 64.32 60.77 68.8
341 373 260.28 362 297 143 375 81 27.13 245.62 251.67 248
71.08 76.01 49.77 74.82 60.76 28.74 76.45 16.31 26.84 56.45 51.95 60.2
17.20 18.20 12.70 17.50 14.64 6.93 18.20 3.77 25.78 11.96 15.79 10.8
80.81 84.76 63.72 77.57 69.01 35.77 84.76 16.07 23.28 62.15 52.92 62
1143 12.09 8.75 10.69 9.72 553 12.09 225 23.15 9.54 8.83 9
66.33 68.87 56 59.72 56.01 29.27 68.87 12.08 21.57 49.53 52.96 49.4
246 229 557 173 215 120 285 40.10 18.65 167.31 179.75 163
12.79 12.90 12.49 11.07 10.88 5.82 12.90 213 19.62 9.7 9.53 9.8
35.09 35.01 37.69 29.63 30.16 16.39 35.82 5.51 18.26 28.5 284 26
4.90 4.87 5.18 4.06 4.23 2.36 4.95 0.74 17.50 3.78 4.03 3
30.45 30.17 33.63 25.05 26.49 1533 30.83 4.46 16.84 24.08 26.24 22.7
4.37 4.23 5.28 348 3.87 230 4.59 0.61 15.73 3.8 3.54 3.46
0.31 0.34 0.20 0.35 0.28 0.18 0.35 0.06 22.63 0.24 0.22 0.25
16.2 14.8 40.1 11.7 15.5 11.7 253 3.22 20.93 15.13 17.40 1435
230 233 0.68 2.63 244 1.95 3.30 0.35 1432 241 1.89 23
0.34 0.35 —0.21 0.40 0.36 0.26 0.49 0.06 16.42 0.4 0.26 0.38
0.55 0.51 1.27 0.45 0.57 0.45 0.88 0.11 18.73 0.51 0.56 0.49
18.68 9.72 — 11.55 1293 9.07 18.68 2.84 21.93 17.3 10.5 13
12.79 9.89 — 14.76 14.60 8.81 2141 3.92 26.87 30.8 13 24
171 2.21 - 6.25 15.66 <DL 171 46.31 274.22 9.9 3.67 7
1.34 0.97 — 0.98 1.11 0.59 1.87 0.34 30.64 — — —
3.66 3.09 — 3.96 3.85 2.65 5.45 0.76 19.83 58 4.08 8
222 103 — 138 182 103 321 64 35.22 425 270.17 348

grains interrupting the lamination, promoting instead a columnar struc-
ture, or to the action of currents (Hein et al., 2000). The CISP crusts are
characterized by Fe-oxyhydroxides (goethite type) predominating
over Mn-oxides, while in samples from the Pacific Ocean the Mn oxide
vernadite is predominant (Hein et al., 1997, 2000). This predominance
of goethite-family minerals in the CISP crusts is similar to other loca-
tions from the Macaronesian area (Muifios et al., 2013). Quartz grains
and other silicates present in the Canary crusts can be due to the input
of eolian dust, as discussed below. Clay minerals, carbonates and CFA,
abundant at the base of some crusts, are probably related to authigenic
processes, as has been found for crusts from the Pacific or Indian oceans
(Varentsov et al., 1991).

In contrast to the average geochemical values reported from Pacific,
Indian and Atlantic Fe-Mn crusts (Hein, 2004; Baturin and Dubinchuk,
2011; Muifios et al,, 2013), the CISP crusts show high Fe, V and Ba con-
tents (Fig. 8C). Mn and Co are depleted compared to Fe-Mn crusts from
the Pacific Ocean, but these elements are enriched in the CISP samples
when compared to other Atlantic and Indian crusts. The average Mn/
Fe ratio is 0.69 for the CISP crusts, lower than the mean ratio for Pacific
crusts (1.11), and probably reflecting proximity to continental margins
(Hein et al., 2000). The Cu and Ni contents are also lower than those re-
ported for typical hydrogenetic Fe-Mn crusts, which reflects mineralo-
gy. Pacific crusts show higher contents of vernadite and Fe-vernadite
and amorphous Mn-feroxyhyte, which concentrate Ni and Cu in their
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structures (Halbach et al., 1981; Bogdanov et al., 1995; Hein et al., 1997, and Koschinsky, 2009; Muifios et al., 2013) is provided in Fig. 8D. Canary
2000, 2010, 2013; Hein, 2004; Baturin, 1988; Baturin et al., 2012). Early crusts exhibit enrichments in LREEs and MREEs when compared with
diagenesis in crusts also favors an enrichment of these elements (Rajani Pacific samples, while HREEs are similar. REEs content in Canary crusts
et al.,, 2005). A comparison between REY contents in the CISP samples are slightly enriched in comparison with other Atlantic deposits
and other Fe-Mn crusts from other oceans (Bogdanov et al., 1995; Bau (Muifios et al., 2013). The CISP samples show a strong positive
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correlation of REY with Fe, in accordance with the enrichment of Fe-
minerals in the Canary crusts. PGEs contents reported from the Pacific
and Indian oceans (Hein et al., 1988; Banakar et al., 2007) are higher
than the values obtained in the CISP samples, although Pd is enriched
in one crust that shows an atypically high content of 171 ppb. Halbach
etal. (1989a) and Hein et al. (2000) stated that Ptions react in a coupled
reaction with Mn ions, becoming enriched in the 6-MnO, structure.
They also propose that Pt depends on terrestrial inputs and its content
in Fe-Mn crusts is directly correlated with the thickness of the crusts
and inversely with water depth. This theory may explain why Canary
crusts, which display a lower abundance of Mn oxides than Pacific sam-
ples, have also lower contents of PGEs.

Calculated Co-Chronometer bulk growth rates in CISP samples range
between 1 and 2.7 mm/Ma, which agrees with the values obtained for
Pacific or Indian crusts. The Fe-Mn crust DR16-13 from the Tropic sea-
mount yields a maximum estimated age of 76 Ma (Late Cretaceous),
therefore if this age is correct, it would be among the oldest crusts re-
covered from the ocean basins. Similar ages have been obtained for
Fe-Mn crusts recovered on Mesozoic seamounts from the central Pacific
Ocean (Ding et al., 2009; Nielsen et al., 2009; Hein and Koschinsky,
2014).

5.2. (Paleo) environmental conditions

5.2.1. Volcanic and hydrothermal activity

The older seamounts of CISP were formed during the Early Creta-
ceous 142 Ma ago (van den Bogaard, 2013) just after the opening of
the Central North Atlantic mid-ocean ridge between the M25 and M21
magnetic anomalies (Late Jurassic, 156.6-149.9 Ma). Numerous
magmatic-hydrothermal episodes have occurred since the late Mesozo-
ic, which are related to the formation of islands and seamounts along
the CISP (e.g., Schiffman and Staudigel, 1994; Lindblom and Gérard,
1998; Rodriguez-Losada et al., 2000; Donoghue et al, 2008;
Hannington et al., 2016). We therefore suggest that successive Cenozoic
hydrothermal-volcanic episodes may have exerted an influence over
the growth of Fe-Mn crusts on the Cretaceous seamounts.

The volcanic eruptions in the CISP might therefore have contrib-
uted to increase dissolved metals in the seawater, sourced from
magmatic and hydrothermal vents. This phenomenon has been re-
cently evidenced by the high volume of gases (CO,, CH4, HS), Fe
and other metals like Al (69 pg/L), Cu (20 pg/L), Zn (104 pg/L) and
Mo (18 pg/L) released to the seawater during the 2011-2012 El Hier-
ro submarine eruption (Gonzalez, 2011; Santana-Casiano et al.,
2013). An anomalous seawater plume, covering hundreds of square
kilometers, was generated during the eruption, characterized by a
low dissolved oxygen content (from 0 to 100 pmol kg~ ' at 100 m
water depth) and pH (down to 3) and high concentrations of dis-
solved Fe (>50 pmol kg~ ') and PO, (up to 0.6 pmol kg~ ') among
other elements (Somoza et al., 2012; Santana-Casiano et al., 2013).
Fe-oxide colloids and precipitates formed during the degasification,
and low-temperature hydrothermal activity has been recently dis-
covered covering the volcanic substrates of the eruption centers
(Gonzalez et al., 2014a, 2014b; Santana-Casiano et al., 2016;
Hannington et al., 2016; Somoza and SUBVENT Scientific Party,
2014; Somoza et al., 2016 submitted). In comparing these, hundreds
of similar eruptions throughout the last 142 Ma may have occurred,
contributing with Fe and other metals to the seawater and increasing
the formation of Fe-Mn crusts. Evidence of volcanic input is visible in
the CISP Fe-Mn crust layers in the form of grains of volcanic rocks,
probably sourced as lapilli-cinder from relatively close volcanic
eruptions in the CISP. Evidence for hydrothermal input has not
been identified from bulk crust geochemistry; a layer-by-layer
EPMA composition of crusts would be necessary to identify
geochemical-mineralogical signatures of these hydrothermal epi-
sodes, as observed in El Hierro submarine eruption.

5.2.2. The role of Sahara dust

The CISP is located within the zone influence of the Sahara, the
largest desert and source of mineral dust on Earth (Helmers and
Schrems, 1995; Eltayeb et al., 2001; Pohl et al., 2011; Scheuvens
et al., 2013). Alumina-silicates, oxides and carbonates in the form
of dust particles are transported by winds from the Sahara Desert
into the Atlantic Ocean, influencing large areas. This phenomenon
has been active since at least 8 Ma ago (Sincell, 1999; Sepulchre
et al., 2006; Schuster et al., 2006), although some studies propose
the existence of a previous proto-Sahara with a smaller extension
since at least the late Oligocene dated at 23 Ma (Swezey, 1999;
Kroepelin, 2006; Zhang et al., 2014). Sahara dust promoted detrital
sedimentation on Fe-Mn crusts and acted as a source of chemical el-
ements to the seawater that has also affected crust precipitation. Ev-
idence of this input is visible in the CISP Fe-Mn crust layers as grains
of quartz, feldspar and carbonate; these small detrital grains have
been found both under the optical and electron microscopes
(Fig. 5C). Other detrital minerals such as oxide or phosphate min-
erals sourced from Saharan dust are dissolved within the seawater
column, contributing to the composition of these NE Atlantic crusts.
Bulk geochemistry of Saharan dust and sands show that they are
enriched in the same metals as the CISP crusts (Helmers and
Schrems, 1995; Moreno et al., 2006; Castillo et al., 2008; Pohl et al.,
2011; Scheuvens et al., 2013; Formenti et al., 2014). Geochemical
studies of Sahara-sourced sands (Eltayeb et al., 2001; Mendez et al.,
2010; Moreno et al., 2006; Muhs et al., 2010) show that minerals
and aerosols, in addition to silica grains, have high Fe/Mn ratios. As
a result, it would be reasonable to increase the availability of partic-
ulate and dissolved Fe and precipitation of Fe oxyhydroxides like
goethite or feroxyhyte on seamount substrates. The occurrence of
hematite or goethite in marine sediments sourced from Sahara dust
has been confirmed in many studies (Grousset et al.,, 1998;
Grousset and Biscaye, 2005; Kandler et al., 2011; Lazaro et al.,
2008; Muhs et al., 2010). In addition, Sahara dust exhibits enrich-
ments in P and Ti similar to that identified in the CISP Fe-Mn crusts
(Supplementary Table 3). The enrichment in P, Ti, U, Th and correla-
tion of the REEs pattern of Sahara dust with CHUR may be related to
wind erosion of phosphate deposits localized in the West Sahara
(Abed et al., 2009; Newman, 2011). Comparison of Sahara/CHUR
ratio with the ones obtained in the samples studied in this work
and the mean values for the Pacific are plotted in Fig. 8B. This com-
parison shows that CISP samples have the same negative Eu and pos-
itive Gd anomalies as Saharan dust, and suggests a genetic
connection. These two anomalies are not always observed in Pacific
samples.

The average Si/Al ratio on Fe-Mn crusts is 2.22, ranging from 1.64 to
2.92. Crusts from The Paps and Tropic seamounts show a higher average
ratio (2.38 and 2.37 respectively) than in the Echo and Drago seamount
crusts (1.92 and 1.73 respectively). In addition, northern Paps crusts
(DR7-DR10) show a higher ratio (2.71) than the summit (1.9; DR11)
and southern ridge crusts (1.64; DR14). The average Si/Al ratio on
West Sahara dust was 5.7 (Supplementary Table 3; Scheuvens et al.,
2013). This ratio is clearly higher than those of the CISP Fe-Mn crusts,
therefore indicating the predominance of other processes in addition
to the eolian input for the Si-Al component in crusts. These predominant
processes may be related to the formation of authigenic phyllosilicate
minerals, as observed in XRD and SEM images (Table 2 and Fig. 6D).

5.2.3. The role of the oxygen minimum zone (OMZ)

Dissolved Mn in seawater forms a reservoir in the OMZ. Water
masses flowing northwards as the AABW or southwards as the
ENADW (Fig. 1A) deliver oxygen-rich waters (Koschinsky et al., 1996).
The development of OMZ around seamounts is an important factor for
Fe-Mn crust formation (Halbach et al., 1981; Hein et al., 1988;
Bogdanov et al., 1995). Thicker Fe-Mn crusts with higher strategic ele-
ment contents grow on the tops and slopes of seamounts in or below
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the OMZ. The OMZ strongly depends on primary productivity that oc-
curs in the photic zone, upper 200 m water depth. The OMZ ranges be-
tween 150 and 700-1000 m water depths, with low oxygen down to
1600 m water depths, where polar deep water masses have no influence
(Bogdanov et al., 1990, 1995; Paulmier and Ruiz-Pino, 2009; Brandt
et al., 2010, 2012).

A plot of the sample sites on a transect of seawater dissolved oxygen
along the 23° N parallel (WOCE data) shows how all Fe-Mn crusts lie at
deeper water depths than the northeastern tropical Atlantic OMZ core
located at 400-500 m. This core of the OMZ with values as low as 50—
100 pmol/kg extends from the equator to 23-25° N and is better devel-
oped in the eastern than the western side of the central North Atlantic,
showing a clear eastward asymmetry. So, Echo seamount with its sum-
mit located at a mean depth of 350 m is bathed by the core of OMZ. The
Paps and Tropic seamounts with summits at 1600 and 1000 m are
bathed by moderate low oxygen values (150-200 umol/kg). Drago
seamount, with a summit at 2200 m is bathed by water masses
with oxygen values of 200-225 pumol/kg. All Fe-Mn crust samples
are located on lower increasing dissolved oxygen portion of the
OMZ bathed by water masses with oxygen values ranging between
210 and 230 pmol/kg.

In general, a more extensive OMZ forces may promote slower
growth rates of Fe-Mn crusts allowing more adsorption/enrichment of
metals in the Mn-Fe oxyhydroxide structures, although this slowing of
growth rates likely depends on the degree of depletion of dissolved ox-
ygen (Conrad et al.,, 2017; Usui et al., 2017). Furthermore, the concen-
trations of many dissolved elements (e.g., Mn, Co, Ce, Cu, Pb and
P) increase in the OMZ (Saager et al., 1997; Hein et al., 2000; Milne
etal,,2010; Pohl et al,, 2011). Conversely, Fe exhibits an opposite behav-
ior that is explained by the presence at the same depth range of
remineralization of biogenic material (Hatta et al., 2015). In the area
studied, dissolved Co, Cu and Pb are enriched in the OMZ but decrease
strongly below it (Aparicio-Gonzalez et al., 2012). The fact that the Fe-
Mn crusts are enriched in all of these elements suggests that former Ce-
nozoic growth conditions were controlled by a stronger OMZ. Abundant
coccoliths in the crusts (Fig. 6B, D) indicate significant upwelling and
productivity above the seamounts, which contributed to the formation
of a substantial OMZ during crust formation. Currently, the increase in
total coccolith accumulation rates from a low of 1-2 g cm =2 ka~ ! in
the Canary Basin to 6-12 g cm~2 ka~! closer to the Moroccan shelf
was determined from Holocene sediments (Henderiks, 2001).

Past fluctuations in the extent of the OMZ in the east-central Atlantic
controlling this enrichment in metals of the Fe-Mn crusts is related to
three paleo-environmental factors and changes in global paleo-ocean
circulation. First, the intensity of volcanic eruptions and hydrothermal
activity on seamounts since the Cretaceous; second, the Sahara dust
sourced from the African margin and its variation since Mio-Pliocene
times; and third, the formation of and changes in the pathways and in-
tensity of the global Thermohaline Circulation (THC) related to the in-
fluence of the northern and southern sources of oxygen-rich deep
waters and the high salinity water mass of the Tethys/Mediterranean
during Cenozoic times.

5.3. Relationship between growth process, geochemistry and Cenozoic
ocean/continent evolvement

The specific analysis performed on sample DR 10-7 allows us to con-
strain certain geochemical variations through the Fe-Mn crust based on
the layer-by-layer calculation of growth rates and geochemical parame-
ters. Crust DR 10-7 shows a maximum age of 28 Ma (Fig. 9). This age co-
incides with the age from bulk samples from a large number of crusts

across all seamounts ranging between 37.5 and 25.9 Ma (late Eocene-
Oligocene).

5.3.1. Late Oligocene-early Miocene fertilization events due to increasing
oceanic upwelling

The Eocene/Oligocene (E/O) marked the onset of a new circulation
pattern characterized by the production of cold water masses in south-
ern high latitudes that flow toward the deep Atlantic basins. (e.g.
Maldonado et al., 2014). As ocean circulation intensified, the
phosphorus-rich deep water was distributed to intermediate water
depths by upwelling at the seamounts and may have been stored in
the OMZ (Hein et al.,, 1993; Koschinsky et al., 1997).

We suggest that the layered interval in the middle of the EPMA pro-
file between the 24.5 and 16 Ma correlates with the episodes of global
phosphogenesis proposed by Hein et al. (1993): i.e. Two major and, pos-
sibly three minor episodes of phosphogenesis occurred from the late OI-
igocene to early Miocene (25-22 Ma) and the late-early Miocene (18-
17 Ma). At a regional scale, in the NE Atlantic (Galicia Bank) three phos-
phatization generations forming hardgrounds were dated using 7Sr/26Sr
and microfossils as late Oligocene (~25.7-24 Ma), early Miocene (23.8-
22.6 Ma) and late-early Miocene (18.6-16.8 Ma) (Gonzélez et al., 2016).

As a result, the crusts show several stratigraphic intervals displaying
chaotic microstructures, and botryoidal, and porous structures with sig-
nificant increases in Fe and P (average 23 and 0.43 wt% respectively) rel-
ative to other crust intervals. These layers show peaks of maximum
growth rates of up to 4.5 mm/Ma and an abundance of bioclasts. This mi-
crofossil abundance indicates intensive primary productivity, probably
related to the intermediate water ventilation of OMZ by upwelling of
nutrient-rich currents (nitrate, phosphate, iron, etc.). These Fe-rich inter-
vals are dated layer-by-layer at 24.5 Ma, 22-20 Ma, 19-16 Ma (Fig. 9).
These data indicate that the Fe-rich intervals might be correlated with fer-
tilization events characterized by high growth rates, probably caused by a
decrease in the extent of the OMZ by the intrusion of deep currents
(Fig. 9). In contrast, layered intervals that are particularly thick at the
base and top of crust and defined by parallel lamination and well-
defined columnar structures, display significant enrichment in Mn (up
to 22 wt%), Co and Ni, a Mn/Fe ratio close to 1 (Fig. 9), and very slow
growth rates (to 0.5 mm/Ma). We interpret these layered intervals as
times of increases in the extent of the OMZ, which if low enough in de-
pleted oxygen forced slower growth rates of the Fe-Mn crust and promot-
ed more adsorption/enrichment of metals in the Mn-Fe oxyhydroxide
structures (Hein et al,, 2000).

Regarding the influence of the African continent, the occurrence of
significant Si peaks in the interval between 27.8 and 22 Ma points to pe-
riods of detrital input sourced from the continent, since the Canary
Islands were not yet formed at that time. These data support the exis-
tence of a previous proto-Sahara of smaller extension since at least the
late Oligocene, at 23 Ma (Swezey, 1999; Kréepelin, 2006; Zhang et al.,
2014).

5.3.2. Abrupt increase in Fe: Onset of the influence of Northern Component
Waters on Canary seamounts

We suggest that the abrupt increase in Fe (up to 34 wt%) and de-
crease in Mn (down to 10 wt%) identified at the interval between 16
and 15 Ma may be related to the introduction of vigorous deep-water
flow from the Arctic (Northern Component Waters, NCW) into the At-
lantic basin. The Faroe conduit developed in the early Miocene was sug-
gested to be the first true deep-water connection between the Nordic
Seas and the Atlantic (Stoker et al., 2005). An abrupt inflow of NCW
throughout the Faroe conduit would have allowed the NCW sourced
in the Greenland Sea to flow directly along the eastern Atlantic Ocean

Fig. 9. EPMA transect across DR 10-7 Fe-Mn crust. Photomicrograph mosaic allows recognizing three stratigraphic intervals (horizontal color bands) with different structural styles.
Differences in structure also are reflected in chemical composition and growth rate. For further explanation see text.
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(Fig. 1A). The assumption of the onset of the introduction of Arctic deep
waters during the late stages of the early Miocene (ca. 17-16 Ma) is sup-
ported by regional evidence of the breaching of the Greenland-Scotland
Ridge, which is documented in several erosional unconformities in the
NE Atlantic (e.g. Miiller-Michaelis et al., 2013). In the Galicia Bank (NE
Atlantic), the growth of hydrogenetic Fe-Mn crusts and nodules during
the middle and late Miocene (17-16 Ma) followed the three previous
events of phosphatization (Gonzalez et al., 2016). This event in the
North Atlantic Ocean is simultaneous to a deep-rooted mantle process
responsible for the onset of the hotspot plume of the Canary Islands
that formed the Fuerteventura (ca. 18 Ma), Lanzarote (ca. 15 Ma) and
Gran Canaria Islands (ca. 15 Ma) (van den Bogaard, 2013) (Fig. 1B).

5.3.3. Slow growth rates: increase in OMZ extent in the NE Atlantic and sta-
ble thermohaline circulation

Another abrupt change identified along the EPMA profile occurred at
about 12 Ma. This change is characterized by an abrupt decrease of the
growth rates of the Fe-Mn crust (mean 1.1 mm/Ma) (Fig. 9) and an in-
crease of Co content (up to 0.94 wt%), coupled with a slight enrichment
in Ni and Cu (Fig. 9). After the opening of the Faroe conduit, the progres-
sive opening of the Greenland-Scotland gateway as the Denmark Strait
and Iceland-Faroe Ridge from the middle to late Miocene allowed the
flow of the other branches of the NCW as DSO, ISOW and LSW
(Fig. 1A) resulted in the formation and expansion of the NADW through-
out the western North Atlantic Ocean. Pb and Nd isotopes from the Tropic
Fe-Mn crusts show that the eastern Atlantic circulation along the African
margin appears to be dominated by binary mixing from southern and
northern sources throughout the last 13 Ma (Abouchami et al., 1999).
Therefore, since the last 13 Ma, the NE Atlantic deep basins began to be
ventilated by waters sourced from the Western North Atlantic Deep Wa-
ters (WNADW) flowing west-to-east through equatorial transform fault
zones along the northwest African margin, forming the Eastern Atlantic
Deep Waters (ENADW) (Abouchami et al.,, 1999) (Fig. 1A). The conflu-
ence between the Atlantic deep waters (ENADW) and the northern
branch of the Antarctic Bottom Waters (AABW) are responsible for the
stabilization of the present thermohaline circulation and, thus, led to an
increase of the extent of the OMZ in the eastern tropical Atlantic margins
since 12 Ma (Fig. 1A). As a result, we suggest that the progressive in-
crease in thickness of OMZ may have initiated slower growth rates of
the Fe-Mn crust identified in our EPMA profile, and promoted more ad-
sorption/enrichment of metals (Mn up to 22 wt%) (Hein et al., 2000).

5.4. Genetic model

Numerous authors classified the oceanic Fe-Mn deposits using the
ternary diagram Mn-Fe — (Cu + Ni + Co) x 10. According to this clas-
sification, Fe-Mn oxides can be diagenetic, with ratios of Mn/Fe > 2.5, rich
in Cu and Ni, and poor in Co; hydrogenetic, in which Mn/Fe < 1 and with
relatively high concentrations of Cu + Ni + Co with respect to the other
genetic types; and hydrothermal, where Mn/Fe is either very high or
very low, with the Fe-Mn deposits normally having low Cu + Ni + Co
(Bonatti et al., 1972; Lyle, 1981; Dymond et al., 1984). The Fe-Mn crusts
from the Canary seamounts plot in the hydrogenetic field on this ternary
diagram (Fig. 10A) in an area superimposed by other samples from the
Atlantic Ocean (Muifios et al., 2013) and more enriched in Fe than the
crusts from the Pacific Ocean (Hein and Morgan, 1999).

The positive Ce anomalies can be explained by the input of a
hydrogenetic Fe-Mn component. This component can be identified
using the REY plots of Bau et al. (2014 ), where the Co-rich Fe-Mn crusts
plot in the hydrogenetic (seawater-sourced) field (Fig. 10B and C). The
Ce/La ratio is 1.2, similar to the ratios for seawater, indicating that REY
and phosphate hosts were derived from seawater, probably within or
near an oxygen minimum zone. This source is also consistent with pos-
itive Ce and positive Gd anomalies, (Fig. 8A, B) as occurs in other similar
deposits from the Atlantic and Pacific oceans (Hein et al., 2000, 2013;
Muifios et al., 2013). Some samples plot between the hydrogenetic
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Fig. 10. A) Ternary plots for CISP crusts and other Fe-Mn crusts from the Atlantic (Muifios
etal, 2013), Indian (Banakar et al., 2007) and Pacific Oceans (Hein and Morgan, 1999);
ternary diagram modified from Bonatti et al. (1972) and the CISP crusts plot in the
hydrogenetic field. B and C) Plot of Fe-Mn crusts on graphs of CeSN/CeSN vs Nd concentra-
tion and CeSN/CeSN vs YSN/HoSN ratios (after Bau et al., 2014) in comparison with Atlan-
tic, Indian and Pacific deposits. The crusts plot in the hydrogenetic field on these diagrams.

and hydrothermal fields (Fig. 10C), corresponding to crusts with some
degree of phosphatization.

The CISP samples are composed chiefly of Fe oxyhydroxides and sec-
ondarily of vernadite (Fig. 4), therefore confirming that the
hydrogenetic processes were predominant in the genesis of these
crusts. Small amounts of todorokite intergrown with asbolane and
buserite have been detected in the CISP crusts, indicating a possible
local diagenetic/hydrothermal process (e.g., Koschinsky and Hein,
2003; Canet et al., 2008; Baturin and Dubinchuk, 2011; Baturin et al.,
2012; Hein et al., 2013; Wegorzewski et al., 2015), although todorokite
can also occur in crusts formed within strong OMZs (Conrad et al.,
2017). Minor quartz, feldspar, calcite and other detrital minerals
(Fig. 5C-D) in the crusts are delivered by Sahara winds, while the forma-
tion of some clays such as palygorskite (Fig. 5D) depend on the
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weathering of local outcrops and fragments of volcanic rock, which
were also recognized by Varentsov et al. (1991). Some titanomagnetites
of volcanic origin have also been detected as well as dolomite crystals
with typical rhomboidal morphology (Fig. 5C-D). CFA is relatively abun-
dant in some crusts (DR7-8; DR13-11; DR14-1 and DR16-5), indicating
the presence of diagenetic processes. In the same way, authigenic
phyllosilicates are present in crusts DR7-8; DR9-10 and DR13-11, there-
fore reflecting the importance of diagenetic processes.

5.5. Strategic element distribution in Fe-Mn crusts

The CISP Fe-Mn crusts are enriched in Fe and depleted in Mn relative
to Pacific crusts. This is the main reason why Pacific crusts with higher
vernadite, have more Co and Ni, while Atlantic crusts, including the
CISP crusts, enriched in goethite have smaller amounts of these trace el-
ements since these trace metals are associated with the Mn phase. The
distribution of strategic elements reflects the mineralogy of crusts, as
discussed below.

5.5.1. Fe, Min and Co

Fe-oxyhydroxides and Mn-oxides are the most abundant minerals in
the CISP crusts, as reflected in XRD and petrographic studies, the Fe min-
erals being greater than the Mn minerals. These minerals control the
distribution of metals. Fe in Canary crusts essentially relies on the pres-
ence of feroxyhyte, an amorphous iron oxyhydroxide that with time
collapses to more stable phases like goethite (Varentsov et al., 1991;
Hein et al.,, 2000; Muifios et al., 2013). Fe shows a strong positive corre-
lation with Mn (0.87) and negative correlation (from —0.5 to —0.7)
with Mg, Al, K and Si. The correlation of Fe and Mn reflects the main
crust mineralogy; both are siderophile elements with ionic radii of <
15% difference, which allows isomorphic replacement in the Fe-Mn
oxyhydroxide minerals (Goldschmidt, 1937; Goldschmidt et al., 1954).

In contrast to Pacific crusts, Mn is depleted by about at least 30%
(Table 3). The most important Mn mineral in the CISP Fe-Mn crusts is
vernadite (6-MnO,). Mn and Fe have positive correlation with the
same elements, particularly REEs, V, Mo, Pb, As and W. Fe has a stronger
positive correlation with REEs than Mn, probably due to the major
abundance of Fe in the structures of goethite-type minerals and Fe-
vernadite. Zn has a positive correlation with Mn (0.8) and a weaker cor-
relation with Fe (0.56) indicating that this metal dominantly associated
with Mn oxide. The enrichment of Ni, Cu and Zn in CISP crusts affected
by phosphatization and/or authigenic phyllosilicates (DR7-8; DR9-10;
DR14-1) can be explained by the presence of todorokite and the absorp-
tion of these metals into the tunnel structure of this 10 A manganate
(Burns and Burns, 1978; Koschinsky et al., 1997; Hein et al., 2016). Ni
and Cu exhibit a strong positive correlation (0.86) and with Si, Al and
Mg (from 0.55 to 0.9), and no correlation with other metals, especially
those linked to hydrogenesis (e.g., Co, Ce, V, Pb, As). This may indicate
that these elements are associated with the phyllosilicates and manga-
nates formed by authigenic processes, as observed on DRX studies.

Co is enriched in Fe-Mn crusts due to its entering the vernadite
structure (Halbach et al., 1981, 1983; Baturin, 1988; Hein et al., 1997,
2000, 2013; Rona, 2008). This enrichment depends essentially on the
substitution and adsorption that occurs directly on the surface of crusts.
Co?™ dissolved in marine waters is oxidized to its trivalent phase Co> ™,
which is less soluble. The CISP crusts with high Co contents show low
growth rates (e.g., contents of 0.4 wt% have a growth rate of 2.7 mm/
Ma while 0.7 wt% has growth rate of 1.2 mm/Ma). Nevertheless, Co
shows a positive correlation with Mn and Fe; in the CISP crusts with co-
efficients of 0.58 and 0.55 (Supplementary Table 1). Co shows the stron-
gest positive correlations with As (0.7) and Ce (0.61), and with other
metals: Mo, Zn, V, Tl and LREEs (0.54-0.61). Positive correlations of Co
with Mn and lower correlation with Fe in bulk samples indicate the
presence of this element predominantly in the structure of Fe-vernadite.

5.5.2. REY and PGEs

REY are enriched in the CISP crusts (Table 3 and Fig. 8A and B). These
elements are strategic for their use in hi-tech applications and in the
manufacture of superconductors and super-magnets (Hein et al., 2013).

Pearson coefficients (Supplementary Table 1) show strong positive
correlations among the REEs (>0.7) and with Fe (from 0.68 to 0.97).
Mn has a weaker positive correlation with REEs (from 0.59 to 0.85).
These correlation data reflect the strong affiliation of REY predominant-
ly with Fe-oxyhydroxides and secondarily with Mn oxides. Correlations
between REY and alumina-silicate elements are absent or negative
(from — 0.2 to —0.8), indicating only trace amounts of REY in the sili-
cate minerals. REY have strong positive correlations with other metals
presents in Fe-Mn crusts: As, V, Pb, Mo and W. All these trace metals
are hosted in the Fe and Mn phases.

High contents of Ce in the CISP crusts (Fig. 8A and B) are typical of
hydrogenetic deposits as well as strong positive Ce anomalies (Hein
et al,, 1988; Bau and Koschinsky, 2009). According to these authors, Ce
enrichment in crusts depends on a preferential fractionation to the Fe
and Mn phases, with a slight relative preference for Fe oxyhydroxides.
The results provided by these authors indicate that the transfer of Ce
from seawater does not occur via a discrete solid Ce (IV) oxide phase
from dissolved Ce (III), but rather Ce dissolved in waters remains triva-
lent and its oxidation to the tetravalent form occurs at the surface of Fe-
Mn oxyhydroxides after its sorption into their structure. Other tetrava-
lent elements like Pt (IV), Zr (IV), Hf (IV) and Th (IV) instead react with
Fe-Mn crusts and prefer Fe oxide phases. This is consistent with the re-
sults obtained in this study. Fe-Mn crusts from the Canary seamounts
exhibit a higher enrichment in Ce and similar trivalent REY than similar
deposits from all the oceans, due to the high abundance of Fe-rich
minerals.

The degree of enrichment of REY is also related to the genetic model
and crust growth rates (Bau and Koschinsky, 2009). Hydrogenesis via
very slow growth rates (1-2 mm/Ma) allows REY to accumulate in Fe-
Mn oxyhydroxide structures on crust surfaces. According to Sholkovitz
etal. (1992) and Moffett (1990), this enrichment is strongly dependent
on the time in which Fe-Mn minerals are in contact with seawater,
therefore supporting the control of growth rates. De Carlo (1991) also
suggested that the difference between LREEs and HREEs reflects chang-
es in crust mineralogy and also that the Ce anomaly may reflect paleo-
redox conditions in which the amount of trivalent ions increases. The
CISP crusts show enrichment in LREEs (Fig. 8D and Table 3).

Discussion on the origin, occurrence and concentration of PGEs in
Fe-Mn crusts is a hot topic and is the subject of many papers because
of its economic importance for high-tech industries (Hein et al., 1988,
2010; Baturin et al., 2005; Banakar et al., 2007; Astakhova, 2008). Ac-
cording to many studies (Baturin, 1988; Halbach et al., 1989a, 1989b),
PGEs enter into the Mn-oxide structure by co-precipitation due to oxi-
dation on the 6-MnO, surfaces. Other authors proposed that Pt is sorbed
from seawater and oxidized on FeO(OH) surfaces (Hein et al., 2003,
2005; Koschinsky et al., 2005). Platinum inorganic complexes, platinum
hydroxo-chloro (II) and (IV) complexes, and organic complexes could
exist as dissolved species in seawaters with typical pH values
(Kubrakova et al., 2010). These complexes react with freshly precipitat-
ed Fe-Mn oxyhydroxides, reaching an adsorption percentage of 80% for
organic complexes and up to 99% for inorganic platinum complexes (II),
but over longer periods of time (Kubrakova et al.,, 2010). With time and
the slow growth rates of hydrogenetic crusts, PGEs are enriched by sev-
eral orders of magnitude over their concentrations in continental crust.
Pt enrichment in Fe-Mn crusts may also be related to phosphatization,
as proposed by Halbach et al. (1989a, 1989b). In the CISP crusts, a vari-
able behaviour of Pt is observed in relation to phosphatization. One
phosphatized crust is enriched in Pt (222 ng/g; DR7-8) compared to
the average value for phosphatized crusts (184 ng/g) and the non-
phosphatized crusts with less enrichment (182 ng/g). The most likely
mechanism for CISP crusts is that Pt is adsorbed from seawater and
then oxidized on the surface of the FeO(OH), as reflected by the high
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Pt contents (222-321 ng/g) in crusts that are rich in Fe (DR2-9; DR13-
12; DR15-14A). This mechanism of Pt enrichment is proposed for
other crusts in the Atlantic, Indian and Pacific oceans (Hein et al.,
2003; Banakar et al., 2007; Muifios et al., 2013). Pd is enriched in the
CISP crusts in comparison with others from the Atlantic (Muifios et al.,
2013) and Indian Oceans (Banakar et al., 2007). Banakar et al. (2007)
proposed a cosmogenic origin for this element, by comparing the Pd/Ir
ratio of several reservoirs and concluding that this ratio for Indian Fe-
Mn crusts is similar to the value obtained in chondritic reservoirs (rang-
ing from 0.7 to 2). The same ratio obtained in CISP samples yield the
same range of values for all Fe-Mn crusts, with one from the Tropic Sea-
mount reaching a Pd/Ir ratio similar to that of oceanic basalt (46).

6. Conclusions

We analyzed for the first time a complete suite of marine Fe-Mn de-
posits that were discovered in the southern Canary Island Seamount
Province (CISP) in the northeastern tropical Atlantic. Fe-Mn crusts
from Cretaceous seamounts (The Paps, Tropic, Echo and Drago) in
CISP grow on their basalt-sedimentary substrate below the northeast-
ern tropical Atlantic core of OMZ, reaching a maximum thickness up
to 250 mm at depths of 2400 m on Drago seamount.

An important regime of upwelling currents near CISP supported a
high biological productivity and consequently a more extensive OMZ,
perhaps favoring the slow growth (1-2 mm/Ma) of Fe-Mn crusts on
the slopes and summits of the seamounts.

Fe minerals are the most abundant. Mn phases are represented es-
sentially by vernadite and minor quantities of todorokite and
asbolane-buserite, all of which are intergrown with Fe oxyhydroxides.
The high Fe enrichment in CISP crusts is due to upwelling of deep cur-
rent ventilation and fertilization of the OMZ, Sahara dust, submarine
volcanic plumes of CISP hotspot volcanoes over millions of years, and
fluvial inputs to the Atlantic, which favored crusts with Fe/Mn ratios
>1. Genetic models based on geochemical data confirm a hydrogenetic
precipitation of the crusts. Phosphatization events are present in some
crusts, especially in lower layers. The participation of hydrothermal
fluids has not been identified from bulk crust geochemistry, however,
future layer-by-layer EPMA composition of crusts will identify possible
geochemical-mineralogical proxies of hydrothermal input.

Fe-Mn crusts from CISP shown high strategic metal average concen-
trations: Co (0.5%), Ni (0.3%), V (0.24%) and Ba (0.34%). REY reach high
contents in CISP Fe-Mn crusts (total REY up to 0.35%) that are essentially
enriched in LREEs and MREEs. Concentrations of REY strictly depend on
crust mineralogy and especially on the abundance of Fe-oxyhydroxides.
PGEs are enriched with the highest values for Pt (up to 321 ppb), Rh (up
to 22 ppb), Ru (up to 19 ppb), and an anomalous crust with a high con-
tent of Pd (170 ppb). Early diagenesis and phosphatization promote the
enrichment in Ni, Cu and PGEs. Although these crusts have relatively
low contents of Ni (0.28%), Cu (0.07%) and Mn (16%) compared to Pacif-
ic crusts, they possess high concentrations of other critical metals such
as REY (0.28%), V (0.24%) and Nb (0.01%).

Crusts were dated using a combination bulk crust geochemistry and
high-resolution data along an EPMA transect, applied to a Co-
chronometer. The age model allowed us to relate the different events
of mineralization to tectonic and paleoceanographic events over the
last 28 Ma:

1. An early growth period consisting of dense laminae, characterized
by similar contents of Fe and Mn located at the interval between 27.8
and 24.45 Ma (late Oligocene-early Miocene) interpreted as slow pre-
cipitation in or below an extensive OMZ.

2. Anintermediate, well-layered zone showing higher contents of Fe,
Si and P in the interval between ca. 24.5 and 16 Ma shows high growth
rates reaching 4.5 mm/Ma and the precipitation of Fe-Mn oxides pro-
moted by the upwelling of deep currents and ventilation of the OMZ.
The upper zone characterized by an abrupt increase in Fe at circa

16 Ma is interpreted to be the result of the incursion of the Northern
Component Waters.

3. An uppermost zone with very low growth rates (to 0.5 mm/Ma) at
circa 12 Ma to present, which is interpreted as the result of the increase
in the extent of the OMZ in the NE Atlantic and the presence of a stable
thermohaline circulation.

The Co-chronometer-determined growth rates and derived ages for
bulk samples opens the possibility to investigate palaeoenvironmental
changes that occurred over the last 76 Ma if the estimated ages are ver-
ified using Os isotope stratigraphy. Future detailed geochemical, chro-
nological and isotopic analyses through the Fe-Mn crusts will provide
useful information about the paleoenvironments that existed in the
area throughout the Cenozoic.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.oregeorev.2016.10.005.
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