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Abstract 

Phosphorites are a vital source of phosphorus for agricultural and industrial applications 

and are increasingly recognized for their potential as secondary repositories of critical raw 

materials (CRMs) such as rare earth elements plus yttrium (REYs). This study investigates 

deep-sea phosphorites from the Galicia Bank, Madeira, and Canary Seamounts, in the NE 

Atlantic Ocean, which are spatially associated with ferromanganese (Fe-Mn) mineraliza-

tion. Through integrated petrographic, geochemical, and in situ isotopic analyses (O and 

Sr), we assess the timing, processes, and paleoenvironmental conditions of phosphogen-

esis and its implications for CRM enrichment. Rare earth element patterns in apatite reflect 

a predominant seawater-derived signature with variable Ce anomalies. Nevertheless, var-

iable Y/Ho ratios point to evolving fluid sources including a hydrogenous component (di-

rectly derived from seawater), modified porewaters and, locally, volcanic or possibly hy-

drothermal inputs. Oxygen and strontium isotope compositions constrain phosphogene-

sis to several episodes ranging from the Upper Cretaceous to the Middle Miocene, with 

distinct isotopic shifts identifying both primary formation and later overprinting pro-

cesses mostly linked to Fe-Mn oxyhydroxide growth or volcanic–hydrothermal activity. 

These findings highlight the dynamic and multiphase nature of phosphorite formation in 

deep-marine settings. The integration of high-resolution geochemical and isotopic tools 

proves essential for reconstructing genetic histories, defining metallogenic context and 

evaluating CRM prospectivity in complex submarine systems. 
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1. Introduction 

Phosphorus is a vital element for the growth and development of all living organisms. 

It is primarily found in the form of apatite, particularly in sedimentary marine phospho-

rites [1]. The largest share of extracted phosphorus is used for fertilizer production 

(around 82% of global production), which is crucial to meet the increasing demand for 

food driven by global population growth. Europe, which relies heavily on imports, annu-

ally brings in approximately 4 million tonnes of phosphate-rich material [2]. Given its im-

portance, phosphate rock was officially designated as a critical raw material (CRM) by the 

European Union in 2014 [3], recognizing its essential role in modern technologies, the 

green energy transition, and defense applications [2]. Recently, phosphate deposits have 

gained even more attention because of their potential as a source of other CRMs, including 

fluorine (F) and rare earth elements plus yttrium (REYs) [4–7] (Christmann, 2014; Ihlen et 

al., 2014; Emsbo et al., 2015; Decrée et al., 2022). Notably, apatite deposits—whether sedi-

mentary or igneous in origin—are seen as a key source for rare earth elements (REEs) as 

a by-product of apatite itself, offering a significant advantage: their easier extraction com-

pared to traditional REE deposits [6,8]. The majority of global phosphorus production—

approximately 80%—is derived from sedimentary phosphate deposits, primarily located 

in North Africa, China, the Middle East, South Africa, the United States, and Russia. Major 

sedimentary phosphate-related REE resources are classically associated with large shal-

low-marine phosphorite provinces developed along the southern Tethyan margin, includ-

ing Morocco, West Sahara, Tunisia–Algeria, and Egypt. Phosphogenesis occurred during 

Upper Cretaceous–Eocene events under upwelling-controlled conditions and extensive 

shelf sedimentation [9–11]. Igneous apatite deposits also contribute to global phosphorus 

supply, although to a lesser extent [2]. In addition to these well-established sources, other 

sedimentary phosphorite deposits with economic potential have been identified on the 

continental shelves of the Atlantic, Pacific, and Indian Oceans [12–14]. Increasing attention 

is being directed toward these deep-sea resources, which represent a strategic opportunity 

to diversify the supply of CRM, supported by national and international initiatives and 

projects that promote their exploration, mapping, and extraction in a responsible and sus-

tainable way [15–17]. In addition, deep-sea phosphorite deposits are commonly found 

alongside Fe-Mn mineralization in various regions [18–20]. The episodic occurrence of 

phosphatization during the growth of Fe-Mn crusts could play a critical role in modifying 

both their mineralogical and geochemical signatures [21–23]. Indeed, the formation of car-

bonate fluorapatite under suboxic conditions can lead to the partial dissolution of Mn ox-

ides. This process may significantly influence the distribution and enrichment of CRMs, 

such as Co, Ni, Cu, Pt, REEs, and other elements, which are typically hosted in Mn-oxide 

phases [24–26]. The replacement of Mn oxides by apatite alters its capacity to retain or 

adsorb trace metals, whereas redox fluctuations associated with phosphogenesis may fur-

ther redistribute CRM within the crust. Understanding these transformations is essential 

for interpreting the CRM potential of ferromanganese deposits and evaluating the post-

depositional processes that control their economic value. 

Due to its intrinsic significance as a potential economic source of CRM and the po-

tential impact of its genesis on spatially associated ferromanganese oxyhydroxides, a com-

prehensive understanding of phosphorite formation is essential. This includes constrain-

ing its age, quantifying CRM concentrations, and characterizing the spatial distribution of 

these elements within the phosphorites. Mineralogy and geochemistry provide crucial in-

formation about the conditions that control the genesis of these deposits and help con-

strain the sedimentological and paleoceanographic settings in which phosphorite forms. 

The REE content and distribution in apatite give information about the environment dur-

ing early diagenesis. The latter would be the preferential time for REE uptake of francolite 

(carbonate–fluorapatite), which is the dominant apatite type in phosphorite [27–29]. 
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Hence, REE enrichment in phosphorites cannot be interpreted solely as a seawater signa-

ture but may also reflect biological productivity, early diagenetic remobilization and min-

eral replacement processes [30–32]. Newly developed high-resolution tools—as in situ O 

and Sr isotope measurements on apatite—are helpful in deciphering the complex history 

of phosphogenesis [27,33–35]. The integration of high-resolution trace element data with 

isotopic signatures aims to reconstruct the timing and mechanisms of phosphogenesis in 

phosphorites, evaluate the role of post-depositional reworking and interaction with Fe–

Mn mineralization, and assess the controls governing REY and CRM enrichment in con-

trasting depositional settings. 

This study presents a petrographic and geochemical analysis of apatite from deep-

sea phosphorites of varying ages, spatially associated with ferromanganese nodules and 

crusts from the Madeira and Canary seamounts, as well as the Galicia Bank, in the NE 

Atlantic Ocean (Figure 1). 

 

Figure 1. Provenance of the studied phosphorites (indicated by a star). The map of mineral occur-

rences in pan-European seas is modified after González et al. [36]. 

Prior to in situ analyses, imaging and spectroscopic techniques (scanning electron 

microscopy (SEM), cathodoluminescence (CL), laser-induced breakdown spectroscopy 

(LIBS)) revealed significant textural and chemical heterogeneity in apatite, guiding tar-

geted investigations using electron probe micro-analysis (EPMA), laser ablation induc-

tively coupled plasma mass spectrometry (LA-ICPMS, for trace elements and Sr isotopes), 

and secondary ion mass spectrometry (SIMS, for O isotopes). The studied phosphorites 

span a broad temporal range, from the Upper Cretaceous–Early Paleogene to the Lower 

Miocene, and likely formed under different paleoenvironmental conditions. By compar-

ing these distinct settings, this study aims to assess whether variations in depositional 

environments are reflected in differences in CRM concentrations within the phosphorites, 

while also shedding light on major phosphogenic episodes during the late Mesozoic and 

the Cenozoic [35,37–41]. The Late Cretaceous phosphogenic episode is prominently rec-

orded in the Tethyan sequences [35,41,42]. Phosphorites from this period are typically 
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associated with condensed sedimentation, characterized by intervals of sediment starva-

tion that promote bioturbation and the formation of hardgrounds [41]. Most of them were 

formed during the evolution of the Neo-Tethys Ocean cycle in passive margins [42]. One 

of the main drivers of phosphogenesis during this time is believed to be the influence of 

upwelled waters enriched in phosphorus [35]. Paleogene phosphorite deposits are 

thought to develop in shallow marine settings such as inner continental shelves or epeiric 

seas [38,43], under conditions comparable to Late Cretaceous phosphogenesis, where 

upwelling of phosphorus-rich waters played a crucial role [35,41]. During the Neogene, 

major phosphogenesis events produced extensive phosphorites across regions such as the 

Mediterranean, the Middle East, South America, and coastal North America [44]. These 

events are generally linked to high sea levels and active upwelling in marginal basins, 

facilitated by favorable sedimentological conditions [35]. 

2. Geological Context 

Three phosphorite sites have been studied. The samples investigated are presented 

in Figure 1 and Table 1. 

Table 1. Brief description of the samples investigated in this study. 

Sample 

Studied 

Origin of the 

Sample (In-

stitute, Mu-

seum) 

Zone Short Description 
Previous Inferred Phos-

phatization Age 

Considered Phosphorite 

Age in This Study (See 

Section 5) 

ARTABRIA 

II-36DRN 
IGME-CSIC Galicia Bank Layered phosphorite 

Late Oligocene or Early 

Miocene [20] 

Late Oligocene or Early 

Miocene [20] ARTABRIA 

II-81DRR 
IGME-CSIC Galicia Bank 

Phosphorite serving as 

substrate for Fe-Mn 

nodules 

3521-6 IPMA 

Madeira, 

Seine Sea-

mount 

Phosphorite breccia 

under a Mn crust 

Eocene–Oligocene for the 

old crust (30–40 Ma) and 

Upper Miocene–Pliocene 

for apatite replacing Mn 

oxides [45] 

Early–Middle Miocene: 

phosphatization on sub-

strate rocks dated at 22.0 ± 

0.2 Ma [46] 

JC 142-061-

016H 
IGME-CSIC 

Canary Island 

Seamount 

Province, 

Tropic Sea-

mount 

Phosphorite serving as 

substrate for Fe-Mn 

nodules 

~84 Ma for the oldest 

phosphorite crust, ~38 Ma 

for a major phosphatiza-

tion event [22], and wide-

spread phosphatization 

and Fe–Mn re-nucleation 

during the early Miocene 

[47] 

38 Ma (age of the major 

phosphatization event) 

The northern zone of interest is the Galicia Bank. Located about 200 km west of Ga-

licia along the northwestern Iberian margin (Figure 1), the Galicia Bank top lies at depths 

between 700 and 1800 m. Spanning an area of 2117 km2, it stands out as the dominant 

structural high in the region, ascending from the surrounding seafloor at depths ranging 

from 3800 to 620 m. Phosphorites from the Galicia Bank have been previously investigated 

[20]. The authors reported their occurrence as slabs and nodules that replace limestone 

while preserving the original protolith fabric. In a subsequent diagenetic phase, these 

phosphorites were replaced by manganese oxides. Phosphatization is interpreted to have 

occurred shortly after—or concurrently with—carbonate sedimentation, during two dis-

tinct intervals in the late Oligocene and early Miocene, as indicated by strontium isotope 
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analyses. The radiogenic strontium isotope signatures of the phosphorites (average 
87Sr/86Sr ratio of 0.713551) suggest the influence of deep-sourced hydrothermal fluids, 

likely associated with the leaching of granodioritic to granitic basement rocks from the 

Variscan Iberian Massif underlying the Galicia Bank [20]. 

The second studied zone is the Madeira-Tore seamount chain, which stretches from 

the Portuguese mainland to the Madeira archipelago, and more precisely the Seine Sea-

mount. The Seine Seamount, that is almost circular in shape, is located approximately 185 

km northeast of Madeira Island. The seamount rises from depths greater than 4000 m to a 

summit plateau located between 160 and 170 m below sea level [48,49]. The 40Ar/39Ar da-

ting of amphibole from basanite forming the substrate at the Seine Seamount yielded an 

age of 24.4 ± 0.4 Ma, as reported in the study on multi-phase Cretaceous to Quaternary 

alkaline magmatism on the Tore-Madeira Rise and adjacent seamounts [50]. In contrast, 

an earlier analysis of the matrix (volcanic) material yielded a younger age of 22.0 ± 0.2 Ma 

(40Ar/39Ar dating of the groundmass [46]). Phosphorites associated with manganese oxides 

have been identified along the Madeira-Tore seamount chain, though previous studies 

have only provided limited insight [45,48,49]. In this region, phosphorites are relatively 

rare and are thought to have formed at water depths between 1200 and 1500 m [48]. Phos-

phorites in the Seine Seamount have not been dated. Interestingly, samples from the 

nearby Lion Seamount—located close to the Seine Seamount—contain a thick, older gen-

eration of phosphatized material, dated to approximately 30–40 million years ago based 

on strontium isotope analysis of apatite [45]. Additionally, apatite has been found impreg-

nating manganese crusts in the area, with the onset of crust formation dated to approxi-

mately 8.5 Ma using 10Be isotopic dating [45]. 

The third area of interest is the Tropic Seamount, the southernmost feature of the 

Canary Island Seamount Province (Figure 1). It is characterized by a flat summit located 

at a depth of approximately 1000 m, rising from an abyssal plain at around 4100 m depth 

[51,52]. The top and flanks of the Tropic Seamount host closely associated phosphorites 

and Fe-Mn oxyhydroxides, which have been the focus of extensive studies [21–23,45,52–

55]. Phosphatization is believed to occur at various stages during the development of Fe-

Mn crusts [22,23,47]. Several authors [23] have proposed that this process causes the par-

tial dissolution of pre-existing Mn oxides, a hypothesis that is still under debate [54]. 

On the Tropic Seamount, a phosphatized, biogenic debris-rich carbonate layer forms 

the substrate beneath most Fe-Mn crusts. This substrate has an upper age limit of 84 ± 4 

million years, based on U-Pb dating [22]. This age is constrained by the age of the volcanic 

edifice itself (119 Ma) [56] and the earliest known growth of Fe-Mn crusts (73–77 Ma) [21,53]. 

A major phosphatization event affecting the Fe-Mn core is dated to the Late Eocene (38 ± 1.2 

Ma), coinciding with a significant shift in ocean circulation associated with the onset of Ant-

arctic glaciation [22]. Additionally, widespread phosphatization and Fe–Mn re-nucleation 

are thought to correspond to global phosphogenetic events during the Early Miocene [47]. 

3. Material and Methods 

Two samples provided by the Instituto Geológico y Minero de España (IGME) origi-

nated from the Galicia Bank: ARTABRIA II-36DRN and ARTABRIA II-81DRR (DIVA 

ARTABRIA project). The latter (ARTABRIA II-81DRR) was collected by dredge haul from 

a station associated with an unconformity forming the southeastern morphological mar-

gin of the Galicia Bank, at a water depth between 1540 and 830 m [20]. The former sample 

(ARTABRIA II-36DRN) was recovered from the eastern slope of the Galicia Bank, dredged 

at depths ranging from 1555 to 760 m [20]. A third sample, 3521-6, comes from the Seine 

Seamount, located near Madeira, and is part of the collection of the IPMA (Instituto Por-

tuguês do Mar e da Atmosfera). The samples were collected at 1362 m depth [49]. The 

fourth sample, JC142-061-016H, provided by the IGME was sampled by ROV-ISIS 
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(Marine-E Tech project) on the northern flank of the Tropic Seamount, located in the Ca-

nary Islands region, at approximately 1100 m depth [55]. 

Sample characterization involved a combination of imaging, geochemical, and high-

resolution isotopic techniques. Surface textures and mineral associations were first exam-

ined by scanning electron microscopy (SEM) using a Quanta 200 ESEM (FEI Company, 

Hillsboro, OR, USA) equipped with an Apollo 10 Silicon Drift EDS detector (EDAX Inc., 

Mahwah, NJ, USA) at the Institute of Natural Sciences (Brussels). Cathodoluminescence (CL) 

imaging was performed at UMONS using a Mk5 cold-cathode system (Cambridge Image 

Technology Ltd., Cambridge, UK), operated at 15 kV and 500 µA, with an electron beam 

covering a 12 × 4 mm area (~10 µA/mm2). Laser-induced breakdown spectroscopy (LIBS) is 

a rapid, spatially resolved, multi-elemental technique, LIBS has emerged as a valuable tool 

for mineral exploration and trace element mapping, regardless of mineralization [57–59]. It 

was conducted using a custom-built system at UMONS, comprising a Q-switched Nd:YAG 

laser (266 nm, 15 mJ, 5 ns pulse duration) and a 9-channel CCD spectrometer (190–1100 nm 

range, 0.05–0.2 nm resolution). The samples were mounted on a motorized XY stage syn-

chronized with the laser to produce LIBS maps. Ablation craters (~200 µm diameter) corre-

sponded to a fluence of 48 J/cm2 and an irradiance of 9.5 GW/cm2. Emission was collected 

through optical fibers and analyzed with a delay of 1 µs and a 1 ms integration time to min-

imize background continuum. Laser pulse energy showed a 4.1% relative standard devia-

tion (RSD) after thermal stabilization. Data were processed using spectragryph v1.2 (Dr. 

Friedrich Menges, Oberstdorf, Germany) and Fiji/ImageJ software (Jython/Java scripting; 

National Institutes of Health, Bethesda, MD, USA), yielding qualitative hyperspectral LIBS 

maps for selected elements (e.g., P, CaF, Y, and Li) based on both internal reference spectra 

and the NIST atomic database. Raman spectroscopy was performed at the Royal Belgian 

Institute of Natural Sciences to investigate the fluorescence induced by the REEs. We used 

a 532 nm (green) laser Raman spectrometer (Senterra, Olympus BX51, Bruker Optics GmbH, 

Ettlingen, Germany). The spectra were acquired using 2 mW excitation power, 5 × 30 s inte-

gration time and a 50 µm spectrometer slit. The data were processed using spectragryph 

v1.2 optical spectroscopy software (Dr. Friedrich Menges, Oberstdorf, Germany). The Ra-

man shift has been transformed into wavelengths according to the following formula: 

Wavelength (nm) = (Laser wavelength-1 − Raman shift × 10−7)−1. Here, the laser wavelength 

was 532 nm and the Raman shift is given in cm−1. 

Quantitative major element compositions (Supplementary Material S1—Table S1) were 

determined via electron microprobe analysis (EMPA) using a JEOL JXA8530F instrument 

(JEOL Ltd., Tokyo, Japan) at KU Leuven’s Department of Materials Engineering. Operating 

conditions were 15 kV, 10 nA, and a 10 µm beam diameter. Standard minerals used included 

apatite (F, CaO, P2O5), diopside (SiO2), barite (BaO, SO3), hematite (FeO), tugtupite (Na2O, 

Cl), olivine (MgO), celestite (SrO), and rhodonite (MnO). The Lα line was used for Sr and 

Ba, and the Kα line was used for the other elements. Detection limits were generally better 

than 0.05 wt%, with peak counting times of 20 s (40 s for Ba, 80 s for Cl and S). 

Trace element concentrations were measured by LA-ICP-MS at the Norwegian Geo-

logical Survey (NGU) using a Teledyne-Cetac Analyte Excite 193 nm excimer laser (Tele-

dyne CETAC Technologies, Omaha, NE, USA) coupled to an Agilent 8900 QqQ-ICP-MS 

(Agilent Technologies, Santa Clara, CA, USA). Ablation was performed under helium 

with a 50 µm spot size, 10 Hz repetition rate, and 4 J/cm2 fluence for 45 s. Helium-carried 

aerosol was mixed with argon before entering the plasma. Calibration used NIST SRM 

610 with 44Ca as the internal standard, while NIST SRM 612 and 614 served as quality 

controls. CaO concentrations in apatite grains, measured by EMPA, ranged from 42.4 to 

56.3 wt% due to varying oxide intergrowths. To account for this heterogeneity, average 

CaO contents per sample were used for internal standardization (e.g., 53.54 wt% for 

JC142-061, 53.34 wt% for ARTABRIA II-36DRN, 50.43 wt% for ARTABRIA II-81DRR, 
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46.00 wt% for 3521-6). REE precision was better than 10%. Data were reduced using Iolite 

[60] with the “trace elements” scheme, and detection limits followed Longerich et al. [61]. 

Full instrumental settings are detailed in Supplementary Material S2. 

Oxygen and strontium isotopes provide critical constraints on the genesis and diage-

netic evolution of sedimentary apatite [27,33]. However, such isotopic tools remain largely 

underutilized in both sedimentary and igneous contexts [62–72]. 

Oxygen isotope compositions (δ18O) (Supplementary Material S1—Table S2) were an-

alyzed using a Cameca IMS 1270 E7 ion microprobe (SIMS; CAMECA, Gennevilliers, 

France) at CRPG Nancy. A Cs+ primary ion beam (3.5 nA) was focused on a 15 µm diameter 

spot, with charge compensation provided by an electron gun. Secondary negative ions were 

detected at a mass resolution of 3000 and energy slit of 35 eV. Surfaces were pre-sputtered 

for 90 s to remove surface contamination. Isotopic measurements were performed in multi-

collection mode using Faraday cups, with a total integration time of 150 s and internal pre-

cision around 0.1‰. Instrumental mass fractionation was corrected using Durango apatite 

(δ18O = 9.4‰ [73]), measured before and after each sample. External reproducibility (2σ) 

ranged from 0.15 to 0.20‰, and instrumental fractionation of 18O/16O varied between 3 and 

4‰. Values are reported relative to SMOW, with errors calculated as the quadratic sum of 

internal and external uncertainties. 

Strontium isotopic ratios (87Sr/86Sr) in apatite (Supplementary Material S1—Table S3) 

were measured by LA-MC-ICP-MS at the MiMaC facility (NGU), using a Photon Ma-

chines Analyte Excite 193 nm excimer laser (Photon Machines Inc., Bozeman, MT, USA) 

and a Nu Plasma 3 MC-ICP-MS (Nu Instruments Ltd., Wrexham, UK). Ablation was car-

ried out using a 50 µm spot size, 10 Hz repetition rate, 4 J/cm2 fluence, and 30 s duration. 

Helium was used as a carrier gas, mixed with argon prior to plasma introduction. Ion 

beams for mass/charge ratios 80, 82–88, and intermediate half-masses (82.5–87.5) were 

measured in static mode on Faraday cups. Data reduction was performed using Iolite with 

the “Sr isotopes universal” scheme [74]. Corrections for isobaric interferences from REE++ 

and Rb were applied. Madagascar apatite served as the primary reference material, while 

Durango, McClure Mountain, Slyudyanka, and Otter Lake apatite were used to construct 

a correction curve for CaPO polyatomic interferences. These interferences were mini-

mized during tuning, with a maximum correction factor of 1.00012 for samples and 

1.00051 for the lowest Sr reference material (Durango). Full instrumental settings are de-

tailed in Supplementary Material S2. 

4. Results 

4.1. Macroscopic and Petrographic Description 

In this study, two markedly different types of phosphorites from the Galicia Bank were 

examined. The first type is stratified, featuring multiple phosphate-enriched centimeter to 

millimeter subparallel beds within a carbonate host rock (Figure 2A). These beds are com-

posed of fine-grained apatite that embeds or replaces micrometric calcite grains (Figure 3A–

C). The phosphorite slab is encrusted on its upper surface by an Fe–Mn crust patina and 

hosts benthic organisms such as cold-water corals. The second type is a compact slab char-

acterized by abundant boring tubes filled by carbonates and consolidated sediments, and 

highly impregnated with Mn-Fe oxides, specifically 10 Å and 7 Å manganates [20] (Figure 

2B). In this variant, apatite also occurs as fine grains and likely represents the phosphatized 

cement of the original carbonate rock. This cement fills bioclastic components such as fora-

minifers, coccoliths, and other shell fragments (Figure 3D,E), with minimal calcite remaining. 
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Figure 2. Macrophotographs of the studied phosphorite specimens. (A) Layered phosphorite from 

the Galicia Bank. (B) Phosphorite slab impregnated by Mn-Fe oxides from the Galicia bank. (C) 

Reworked phosphorite under a Mn crust from the Seine Seamount (Madeira). (D) Phosphorite slab 

impregnated by Mn-Fe oxides from the Tropic Seamount (Canary Islands). The black (A) or white 

(B–D) rectangles indicate the areas that were sampled for further SEM, CL, and in situ analyses. 

 

Figure 3. Backscattered electron (A,B,D) and cathodoluminescence (C,E) micrographs of the phos-

phorites of the Galicia Bank. The abbreviations used are: Apat for apatite, Calc for calcite, FeOX for 

Fe oxides. (A) Phosphorite bed composed of fine-grained apatite. (B) Detailed view of (A). (C) Violet 
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to brownish-luminescent phosphatic grains forming the phosphorite bed, including numerous 

small red-luminescent calcite grains. (D) Phosphatized cement in a phosphorite slab that is re-

worked by Mn-Fe oxides. Bioclasts such as foraminifers (see black arrow), coccoliths and other shells 

are abundant. However, as emphasized in (E), only part of the shells was still made of orange-lumi-

nescent calcite. Most of the phosphorite is made of a brown to violet phosphatic cement. 

The phosphorite sample from the Tropic Seamount displays a similar slab-like struc-

ture impregnated with dendritic Mn-Fe oxyhydroxides, notably vernadite and goethite 

[21], growing on top (Figure 2D). As with the Galicia Bank specimen, the primary car-

bonate cement has undergone phosphatization, although calcitic bioclasts are still present 

(Figure 4A,B) in a higher proportion than in the Galicia Bank. 

 

Figure 4. Backscattered electron (A,C,D), and cathodoluminescence (B,E) micrographs of the phos-

phorites of the Tropic Seamount (Canary Islands, (A,B)) and the Seine Seamount (Madeira, (C–E)). 

The abbreviations used are Apat for apatite, Calc for calcite, MnOX for Fe oxides, and TiOX for Ti-

Fe oxides. (A) Phosphatized cement rich in bioclasts. Calcite is still abundant as foraminifers, cocco-

liths and other shells. The arrows indicate bioclast infillings that are richer in Fe than the surround-

ing phosphatic cement. (B) Violet to brownish-luminescent apatite forming the cement of the phos-

phorite. Calcite in shells is orange-luminescent. (C) Reworked phosphorite that forms a clast-sup-

ported breccia. Most of the discontinuities between the phosphorite clasts are underlined by thin 

Mn oxide concretions. The clasts themselves consist of an intimate mixture of apatite and Ti-Fe ox-

ides, as shown in (D), where the EDS elemental map for phosphorus displays varying shades of 

yellow, brighter yellow indicating higher apatite content, and in (E), where the clasts richest in ap-

atite exhibit the strongest blue luminescence. 
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The sample from Seine Seamount differs, consisting of reworked phosphorite over-

lain by a Fe-Mn crust composed of vernadite (Figure 2C) (as determined in previous stud-

ies [48,49]). It forms a clast-supported breccia, with clasts that are generally under one 

centimeter in size and embedded by localized Mn oxide concretions (Figure 4C). Notably, 

several of these apatite clasts are actually made of apatite finely intermixed with a Ti-rich 

Fe oxyhydroxide phase. Figure 4D (EDS map of P) and Figure 4E (CL image) illustrate the 

variations in the proportions of apatite and Ti-Fe oxide fine mixing, as evidenced by the 

color differences among the clasts that highlight the extent of mixing. Tiny Mg-rich laths 

are also observed within brecciated phosphorite. 

4.2. Apatite Mineralogy and Chemistry 

Apatite from the studied phosphate samples displays a wide range of CaO contents 

(42.44 wt% in the Ti-rich phosphorite to 56.27 wt% in the most pristine phosphorite clasts) 

and P2O5 concentrations (27.27–33.90 wt%; Supplementary Material Table S1). The lower 

phosphate contents likely correspond to a deficit at the P site, which can be attributed to 

the substitution of CO32− at this site, as observed in francolite. Apart from one low value 

(1.79 wt% F), the fluorine content ranges from 3.12 to 5.31 wt%. Chlorine concentrations 

are generally below the detection limit. SO3 content is significant in all samples, ranging 

from 0.83 to 2.33 wt%. SiO2 concentrations are low to moderate in apatite from the Galicia 

Bank and the Tropic Seamount (up to 2.26 wt%) but higher in samples from the Seine 

Seamount (ranging from 0.65 to 4.53 wt%). FeO and Na2O contents are moderate in most 

apatites (FeO < 0.81 wt% and Na2O between 0.46 and 1.04 wt%). However, FeO content 

reaches 3.90 wt% in the Fe-Mn-mineralized sample from the Galicia Bank and up to 9.49 

wt% in the reworked phosphorite from the Seine Seamount. MnO content is low to mod-

erate (<0.91 wt%). Similarly, SrO and MgO contents are low to moderate, reaching up to 

0.28 wt% and 0.83 wt%, respectively. BaO content is above the detection limit in only one 

sample (0.05 wt%) (Supplementary Material Table S1). 

4.3. REE and Trace Elements Content 

The REE patterns of apatite from the studied phosphorites, normalized to Post-Ar-

chean Australian Shale (PAAS [75]), are broadly similar and display flat to HREE-enriched 

trends, along with pronounced depletion in cerium (Ce) (Figure 5). In situ LA-ICP-MS 

analyses show that apatite from the Tropic Seamount is notably depleted in REEs com-

pared to PAAS, with total REE concentrations ranging from 5 to 12 ppm. In contrast, ap-

atite from the layered phosphorite at the Galicia Bank exhibits two distinct REE content 

ranges depending on the stratigraphic bed: ΣREE = 122–177 ppm in the lower bed and 

ΣREE = 843–1098 ppm in the upper bed. The upper bed also shows a slight enrichment in 

MREEs relative to the lower bed. Apatite from the Fe-Mn mineralized slab at the Galicia 

Bank displays REE concentrations similar to those of the upper bed (ΣREE = 411–1138 

ppm; Table 2). The highest REE contents are found in apatite from the Seine Seamount, 

with concentrations ranging from 1671 to 3226 ppm. Apatite from the Seine Seamount, 

finely intermixed with a Ti-rich Fe oxyhydroxide phase, shows significantly enriched in 

Ti (up to 1.6 wt%) and Fe (up to 11.6 wt%; Table 2). The relative REE enrichment in apa-

tite—highest in the Seine Seamount phosphorite, followed by the reworked phosphorite 

from the Galicia Bank, the lower bed of the layered phosphorite from the same site, and 

finally the Tropic Seamount phosphorite—is also reflected in the Raman spectroscopy 

data. Specifically, the relative intensity of the Nd-induced fluorescence emission peak var-

ies consistently with this trend (Figure 6). 
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Table 2. Selected LA-ICPMS analyses (in ppm) of apatite (normalization to Post-Archean Australian Shale [75]). 

   ppm    

Locality Sample Analysis Spot La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y Th Ti Fe ΣREE (La/Yb)N Ce/Ce * 

Tropic Sea-

mount 
JC142-061-016H 

JC142-061-016H-1 3 1.0 0.3 1.1 0.2 0.0 0.2 0.0 0.3 0.1 0.2 0.0 0.4 0.1 4 0.1 64 3014 6 0.6 0.23 

JC142-061-016H-3 4 1.6 0.6 2.1 0.4 0.1 0.5 0.1 0.5 0.1 0.4 0.1 0.5 0.1 6 0.2 25 1091 10 0.6 0.25 

JC142-061-016H-4 3 1.3 0.5 2.0 0.4 0.1 0.5 0.1 0.5 0.1 0.3 0.1 0.4 0.1 5 0.1 23 1063 9 0.6 0.23 

JC142-061-016H-5 3 1.2 0.4 1.5 0.3 0.1 0.4 0.0 0.4 0.1 0.3 0.1 0.4 0.1 4 0.1 16 778 8 0.5 0.24 

JC142-061-016H-6 2 0.9 0.3 1.2 0.2 0.0 0.3 0.0 0.3 0.0 0.2 0.0 0.3 0.0 3 0.1 19 1431 6 0.5 0.24 

JC142-061-016H-7 2 1.0 0.3 1.1 0.2 0.0 0.3 0.0 0.3 0.0 0.2 0.0 0.3 0.0 3 0.1 14 568 6 0.5 0.27 

JC142-061-016H-8 4 1.6 0.5 2.2 0.4 0.1 0.5 0.1 0.5 0.1 0.4 0.1 0.5 0.1 6 0.1 25 855 10 0.6 0.24 

JC142-061-016H-9 2 0.8 0.3 1.0 0.2 0.0 0.2 0.0 0.3 0.0 0.2 0.0 0.3 0.0 3 0.0 28 1022 5 0.5 0.26 

JC142-061-016H-10 3 1.6 0.5 2.2 0.4 0.1 0.5 0.1 0.5 0.1 0.3 0.1 0.4 0.1 5 0.1 28 735 10 0.6 0.27 

JC142-061-016H-11 4 1.9 0.6 2.4 0.5 0.1 0.6 0.1 0.6 0.1 0.4 0.1 0.5 0.1 7 0.2 46 1543 12 0.6 0.26 

JC142-061-016H-12 4 1.7 0.6 2.2 0.5 0.1 0.6 0.1 0.6 0.1 0.4 0.1 0.5 0.1 6 0.2 35 1212 11 0.6 0.25 

JC142-061-016H-13 3 1.5 0.4 1.8 0.3 0.1 0.4 0.0 0.4 0.1 0.3 0.1 0.4 0.1 5 0.1 26 796 9 0.6 0.26 

JC142-061-016H-14 3 1.3 0.4 1.5 0.3 0.0 0.3 0.0 0.4 0.1 0.3 0.1 0.4 0.1 4 0.1 37 1165 8 0.6 0.26 

Galicia Bank 

ARTABRIAII-36DRN 

(Upper bed) 

ArtabriaII-36DRN-1 402 20.1 70 300 61 16.7 77.8 11.2 72.1 17.2 51.5 6.6 39.2 6.3 747 1.0 201 2867 1081 0.8 0.03 

ArtabriaII-36DRN-2 405 20.3 70 306 61 16.8 78.4 11.4 75.0 18.1 53.6 6.9 41.0 6.7 775 0.7 227 2920 1098 0.7 0.03 

ArtabriaII-36DRN-3 358 17.7 64 262 51 14.3 66.5 9.7 64.1 15.4 45.7 6.0 36.3 5.9 670 0.5 185 2471 954 0.7 0.03 

ArtabriaII-36DRN-4 355 16.5 61 249 48 13.4 63.7 9.3 62.1 15.0 45.4 6.0 36.1 5.9 678 0.7 309 2717 925 0.7 0.03 

ArtabriaII-36DRN-5 337 16.2 55 219 41 11.4 54.7 8.0 54.8 13.8 42.8 5.7 34.5 5.8 641 0.8 235 2822 843 0.7 0.03 

ArtabriaII-36DRN-23 390 20.4 70 298 59 16.3 76.0 10.9 72.2 17.6 51.6 6.7 40.0 6.5 764 0.7 186 2662 1065 0.7 0.03 

ArtabriaII-36DRN-24 388 18.8 67 291 59 16.0 75.7 10.8 71.0 17.0 50.3 6.5 38.8 6.3 728 0.7 259 2750 1046 0.7 0.03 

ArtabriaII-36DRN-25 375 18.6 66 269 52 14.3 67.6 9.8 64.9 16.2 48.1 6.3 37.8 6.1 704 0.5 167 2657 987 0.7 0.03 

ARTABRIAII-36DRN 

(Lower bed) 

ArtabriaII-36DRN-8 94 10.6 7 26 4 1.1 6.9 1.1 9.2 3.0 10.9 1.7 11.8 2.1 199 0.6 191 2923 177 0.6 0.08 

ArtabriaII-36DRN-10 81 4.1 7 25 4 1.2 6.9 1.0 7.6 2.2 7.6 1.1 7.2 1.3 139 0.4 73 2134 148 0.8 0.04 

ArtabriaII-36DRN-11 84 3.6 7 27 4 1.2 7.3 1.1 8.1 2.3 8.0 1.1 7.6 1.4 146 0.3 90 2810 154 0.8 0.03 

ArtabriaII-36DRN-12 80 3.6 6 25 4 1.1 6.5 1.0 7.5 2.2 7.2 1.0 7.0 1.3 134 0.3 79 1795 144 0.8 0.03 

ArtabriaII-36DRN-13 81 3.6 6 24 4 1.1 6.6 1.0 7.4 2.1 7.2 1.0 6.8 1.2 132 0.3 78 2051 143 0.9 0.03 

ArtabriaII-36DRN-14 70 3.1 5 21 3 0.9 5.6 0.8 6.3 1.8 6.1 0.9 5.5 1.0 111 0.3 67 1478 124 0.9 0.03 

ArtabriaII-36DRN-15 70 2.9 5 20 3 1.0 5.4 0.8 6.2 1.7 5.9 0.8 5.4 1.0 110 0.3 74 1353 122 1.0 0.03 

ARTABRIAII-81DRR 

ArtabriaII-81DDR-1 352 17.5 61 253 49 13.5 63.4 9.2 60.8 15.2 45.1 5.9 35.5 5.8 660 0.5 156 2492 949 0.7 0.03 

ArtabriaII-81DDR-2 335 65.6 52 211 41 11.5 56.0 8.2 57.0 14.6 46.8 6.3 37.5 6.4 665 2.5 674 56,093 650 0.7 0.11 

ArtabriaII-81DDR-3 244 44.5 34 133 23 7.0 35.1 5.4 38.7 10.6 33.9 4.8 30.2 5.2 468 0.7 109 14,578 757 0.6 0.11 

ArtabriaII-81DDR-4 269 60.6 40 158 31 8.7 43.7 6.6 46.9 12.1 38.0 5.3 32.6 5.3 530 1.2 167 14,292 411 0.6 0.13 

ArtabriaII-81DDR-5 172 19.2 19 78 14 3.9 21.6 3.2 24.1 6.6 22.1 3.0 19.5 3.5 338 0.8 325 44,418 573 0.7 0.07 

ArtabriaII-81DDR-6 217 43.3 28 112 21 6.0 31.1 4.6 34.6 9.2 31.0 4.3 27.4 4.8 427 0.9 154 26,755 610 0.6 0.12 

ArtabriaII-81DDR-7 222 51.5 31 122 23 6.7 34.0 5.2 36.6 9.7 31.0 4.4 28.1 4.9 449 0.6 228 2299 681 0.6 0.14 

ArtabriaII-81DDR-8 237 71.8 35 142 26 7.4 37.7 5.4 38.9 10.3 31.8 4.5 28.2 4.8 460 2.0 321 3023 552 0.6 0.18 

ArtabriaII-81DDR-9 211 50.6 27 104 19 5.5 28.6 4.3 32.0 8.6 27.7 3.8 25.8 4.4 405 0.7 327 4233 576 0.6 0.15 
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ArtabriaII-81DDR-10 204 64.4 30 115 22 6.3 31.2 4.5 32.4 8.3 26.7 3.8 24.0 4.3 405 0.7 178 2171 1132 0.6 0.19 

ArtabriaII-81DDR-11 351 102.4 69 282 56 14.9 69.1 10.1 65.8 15.5 46.4 6.1 37.6 6.2 610 4.9 75 7340 721 0.7 0.15 

ArtabriaII-81DDR-12 250 67.2 38 149 29 8.1 43.0 6.3 44.2 11.3 35.0 4.7 30.0 5.1 520 0.9 220 2044 492 0.6 0.16 

ArtabriaII-81DDR-13 187 33.3 25 97 18 5.2 27.5 4.1 30.3 8.1 26.1 3.6 23.0 3.9 380 0.4 73 13,872 447 0.6 0.11 

ArtabriaII-81DDR-14 183 19.8 22 87 15 4.5 24.1 3.7 27.2 7.3 23.8 3.4 22.2 3.8 352 0.5 117 17,930 726 0.6 0.07 

ArtabriaII-81DDR-15 275 43.9 38 149 28 8.1 41.6 6.3 45.0 11.5 36.7 5.1 32.7 5.5 543 0.6 178 26,431 725 0.6 0.10 

ArtabriaII-81DDR-16 267 45.9 38 154 28 8.2 42.3 6.3 45.1 11.7 36.7 5.0 31.7 5.4 512 0.7 148 14,045 378 0.6 0.10 

ArtabriaII-81DDR-19 197 19.8 14 52 7 2.2 13.9 2.1 17.6 5.8 20.3 3.0 20.0 3.6 363 1.3 231 34,016 316 0.7 0.10 

ArtabriaII-81DDR-21 161 14.0 12 46 7 2.1 13.0 2.0 15.5 4.7 16.8 2.5 16.5 2.8 289 1.1 55 15,935 1138 0.8 0.04 

ArtabriaII-81DDR-22 475 24.9 60 248 42 11.8 63.7 9.6 68.4 18.3 55.8 7.4 45.7 7.6 777 0.3 53 7838 1007 0.8 0.03 

ArtabriaII-81DDR-23 426 19.7 55 213 34 9.9 55.4 8.4 62.1 16.4 50.1 6.9 42.7 7.3 709 0.4 58 5409 883 0.7 0.03 

ArtabriaII-81DDR-24 378 21.4 47 187 31 9.1 49.1 7.2 50.9 13.3 42.0 5.8 35.3 5.8 619 0.6 168 23,443 469 0.8 0.04 

ArtabriaII-81DDR-25 210 8.8 25 94 15 4.4 24.9 3.8 27.5 7.2 23.0 3.2 20.2 3.3 335 0.4 41 6385 1087 0.8 0.03 

ArtabriaII-81DDR-26 428 40.3 61 253 45 12.6 64.5 9.4 62.2 15.1 46.0 6.0 37.1 5.8 675 0.2 133 61,790 877 0.9 0.06 

Seine Sea-

mount (Ma-

deira) 

3521-6 

3521-6 821 291.2 172 559 107 35.8 107.6 16.3 100.2 22.4 64.4 8.5 51.8 8.4 769 18.0 8115 52,722 2572 1.2 0.18 

3521-7 795 238.4 158 503 95 31.4 92.5 13.7 81.7 17.8 52.9 7.2 43.2 6.8 614 17.4 7723 49,661 2323 1.4 0.15 

3521-8 871 317.0 206 693 138 44.2 135.6 20.1 129.0 28.6 83.1 10.8 65.7 10.5 975 17.1 9075 66,383 2992 1.0 0.17 

3521-13 938 291.3 187 711 159 47.9 184.6 28.1 173.4 39.0 105.9 13.4 77.7 12.0 1227 35.3 9804 99,695 3226 0.9 0.16 

3521-16 747 290.6 127 539 99 30.5 110.6 16.4 104.8 23.8 68.1 8.7 52.4 8.2 795 15.9 15,026 115,789 2419 1.1 0.22 

3521-11 666 328.0 119 399 73 24.2 72.4 10.3 64.4 13.8 38.3 5.0 29.7 4.7 465 16.2 11,933 84,985 2009 1.7 0.27 

3521-12 603 257.3 107 387 66 21.6 66.4 9.7 59.1 13.5 39.1 5.0 29.4 4.7 462 13.2 11,924 80,190 1814 1.5 0.23 

3521-14 644 242.6 112 407 84 26.5 97.2 14.7 94.1 21.5 59.6 8.1 45.2 7.1 693 16.7 9443 58,392 2026 1.1 0.21 

3521-15 672 243.4 116 459 88 26.6 100.6 15.2 97.5 22.9 63.9 8.4 48.1 7.6 715 13.9 13,087 79,436 2140 1.0 0.20 

3521-17 486 314.1 89 332 61 18.8 67.7 9.8 62.1 14.4 41.3 5.3 31.5 4.9 503 12.2 15,581 91,275 1671 1.1 0.35 
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Figure 5. REE patterns of apatite in different investigated phosphorites (LA-ICPMS analyses). REE 

patterns are normalized to Post-Archean Australian Shale (PAAS [75]). 

 

Figure 6. Representative Raman spectra of apatite converted to wavelength of the deep-sea phos-

phorites. These spectra highlight the relative enrichment in REEs of the phosphorites. 

The intensity of Ce anomalies varies among the study sites. The strongest negative 

Ce anomalies are observed in the Galicia Bank samples, ranging from 0.03 to 0.08 in the 

layered phosphorites and from 0.03 to 0.19 in the Fe-Mn impregnated reworked slab. In 

comparison, Ce anomalies in the Seine and Tropic Seamount phosphorites are less pro-

nounced, ranging from 0.15 to 0.35 and 0.23 to 0.27, respectively. 

LIBS imaging of the layered phosphorite from the Galicia Bank (Figure 7) reveals the 

spatial distribution and relative enrichment of several CRM, including P, Y (as a proxy for 

REEs), F, and Li. The color intensity indicates that the upper bed is more enriched in Li 
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and Y than the lower bed, in positive correlation with REEs, a pattern corroborated by LA-

ICP-MS data (Figure 7). 

 

Figure 7. Selected LIBS maps (P, Li, CaF, and Y) of the layered phosphorite from the Galicia Bank 

(sample 36DNR). Lithium and yttrium La-ICPMS analyses are reported. 

4.4. Isotope Data 

The oxygen (O) and strontium (Sr) isotopic compositions of apatite are illustrated in 

Figure 8. The δ18O values show variability not only between different samples within the 

same geological zone but also within individual samples. In the reworked phosphorite 

from the Seine Seamount (sample 3521-6), two distinct ranges of δ18O values are observed: 

18.4–21.5‰ in regions where apatite is dominant and 11.5–17.6‰ where apatite is finely 

intermingled with Ti-rich Fe oxyhydroxides. It is noticeable that in these regions the apa-

tite itself is highly Fe-enriched, with FeO content up to 9.49 wt% and CaO content down 

to 42.44 wt%. Given the cryptocrystalline character of sedimentary carbonate fluorapatite 

and the close spatial association with Fe–Mn mineralization, part of the measured Fe may 

originate from finely disseminated Fe oxyhydroxides, submicrometric inclusions or 

mixed phosphatic–Fe assemblages rather than direct structural incorporation into the ap-

atite lattice. In the absence of any Fe-rich apatite reference material, we cannot quantify 

the matrix effect associated with this chemical composition change and keep out of the 

discussion the δ18O values measured on these Fe rich apatite. For the layered phosphorite 

from the Galicia Bank (sample ARTABRIA II-36DRN), δ18O values differ between beds: 

the upper bed ranges from 21.3 to 21.9‰, while the lower bed exhibits values between 

19.0 and 20.2‰. In the Fe-Mn mineralized slab (sample ARTABRIA II-81DRR), apatite 

displays δ18O values that are similar to or slightly lower than those of the upper bed of the 

layered phosphorite, falling within 20.4–21.9‰. Apatite from the Tropic Seamount (sam-

ple JC142-061-016H) shows δ18O values ranging from 19.7 to 22.5‰. 
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Figure 8. Correlation between in situ 87Sr/86Sr(i) (LA-ICPMS analyses) and 18O (SIMS analyses) for 

apatite from phosphorites of the Galicia bank, Seine Seamount and Tropic Seamount. The fields 

given for comparison represent d18O data on marine phosphatic material (phosphorites, marine fos-

sils, fish teeth, etc.) correlated with seawater Sr isotopic signature of the same age. The represented 

fields are the Upper Cretaceous [71,76,77], Paleocene–Eocene [71,78–81], Oligocene [71,78,80], 

Lower Miocene [78,82] and Middle–Upper Miocene [71,78,80,83] Further discussion of the complex-

ity and ages of phosphatization events across the different study sites is provided in the text. 

The initial 87Sr/86Sr ratios Sr(i) of apatite were calculated based on the most probable 

age of formation (see Table S3 in the Supplementary Material S1). Similar to oxygen iso-

topes, Sr(i) values vary within single formations and even within individual samples. In 

the Seine Seamount phosphorite (3521-06), Sr(i) ranges from 0.7061 to 0.7068 for nearly 

pure apatite and from 0.7065 to 0.7085 when apatite is intimately mixed with Ti-Fe oxides. 

In the layered phosphorite from the Galicia Bank (ARTABRIA II-36DRN), Sr(i) varies by 

bed: apatite in the lower bed is less radiogenic, with values between 0.7074 and 0.7077, 

while the upper bed ranges from 0.7076 to 0.7079. The Mn-Fe mineralized slab (ARTA-

BRIA II-81DRR) shows higher radiogenic Sr(i) values, ranging from 0.7081 to 0.7089. Fi-

nally, apatite from the Tropic Seamount (JC142-061-016H) has initial 87Sr/86Sr ratios be-

tween 0.7079 and 0.7082. 
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5. Discussion 

5.1. Genesis of the Phosphorites Based on REY 

Three phosphorite types are identified: (i) stratified or massive phosphatized car-

bonates from the Galicia Bank, the latter being impregnated by Fe-Mn oxyhydroxides; (ii) 

slab-like phosphorites from the Tropic Seamount, also with Fe-Mn oxyhydroxide impreg-

nations; and (iii) reworked brecciated phosphorites from the Seine Seamount, often asso-

ciated with Fe-Ti phases, reflecting variable degrees of phosphatization and brecciation. 

The composition of apatite is highly variable, marked by substitutions (notably CO32−), 

local enrichments in Fe and Si, and significant F and SO3 contents, reflecting contrasting 

formation and alteration conditions. The observed Ca2+ deficit in apatite may be related to 

elements that were not analyzed or more likely to coupled substitutions within the apatite 

structure that generate vacancies at the Ca2+ site [84] (Supplementary Material Table S1). 

The shape of the REE patterns in apatite from the studied phosphorites is typical of 

those observed in sedimentary phosphorites, which often reflect the geochemical signa-

ture of open-ocean cold seawater [6,28,85,86]. These similarities are even more pro-

nounced when compared to the REE signature of porewaters at the sediment–bottom wa-

ter interface, which are believed to develop under suboxic conditions [29]. This supports 

the hypothesis that phosphate mineralization is primarily a post-oxic process occurring 

under fluctuating redox conditions, as proposed by Jarvis [39]. The influence of oxygen-

ated seawater on sediments where apatite formed is evidenced by the consistent presence 

of a negative Ce anomaly. This strong negative Ce and positive Y and Gd anomalies (Figure 

5) support the derivation of REEs, Y and phosphates from seawater. The magnitude of the 

Ce anomaly depletion varies, indicating differences in oxidation conditions across the 

studied sites and even within a single site. The pronounced negative Ce anomalies rec-

orded in apatite mainly reflect inheritance of the oxidized seawater REE signature existing 

prior to phosphogenesis, rather than direct Ce fractionation during apatite precipitation 

[85,87]. Consequently, apatite first preserves a seawater-derived REE fingerprint acquired 

during phosphogenesis. Nevertheless, significant variations occur between Galicia Bank, 

Tropic and Seine Seamount phosphorites. This indicates that Ce behavior was influenced 

by temporal changes in seawater composition, regional oceanographic settings and local 

redox conditions. Subsequent interactions with porewaters and post-depositional pro-

cesses related to Fe–Mn mineralization may also have contributed to partial modification 

or redistribution of the original REE signal, of which the Ce is an anomaly. 

The two apatite-rich layers within the layered phosphorites of the Galicia Bank dis-

play distinct REE enrichments, suggesting slight differences in fluid composition or con-

ditions during phosphogenesis. The lower bed shows evidence of a hydrogenous (directly 

derived from seawater) REE source, with Y/Ho ratios around 60 (Figure 9A,B), close to 

the seawater signature (Figure 9A–C) [88]. In contrast, the upper bed reflects the influence 

of a “third” component (likely chemically modified porewater; Figure 9A; [29]). This 

“third” component is interpreted as a non-detrital source, based on several geochemical 

features, including low Th contents, Y/Ho ratios exceeding those typical of siliciclastic de-

trital material (~25–30 [88]), and high ΣREE/Th values. Such characteristics suggest rela-

tive enrichment in REE compared to Th during diagenetic redistribution processes [29]. 

Nonetheless, it is unlikely to be purely hydrogenous due to its relatively lower Y/Ho ratio 

(~40; Figure 9A,B) compared to seawater (at ~60 [88]) and higher middle REE (MREE) 

enrichment, as indicated by Sm/Yb ratios (Figure 9B). These REEs may have originated 

from porewaters influenced by a mix of Fe-Mn oxyhydroxides and phosphate (and possi-

bly a detrital contribution), a hypothesis supported by the overlap between the Mn-Fe 

concretion field and the primary REE component (Figure 9A). 
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Figure 9. Discrimination diagrams based on LA-ICPMS analyses of the investigated phosphorites. 

(A) Y/Ho vs. REE/Th ratios (modern seawater and detrital components [88]). (B) Y/Ho vs. Sm/Y 

ratios (modern seawater and hydrothermal Fe-Mn crusts after [89]). (C) NdN–GdN–YbN ternary dia-

gram of REE signatures (normalised to the North American shale composite [90]). The fields repre-

sented are: oxic–suboxic and anoxic pore water [91] as well as sulfidic and methanogenic zones [92]. 

The data of the Porto Santo basaltic rocks [93] are presented for comparison. 

Apatite from the Tropic Seamount phosphorite plots along a trend in the binary and 

ternary diagrams of Figure 9, with one end-member resembling seawater and the other 

aligning with phosphorites altered by Mn–Fe oxides. This could suggest that the phos-

phorite was modified, at least partially, by secondary impregnation. Alternatively, this 

signature may reflect the presence of pre-existing Fe–Mn oxides in parts of the phospho-

rite, which subsequently left a geochemical imprint. 

A remaining question regarding the Tropic Seamount phosphorite concerns the tim-

ing and succession of phosphatization events relative to Fe–Mn crust formation. Previous 

studies on Mn–Fe oxides and phosphorites [21,22,55] indicate a succession of phosphati-

zation and Fe–Mn precipitation events from the Mesozoic to the present. Therefore, the 

sample investigated here likely represents only one stage within this multi-phase miner-

alization history at the Tropic Seamount. 

In contrast to the other phosphorites, apatite from the Seine Seamount plots close to 

the detrital/sedimentary field (Figure 9A,C) and the compositional field of the mafic rocks 

from Porto Santo. Further discussion is provided in the following section. Overall, the 

phosphorites studied show evidence of a mixed influence from hydrogenous, detrital, and 

“third” component sources. 
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5.2. Further Insights into Element Sources and Age Discussion Based on O and Sr Isotopes 

The oxygen and strontium isotopic compositions of ancient apatite are generally con-

sidered reliable proxies for the isotopic composition of seawater at the time of phospho-

genesis [27,80,94–96]. Post-depositional modifications of apatite—such as diagenesis, 

weathering, or interaction with hydrothermal fluids—can often be identified by devia-

tions from the expected seawater isotopic signatures of the corresponding age [27,33–

35,97]. Oxygen isotopes are especially sensitive to temperature-dependent exchange pro-

cesses and fluid circulation, whereas Sr isotopes may reflect interaction with porewaters, 

externally derived fluids, or basement-related inputs. Therefore, part of the isotopic vari-

ability observed in the phosphorites may result from post-depositional overprinting pro-

cesses, including diagenesis, weathering and/or hydrothermal alteration, rather than 

solely recording primary seawater compositions. At the Tropic Seamount, phosphatiza-

tion is inferred to have occurred as early as the Upper Cretaceous for the oldest phospho-

rite crusts (phosphatization of previous carbonates), with a major event during the Early 

Eocene and another episode in the Early Miocene [22,47]. Sr isotopic data overlap with the 

isotopic range of Paleocene–Eocene seawater (Figure 8). Additionally, much of the oxygen 

isotope data fall within the range expected for seawater at the time of phosphogenesis. 

One might suggest that the shift in Sr isotope composition is due to partial modification 

of the phosphorite by Mn-Fe oxide impregnation (as proposed in Section 5.1). However, 

all analyses—even those preserving a seawater-like signature (Figure 9A–C)—fall within 

the isotopic range of Palaeocene–Eocene seawater. These findings suggest that these phos-

phorites most likely formed during the major phosphogenic episode around 38 Ma, as 

previously proposed [22]. Alternatively, the transition from warm to cold circum-Antarc-

tic circulation during the Eocene [22] may have overprinted an earlier phosphorite gener-

ation (possibly Cretaceous in age) at the Tropic Seamount during subsequent diagenetic 

processes. Whichever hypothesis is favored, it is important to emphasize that this finding, 

which is based on a limited number of samples, does not preclude the occurrence of mul-

tiple phosphatization events spanning a wide time interval, from the Cretaceous—poten-

tially related to Tethyan margins and oceanic gateways—to the Miocene, associated with 

intensified upwelling on Atlantic seamounts. Evidence from the Tropic Seamount illus-

trates the polyphase nature of phosphogenesis, as textural overprinting and replacement 

relationships with Fe–Mn crusts, stratigraphic discontinuities, and distinct geochemical 

signatures reflecting successive episodes of formation controlled by evolving redox con-

ditions and oceanographic changes [21,22,45,53,55,98]. 

For the Galicia Bank, the Sr isotope composition of the layered phosphorite (sample 

36DRN) is less radiogenic than that of Late Oligocene–Early Miocene seawater and in-

stead closely resembles the composition of Upper Cretaceous seawater. This observation 

appears inconsistent with the hypothesis proposed previously [20], which suggests that 

phosphatization took place soon after (or is coeval with) carbonate sedimentation, dated 

between 24.9 and 17.8 Ma (Late Oligocene to Early Miocene). Two hypotheses may ac-

count for this discrepancy. First, this sample may represent an ancient (Late Cretaceous) 

phosphorite crust from the Galicia Bank. This interpretation is plausible given that the 

Galicia Bank has been situated along the northeastern Atlantic margin since the very early 

stages of ocean opening in this region. Such ancient crusts, indicative of an earlier phos-

phogenetic event, have also been identified on other seamounts, such as the Tropic Sea-

mount [22]. The formation of Upper Cretaceous phosphorites on the Galicia Bank aligns 

well with the major Cretaceous phosphogenic event documented globally [35,41]. This 

correlation suggests that the Galicia Bank was affected by the same large-scale oceano-

graphic and geochemical processes—such as upwelling and sediment condensation—that 

drove widespread phosphogenesis during this period. Alternatively, the shift toward 

lower Sr isotope compositions could be explained by the contribution of hydrothermal 
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fluids interacting with mafic rocks, which typically exhibit low 87Sr/86Sr ratios (~0.7030 

[99,100]). This scenario would be plausible only if the age of the investigated phosphorite 

(sample 36DRN) is also Late Oligocene to Early Miocene (considering a similar age for 

pristine calcite included in the phosphorite [20]. This is unlikely according to [20]. 

Irrespective of which hypothesis is favored, the observed shift in isotope values and 

trace element contents between the two P-rich layers of the layered phosphorites would 

suggest a change in depositional chemistry (as evidenced in Figure 9C), supporting the 

idea of two distinct phosphogenetic events with contrasted REE sources (influence of pore 

water fluids or hydrothermal contribution). 

For the phosphorites of the Galicia Bank, the initial 87Sr/86Sr ratios of the phosphorite 

slab that is reworked and impregnated with Mn-Fe crusts are significantly more radio-

genic than those of contemporaneous Late Oligocene–Early Miocene seawater (Figure 8). 

This shift toward higher 87Sr/86Sr values likely reflects the involvement of younger sea-

water, postdating the primary phosphorite formation, and possibly coinciding with the 

development of the Fe-Mn oxides surrounding the slab. In the δ18O vs. 87Sr/86Sr diagram 

(Figure 8), these isotopic values align well with those of Middle to Upper Miocene phos-

phates. This suggests that the Fe-Mn crusts may have formed during the Middle–Upper 

Miocene, potentially in association with a hydrothermal system. Such a system could have 

been driven by geothermal activity and geochemically influenced by the granodioritic to 

granitic basement rocks underlying the Galicia Bank. This interaction with radiogenic 

crust could account for the elevated 87Sr/86Sr values, as also proposed previously [20]. Part 

of the isotopic variability observed in the studied phosphorites from the Galicia Bank re-

flects later diagenetic overprinting. The coupled shift in δ18O and 87Sr/86Sr values suggests 

superimposed modification processes affecting both isotopic systems and could support 

a multi-stage evolution involving initial phosphogenesis (and primary seawater signa-

ture), followed by early diagenetic modification and later Fe–Mn overprinting associated 

with fluid circulation. Interaction with basement-derived fluids, previously proposed for 

the Galicia Bank [20], may have contributed to the radiogenic Sr enrichment, whereas ox-

ygen isotope variations may additionally reflect temperature-dependent exchange during 

late-stage alteration. 

The phosphorite from the Seine Seamount is notably characterized by a Sr isotope 

composition that is significantly less radiogenic than that of contemporaneous seawater 

associated with the main phosphogenetic events during the Eocene and Upper Miocene 

[45], despite overlapping δ18O values in samples most enriched in apatite. A plausible ex-

planation for this less radiogenic signature is a volcanic contribution, as volcanic sources 

typically exhibit low 87Sr/86Sr ratios. Support for this volcanic input is provided by the 

presence of tiny Mg-rich laths within brecciated phosphorite, suggesting the incorpora-

tion of volcanic ash into the breccia. Notably, a major phase of explosive basaltic volcan-

ism occurred on the island of Porto Santo—located about 150 km from the Seine Sea-

mount—during the Middle Miocene (14–11 Ma [50]). Porto Santo’s geological sequence 

includes trachytic flows and hyaloclastites overlain by submarine to subaerial basaltic-

hawaiitic rocks [101]. These volcanic rocks are marked by low initial 87Sr/86Sr ratios 

(0.70281–0.70295) and are enriched in Ti (up to 3.72 wt% TiO2 [92]). This volcanic input 

could account for both the low radiogenic Sr isotopic signature and the elevated Ti content 

in the Seine Seamount phosphorite. This hypothesis is further supported by the discrimi-

nation diagrams shown in Figure 9, where the phosphorites from the Seine Seamount plot 

near the field defined by the mafic rocks of Porto Santo. This interpretation implies a Mid-

dle Miocene age for the phosphorite, rather than an Eocene or Upper Miocene age. 

The isotopic results and comparison with previous chronological constraints indicate 

that the investigated phosphorites record several phosphogenic stages rather than a single 

mineralization event, reflecting regionally distinct episodes of phosphogenesis and 
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subsequent overprinting processes. The oldest mineralization is represented by the Late 

Cretaceous phosphorites preserved at the Tropic Seamount, where U–Pb ages obtained on 

phosphatized carbonate substrates indicate an age of ~84 Ma [22]. This period corresponds 

to globally widespread phosphate accumulation associated with high sea level conditions, 

expanded epicontinental seas and enhanced upwelling activity recognized in many Tethyan 

and Atlantic domains [35,41,42]. A similarly complex history is recorded at Galicia Bank, 

where phosphatization affected pre-existing carbonate substrates that may locally preserve 

Late Cretaceous to early Cenozoic depositional records [20]. More specifically, some phos-

phorites from the Galicia Bank are interpreted as mineralization episodes related to Late 

Oligocene–Early Miocene phosphatization. Their isotopic compositions, together with pre-

vious studies, indicate later modification processes involving Fe–Mn impregnation and in-

teraction with external fluids. The radiogenic Sr signatures and displacement from the sea-

water evolution trend suggest that hydrothermal fluids derived from leaching of the Var-

iscan granitic basement may have contributed to secondary alteration [20]. Phosphorite for-

mation at the Galicia Bank and the Seine Seamount during the Early to Middle Miocene 

aligns with periods of intensified upwelling, similar to that observed in the equatorial At-

lantic. For instance, 87Sr/86Sr ratios from phosphorites on the Carter and Hirondelle Sea-

mounts (eastern equatorial Atlantic, between 6°N and 9°N) indicate phosphatization of 

Middle Eocene reef limestones occurred between 16 and 23 Ma [102]. 

5.3. Genetic Relationships Between Phosphogenesis and Fe–Mn Mineralization and REY Enrichment 

The close spatial and temporal association between phosphorites and Fe–Mn depos-

its suggests that phosphogenesis and Fe–Mn mineralization are genetically intercon-

nected processes rather than independent events. Phosphatization represents a major sec-

ondary process affecting both hydrogenetic and diagenetic Fe–Mn deposits and consti-

tutes an important mechanism for REY and CRM enrichment [21,53,103–105]. Hydroge-

netic Fe–Mn oxyhydroxides act as highly efficient scavengers of dissolved trace elements, 

particularly beneath the oxygen minimum zone (OMZ). Their high specific surface area 

and strong adsorption capacity enable the effective removal of REYs and phosphorus 

from seawater [21,24,26]. 

During phosphatization, redox-driven dissolution of Mn oxides and partial destabi-

lization of Fe phases may release phosphorus into pore waters, thereby promoting authi-

genic carbonate fluorapatite precipitation and inducing redistribution of REYs between 

phosphatic and oxide reservoirs [106,107]. These processes likely develop under less oxic 

conditions than those prevailing during primary hydrogenetic crust growth and com-

monly result in dissolution–recrystallisation textures and epigenetic carbonate fluorapat-

ite impregnation [103,104]. Consequently, phosphogenesis may locally represent a sec-

ondary overprint affecting pre-existing Fe–Mn mineralization rather than a strictly syn-

chronous process. 

Comparable relationships have been documented in several Atlantic domains. At the 

Galicia Bank, phosphorite hardgrounds, Mn impregnation layers, Co-rich nodules and 

hydrogenetic Fe–Mn crusts form a complex paragenetic sequence reflecting successive 

phosphatization episodes, hydrothermal inputs and later hydrogenetic growth stages [20]. 

Similarly, at Tropic Seamount, phosphatization episodes affecting pre-existing hydroge-

netic crusts resulted in carbonate fluorapatite accumulation and partial replacement of 

Fe–Mn oxides under suboxic conditions, significantly modifying the original Fe–Mn com-

position and associated geochemical signatures [21,23,53]. The major phosphatization 

event recognized at ~38 Ma further indicates that phosphogenesis may postdate the initial 

formation of hydrogenetic crusts and constitute a later diagenetic overprint [22]. In the 

Canary Island Seamount Province, the influx of Saharan dust, characterized by high Fe 

and relatively low P contents, enhances seawater fertilization and promotes the 

https://doi.org/10.3390/min16060661


Minerals 2026, 16, 661 21 of 28 
 

https://doi.org/10.3390/min16060661 

accumulation of Fe-rich hydrogenetic oxyhydroxides in ferromanganese crusts. The de-

velopment of these Fe- and P-enriched phases constitutes an important precursor to sub-

sequent phosphatization events, during which phosphate minerals partially replace the 

original Fe–Mn crusts [21,108]. 

5.4. Controls on CRM Enrichment and Implications for Resource Potential 

The investigated phosphorites display marked differences in other CRM enrichments 

(e.g., REYs, Co, Pt), indicating that phosphogenesis alone was not sufficient to generate 

economically significant concentrations. The highest REY concentrations occur in phos-

phorites spatially associated with Fe–Mn oxyhydroxides, suggesting that CRM enrich-

ment results from the interaction of several processes rather than from primary phospha-

tization alone. Hydrogenetic Fe–Mn phases act as efficient scavengers of REYs and other 

critical elements from seawater [24,26], whereas subsequent phosphatization and diage-

netic redistribution may transfer some of these elements, especially HREEs, into phos-

phatic phases [48]. Consequently, the strongest enrichments appear to be associated with 

multiphase mineralization histories involving phosphogenesis, Fe–Mn growth, phospha-

tization and later overprinting processes. 

In contrast, phosphorites formed under dominantly diagenetic conditions and char-

acterized by lesser Fe–Mn mineralization/impregnation generally display lower CRM 

concentrations despite locally elevated P contents [103]. This observation indicates that 

phosphorite abundance alone is not a reliable predictor of resource potential and that 

phosphorus enrichment does not necessarily imply significant CRM accumulation. 

The results further suggest that the most prospective deep-sea phosphorites are not 

necessarily the most phosphatic deposits but rather those combining phosphatization, hy-

drogenetic Fe–Mn mineralization and evidence for prolonged fluid interaction, repeated 

enrichment events or secondary redistribution processes. Their economic interest there-

fore probably resides less in phosphate tonnage alone than in the coexistence of phos-

phatic and Fe–Mn mineral systems capable of concentrating REYs and other critical ele-

ments. In this sense, the diagenetic replacement associated with phosphatization of pri-

mary hydrogenetic ferromanganese crusts is identified as a critical factor controlling the 

concentration and enrichment of Pt in these phosphatized deposits [26]. 

Despite locally elevated REY concentrations, deep-sea phosphorites associated with 

Fe–Mn mineralization remain relatively limited in volume compared with the giant shal-

low-marine phosphorite provinces developed during major phosphogenic episodes, such 

as those of West Sahara, Tunisia–Algeria and Egypt, which constitute some of the world’s 

largest phosphate resources. West Sahara phosphorites correspond to Upper Cretaceous–

Lower Eocene deposits and represent the largest sedimentary phosphate accumulation 

worldwide, formed in extensive marine environments dominated by phosphogenesis and 

early diagenetic concentration processes [10]. Tunisian and Algerian phosphorites belong 

to the Tethyan phosphogenic province and were deposited within Paleocene–Eocene ba-

sins surrounding the Kasserine topographic high, where REY concentrations may exceed 

1000 ppm and appear strongly controlled by depositional environments and redox condi-

tions [11]. Egyptian phosphorites formed during Campanian–Ypresian phosphogenic 

events along the southern Tethyan margin and are characterized by microbial mediation 

and carbonate fluorapatite precipitation [9]. 

In contrast, the Atlantic phosphorites investigated here occur as smaller deposits asso-

ciated with Fe–Mn mineralization on seamounts. Although their tonnage is likely more lim-

ited than that of giant Tethyan phosphorite provinces, they locally display comparable en-

richment mechanisms involving phosphogenesis, secondary redistribution and interaction 

with Fe–Mn oxyhydroxides. Recently, the GSEU consortium project estimated resources of 

approximately 14.9 million tons of phosphate rock and 6500 tons of REYs at the summit of 
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Tropic Seamount [36]. Consequently, the phosphorites investigated in this study should 

probably not be considered direct equivalents of large sedimentary phosphorite provinces 

but rather complementary phosphate-related CRM targets and valuable natural laboratories 

for understanding the mechanisms controlling marine REY enrichment. 

6. Conclusions and Prospects 

This study provides a detailed petrographic, geochemical, and isotopic characteriza-

tion of deep-sea phosphorites from the Galicia Bank, Madeira, and Canary seamounts, 

elucidating their formation history and CRM potential. The REE patterns, Ce anomalies, 

and Y/Ho ratios indicate that phosphogenesis occurred near the suboxic/oxic boundary, 

with contributions from seawater, modified porewaters, diagenesis, and, locally, volcanic 

(and possibly hydrothermal) sources. Layer-specific REE signatures within individual 

phosphorite bodies in the Galicia Bank phosphorite further reflect temporal and geochem-

ical heterogeneities during apatite precipitation. 

In situ O and Sr isotope analyses constrain the timing of phosphatization events from 

the Upper Cretaceous to the Miocene, which are connected to major phosphogenetic 

events related to upwelling. These data reveal both primary mineralization and subse-

quent overprints linked to Fe-Mn oxide formation (on the Tropic Seamount and the Gali-

cia Bank) or volcanic input (at the Seine Seamount). These isotopic systems effectively 

differentiate between syndepositional and post-depositional processes, supporting the in-

terpretation of multiphase phosphogenesis across the study area. 

The variability observed in REE distributions and Sr isotope compositions highlights 

the complex diagenetic and post-diagenetic processes influencing phosphorite–ferroman-

ganese systems. This complexity has direct implications for the CRM potential of these 

deposits. First, the phosphorites themselves constitute primary reservoirs of phosphorus 

and fluorine, and potentially of REYs, particularly in locations like the Galicia Bank and 

Seine Seamount—provided that resource estimates in the tens to hundreds of millions of 

tonnes can be substantiated. However, accurately estimating the scale of these resources 

remains a significant challenge. Second, these findings may be particularly relevant in en-

vironments where phosphatization affects the trace metal retention capacity of Mn-oxide 

phases. In such settings, the use of high-resolution imaging, trace element mapping, and 

in situ isotopic techniques is essential for reconstructing the history of phosphogenesis 

and for evaluating the economic viability of these deep-sea mineral systems. 
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