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Abstract

:

Late Pleistocene–Holocene rocks from the western part of Cocos-Nazca Spreading Centre (C-NSC) include ferromanganese crusts that elucidate the geochemistry and mineralogy of a deep-sea geological setting. Six representative Fe-Mn crust samples were studied using petrological methods, such as optical transmitted light microscopy, energy dispersive X-ray fluorescence spectrometry, inductively coupled plasma mass spectrometry, bulk X-ray diffraction, scanning electron microscopy and electron probe microanalysis. Geochemical, mineralogical and petrological signatures indicate complex formation influenced by mild hydrothermal processes. These crusts consist mostly of mixed birnessite, todorokite-buserite, and Mn-(Fe) vernadite with traces of diagenetic manganates (asbolane), Fe-oxides and oxyhydroxides or hydrothermally associated and relatively pure Mn-oxyhydroxides (manganite). The average Mn/Fe ratio is 2.7, which suggests predominant mixed hydrogenous-early diagenetic crusts with hydrothermal influences. The mean concentrations of three prospective metals (Ni, Cu and Co) are low: 0.17, 0.08 and 0.025 wt %, respectively. The total content of ΣREY is also low, and ranges from 81 to 741 mg/kg (mean 339 mg/kg). We interpret the complex geochemical and mineralogical data to reflect mixed origin of the crusts, initially related with formation of hydrothermal plume over the region. This process occurred during further interactions with seawater from which additional diagenetic and hydrogenetic elemental signatures were acquired.
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1. Introduction


Despite more than 40 years of research on marine ferromanganese (Fe-Mn) crusts, knowledge remains limited and new discoveries provide added geochemical and mineralogical data on formation mechanisms, from either Exclusive Economic Zones (EEZ) [1,2,3,4], or from waters outside national jurisdictions [5,6,7]. Recently, high-resolution analyses of critical minerals and elements have focused on crusts formation to distinguish hydrogenetic and diagenetic origins [8]. In addition, numerous studies have addressed the identification and distribution of critical metals, such as rare earth elements and yttrium (REY), cobalt or platinum in mineral phases [9,10,11]. Studies of crusts from the South China Sea, Western Pacific Ocean and Canary Island Seamount Province note that light REY are preferentially adsorbed onto δ-MnO2 (vernadite), while heavy REY are associated with amorphous Fe-oxides and hydroxides, mainly FeOOH. Several authors concentrate on growth rate estimation and crustal formation stages reconstruction [12,13], while others focus on mineral resource assessment at regional and local scales, with particular emphasis on critical elements (e.g., Co, Te, REY) [14,15]. The Be isotope age models indicate continuous growth from ocean substrate to surface at Takuyo-Daigo Seamount, NW Pacific, with a fairly constant growth rate of 2.3–3.5 mm/Myr during the past 17 Ma [13].



Marine Fe-Mn deposits are traditionally divided into three genetic classes: hydrogenetic, diagenetic and hydrothermal [16,17]. Additionally, mixed-signature crusts have been found [10]. Hydrogenetic Fe-Mn crusts form by precipitation from cold ambient bottom waters, or by a combination of hydrogenetic-hydrothermal input in areas of hydrothermal venting, such as oceanic spreading centres, volcanic arcs, and hotspot volcanoes [18]. Hydrogenetic Fe-Mn crusts contain subequal amounts of Fe and Mn, enriched in Co, Pb, Te, Bi, and Pt relative to concentrations in lithosphere and sea water [19]. These Fe-Mn crusts usually form at hard rock substrates throughout the oceanic basins, including flanks and summits of seamounts, ridges, plateaus, and abyssal hills, at depths between 400 and 7000 m where rocks have been swept clean of sediments at least intermittently for millions of years. In some instances, the Fe-Mn crusts form oxyhydroxide-rich pavements up to 250 mm thick (mean thickness varying within 2–4 cm), mostly on rock outcrops, or coatings on talus debris [20]. The thickest crusts occur in a depth interval of 800 to 2500 m and indicate high concentrations of critical metals [21]. Some studies set this depth in the anoxic zone at depths of about 1 to 1.5 km [22,23,24]. Crust nucleation is extremely slow, with mean growth rates of 1–5 mm/Myr. Mn-oxide hydrothermal crusts, sometimes called “stratabound”, precipitate directly from low temperature hydrothermal fluids, and usually grow significantly at a more rapid rate, even up to 1600–1800 mm/Myr [25].



A number of relatively thin Fe-Mn crusts were unexpectedly discovered and recovered during the April–May 2018 Cocos-Nazca cruise (R/V Sally Ride, Leg 1806), recovered in areas close to the regional spreading centre axis. A few samples were recognized as Fe-Mn crust.



The aim of this contribution is to provide detailed geochemical and mineralogical study of initial Fe-Mn crusts collected from the western portion of Cocos-Nazca Rift (C-NR), with analysis to determine their formation conditions. This is the first study of the Late Quaternary Fe-Mn crust from the western C-NSC.



1.1. Ferromanganese Crust Occurrences in the Cocos-Nazca Ridge


The Galapagos Spreading Center (GSC) located east of the Cocos-Nazca (C-N) region, at approximately 98° W, extensively studied in 1970s and 80s, provide detailed geophysical and geochemical data of the eastern GSC flank [26]. Here, increased heat-flow and associated hydrothermal activity was discovered in a number of localities, especially near seafloor mounds [27,28,29]. Deep Sea Drilling Project (DSDP) Leg 70 provided Fe-Mn crusts with included encrustations of hydrothermal mounds and sedimentary sections [30,31,32]. These localities occur within a zone of high biological productivity associated with sedimentation processes [31]. Sediment thickness consists of foraminifer-nannofossil oozes interbedded with hydrothermally associated nontronite-rich pelagic and siliceous foraminifer-nannofossil oozes [33,34] that increase rapidly and regularly away from the spreading axis. In some cases, the uppermost sediment layer was covered by hydrothermal Fe-Mn crusts and metal-rich muds, especially within intensely oxidized greenish nontronite-rich association [31]. Based on magneto- and biostratigraphy, the hydrothermal activity in the eastern GSC started about 300 ka [35].



The Fe-Mn crusts recovered during Leg 70 consist of brownish-black, flat to saucer-shaped angular fragments, ranging from 10–40 mm width to 1–5 mm thickness. Surface textures were finely granular, though some samples showed botryoidal-concretionary growth patterns [31]. Several fragments were brittle, with freshly broken pieces showing in cross-section dense metallic luster, locally micro-laminated and ubiquitously covered with a thin (<2 mm) coating of soft and porous black Mn-oxides. X-ray diffraction analyses indicated the presence of intermixed todorokite-buserite and birnessite, with lesser unidentified amorphous Fe-Mn phases. Varentsov et al. [36] suggested that the Leg 70 crusts formed in a less oxidized environment, possibly the result of growth at a slightly subsurface level or influenced by discharged hydrothermal plume solutions. Additionally, admixtures of dioctahedral Fe-rich smectite (nontronite), Fe-mica (celadonite), quartz, feldspars, zeolites (phillipsite), calcite, goethite and halite were observed. U-Pb dating estimated that the Fe-Mn crusts formed on mound tops at about 20–60 ka [37].



Moore and Vogt [38] first studied C-N hydrothermal and hydrothermally altered hydrogenetic manganese crusts and described 2–6 cm thick intervals from two sites near the Galapagos spreading axis. Those samples were characterized by low Fe/Mn and 232Th/238U ratios, as well as deposition rates several orders of magnitude faster than more common hydrogenetic nodules, with estimated age of these crusts given as 2400 to 300 ka [38]. A few hydrothermal and mixed hydrothermal-hydrogenetic crusts were discovered around hydrothermal vents in the eastern part of GSC during the GARIMAS project (Galapagos Rift Massive Sulphides) during the middle 1980s aboard the R/V Sonne. These samples were dominated mainly by Mn (up to 82% as MnO) and some were characterized by increased Fe content (45–55% as Fe2O3). These iron-rich samples were composed mainly of amorphic Fe-oxides, birnessite and clay minerals (mainly montmorillonite and illite) [39,40]. REE concentration in GARIMAS samples was low and ranged from 1.3–9.0 mg/kg. The samples described in this study are likely younger than previously described crusts, since the collection sites are west of C-NSC at a distance near (16 km) to the spreading axis.




1.2. Study Area


The Cocos-Nazca Spreading Center is located in the eastern equatorial Pacific Ocean (Figure 1). The C-N portion studied here consists of nine second-order ridge segments, marked s1 to s9 on Figure 1, which generally increase in length from west (s1; ~14 km) to east (s9; >50 km). Off-axis bathymetry indicates linear axis-parallel ridges with well-defined magnetic anomalies that show normal magmatic spreading [41]. The C-N axis is deepest near Hess Deep (~4100 m along s2) and progressively shoals eastwards to ~2700 m along s9 accompanied by an increase in segment spreading rate westwards. Smith and Schouten [42] suggested full-spreading rates of 16, 19, and 24 mm/yr for s1 to s3, respectively, and plate motion model NUVEL-1A [43] estimated full-spreading rate of 40 mm/yr for segments located further east. Recently obtained data show rifting progression related to formation of magmatic spreading center over the first three segments (s1–s3), which opened between Cocos and Galapagos at the current extremely slow rates of ~16–24 mm/yr. Segments s4–s9 occurred prior to 1.4 Ma in the faster-spreading regime (~40 mm/yr) [41]. The distribution of Bouguer mantle anomalies suggest that crustal thickness increased from west to east. Lonsdale [44] proposed the transition from tectonic to magmatic seafloor spreading to occur in vicinity of s2. Smith et al. [45] established that the axis orientations for s1, s2 and s3 differ from those located further to the east, with the transition from Cocos-Galapagos to Cocos-Nazca Spreading Center [42,45,46].



Prior to the 2018 research cruise aboard the R/V Sally Ride (SR1806), rock sampling in this area had been limited to eight dredges collected along ~350 km of the rift length [47,48,49], and ODP 147 (Sites 894–895) located in the Hess Deep and nearby Intrarift Ridge [50,51,52,53]. Before this contribution, the off-axis C-N abyssal hills were unsampled.



In a broader context, C-NR separates the Cocos Plate from the Nazca Plate and Galapagos Microplate (MP) (Figure 1). Traditionally, the location where C-N tip plates meet the East Pacific Rise (EPR) has been described as a ridge-ridge-ridge triple junction [54], however recent studies have shown that the rift tip terminates ~35 km east of EPR. The oceanic crust was fractured about ~0.5 Ma and shifted from EPR [42,44,55,56]. Transient rifts to the north (Incipient Rift, ~2°40′ N) and south (Dietz Volcanic Ridge, ~1°10′ N) of C-N form true ridge-ridge-ridge intersections with their adjacent EPR segments. Toward the east, the C-N merges into what is more commonly called the GSC. Westward propagation (~65 mm/yr [57]) of C-N has produced a V-shaped gore, the bounding faults of which mark the transition from the rough C-N topography to smoother terrain of EPR-generated Cocos and Nazca Plates (Figure 1). The Galapagos Spreading Center includes at least 12 active vent fields, however only five of these are confirmed with the remaining seven inferred [58,59].





2. Materials and Methods


2.1. Sample Collection and Data Processing


The Fe-Mn crust samples from C-NSC were collected during an April–May 2018 cruise abroad R/V Sally Ride (SR1806). The cruise aim was to perform geophysical surveys and dredge rock samples along the western C-NSC, with the overall goal to elucidate development of magmatic seafloor spreading near the Galapagos Triple Junction.



Dredge sites were selected based on bathymetric data acquired with the Kongsberg EM122 multibeam echosounder and logged by Kongsberg 123 SIS software (Seafloor Information System, v. 4.3.2; Kongsberg Maritime, Kongsberg, Norway). Dredge D18 was deployed (5 April 2018) off-axis, with start and end coordinates of 2°4.30′ N; 101°1.47′ W and 2°3.85′ N; 101°1.01′ W, respectively. Samples of Fe-Mn crusts were collected using rectangular rock dredge with total weight of collected samples at ~18 kg. The dredging depth ranged from 3193 to 2814 m and was performed ~20 km perpendicular to the spreading axis and south of segment 4. Five rock types were distinguished onboard: (i) volcanic breccia, (ii) olivine-rich basalt with Fe-Mn crusts, (iii) larger serpentinite breccia, (iv) smaller serpentinite breccia, and (v) basaltic rubble. D18 was the only dredge in which Fe-Mn crust was identified, and unlike other dredges collected during the cruise was visibly older, with an absence of glass and crusts of various thickness. Breccia clasts and basalts fragments were characterized by porphyritic textures with medium to fine grain size [60].




2.2. Methods


Rock pre-processing took place directly onboard. Samples were divided and shipped to the Institute of Marine and Environmental Sciences, University of Szczecin, Poland and to Geological Survey of Spain (The Instituto Geológico y Minero de España = IGME), Madrid, Spain. Selected crustal portions were pulverized in an agate mortar for energy dispersive X-ray fluorescence spectrometry (EDXRF), inductively coupled plasma mass spectrometry (ICP-MS) and X-ray diffraction (XRD). Other sections were prepared for analysis with scanning electron microscope (SEM), as well as electron probe microanalysis (EPMA). For this purpose, five grain mounts from each of four crust samples were cut, mounted in epoxy resin, and polished.



Major elements (Fe, Mn, Si, Al, Mg, K, Ca, Na, P and Ti) were determined by analysis of powdered and press-pelleted samples with a PANalytical Epsilon 3 EDXRF spectrometer (Royston, UK) at the Faculty of Chemical Technology and Engineering, West Pomeranian University of Technology, Szczecin, Poland following methods of [61]. The spectrometer was equipped with silicon drift detector and ceramic X-ray tube (50 kV, 9 W). Analysis was performed in helium atmosphere with a count time of three minutes per sample. Chemical element measurements were estimated by standardless Omnian software.



Minor and trace element concentrations to include rare earth elements and yttrium (REY) were determined following near-total digestion in a mixture of four acids (HNO3, HClO4, HF and HCl) with ICP-MS (ELAN 9000, PerkinElmer Instruments, Waltham, MA, USA) at the Bureau Veritas Commodities Canada Ltd. after [62]. The REY concentrations were normalized to Post-Archean Australian Shale (PAAS) [63]. The Ce anomaly was calculated from = 0.5LaSN + 0.5PrSN [64]. Light to heavy rare earth elements ratio (LREESN/HREESN) was calculated from = (LaSN + 2PrSN + NdSN)/(ErSN + TmSN + YbSN + LuSN) [65].



Back-scattered electron (BSE) images, X-ray compositional mapping, and quantitative analyses of mineral phases were obtained by a JEOL SuperProbe JXA-8230 electron probe microanalyzer (EPMA; JEOL, Tokyo, Japan) at the Laboratory of Critical Elements, AGH University of Science and Technology, Kraków, Poland. The operating conditions were accelerating voltage of 15 kV and probe current 20 nA, with 1 μm diameter beam was used for Fe-Mn oxides, while a 3–5 μm diameter beam was used for P-bearing minerals and aluminosilicates. Counting times of 20 s at the peak and 10 s against both positive (+) and negative (−) backgrounds were applied. Wavelength-Dispersive X-ray Spectroscopy X-ray compositional maps were developed using a 15 kV accelerating voltage, 20 nA beam current, 50 ms dwell time, 1 μm step size and focused beam. Data were corrected with the ZAF procedure (Z = atomic number correction; A = absorption correction; F = characteristic fluorescence correction). In total, 202 analytical spots from the 6 samples were registered: 176 for Mn-Fe oxyhydroxides and oxides, 17 for phyllosilicates and mixtures of clays and Mn-Fe oxyhydroxides, 9 for debris minerals.



Bulk mineralogy was studied with a PANalytical Empyrean diffractometer (Malvern PANalytical, Malvern, UK) at West Pomeranian University of Technology, Szczecin. Analytical settings were as follows: monochromatic CuK-α radiation at 35 kV and 30 mA, scans from 5–85° (2Θ), step size 0.02 (2Θ), application of wide-angle detector (PIXcel 3D, Malvern PANalytical, Malvern, UK). The XRD data were processed by Crystal Impact Match!3 software (Crystal Impact, Bonn, Germany) and crystallography open database (COD) database [66]. Due to the long time span between collection and analysis and free air exposition, some samples that contained birnessite might be partially transformed to buserite and todorokite [67]. For the proper XRD recognition of collapsed phyllomanganates. Before analysis, crust samples were dried for 24 h at 40 °C, then roasted at 105 °C for 24 h [8,68,69,70].



SEM images were obtained by a JEOL JSM 6335F (JEOL, Tokyo, Japan) with a cold (cathode) field-emission electron gun and performed on 8 selected crustal fragments. The SEM maximum resolution was 1.5 μm with 15 kV voltage and 4 mm working distance. The backscattered electron detector was used at 2 μm resolution and 8 mm working distance. Analyses were performed at Centro Nacional de Microscopía Electrónica,, Madrid, Spain. Fragments were selected both from the surface as well as internal layers of those crusts more than 0.2 cm thick: (i) subsamples from the SIO0000BP sample were recovered both from the surface as internal lamination; (ii) parts of sample SIO0000BQ were selected from internal layers, and (iii) from sample SIO00003U as fragments from surface and internal layers.



Mineral types were distinguished based on stoichiometry calculated from EPMA spot data as well as comparison with XRD and SEM images. Both methods indicated several specific features of analyzed minerals such as textural variability, crystal habit, impurities, or amount of indetermined compounds (“rest”). Chemical formulae of selected phases were taken from The Mineralogy Database [71].




2.3. Data Processing, Statistics and Basic Calculations


Basic statistical parameters as well as Pearson correlation coefficients and factor analysis (FA) were conducted with StatSoft Statistica v.8 (StatSoft, Inc., Tulsa, OK, USA). Discrimination and spider diagrams plotted with Grapher v.10 (Golden Software Inc., Golden, CO, USA). The variable cases for statistics were deleted pairwise, where a correlation between each variable pair is calculated where present. FA was performed for all analyzed samples with final factors expressed by normalized varimax rotation enabling to determine potential geological factors that affect crust formation processes.



The Co-chronometer was applied to estimate growth rate (GR) and age of analyzed Fe-Mn crusts [72]. GR was calculated for bulk samples with the equation: GR = 6.8 × 10−1/(Con)1.67 (mm/Myr), where: Con = Co × 50/Fe + Mn (all metal contents in wt %). This method is reliable for age estimation of young Fe-Mn crusts [20]; however, calculated GR should be considered a maximum as this does not include growth hiatuses. Additionally, we applied the “back stripping method” in conjunction with Co-chronometer data, for age estimation of sample SIO000D2 [73]. Total crust thickness and metal contents were measured directly using EPMA for each colloform group in the sample, then the age of each divided textural type was estimated.





3. Results


3.1. General Description and Morphology of Crusts


In total, six samples that included Fe-Mn encrustations were chosen for detailed mineralogical and geochemical analysis. These crusts were divided into three textural types according to macroscopic features (Table 1):




	
Non-laminated: Black basaltic substrate, the crust has a smooth botryoidal texture. This crust is fragile and loosely connected to the substrate (Figure 2a–c).



	
Layered: dark grey to brownish crust without substrate. These layered crusts show a submetallic luster and low hardness (Figure 2d,e).



	
Transitional: crust with botryoidal texture. Basalt substrate covered by a thick laminated dark grey crust, and partially thick black non-laminated crust (Figure 2f).








The samples do not show macroscopic traces of phosphatization or signs of thermal alteration. The substrate is usually intensely altered and displays the presence of thin brown-reddish layer of Fe-rich oxyhydroxides mixed with decomposed palagonite. Samples with substrate are generally Fe-richer than those without substrate, as reflected by the slightly reddish hue of crust forming minerals (Figure 2). Additionally, greenish-yellowish patches of Fe-rich clays were observed in the crust-substrate transition zone.




3.2. SEM Textural Description


The analyzed crusts show a large variety of Mn-(Fe) oxyhydroxide growth patterns. The oxyhydroxides are observed as isotropic, low reflectivity and low to no pleochroic micro-crystalline mosaics. SEM analyses indicate low crystallinity of Mn-(Fe) oxyhydroxides, display a micro-botryoidal surface texture as observed in samples SIO0000BP (Figure 3a) and SIO0000BQ. The Mn-(Fe) oxyhydroxides cover previously formed minerals, porosity walls or detrital minerals and bioclasts, especially abundant in sample SIO0000BQ. The bioclasts are fragmented coccoliths and foraminifers, with maximum size 100 µm, included in laminations. Mn-oxyhydroxides forming radial and globular micro-aggregates are observed in sample SIO00003U (Figure 3b) being integrated by acicular micro-crystals of nanometer dimensions with clay-like morphologies (Figure 3c). Sample SIO0000BQ shows filamentous structures of potential microbial growth. The filaments are elongated structures (>10 µm), with a small diameter (~1 µm) and appear commonly in isolated groups often being covered with Fe-Mn-rich oxyhydroxide precipitates (Figure 3d).




3.3. Bulk Analysis


3.3.1. Mineralogy (XRD)


According to comparison of 40 °C heated/105 °C roasted samples, crusts from the study area are composed mainly of ~7 Å phyllomanganates, dominated with birnessite (Na, Ca, K)x (Mn+4, Mn+3)2O4 × 1.5 (H2O), mainly Na-birnessite. The presence of a low amount of collapsed ~10 Å manganates (todorokite-buserite) was observed in samples SIO00003U and SIO0000BP. The relative presence of todorokite (Na, Ca, K)2 (Mn+4, Mn+3)6O12 × 3–4.5 (H2O) in both samples does not exceed a few percent, whereas collapsed buserite (double hydrated birnessite, e.g., Na4Mn14O27 × 21H2O, formally disapproved by the IMA International Mineralogical Association), or pure manganite MnOOH were observed only as traces. Sample roasting indicates a small decrease of ~9.7 Å, 3.58 Å and 3.20 Å reflections, and simultaneous increase of ~7.10 Å and 3.15 Å reflections. Additionally, some samples with collapsed phyllomanganates (SIO0000BP) show slight shift of both high reflections towards the low angles (e.g., 9.7 Å → 9.5 Å or 7.15 Å → 7.10 Å). Additionally, sample SIO0000BP indicated traces of clay minerals (potentially Fe-montmorillonite), which also collapsed during roasting (~11.8 Å). Sample SIO0000D2 is dominated by a low-crystalline vernadite (Mn+4, Fe+3, Ca, Na) (O, OH)2 × n (H2O) and does not show presence of any collapsed phyllomanganates. Sample SIO0000D1 indicates dominance of birnessite, with lower amount of vernadite.



Sample SIO0000BQ indicates birnessite domination, with a low amount of Fe-(Mn) vernadite, whereas sample SIO0000BT shows vernadite domination, traces of collapsing phyllomanganates (buserite) and hydrothermally associated manganite. Full results are shown in Table 2 and Figure 4.




3.3.2. Geochemistry of Major Elements (XRF)


The XRF data showed that Fe and Mn concentrations varied between 5.0–26.9 (mean 16.5 ± 4.1) and 15.0–44.1 (mean 26.6 ± 5.9) wt %, respectively. The average Mn/Fe ratio was 2.7. Crust samples showed Si, Al, Ca and Mg impurities with the mean concentrations of 3.22 ± 0.9, 0.58 ± 0.1, 1.34 ± 0.2 and 0.75 ± 0.1 wt %, respectively. The mean Si/Al ratio was 7.50. Further, the average concentration of alkali metals (Na and K) was low (0.79 ± 0.1 and 0.80 ± 0.2 wt %, respectively). Phosphorus and Ti contents were low (0.063 ± 0.3 and 0.14 ± 0.4 wt %, respectively) (Table 3).




3.3.3. Geochemistry of Minor and Trace Elements (ICP-MS)


Concentrations of the three most prospective metals (∑Cu + Ni + Co) were low and ranged from 0.19 to 0.32 wt % (Table 3), with an average of 0.27 wt %. Among these, Ni was dominant (mean 0.17 ± 0.01 wt %), with less Cu (0.08 ± 0.007 wt %) and Co (0.025 ± 0.007 wt %). All samples show high Zn contents ranging 512–961 mg/kg, with an average of 718 ± 94 mg/kg. Elevated concentrations of As and V were observed in two samples (SIO0000BT and SIO0000D2), with values of As 125 mg/kg, 188 mg/kg and V 532 mg/kg, 549 mg/kg, respectively. Thallium concentrations are also elevated in all samples with a mean of 60 ± 14 mg/kg.



In general, the Ba concentrations are low and vary from 397 to 1639 mg/kg, with an average of 997 ± 221 mg/kg. By contrast, Sr concentrations are lower (205–1146 mg/kg) and average 630 ± 194 mg/kg.



The total REY (∑REY) concentrations for all samples are low and range from 81 to 741 mg/kg (mean 339 mg/kg). The most abundant REY is La, which occurs with a mean concentration of only 77 ± 38 mg/kg. Elevated concentrations were also observed for Y (66 ± 26 mg/kg), Nd (58 ± 27 mg/kg) and Ce (45 ± 20 mg/kg). The studied crusts are characterized by visible negative Ce anomalies ranging 0.25–0.38 and weak positive Eu anomalies (Euan = 1.16–1.45), as well as negative Y anomalies (Figure 5). The PAAS-normalized spider diagrams indicate that samples show depleted LREE relative to HREE (0.34–0.57). Low values of LaSN/LuSN (0.37–0.62) confirm significant REE fractionation and MREE-HREE enrichment.



Broadly, studied crusts are characterized by low trace element concentrations. Te concentrations vary from 0.3 to 3.9 mg/kg (average 1.8 ± 1 mg/kg). Ga concentrations range from 3.7 to 14.1 mg/kg, with a mean of 9.1 ± 2 mg/kg. For most samples, the Mo concentration is low (average 276 ± 66 mg/kg), however two samples (SIO00003U and SIO0000D1) have moderate Mo concentrations (436 and 433 mg/kg respectively). The Th/U ratios vary from 0.12 to 0.65 with an average of 0.46. The mean contents of Th and U are 2.3 and 5.0 mg/kg, respectively.





3.4. Electron Probe Microanalysis


More than 200 point analyses were performed on four selected samples (SIO0000D1, SIO0000D2, SIO00003U, SIO0000BP). The EPMA shows the highest contents represented by Mn (mean 35.64 ± 8.83 wt %) and Fe (mean 11.49 ± 6.65 wt %) as elements that form the main mineralogy. Aluminum-silicates elements show variable contents (0.35 ± 0.22 wt % Al and 2.99 ± 2.30 wt % Si) depending on sample surface area (substrate/oxyhydroxides). Trace elements Ni, Cu and Co show average values 0.45 ± 0.46, 0.15 ± 0.12, and 0.05 ± 0.03 wt %, respectively. In addition are also observed, Ba, Zn, Pb and As values (average 0.11 ± 0.05 wt %, 0.10 ± 0.05 wt %, 0.02 ± 0.01 wt % and 0.06 ± 0.02 wt %, respectively.



The EPMA confirmed presence of Mn-Fe minerals evidenced during XRD analysis, with Mn oxide enriched in Na (birnessite), Fe-Mn oxyhydroxide (vernadite) and Mg (todorokite/buserite). Additionally, trace quantities of pure Mn-oxyhydroxides and thin asbolane-type laminae are identified (Figure 6, Tables S1 and S2). Clay components (e.g., celadonite, Fe-montmorillonite, nontronite, Fe-Mg chlorites) and detrital grains of feldspars, amphiboles, epidote or olivine occur as accessory components.



Identified mineral phases were characterized by varied element concentrations. The analyzed Mn-Fe oxyhydroxides and sporadically relatively pure Mn-oxyhydroxides contained moderate contents of metals, up to 4.9 wt % Ni + Cu + Co (mean 1.11 ± 1.36 wt %). Elevated contents of these metals (usually >1 wt %) occur mainly in thin and Ni-Cu rich colloforms of ferromanganese minerals (Figure 6a,b). Most of the identified vernadite and todorokite-buserite spots show Ni and Cu contents in low range of 0.12 to 0.55 wt %. Todorokite-buserite and rare Mn-oxides are usually poorer in most of metals. Elevated contents of Co (up to 0.43 wt %) occur only in a few analytical spots. Birnessite and vernadite occur mostly as compacted and slightly porous masses, whereas todorokite-buserite form very well developed fine needles surrounding cavities in microfossils (Figure 6a,b).



Minor asbolane-type colloforms, developed as thin and bright layers, show higher Ni and Cu contents, usually >1 wt % (Figure 6a–c). The Mn content varies from 34.2 to 52.2 wt % in birnessite and 9.9 to 40.1 wt % in vernadite. The Fe contents in birnessite reaches maximum 13.5 wt %, whereas in vernadite are up to 35.1 wt %. Todorokite is usually pure and shows only traces of Fe (<0.7 wt %). Similar compositional patterns of Mn and Fe occur in very rare Mn-oxyhydroxides (potentially manganite), show strong similarities to todorokite, with less impurities of alkali/alkaline metals and extremely low contents of critical metals (Table S2).



The Mn-Fe oxyhydroxides host impurities of Si, Al, as well alkali and alkaline metals. The highest amounts of Si and Al occur in Fe-(Mn) vernadite, 5.45 ± 0.91 wt % and 0.52 ± 0.12 wt %, respectively. The lower contents of Si and Al are in birnessite (0.29 ± 0.29 wt %, and 0.3 ± 0.19 wt %, respectively). Todorokite and rare Mn-oxyhydroxides show only traces of these elements. The highest Mg, Na, Ca and K contents occur in todorokite with lower amounts in birnessite (usually 1.5–4.0 wt % each). Vernadite and asbolane layers show lower amounts of alkali and alkaline metals (<4 wt % in total). Additionally, vernadite layers are slightly richer in Ti (up to 0.76 wt %) and P (<0.77 wt %), compared with other Mn-Fe oxyhydroxides. Zn usually dominates over Pb, reaching maximum contents of 0.52 wt % in todorokite-buserite and 0.47 wt % in asbolane. The highest Ba contents of 0.48 wt % occur in todorokite-buserite (Table S2).



A directed crust growth above substrate suggests Ni accumulation and metals dispersion within the crust transitional zone (Figure 7). The Fe-rich colloforms show usually poor Ni content. On the other hand, columnar Mn-oxyhydroxides covered by a thin Fe oxidative layer indicate higher Ni contents.



EPMA, SEM and XRD study of accessory minerals show several substrate alteration products (‘iddingsite’ and clay mixtures, traces of Fe-oxyhydroxides, e.g., ferrihydrite or feroxyhyte), as well as typical detrital components (feldspars, olivine, zoisite). Recognition of clays is considerably complicated by partial mixture with Mn-Fe oxyhydroxides. Alteration phyllosilicates represented by celadonite or ferroceladonite demonstrate high substitution of Fe by Mn (in total 29–30 wt %), traces of Al, as well low contents of K (<2.6 wt %), Mg (<2.2 wt %), Na (<1.4 wt %), Ca (<0.6 wt %) and absence of any other metals. Traces of Y and Cr occur among described components constitute potential structural remnants of alteration products. Celadonite typically fills substrate pores and form thin films on basalts (Figure 6d). Other phyllosilicates included Fe-montmorillonite (nontronite), show lower Si and greater Al substitution and Fe contents compared to celadonite, as well as greater number of metal impurities (<0.13 wt % of ∑Ni + Cu + Co), low Mn substitution (<3.2 wt %) and lack of Y or Cr. Only traces of Zn, Tl, Ti, Ba, P and Cl are observed in Fe-smectite. Nontronite form mainly infillings and thin layers between Mn-Fe oxyhydroxides. Chlorites are represented by Fe-Mg chlorite, with a relatively low substitution of Si and Al by other alkali and alkaline metals. Contents of Si and Al are stable and vary from 20.7–21.1 wt % and 0.73–1.1 wt %, respectively. Fe substitution by Mn is low and below 0.24 wt %. The ∑Ni + Cu + Co content in analyzed clay minerals varied 0.07–0.12 wt % (Table S2).



Many alteration spots show presence of so-called “iddingsite”, a mixture of clay minerals and amorphous Mn-Fe oxyhydroxides. The iddingsite is a typical alteration product of basalts that shows greater relative amounts of Si, K and Mn (2.1 to 2.2 wt %), compared to Fe-montmorillonite. Additionally, several metallic impurities of (Ti, Mn and Ni), alkali and alkaline elements occur. The total content of Ni + Cu + Co is <0.2 wt % (Table S2).



Finally, a few non-identified over- and intergrowths of clay minerals and Mn-Fe oxyhydroxides show a distinctive non-stoichiometric Mn-Fe dominance over Si and Al. Observed Fe content is high (31.0 to 41.3 wt %), with a highly variable amount of Mn (1.3–13.9 wt %). Analyzed masses show relatively low Mg contents (<0.9 wt %), and higher portions of Ca (0.3–1.9 wt %) and Na (0.2–1.1 wt %). Metals that occurred as traces (<0.31 wt % of ∑Ni + Cu + Co; Zn <0.11 wt %) included Ti, P, Pb and Tl, compared with other clays. Spots of non-identified clay and Mn-Fe oxyhydroxide mixtures occur mainly in the substrate portion of analyzed crusts, as thin layers and coatings similar to ‘iddingsite’ (Table S2).



Among typical debris components feldspars (anorthite-labradorite series), decomposed Fe-Mg-K amphiboles (mainly hornblende type), Mg-olivine (forsterite) and epidote (zoisite or clinozoisite) occur, though only in nine EPMA analysis spots, that amount to less than 0.5% of total sampling points (see example at Figure 6c).




3.5. Statistical Analysis


As shown in Table 4, Mn is negatively correlated with Fe, Si, Al, Ti, Co, P, whereas correlation is positive for Na and Mg. Fe is positively correlated with P, Si, Ti, Al, Co and negatively with Mg, Na, K and As. Cu shows strong positive correlations with Ni and Zn. Co shows moderate positive correlation with Ti, P, and C while negative correlation with Na, Mg and K. P is strong positively correlated with Ti, S and negatively with Na and Mg. Three major factors, expressed in a normalized varimax rotation, explain more than 55% of the total variance (Table 4). FA interpretation is presented in the discussion section below.




3.6. Growth Rates


The growth rates of C-NSC crusts vary from 0.10 (SIO0000D2) to 1.94 (SIO0000BP) mm/kyr, with mean 0.66 mm/kyr (Table 5). Assuming lack of any hiatuses, calculated growth rates indicate that maximum C-NSC age of crusts is approximately 86 ka (Late Pleistocene, Marine Isotope Stage MIS5). The “youngest” studied sample (SIO0000BQ) is 9 ka (Late Holocene, Marine Isotope Stage 1 MIS1; Table 5). The mean crust age is 38 ± 25.3 ka, which suggests a relatively young age. This data suggests the samples need to be considered as an “initial” crust.





4. Discussion


4.1. Classification and Forming Conditions


Formation of marine Fe-Mn deposits (including polymetallic nodules and cobalt-rich crusts) involves three main processes: hydrogenetic, diagenetic and hydrothermal [16,18,25]. Recently, some studies focused to further understand the impact of these three processes on formation of not only nodules and crusts as a whole but also individual layers and laminae. The main tools of this recent work include discrimination diagrams based on rare earth yttrium (REY) [64] and use of High-Field Strength Elements (HFSE) [75].



Hydrogenetic precipitation dominates in most cobalt-rich crusts, which promotes greater Co, HFSE and REY concentrations while the hydrothermal processes, due to rapid formation and high content of either Fe or Mn oxides, led to HFSE and REY depletion. Diagenetic precipitation which are connected mostly with polymetallic nodule formation in oxic or suboxic conditions characterized by different metal concentrations. The oxic conditions produce higher Mn, Cu, and Ni concentrations while suboxic promote greater Mn and Fe remobilization and incorporation of Cu and Ni ions in nodules [75]. Due to widely variable geological settings that include the plume temperature, hydrothermal Fe-Mn deposits vary considerably. Metalliferous sediments near hydrothermal fields along the mid-ocean ridges are related to high temperature venting (plume fall-out deposits). “Stratabound” crusts (cemented layered sediments) occur in locations that occur some distance from mid-ocean ridges and are more characteristic of hot spot seamounts, volcanic arcs and back-arc environments. These deposits show Mn/Fe ratios that range from 0.001 (nearly no Mn) to 4000 and low metal contents [75,78].



C-NSC Fe-Mn crust samples are studied in order to determine mineralogy, geochemistry and genetic processes. The geochemical and mineralogical results listed above show mixed conditions of formation. Traditional ternary Mn vs. Fe vs. (Cu + Ni + Co) × 10 diagram [16] shows that analyzed bulk samples represent complex features dominated by a various hydrogenetic-hydrothermal processes (samples SIO0000D2, SIO0000BT and SIO0000BQ), as well some diagenetic influences potentially related to transformation processes that occur between birnessite and todorokite (SIO0000D1 and SIO00003U). Sample SIO0000BP shows the strongest hydrothermal signatures among analyzed material (Figure 8a).



The comparison of major elements (Mn, Fe) and metals (Cu, Ni) with HFSE describe crusts that show prevalence of mild hydrothermal fall-out material typical of metal-depleted Fe-Mn crusts and encrustations. There is no evidence of intensive oxic diagenetic processes, however all samples (besides SIO0000BP) indicate low suboxic influences (Figure 8b). Studied crusts show strong depletion in Zr, Ti and REY which is typical for hydrothermal Fe-Mn deposits such as those studied by [75]. Mean Th and U concentrations as well as Th/U ratios are typical for post-Paleogene crusts [40] and are additionally indicative for hydrothermal influx [79].



According to bivariate diagram analysis [64], the C-NSC samples show diagenetic signatures, evidenced with a negative Ce anomaly, low YSN/HoSN ratio, and moderate Nd concentration (Figure 9a,b). The distinctive negative Ce anomaly itself suggests hydrothermal input [80,81], however, may also be related to seawater influences. The general HREE enrichment is visible in all samples and indicates low seawater influx [82], previously identified on samples from the Galapagos Spreading Center [40]. Additionally, the weak positive Eu anomaly suggests hydrothermal influx from the plume, however this anomaly may be influenced by strong basalt debris influx and processes related with seafloor alteration [83]. The SIO0000BQ sample shows a distinctive positive Tb anomaly which may evidence intensive diagenetic processes [84], increased Tb acquisition from seawater [74], or admixtures of detrital material such as zircon. Positive Tb anomaly have been also observed in ferromanganese coatings from an intertidal zone of the East China Sea; however, authors did not find acceptable explanations of finding anomaly in only one type of samples [85]. It shows that this subject needs further investigations. The strong fractionation of REE by Fe-rich oxides and oxyhydroxides suggests strong influences of hydrothermal precipitation and material scavenging from seawater [40].



Compounds such as Fe, Mn and Si enter the sea water in hydrothermal solution precipitates as colloidal SiO2 and hydrated Fe and Mn-oxides, being advected by bottom currents and deposited as crusts and metal-rich sediments. Trace-element contents in these deposits result from adsorption from sea water onto the Fe and Mn colloids during advection [86].



Comparison of bulk geochemical data for Ni, Co and Zn (e.g., Co/Zn <0.8; mean 0.34) shows analyzed samples to have distinctive hydrothermal signatures related to Si-Fe fractionation and partial adsorption of minor metal amounts from seawater, which can make these appear similar to metalliferous sediments (Figure 8a). The low mean Co/Zn ratio (0.34) may suggest increased Zn acquisition from hydrothermal sources, compared to Co scavenged mostly from seawater [86]. The mean contents of Ni + Cu + Co that exceed 2000 mg/kg are positively correlated with low Co/Zn ratios, and confirm hydrothermal influences (SIO0000BQ, SIO0000BP, SIO0000D1) as well as mixed hydrothermal-(hydrogenetic) signatures (SIO00003U, SIO0000BT, SIO0000D2), comparable with hydrothermal crusts from GEMINO (Geothermal Metallogenesis Indian Ocean) project, Rodriguez Triple Junction or metalliferous sediments from EPR [87]. The presence of well-formed and relatively pure porous Mn-oxyhydroxides (todorokite-buserite, traces of manganite) may suggest initial hydrothermal alteration rock on the seafloor. The Co/Zn is related to crust age estimated by use of Co-chronometer, which indicates lower hydrothermal input with increased age, and distance from the metal-enriched hydrothermal plume and/or greater hydrogenetic Co acquisition from seawater. This suggests that seawater impact, or influences of mixed hydrogenetic-diagenetic processes were not predominant and affected only single laminae or colloforms.



Comparison of Fe, Mn and Si contents indicate that samples SIO00003U and SIO0000D1 show distinctive geochemical signatures of Mn-rich (but metal-depleted) hydrothermal crusts [88]. The SIO0000BP sample shows geochemical similarities to polymetallic nodules (e.g., from the Clarion–Clipperton Fracture Zone [73]). The other three samples show mixed genesis between Fe-Mn hydrogenetic crusts, EPR metalliferous sediments and polymetallic nodules [40].



Detailed EPMA studies show that several layers and laminae indicate pure hydrogenetic, hydrothermal or even diagenetic origin. The distribution of ternary discrimination diagram mean EPMA results (Figure 8) show that individual analyzed spots occur throughout the diagram, which covers hydrogenetic, diagenetic and hydrothermal influences (Figure 8a). Most of the hydrogenetic layers are represented by Fe-(Mn) vernadite (Table 6). Mn contents in vernadite increases towards the diagenetic type. Diagenetic layers are represented mainly by a non-transformed birnessite and minor thin layers of Ni-(Cu) asbolane, todorokite-buserite or pure Mn-oxyhydroxides (potentially manganite). Manganite maps have formed during an initial stage and “mild” hydrothermal processes. The presence of Fe-dominated minerals that include traces of Fe-hydroxides and oxyhydroxides (ferrihydrite, feroxyhyte), as well as iddingsite demonstrates the influence of so-called “mild” hydrothermal input or seafloor alteration [89].



Higher ∑REY contents and elevated metal concentrations such as Ni, Cu and Co in crust samples SIO0000D2 and SIO0000BT represent textural type 1 and slow growth rates (<0.2 mm/kyr). These samples relate with hydrogenetic or hydrogenetic-hydrothermal signatures, dominated by Fe-(Mn) type of vernadite. These show presence of biomorphic features, such as filaments, bioclast pseudomorphs or microbial-like growth patterns. The geochemical signatures may express intensive alteration processes in a highly oxidized alkaline water environment related to initial decomposition of basaltic substrate and formation of Fe-enriched iddingsite-clay mixtures [68,90].



Low metal contents show higher growth rates for two samples (SIO0000BP and SIO0000BQ, textural type 2 and 1 respectively), usually over 1.14 mm/kyr. Samples with the lowest ∑Cu + Ni + Co contents show increased porosity and dominance of well developed todorokite and buserite aggregates. Sample SIO0000BP, which indicates the highest “mixed” forming conditions (diagenetic-hydrogenetic-hydrothermal), show the lowest metal contents and presence of several phyllosilicate intergrowths formed during potential hiatuses during crust growth (=dominance of sedimentation).



Increased K contents correlate with phyllosilicate presence formed by intensive alteration of substrate and later remobilization into clays, iddingsite or K-birnessite. Relative high Mg substitution in all major Mn-(Fe) minerals compared to Na and other alkali/alkaline metals suggest strong influence of seafloor alteration. Comparison of Ni + Co contents with hydrothermally associated elements ∑(As, Mo, V, Cu, Pb, Zn) show sedimentary-hydrothermal signatures typical of metalliferous sediments (hydrothermal fallouts), with very low influences of typical hydrothermal processes [91]. The presence of a significant and well developed iddingsite (=palagonite) layer, indicates strong hydrolysis alteration processes, associated with formation of initial Fe-oxyhydroxides mixed with phyllosilicates and debris, which work as a strong oxidizer to initiate further growth of Mn-(Fe) oxyhydroxides. Only samples SIO0000BQ and SIO0000BP showed typical signatures of potential low hydrothermal input or alteration. Sample SIO0000D1 indicates the strongest detrital-diagenetic pattern [86]. The elevated contents of other hydrothermally associated elements (e.g., Ba, Ag, As, Zn) and discussed REY signatures suggest a combination of hydrothermal and hydrogenetic processes [92].



Statistical analysis Factor 1 (33.71%) is related to increased Fe/Mn values and intensity of silicification and aluminization (Si and Al; clay minerals) (Table 4). Increased positive factor loadings for Ti, P, Co and Sr also occur and are interpreted to reflect alteration of basaltic substrate. Factor 2 (13.60%) is responsible mainly for Cu and Ni accumulation and less with Zn, probably related to metal scavenging during the hydrogenetic and diagenetic stages of crustal growth. Factor 3 (11.79%) may be attributed to an influence of seawater (Cl; diagenetic “trapping”), biogenic activity such as phosphatization (Ca) or biochemical bacterial processes (S). The potential bioprocesses may potentially include microbial oxidation processes in presence of sulfur bacterium [93,94]. Additionally, Co, P and Ti also influence intensity of Factor 3, to suggest similarities with Factor 1. Other factors are less influential and are related with non-specified remnants from EPMA (Factor 4), as well as with increase of K, Mg, As, anomalous Ba behavior coupled with Pb and Ti (Factor 5), or Tl incompatibility (Factor 6).




4.2. Potential Age


Rapid growth values are rather typical for hydrothermal Mn-oxide deposits precipitated directly from low temperature hydrothermal fluids [25]. These deposits are characterized by a laminated texture and described as stratabound (compare [97,98]).



As indicated by the EPMA profiling and Co-chronometer age of sample SIO0000D2, only first 50 to 100 µm from the bottom of crusts indicate hydrogenetic signatures (with potential low hydrothermal input) and slow growth rates up to ~8 ka. The prevailing crust formed relatively fast. The age of analyzed samples is comparable with data obtained from bulk chemical analysis of archival samples (see Table S3) and range (without hiatuses) to Late Pleistocene (69 to 61 ka). As shown by representative EPMA age profiling of sample SIO0000D2 (Figure 10), formation processes started slowly and accelerated, so that 95% of sample crustal mass formed during the last 8–9 ka.



The location of samples within the young oceanic crust of western C-NCS supports conclusion that these crusts are Late Quaternary. The Co-chronometer age estimates for the bulk samples combined with EPMA backstripping method produced comparable ages. Our data suggests crust development during MIS5 to MIS2, when the global mean sea level was part of a decreasing trend [99]. During this interval, changes of oxidative conditions occurred in the Equatorial Pacific, mainly due to lower levels of oxygen minimum zone (OMZ) and sub-bottom currents of different strength [100], as well as high bioproductivity [101].




4.3. Economic Potential and Comparison with Other Crusts from Pacific


The geochemical data indicates low Ni, Cu and Co concentrations and thus, crusts cannot be classified as Co-rich [20]. The average Co concentration for this sample suite (245 mg/kg) is more than 25 times lower than average Co content in Fe-Mn crusts from of the richest area North Pacific Prime Zone (NPPZ) (seamount-rich region in the central and western equatorial Pacific, extending from equator to 20° N), South Pacific [18,21], as well as typical hydrothermal Fe-Mn deposits from Wallis and Futuna (WF) [75]. Non-Prime North Pacific and hydrogenetic crusts from New Caledonia Exclusive Economic Zone (NC EEZ) show lower Co concentration than above mentioned but still more than 15 times higher than studied crust from C-NSC (Figure 11) [102]. When compared to these regions, most of the strategic and critical metals in this study are depleted. Nickel concentrations (mean 1651 mg/kg) are depleted relative to other Pacific regions (6771, 4643, 4216, 3495, 3100 mg/kg; WF, S Pacific, NPPZ, Non-Prime N Pacific, NC EEZ, respectively) [21]. Manganese is the only element where greater concentration is observed in C-N crusts (Mn = 26.6 wt %) compared to NPPZ (Mn = 22.8 wt %), but Mn concentration in well-studied hydrothermal samples from WF is higher (Mn = 38.8 wt %) (Figure 11a). Analyzed samples indicate increased Zn (718 mg/kg) and decreased Pb content (61 mg/kg) (Figure 11b).



The Mo concentration of two samples (SIO00003U and SIO0000D1) is close to the mean for other Pacific crusts (516, 463, 418 mg/kg; Non-Prime N Pacific, NPPZ, S Pacific, respectively [21]), however the average for this study (276 mg/kg) is two times lower. REY depletions are apparent in total content (339 mg/kg is 7 times lower compared to North Pacific (2454 mg/kg) and 5 times lower than in South Pacific (1634 mg/kg) as well as in individual elements. This is most evident for La, Ce, Nd and Y. A significant observation is that Ce content (45 mg/kg) is 30 times lower than what is observed in North Pacific crusts (1322 mg/kg), 18 times lower than in South Pacific (818 mg/kg) (Figure 11c). The pattern of REY concentration is comparable to WF. The one exception is Sc concentration which is anomalously high in WF (Sc = 1199 mg/kg) compared to other regions.



Several trace element concentrations in studied samples are low and typical for hydrothermal crusts [75,87,103]. Tellurium concentration (mean 1.8 mg/kg) is much lower than the crustal average from other Pacific regions (60 mg/kg for N Pacific Prime Zone and 38 for S Pacific). Low Ga content (mean 9.1 mg/kg) is also characteristic for hydrothermal crust however hydrothermal crust from Sea of Japan show higher concentration of this metal (up to 300 ppm) [103], with origin interpretated as supply of the ash from volcanic Ga-rich rocks [104]. Additionally, elevated Li concentration in four crust samples (SIO0000BQ, SIO0000D1, SIO0000BP, SIO00003U) suggest strong incorporation of hydrothermal component [105].



Concentrations of selected metals in bulk Fe-Mn crust samples from several locations near the studied area are given in Table S3. As mentioned in the Introduction, most of the study focus is in eastern GSC where numerous hydrothermal mounds occur. Several samples contain 50 wt % and more (up to 63.74 wt %) Mn. Most of the crust from this region is depleted in Ni, compared to other Pacific crusts [18]. The exception is a sample which contains 2.3 wt % of Ni studied by [38]. The ∑REE concentration is extremely low and does not exceed 40 mg/kg in any sample; however, this data comes from the 1970–1990s and technical limitations did not then allow a full set of REE values for La to Lu.



The above metal concentration comparisons with crusts from other Pacific regions, as well as low crust thicknesses suggest that, at the time of writing, the C-NSC encrustations cannot be considered as economically valuable.





5. Summary


	
Six thin Fe-Mn crusts recovered during dredging from the Cocos-Nazca Spreading Centre in 2018 provide detailed geochemical and mineralogical data to determine their complex and various formation conditions.



	
Based on bulk chemical composition, Mn (mean 26.6 ± 5.9%) and Fe (mean 16.5 ± 4.1%) dominate. The sum of mean concentrations for three prospective metals (∑Cu + Ni + Co) is low, at 0.27 wt %. The total content of ΣREY is also low, with a range from 81 to 741 mg/kg (mean 339 mg/kg). The studied crusts were characterized by visible negative Ce anomalies and positive Eu anomalies, which are typical for hydrothermal deposits, hydrothermally altered deposits or stratabound deposits. Analyzed samples also show strong depletion in Zr and Ti that indicate low influences of external components (e.g., terrestrial debris).



	
The dominant mineral phases in studied crusts consist mostly of birnessite, todorokite-buserite, and Mn-(Fe) vernadite. Traces of other minerals were found such as diagenetic manganates (asbolane), Fe-oxides and oxyhydroxides or hydrothermally associated and pure Mn-oxyhydroxides (manganite). The elevated concentrations of ∑Cu + Ni + Co (>1.5 wt %) are associated predominantly with birnessite. Todorokite-buserite and Fe-(Mn) vernadite are generally metal-depleted, with respect to Ni, Cu and Co (usually 0.2–0.6 wt % in total).



	
According to the geochemical and mineralogical data, analyzed crusts originated hydrothermally and transformed due to some interaction with seawater, acquiring mixed hydrogenetic and diagenetic signatures. The complicity of analyzed crusts is surprisingly high considering the short length of dredging. Analyzed petrological features show that relatively young seafloor areas forming conditions may provide a complicated image of ferromanganese crusts, potentially affected with strong local spatiotemporal variability of geologic and/or oceanographic features near spreading centers.



	
The growth rates of C-NSC crusts range from 0.10 to 1.94 mm/kyr, with mean 0.66 mm/kyr, which can be classified as rapid growth characteristics typical for hydrothermal Mn-oxide deposits. The calculated growth rates of crust thickness, assuming lack of any hiatuses, indicate maximum age of studied crusts at approximately 86 ka (Late Pleistocene).



	
Low crusts thickness and low strategic metals concentrations (e.g., Co, Ni, Cu, REY) suggest that, at the time of writing, the C-NSC encrustations need to be considered as poor and economically non-prospective.
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Figure 1. Location of the Fe-Mn crusts sampling site (D18) within the Cocos-Nazca Spreading Centre. Segments described in the text are marked from s1 to s9. Bathymetric data after [60]. 
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Figure 2. Textural types of Fe-Mn crusts from the C-NSC: Type 1: (a) A non-laminated botryoidal crust on a thick basalt substrate; (b) Thin non-laminated crust on a basalt substrate. Crust fractured during transport; (c) A non-laminated botryoidal crust on a basalt substrate. The crust fractured during transport. Type 2: (d) Layered crust collected without substrate. (e) The thickest studied crust sample, with slightly visible layering. Type 3: (f) Transitional crust formed on an intensely altered basalt substrate with a slightly visible layering. 
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Figure 3. Selected SEM photomicrographs of Mn-(Fe)oxyhydroxides indicating distinctive textural features: (a) micro-botryoidal surface in the sample SIO0000BP; (b) pure Mn-oxyhydroxides forming radial and globular micro-aggregates (rosette-type) in the sample SIO00003U; (c) micro-crystals of with clay-like morphologies in the sample SIO0000BP; (d) Mn-(Fe) oxyhydroxides covering bioclasts and filamentous biofilms in the sample SIO0000BQ, including remnants of diatoms and coccoliths. Red star symbols indicate points of energy dispersive X-ray spectroscopy analysis. 






Figure 3. Selected SEM photomicrographs of Mn-(Fe)oxyhydroxides indicating distinctive textural features: (a) micro-botryoidal surface in the sample SIO0000BP; (b) pure Mn-oxyhydroxides forming radial and globular micro-aggregates (rosette-type) in the sample SIO00003U; (c) micro-crystals of with clay-like morphologies in the sample SIO0000BP; (d) Mn-(Fe) oxyhydroxides covering bioclasts and filamentous biofilms in the sample SIO0000BQ, including remnants of diatoms and coccoliths. Red star symbols indicate points of energy dispersive X-ray spectroscopy analysis.
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Figure 4. Bulk XRD data of dried (40 °C/24 h) and roasted (105 °C/24 h) crust samples from C-NSC: Bir—birnessite, Tod—todorokite, Bus—buserite, Ver—vernadite, Cl—clays, Man—manganite, Q—quartz. Peak positions (d-spacing) of identified minerals shown with different colors. Presence of a low number of collapsed manganates identified based on decrease of ~9.7 Å peak during roasting and simultaneous increase of ~7 Å peak. Traces of clay minerals are mostly characteristic of montmorillonite group. Traces of relatively pure Mn-oxyhydroxides (manganite) were observed in two samples (see Table 2). 
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Figure 5. The PAAS-normalized REE distribution in Fe-Mn crusts from C-NSC (PAAS according to [63]). Seawater 3000 m bsl [74], Wallis and Futuna [75], MORB [76]. * normalized values of REE. 
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Figure 6. Representative EPMA BSE images of analyzed Mn-Fe crust. Numbers indicate EPMA analytical spots: (a) Fine crystalline needles of Mn-oxides in type of todorokite forming highly porous texture (SIO00003U); (b) Two generations of thin colloforms of birnessite (1,2) surrounded by coarse generation of todorokite (SIO0000BP); (c) Thin lamina of Mn-(Fe) vernadite or asbolane (1) and thick layer of Fe-vernadite (2–3) with admixtures of debris; no. 4 is zoisite-type grain (SIO00003U); (d) massive birnessite (6–9) surrounded by patches of crushed Fe-(Mn) rich phyllosilicates in type of celadonite or nontronite (1–5); (SIO0000BP). Various mineral types were distinguished based on calculated stoichiometry, comparison with bulk XRD data and textural features (e.g., crystallinity). 
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Figure 7. The representative EPMA mapping of thin SIO0000D1 crust sample (substrate-colloforms transition zone). Crust bottom and top indicated by BSE photography. Visible remnants of substrate and well developed alteration layer composed of Fe-dominated oxyhydroxides in ‘iddingsite’. Middle part of Mn image (white rectangle) shows rounded biogenic remnants covered by thin layer of Mn-oxyhydroxides: sub—substrate remnants, d—debris (mostly Fe-Ti oxides and silicates), b—biogenic and biomorphic features, tr—transitional zone/layer, gr—growth direction based on visible Ni dispersion. 
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Figure 8. (a) Traditional ternary discrimination diagram ([16] with further modifications) of studied crusts. (b) Discriminative scheme of analyzed C-N crusts based on comparison of major elements (Mn, Fe), metals (Cu, Ni) and HFSE (after [75]). 
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Figure 9. Discrimination diagrams of Mn-Fe crusts from C-NSC: (a) CeSN/CeSN* ratio vs. Nd concentration; (b) CeSN/CeSN* ratio vs. YSN/HoSN ratio [72]. SN = PAAS-normalized REE. 
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Figure 10. Representative EPMA profile of sample SIO0000D2 (red line) dominated by vernadite. On the photo cross-section visible textural changes, from massive layer of metal rich Fe-(Mn) vernadite in the crust bottom part (1 and 1b), by laminated Fe-(Mn) vernadite (2) and intercalations of clay minerals (3), ending on laminated (4) and columnar vernadite (4a): d—debris, cl—clay minerals. As shown on the geochemical profiles, a slight Zn content increase occurs in the bottom part of crust sample. 
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Figure 11. Mean concentrations of: (a) major, (b) trace and (c) rare earth elements in crusts from C-NSC against the mean values from the other Pacific regions [21]; Wallis and Futuna [75]; New Caledonia Exclusive Economic Zone [102]. There is no Mo, Tl, Tm concentration data for [75] and Tm, Sc for [102]. 
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Table 1. Description of samples and list of performed analyses.






Table 1. Description of samples and list of performed analyses.





	IGSNID 1
	Crust Thickness (mm)
	Textural Type
	EPMA
	ICP-MS
	SEM
	XRF
	XRD 2





	SIO0000D2
	1–6
	1
	x
	x
	-
	x
	x



	SIO0000BT
	1–4
	1
	-
	x
	x
	x
	x



	SIO0000BQ
	3–10
	1
	-
	x
	x
	x
	x



	SIO0000D1
	20
	2
	x
	x
	-
	x
	x



	SIO0000BP
	30
	2
	x
	x
	x
	x
	x



	SIO00003U
	1–10
	3
	x
	x
	x
	x
	x







1 International Geo Sample Number. 2 XRD, samples dried 40 °C/24 h and roasted 105 °C/24 h. “x”: stands for performed analysis.
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Table 2. Simplified bulk XRD composition of analyzed ferromanganese crust samples from C-NSC.
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	Major
	Minor





	SIO0000D2
	Vernadite
	-



	SIO0000BT
	Vernadite
	Buserite, Manganite



	SIO0000BQ
	Birnessite, Vernadite
	Buserite, Clays



	SIO0000D1
	Birnessite, Vernadite
	-



	SIO0000BP
	Todorokite, Buserite, Vernadite
	Birnessite, Fe-ox., Clays, Manganite



	SIO00003U
	Birnessite, Vernadite
	Todorokite, Buserite
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Table 3. Chemical composition of bulk Fe-Mn crust samples as determined by XRF and ICP-MS methods. The ICP-MS expanded uncertainty of the results: p = 95%, coverage factor k = 2. The XRF precision accuracy was determined after 24 experimental measurements (each measurement taking 8 min).
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MDL *

	
SIO0000D2

	
SIO0000BT

	
SIO0000BQ

	
SIO0000D1

	
SIO0000BP

	
SIO00003U

	
Mean






	
Fe

	
wt %

	
0.01

	
26.86

	
23.88

	
18.31

	
4.96

	
13.49

	
11.75

	
16.54




	
Mn

	
0.01

	
17.11

	
18.01

	
15.00

	
44.13

	
28.70

	
36.48

	
26.57




	
Si

	
0.01

	
2.72

	
2.91

	
6.30

	
1.30

	
4.39

	
1.70

	
3.22




	
Al

	
0.01

	
0.68

	
0.65

	
0.68

	
0.68

	
0.20

	
0.59

	
0.58




	
Mg

	
0.01

	
0.42

	
0.41

	
0.90

	
1.15

	
0.89

	
0.75

	
0.75




	
K

	
0.01

	
0.32

	
0.36

	
1.32

	
0.97

	
1.20

	
0.64

	
0.80




	
Ca

	
0.01

	
1.67

	
1.60

	
0.91

	
1.65

	
0.75

	
1.47

	
1.34




	
Na

	
0.01

	
0.55

	
0.62

	
0.79

	
1.02

	
0.81

	
0.97

	
0.79




	
P

	
0.001

	
0.144

	
0.104

	
0.015

	
0.031

	
0.009

	
0.075

	
0.063




	
Ti

	
0.01

	
0.26

	
0.23

	
0.09

	
0.11

	
0.03

	
0.14

	
0.14




	
Element

	

	
MDL **

	
SIO0000D2

	
SIO0000BT

	
SIO0000BQ

	
SIO0000D1

	
SIO0000BP

	
SIO00003U

	
Mean




	
As

	
mg/kg (ppm)

	
0.2

	
188.0

	
125.0

	
18.0

	
37.0

	
21.0

	
78.0

	
78.0




	
Ba

	
1

	
1160

	
1222

	
397

	
645

	
1639

	
920

	
997




	
Be

	
1

	
4

	
3

	
1

	
<1

	
<1

	
<1

	
2




	
Bi

	
0.04

	
1.95

	
1.47

	
0.27

	
0.43

	
0.15

	
0.79

	
0.84




	
Cd

	
0.02

	
2.80

	
3.80

	
7.40

	
19.60

	
27.10

	
20.00

	
13.45




	
Co

	
0.2

	
449.0

	
373.0

	
78.0

	
298.7

	
72.0

	
202.0

	
245.5




	
Cr

	
1

	
14

	
18

	
43

	
58

	
6

	
14

	
26




	
Cs

	
0.1

	
<0.1

	
<0.1

	
1.1

	
<0.1

	
0.6

	
<0.1

	
0.9




	
Cu

	
0.1

	
860.0

	
902.0

	
758.0

	
644.4

	
569.0

	
899.0

	
772.1




	
Ga

	
0.02

	
3.74

	
4.31

	
10.36

	
10.03

	
11.79

	
14.09

	
9.05




	
Hf

	
0.02

	
0.08

	
<0.02

	
1.14

	
2.07

	
0.52

	
<0.02

	
0.95




	
In

	
0.01

	
0.16

	
0.19

	
0.06

	
0.09

	
0.01

	
0.08

	
0.10




	
Li

	
0.1

	
6.0

	
22.0

	
209.0

	
738.0

	
277.0

	
514.0

	
294.3




	
Mo

	
0.05

	
198.00

	
145.00

	
159.00

	
432.50

	
284.00

	
436.00

	
275.75




	
Nb

	
0.04

	
0.92

	
1.94

	
1.64

	
3.16

	
0.97

	
5.50

	
2.36




	
Ni

	
0.1

	
1683.0

	
1487.0

	
1563.0

	
1769.7

	
1288.0

	
2118.0

	
1651.5




	
Pb

	
0.02

	
147.00

	
122.00

	
16.00

	
20.02

	
8.00

	
52.00

	
60.84




	
Rb

	
0.1

	
3.0

	
3.0

	
43.0

	
5.3

	
32.0

	
5.0

	
15.2




	
Re

	
0.002

	
<0.002

	
0.002

	
<0.002

	
<0.002

	
<0.002

	
<0.002

	
-




	
Sb

	
0.02

	
21.00

	
19.00

	
38.00

	
59.43

	
69.00

	
96.00

	
50.41




	
Se

	
0.3

	
2.2

	
1.6

	
0.5

	
0.3

	
0.3

	
1.3

	
1.0




	
Sn

	
0.1

	
2.7

	
2.3

	
0.8

	
0.8

	
0.2

	
1.7

	
1.4




	
Sr

	
1

	
1146

	
1055

	
205

	
445

	
328

	
599

	
630




	
Ta

	
0.1

	
<0.1

	
<0.1

	
<0.1

	
<0.1

	
<0.1

	
<0.1

	
-




	
Te

	
0.05

	
3.92

	
3.83

	
0.33

	
0.83

	
0.49

	
1.67

	
1.85




	
Th

	
0.1

	
4.9

	
4.3

	
0.8

	
0.9

	
0.4

	
2.6

	
2.3




	
Tl

	
0.05

	
35.00

	
19.00

	
57.00

	
71.88

	
84.00

	
94.00

	
60.15




	
U

	
0.1

	
8.9

	
6.6

	
1.7

	
3.6

	
3.4

	
5.7

	
5.0




	
W

	
0.1

	
11.8

	
13.9

	
4.2

	
9.9

	
6.1

	
18.4

	
10.7




	
V

	
1

	
549

	
532

	
113

	
261

	
138

	
375

	
328




	
Zn

	
0.2

	
574.0

	
512.0

	
619.0

	
960.5

	
711.0

	
933.0

	
718.3




	
Zr

	
0.2

	
5.9

	
8.2

	
82.0

	
117.4

	
38.1

	
16.1

	
44.6




	
La

	
0.1

	
175.0

	
170.0

	
15.0

	
24.7

	
13.0

	
67.0

	
77.5




	
Ce

	
0.02

	
107.00

	
83.00

	
12.00

	
18.58

	
9.00

	
41.00

	
45.10




	
Pr

	
0.1

	
34.1

	
34.0

	
4.8

	
5.1

	
2.4

	
13.8

	
15.7




	
Nd

	
0.1

	
125.0

	
128.0

	
12.0

	
24.1

	
9.0

	
52.0

	
58.4




	
Sm

	
0.1

	
26.3

	
26.5

	
2.7

	
5.2

	
2.1

	
10.7

	
12.3




	
Eu

	
0.1

	
7.8

	
8.0

	
0.9

	
1.5

	
0.6

	
3.1

	
3.7




	
Gd

	
0.1

	
33.6

	
33.0

	
3.1

	
6.7

	
3.4

	
14.0

	
15.6




	
Tb

	
0.1

	
5.8

	
5.8

	
1.6

	
1.1

	
0.5

	
2.4

	
2.9




	
Dy

	
0.1

	
33.8

	
32.2

	
3.6

	
7.4

	
2.6

	
14.2

	
15.6




	
Y

	
0.1

	
138.0

	
122.0

	
19.0

	
36.9

	
16.0

	
65.0

	
66.2




	
Ho

	
0.1

	
7.8

	
7.6

	
0.9

	
1.7

	
0.7

	
3.7

	
3.7




	
Er

	
0.1

	
21.0

	
19.9

	
2.4

	
5.1

	
2.1

	
9.3

	
10.0




	
Tm

	
0.1

	
3.3

	
2.9

	
0.4

	
0.7

	
0.4

	
1.5

	
1.5




	
Yb

	
0.1

	
19.2

	
19.2

	
2.4

	
4.6

	
2.1

	
8.4

	
9.3




	
Lu

	
0.1

	
3.4

	
3.1

	
0.4

	
0.7

	
0.4

	
1.5

	
1.6




	
Sc

	
0.1

	
11.6

	
10.6

	
7.7

	
8.8

	
1.6

	
5.3

	
7.6




	
ΣREY

	
-

	
741.10

	
695.20

	
81.20

	
144.08

	
64.30

	
307.60

	
338.91




	
ΣLREE

	
-

	
475.20

	
449.50

	
47.40

	
79.18

	
36.10

	
187.60

	
212.50




	
ΣHREE

	
-

	
265.90

	
245.70

	
33.80

	
64.90

	
28.20

	
120.00

	
126.42




	
LREE/HREE

	
-

	
0.53

	
0.57

	
0.51

	
0.37

	
0.34

	
0.48

	
0.47




	
CeSN/CeSN *

	
-

	
0.32

	
0.25

	
0.32

	
0.38

	
0.37

	
0.31

	
0.33




	
LaSN/LuSN *

	
-

	
0.58

	
0.62

	
0.43

	
0.40

	
0.37

	
0.51

	
0.48




	
Euan

	
-

	
1.21

	
1.25

	
1.45

	
1.17

	
1.00

	
1.16

	
1.21




	
YSN/HoSN

	
-

	
0.65

	
0.59

	
0.77

	
0.80

	
0.84

	
0.64

	
0.72




	
∑(Ni,Cu,Co)

	
mg/kg (ppm)

	
-

	
2992

	
2762

	
2399

	
2713

	
1929

	
3219

	
2669




	
Fe/Mn

	

	
-

	
1.57

	
1.33

	
1.22

	
0.11

	
0.47

	
0.32

	
0.84




	
Mn/Fe

	
-

	
0.64

	
0.75

	
0.81

	
8.90

	
2.13

	
3.10

	
2.72




	
Co/Zn

	
-

	
0.78

	
0.73

	
0.13

	
0.31

	
0.10

	
0.22

	
0.34




	
Si/Al

	
-

	
4.02

	
4.46

	
9.29

	
1.91

	
22.41

	
2.88

	
7.49




	
Th/U

	
-

	
0.55

	
0.65

	
0.47

	
0.25

	
0.12

	
0.46

	
0.46








* MDL Minimum detection limit for major oxides; Panalytical Standardless Omnian XRF Software (Lakeland, FL, USA). ** MDL according to the MA250 Method and Certificate of analysis by Bureau Veritas Commodities Canada Ltd.
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Table 4. Singular correlation coefficient matrix and Factor Analysis (FA) data of Mn-Fe oxyhydroxides from the C-NSC (based on EPMA). Bolded correlations are significant at α < 0.05, N = 203, case wise deletion of missing data. Factor loadings >0.7 are bolded and expressed by a normalized varimax rotation.
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Si

	
Al

	
Cl

	
Ba

	
Ca

	
Fe

	
Mn

	
Ti

	
P

	
Pb

	
Cu

	
Co

	
K

	
Sr

	
Zn

	
Tl

	
Ni

	
S

	
Na

	
Mg

	
As

	
Rest *

	
Expl. var. (%)






	
Si

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Al

	
0.63

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Cl

	
0.11

	
0.05

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Ba

	
−0.14

	
−0.13

	
−0.06

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Ca

	
−0.25

	
−0.16

	
0.52

	
0.10

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Fe

	
0.77

	
0.62

	
0.33

	
−0.07

	
0.17

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Mn

	
−0.87

	
−0.68

	
−0.27

	
0.13

	
−0.02

	
−0.96

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Ti

	
0.46

	
0.46

	
0.42

	
0.19

	
0.45

	
0.77

	
−0.70

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
P

	
0.41

	
0.36

	
0.47

	
0.01

	
0.57

	
0.85

	
−0.73

	
0.81

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Pb

	
0.25

	
0.11

	
0.05

	
0.08

	
0.12

	
0.34

	
−0.32

	
0.27

	
0.31

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Cu

	
−0.13

	
0.29

	
−0.19

	
−0.04

	
0.12

	
−0.06

	
0.04

	
−0.01

	
0.05

	
−0.01

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Co

	
0.32

	
0.29

	
0.47

	
0.00

	
0.35

	
0.54

	
−0.49

	
0.59

	
0.57

	
0.15

	
−0.04

	

	

	

	

	

	

	

	

	

	

	

	




	
K

	
0.11

	
−0.29

	
−0.37

	
−0.15

	
−0.59

	
−0.46

	
0.34

	
−0.64

	
−0.70

	
−0.14

	
−0.27

	
−0.42

	

	

	

	

	

	

	

	

	

	

	




	
Sr

	
0.22

	
0.24

	
0.08

	
0.09

	
0.07

	
0.30

	
−0.27

	
0.40

	
0.31

	
0.16

	
0.12

	
0.20

	
−0.23

	

	

	

	

	

	

	

	

	

	




	
Zn

	
−0.24

	
−0.04

	
−0.21

	
−0.12

	
0.15

	
−0.20

	
0.21

	
−0.13

	
−0.04

	
−0.11

	
0.53

	
−0.11

	
−0.07

	
0.13

	

	

	

	

	

	

	

	

	




	
Tl

	
−0.14

	
−0.12

	
−0.15

	
−0.02

	
−0.12

	
−0.18

	
0.19

	
−0.16

	
−0.16

	
−0.12

	
0.03

	
−0.22

	
0.17

	
−0.03

	
0.25

	

	

	

	

	

	

	

	




	
Ni

	
−0.17

	
0.24

	
−0.17

	
−0.05

	
0.13

	
−0.11

	
0.09

	
−0.04

	
0.02

	
−0.02

	
0.94

	
−0.05

	
−0.26

	
0.13

	
0.55

	
0.02

	

	

	

	

	

	

	




	
S

	
0.03

	
0.03

	
0.56

	
0.05

	
0.73

	
0.34

	
−0.23

	
0.47

	
0.63

	
0.18

	
0.06

	
0.40

	
−0.51

	
0.18

	
0.06

	
−0.17

	
0.13

	

	

	

	

	

	




	
Na

	
−0.53

	
−0.47

	
−0.32

	
−0.15

	
−0.18

	
−0.72

	
0.72

	
−0.62

	
−0.66

	
−0.31

	
−0.09

	
−0.48

	
0.35

	
−0.29

	
0.09

	
0.10

	
−0.07

	
−0.33

	

	

	

	

	




	
Mg

	
−0.50

	
−0.34

	
−0.34

	
−0.05

	
−0.28

	
−0.77

	
0.73

	
−0.67

	
−0.70

	
−0.25

	
0.26

	
−0.45

	
0.54

	
−0.17

	
0.18

	
0.21

	
0.32

	
−0.33

	
0.40

	

	

	

	




	
As

	
−0.31

	
−0.13

	
−0.29

	
−0.01

	
−0.16

	
−0.49

	
0.46

	
−0.41

	
−0.45

	
−0.09

	
0.26

	
−0.30

	
0.34

	
−0.12

	
0.13

	
0.10

	
0.31

	
−0.25

	
0.22

	
0.69

	

	

	




	
Rest *

	
−0.44

	
−0.27

	
−0.06

	
0.00

	
−0.06

	
−0.28

	
0.19

	
−0.19

	
−0.20

	
−0.08

	
−0.10

	
−0.11

	
−0.19

	
−0.18

	
−0.05

	
−0.01

	
−0.10

	
−0.17

	
0.04

	
−0.07

	
−0.11

	

	




	
FA




	
Factor 1

	
0.86

	
0.77

	
0.15

	
−0.13

	
−0.09

	
0.93

	
−0.97

	
0.67

	
0.66

	
0.28

	
0.03

	
0.46

	
−0.31

	
0.34

	
−0.13

	
−0.13

	
−0.03

	
0.12

	
−0.68

	
−0.68

	
−0.46

	
−0.23

	
33.7




	
Factor 2

	
−0.18

	
0.31

	
−0.23

	
−0.07

	
0.12

	
−0.09

	
0.08

	
−0.02

	
0.03

	
−0.03

	
0.95

	
−0.05

	
−0.31

	
0.16

	
0.62

	
−0.002

	
0.95

	
0.07

	
−0.08

	
0.30

	
0.35

	
−0.05

	
13.6




	
Factor 3

	
−0.14

	
−0.12

	
0.73

	
0.01

	
0.90

	
0.27

	
−0.11

	
0.51

	
0.65

	
0.07

	
−0.0004

	
0.51

	
−0.60

	
0.11

	
0.06

	
−0.15

	
0.04

	
0.85

	
−0.23

	
−0.33

	
−0.26

	
−0.12

	
11.8




	
Factor 4

	
0.33

	
0.08

	
0.05

	
−0.10

	
−0.07

	
0.01

	
0.004

	
−0.06

	
−0.08

	
0.09

	
0.01

	
0.008

	
0.50

	
0.13

	
−0.02

	
0.06

	
0.05

	
0.08

	
−0.004

	
0.39

	
0.44

	
−0.84

	
6.0




	
Factor 5

	
−0.05

	
−0.07

	
−0.13

	
0.84

	
0.11

	
0.06

	
0.001

	
0.31

	
0.14

	
0.46

	
0.001

	
0.02

	
−0.19

	
0.38

	
−0.13

	
−0.03

	
0.0004

	
0.08

	
−0.30

	
−0.05

	
0.08

	
−0.03

	
5.6




	
Factor 6

	
0.05

	
0.13

	
0.13

	
0.004

	
−0.02

	
0.02

	
−0.07

	
−0.01

	
−0.03

	
0.14

	
−0.0003

	
0.18

	
−0.04

	
−0.27

	
−0.51

	
−0.81

	
0.01

	
0.01

	
−0.08

	
0.03

	
0.20

	
0.11

	
5.0




	
Other factors

	
(below 5% of explained variance)

	
Sum = 75.7%








* Rest calculated from the EPMA data (potentially H2O− and non-measurable elements such as Li or B).
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Table 5. Estimation of growth rates and crusts formation age using Co-chronometer method (after [72,77]).






Table 5. Estimation of growth rates and crusts formation age using Co-chronometer method (after [72,77]).





	
Co-Chronometer Data




	
Id

	
SIO0000D2

	
SIO0000BT

	
SIO0000BQ

	
SIO0000D1

	
SIO0000BP

	
SIO00003U

	
Mean






	
Co (mg/kg)

	
449

	
373

	
78

	
299

	
72

	
202

	
246




	
Co (wt %)

	
0.0449

	
0.0373

	
0.0078

	
0.02987

	
0.0072

	
0.0202

	
0.02455




	
Fe

	
26.86

	
23.88

	
18.31

	
4.96

	
13.49

	
11.74

	
16.54




	
Mn

	
17.11

	
18.01

	
15.00

	
44.13

	
28.70

	
36.48

	
26.57




	
Fe + Mn

	
43.97

	
41.89

	
33.31

	
49.09

	
42.19

	
48.23

	
43.11




	
Con

	
0.05

	
0.04

	
0.01

	
0.03

	
0.01

	
0.02

	
0.03




	
GR (mm/kyr) *

	
0.10

	
0.12

	
1.14

	
0.23

	
1.94

	
0.43

	
0.66




	
GR (mm/kyr) **

	
0.11

	
-

	
-

	
-

	
-

	
-

	
-




	
Maximum thickness (mm)

	
6

	
4

	
10

	
20

	
30

	
10

	
13




	
Maximal predicted age (ka) *

	
61 (69 **)

	
33

	
9

	
86

	
15

	
23

	
38




	
Mean age (±ka)

	
38.0 ± 25.3








* Bulk samples data. ** EPMA profiling (compare [73]).
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Table 6. Comparison of the most distinctive petrogenetic features of analyzed crusts from C-NCS.






Table 6. Comparison of the most distinctive petrogenetic features of analyzed crusts from C-NCS.





	Sample ID
	Classification
	Dominating Mineralogy 1
	Geochemistry
	GR 2:





	SIO0000D2

(textural type 1)
	hydrogenetic > hydrothermal 3

hydrogenetic-detrital 4

hydrogenetic→ hydrothermal 5
	Fe-(Mn) vernadite > Mn-(Fe) vernadite >> birnessite ≅ asbolane ≅ Fe-oxyhydroxides

columnar growth and biomorphic textures
	Fe > Mn (Mn/Fe = 0.64)

Ca-Na-Mg-K

Si > Al

Ni-Cu-Co; Co/Zn = 0.78

∑REY ***,6
	*



	SIO0000BT

(textural type 1)
	hydrogenetic ≅ hydrothermal 3

hydrogenetic-detrital 4

hydrogenetic → hydrothermal 5
	Fe-(Mn) vernadite >> todorokite-buserite

filamentous structures of potential microbial growth; biomorphic textures
	Fe > Mn (Mn/Fe = 0.75)

Ca-Na-Mg-K

Si > Al

Ni-Cu-(Co); Co/Zn = 0.73

∑REY ***,6
	*



	SIO0000BQ

(textural type 1)
	hydrogenetic ≅ hydrothermal 3

hydrothermal 4

hydrothermal 5
	todorokite-buserite > Fe-(Mn) vernadite ≅ Na-birnessite ≅ other Fe-(Mn)

bioclasts and filamentous biofilms mixed with Mn-Fe oxyhydroxides

potentially transformed todorokite to buserite and birnessite
	Fe > Mn (Mn/Fe = 0.81)

K-Ca-Mg-Na

Si >> Al

Ni-Cu; Co/Zn = 0.13

∑REY *,6
	***



	SIO0000D1

(textural type 2)
	diagenetic >> hydrogenetic ≅ hydrothermal 3

hydrogenetic-detrital → detrital-diagenetic 4

hydrothermal 5
	birnessite >> Fe-(Mn) vernadite

radial and globular micro aggregates; biomorphic textures

non-transformed birnessite
	Mn >> Fe (Mn/Fe = 8.9)

Ca-Mg-Na-K

Si > Al

Ni-Cu-(Co); Co/Zn = 0.31

∑REY **,6
	**



	SIO0000BP

(textural type 2)
	mixed: diagenetic > hydrogenetic ≅ hydrothermal 3

hydrothermal 4

hydrothermal 5
	todorokite-buserite >> Fe-(Mn) vernadite ≅ Ni-(Cu) asbolane > birnessite

micro-crystals of with clay-like tabular or rosette-type aggregates

intercalation and agglomerates of phyllosilicates

partially transformed todorokite to buserite and birnessite
	Mn >> Fe (Mn/Fe = 2.13)

K-Mg-Na-Ca

Si >> Al

Ni-Cu; Co/Zn = 0.10

∑REY *,6
	***



	SIO00003U

(textural type 3)
	diagenetic >> hydrogenetic > hydrothermal 3

hydrogenetic-detrital → detrital diagenetic 4

hydrothermal 5
	birnessite >> Fe-(Mn) vernadite > todorokite/buserite

radial and globular micro aggregates

partially transformed todorokite to buserite and birnessite
	Mn >> Fe (Mn/Fe = 3.1)

Ca-Na-Mg-K

Si > Al

Ni-Cu-(Co); Co/Zn = 0.22

∑REY **,6
	**







1 >> significantly dominated; > slightly dominated; ≅ approximately equal. Buserite/todorokite relative content based on 105 °C/24 h of autoclaving. Buserite is officially disapproved by IMA. 2 Growth Rate (GR) estimated by Co-chronometer [72,77]: * 0–200 mm/Myr; ** 200–500 mm/My; >500 mm/Myr. 3 After [16] with further modifications. 4 After [86], modified by [95,96]. 5 Classification after [79] based on U/Th ratios. 6 ∑REY: * <100 mg/kg; ** 100–500 mg/kg; *** >500 mg/kg.
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