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Abstract

:

Ferromanganese (FeMn) crusts from Mendeleev Ridge, Chukchi Borderland, and Alpha Ridge, in the Amerasia Basin, Arctic Ocean, are similar based on morphology and chemical composition. The crusts are characterized by a two- to four-layered stratigraphy. The chemical composition of the Arctic crusts differs significantly from hydrogenetic crusts from elsewhere of global ocean by high mean Fe/Mn ratios, high As, Li, V, Sc, and Th concentrations, and high detrital contents. Here, we present element distributions through crust stratigraphic sections and element phase association using several complementary techniques such as SEM-EDS, LA-ICP-MS, and sequential leaching, a widely employed method of element phase association that dissolves mineral phases of different stability step-by-step: Exchangeable cations and Ca carbonates, Mn-oxides, Fe-hydroxides, and residual fraction. Sequential leaching shows that the Arctic crusts have higher contents of most elements characteristic of the aluminosilicate phase than do Pacific crusts. Elements have similar distributions between the hydrogenetic Mn and Fe phases in all the Arctic and Pacific crusts. The main host phases for the elements enriched in the Arctic crusts over Pacific crusts (Li, As, Th, and V) are the Mn-phase for Li and Fe-phase for As, Th, and V; those elements also have higher contents in the residual aluminosilicate phase. Thus, higher concentrations of Li, As, Th, and V likely occur in the dissolved and particulate phases in bottom waters where the Arctic crusts grow, which has been shown to be true for Sc, also highly enriched in the crusts. The phase distributions of elements within the crust layers is mostly consistent among the Arctic crusts, being somewhat different in element concentrations in the residual phase.
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1. Introduction


Arctic Ocean hydrogenetic ferromanganese (FeMn) crusts from Mendeleev Ridge are similar to those from the Chukchi Borderland and Alpha Ridge based on morphology and chemical composition. The FeMn crusts are characterized by two- to four-layered stratigraphy without depositional-erosional hiatuses based on textural analysis. By contrast, the chemical compositions of Arctic crusts differ significantly from hydrogenetic crusts of the Pacific Prime Crust Zone (PCZ) [1], such as high Fe/Mn ratios (average 2.6 versus 1.3), low Si/Al ratios (1.8 versus 4.0), lower Mn, Ca, Ti, P, Ba, Co, Cu, Ni, Pb, Sr, and Zn contents, and higher Si, Al, Mg, As, Li, V, Sc, and Th contents (Figure 1); also, locally high concentrations of Hg (up to 215 ppb) occur in the Arctic crusts compared with the deep-ocean crusts from elsewhere in the global Ocean [2].



As a rule, global FeMn crusts consist of four phases: Manganese oxides, iron oxyhydroxides, aluminosilicates, and primary and residual biogenic phases [4]. Typically, the Mn and Fe phases are epitaxially intergrown, are hydrogenetic, and reflect ocean bottom-water chemistry; the aluminosilicate phase contains detrital minerals such as quartz, feldspar, and clay minerals.



Based on the Arctic FeMn crust mineral and chemical compositions and growth rates, formation was dominated by three main processes: Precipitation of FeMn oxyhydroxides from ambient ocean water, sorption of metals by those Fe and Mn phases, and fluctuating but large inputs of terrigenous debris [2,5].



Interelement statistical correlations of bulk crust compositions offer a first-order interpretation as to which mineral phase trace elements might be associated with, however this technique can produce ambiguous results for elements enriched in more than one phase [6]. Here, we study element distributions through crust stratigraphic sections and element phase association using several complementary techniques. Interelement correlations and phase associations are presented using chemical spot-analyses from scanning electron microscope-Energy Dispersive Spectrometry (SEM-EDS) and microprobe analyses. The distribution of elements through the stratigraphic sections was also determined using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) and sequential leaching, a widely employed method of element phase association that dissolves mineral phases of different stability step-by-step.




2. Materials and Methods


Element associations and crust phases were determined using several methods such as LA-ICP-MS, SEM-EDS, and microprobe analyses on polished sections, and sequential leaching experiments using powdered samples.



Three representative layered crusts collected from southern Mendeleev Ridge (dredge site 3, Figure 2) were selected to study the distribution of elements by LA-ICP-MS (Hercules Laboratory, Evora University; operator Pedro Barrulas). The LA-ICP-MS analysis were performed using an Agilent 8800 ICP-MS Trip Quad coupled to a CETAC LSX-213 G2+ laser ablation system. The equipment was calibrated prior to the analysis using NIST 612. Elemental fractionation was monitored using 238U/232Th (1.05) and oxide formation was evaluated using the 248ThO/232Th ratio (<0.28%). For the present study, LA-ICP-MS was used for element mapping of the selected crusts samples. The instrument conditions are described in Table 1.



Element mapping of the crust samples was performed importing all the raw data obtained in intensities (counts per second) from the ICP-MS Agilent MassHunter software (Agilent Technologies, Santa Clara, CA, USA) as a single file into the iQuant2® software and converting it to elemental maps. In order to avoid contaminations from the surface for both quantification and element mapping analysis, the samples were pre-ablated and then analyzed.



Three samples from the same site were studied using SEM (Hitachi S-3400 N, 20 kV accelerating voltage during SEM operations) with an energy dispersive X-ray spectrometer (EDS) (Oxford X-Max 20; Geomodel Center, St. Petersburg State University, operator Vladimir Shilovskich); spectra were obtained with the following beam settings: 20 kV accelerating voltage, and 2 and 10 nA beam current for EDS, and four samples were analyzed by variable pressure SEM coupled with a X-ray spectrometer (VP-SEM-EDS HITACHI 3700N with BRUKER Xflash 5010SDD X-ray spectrometer; Hercules Laboratory, Evora University; operator Luis Dias [5]).



The Pearson correlation coefficient was used to calculate coefficient matrices for spot-analyzed chemical data, which is a measure of the strength of linear dependence between two variables. Statistical significance will be specified at either a 99% or 95% confidence level (CL). Q-mode factor analysis was used to examine element relationships and to identify common groups of elements referred to as factors, and calculations were run in Statistica software. Factors were derived from orthogonal rotations of principal component eigenvectors using the Varimax method [7].



Six hydrogenetic FeMn crusts recovered from Mendeleev and Alpha Ridges and Chukchi Borderland in the Amerasia Basin were obtained from Russian (Arktika 2012 [8]) and USA (HLY0805, HLY0905, HLY1202) research cruises. The six bulk crusts as well as layers from those bulk crusts were chosen for the sequential leaching experiments based on morphology, genesis, and water depth (Figure 2; Table 2). For comparison, two Pacific hydrogenetic crusts were included in the sequential leaching experiment, crust (D07-33) from the Tuvalu area, central-west Pacific Ocean, and mean values of three upper non-phosphatized layers of a crust from Govorov Guyot, west Pacific Magellan Seamounts (Table 2).



Sequential leaching is a technique to group elements with their host mineral phase or with a group of minerals. It consists of four steps, as described by Koschinsky and Halbach [4]. (1) Exchangeable cations and calcium carbonates: 1 g of powdered sample was stirred with 1 M acetic acid/Na acetate buffer (pH 5); (2) Easily reducible fraction: The residue of leach 1 was stirred with 0.1 M hydroxylamine hydrochloride solution (pH 2); (3) Moderately reducible fraction: 0.2 M oxalic acid/ammonia oxalate buffer (pH 3.5) was added to the solid residue of step 2; (4) Residual fraction: The residue from step 3 was digested in Teflon bombs in a microwave, using a mixture of 48% HF and 65% HNO3 (proportion 2/1) and dried; then 25% HCl was added and dried again. All steps were carried out twice. Hydrogen peroxide was used to dissolve organic matter.



Sequential leaching experiments were carried out in the laboratory at the USGS, Pacific Coastal and Marine Science Center, except for the Govorov Guyot crust, which was carried out in the laboratory of the Far-East Geological Institute in Vladivostok, Russia by P. Mikhailik. Al, As, Ba, Ca, Cd, Co, Cr, Cs, Cu, Fe, K, Li, Mg, Mn, Ni, Pb, Ti, Th U, V, Zn, and Y were measured in the four phases from 13 samples using an ICP-MS PerkinElmer NexION 300Q (USGS, Menlo Park, operators N. Konstantinova and A. Gartman). For each element, the sum of the amounts released by leaching steps 1- 4 was compared with the bulk analysis data to check recovery, which was between 80% and 120%. Additionally, sequential leaching results of Arctic crusts were compared with literature data presented by Koschinsky and Hein [9] for central Pacific non-phosphatized crust layers.




3. Results


3.1. LA-ICP-MS Chemistry


LA-ICP-MS results allow for the generation of maps of the distributions of Al, Si, P, Ca, Sc, V, Mn, Fe, Co, Ni, Cu, La, Ce, Nd, Yb, and Th through the Mendeleev crust 648 stratigraphic section (Figure 3).



The LA-ICP-MS data are influenced by the texture of the crusts that have high porosity, specific surface area, and detrital contents, and are highly friable, characteristics that vary for each layer type. This indicates that in general, the element distributions are similar in the stratigraphic layers of the Arctic crusts, especially for the lower part of the stratigraphic section. However, the uppermost 1 mm sublayer of the top layer (surface) has a markedly different distribution of some elements, probably due to its higher density, which can be divided into three groups:



1. Elements with their highest contents in the uppermost 1 mm surface sublayer include Co, Th, La, Nd, and Yb.



2. Elements with their lowest concentrations in the surface sublayer: Al, Si, P, Sc, V, Fe, Ni, Cu, and Ce.



3. Ca and Mn do not have significant variations along the stratigraphic section and are characterized by high contents in the surface sublayer, but not maxima.




3.2. Chemical Spot Analyses


SEM-EDS and microprobe results define three mineral associations in the crusts from Mendeleev Ridge, differing in chemical composition and morphology: FeMn mineral association, Fe mineral association, and detrital mineral association.



The FeMn mineral association is the typical matrix for hydrogenetic crusts, consisting of manganese oxide-rich and iron oxyhydroxide-rich laminae [10,11]. In Arctic crusts this mineral association is characterized by columnar and colloform structures (Figure 4). The average Fe/Mn ratio is 1.01, which is typical for hydrogenetic crusts from the Pacific Ocean [12]. On the scale of laminae, Fe/Mn ratios vary over a small range, from 0.75 to 1.27, reflecting the ratio of manganese- to iron-rich laminae (Figure 4C).



Arctic ocean crusts from all three locations studied, the Mendeleev Ridge, Alpha Ridge, and Chukchi Borderland exhibit uniquely high detrital contents compared to other deep-ocean crusts, and as a result comparative chemical differences with crusts from elsewhere are controlled by the detritus. For example, mean Al content of Arctic crust matrix minerals exceeds that of Pacific crusts by 2 times and of the Indian and Atlantic crusts by 1.5 times, which results from very fine-grained detritus associated with the matrix minerals. A better comparison for hydrogenetic contributions can be achieved by using the FeMn mineral matrix associations for the Arctic crusts. The average Mn and Fe contents for the FeMn mineral association of Mendeleev Ridge crusts are mostly similar to hydrogenetic crusts from other oceans (Figure 5, Table 3).



The FeMn mineral association consists of intergrowths of Mn oxide and Fe oxyhydroxide. Mn shows positive correlations with Ni, Ca, Mg, S, and Na; Fe correlates with P, Cl, and Si. The correlation coefficient for Mn and Fe in spot samples is −0.75 (Table S1), which reflects for the most part the redox favored temporal accumulation of either Mn or Fe oxides. The Fe–Mn correlation coefficient for all bulk samples is +0.53 which integrates data for all Fe- and Mn-rich laminae and detrital material [5].



Using spot sample data, factor loading diagrams were constructed for three factors (Table 4). Factor I identifies two groups: the Mn group, which includes Ca, Na, S, and Mg and the Fe group, which includes P, Si, Cl, Ti, and Al. The factor reflects the structure of the FeMn mineral association, the intergrowth of Fe and Mn oxides and hydroxides. According to sequential leaching data, Koschinsky and Halbach [4] found that about 80% of the P is associated with Fe hydroxides and about 20% of the Ca with Mn oxides, the rest of the Ca being associated with carbonates, which were excluded from our sample by avoiding them in point selections during SEM-EDS analysis. Factor 2 and Factor 3 might reflect different types of detritus such as Na–Ca–Al–Cl and probably biogenic material such as the Mg–Ti–S group. Based on Factor 3, the group of Si-K-Al elements reflect the presence of detrital aluminosilicates and the Sc–Ca–Ti–Mn–Cl–S group is attributed to specific minerals in the detritus, and some of the major elements in sea water (Figure 6).



Iron mineral association. The iron mineral association was identified based on SEM images that exhibited a predominantly Fe composition. Generally, it occurs as rims around grains and therefore borders pore space and cracks, including voids created by the dissolution of plankton tests, usually foraminifers (Figure 7 and Figure S1). This iron oxide contains small amounts of Al, Si, Mn, Mg, Na, and P (Table 5).



The correlation matrix for the iron mineral association shows that Fe has a significant positive correlation only with vanadium and significant negative correlations with Mg, Al, and Mn at the 95% CL (Table S3).



The detrital mineral association consists of sand-sized to micrometer-sized particles differing in roundness and composition that are associated with various genetic types of rocks [2,5]. The predominant detrital minerals in the crusts, characterized by different grain sizes, are quartz, feldspar, and apatite (up to 2 mm), and barite, ilmenite, zircon, monazite, rutile, baddeleyite, and chromite up to 0.1 mm. As a rule, the grains are angular; well-rounded minerals are not common [2,5].




3.3. Sequential Leaching


Samples were weighted before every leaching stage to determine leach phase mass percentages and losses in the course of the experiment (Table S4). Losses ranged from 1.7 to 6.1% of the original sample weight. Phase 1, easily leachable (L1), comprises 3.3 to 24.2% of the total weight of the Arctic crusts, similar to Pacific crusts [9]. The mean percent mass of leach 2 (L2), the Mn phase, is 26% for the Arctic crusts while the Pacific Ocean crusts show a much higher value of 44%. The mean percent mass of leach 3 (L3), the Fe phase, is 25%, and the remaining residual phase (L4) is 30% for Arctic Ocean crusts and 29% and 7% respectively for the Pacific Ocean crusts.



Twenty-three elements were measured in the four phases from the 13 crust samples. The elements were divided into six groups depending on their speciation and behavior in seawater (Table 6) [4,9,13,14]. Based on the electrochemical model using pH of zero point of charge (pHzpc), the surface charge of a solid phase under deep-ocean conditions (pH around 8.0) can be determined. The pHpzc of vernadite is 2.8 [15] and the pHpzc of amorphous iron oxyhydroxide in freshwater is about 8.5 [16]; thus a slightly positive charge is characteristic for the surface of amorphous FeOOH and strong negative charge for surface for MnO2. Additionally, FeOOH may sorb neutral complexes in ocean water due to formation of chemical covalent bounds [17].



Based on previous studies, elements of the first and second groups sorb mainly onto the Mn phase, which occur in ocean water as predominantly positively charged cations and carbonate complexes [9]. The third and the fourth group elements associate mainly with the Fe phase but also in part with the Mn oxides. The letter two groups are represented by negatively charged complexes and occur in the Fe phase.



Mean element contents in the four leaches of the Mendeleev Ridge (1), Chukchi Borderland (2), and Alpha Ridge (3) are presented in Figure 8. To compare our results with well-studied FeMn crust deposits, we leached two Pacific Ocean crusts (4) (Tuvalu area) and (5) Govorov Guyot crust; and data for (6) is a non-phosphatized crust layer from the central Pacific [9]. Mean element associations in the four sequential leaches for only the MnO2 (L2) and FeOOH (L3) are in Figure 9, and the complete set of sequential leaching results for the 13 samples are in the Supplementary Materials (Table S5).





4. Discussion


Here, we integrate the results of the different experiments and analyses to understand the element distribution in the various FeMn crust phases and through the stratigraphic sections. LA-ICP-MS data through the stratigraphic sections show the top layer identified texturally has two sublayers (Figure 3). The upper sublayer (surface) is characterized by maximum contents of Co, Th, and REE (except Ce), which include elements that sorb to either the Fe or Mn phase. However, Fe distribution differs from Th and has low contents for the surface sublayer. Our sequential leaching results show that about 98% of the Co is associated with the Mn oxides and about 91% of the Th with the Fe oxyhydroxides (Figure 8 and Figure 9). Thus, this temporal variability likely reflects changes in the seawater composition for those elements at the time of adsorption, and perhaps also the presence of variable amounts of Th-organic carbon export with time [18]. The Th maximum content in the crusts surface sublayer was not observed in all the crusts, which indicates that local geological and oceanographic variations influenced Th behavior, such as pH, flux of organic matter, redox conditions, or variable rates of weathering of detritus [2]. Sorption of Th ions to particle surfaces is strongly pH dependent, with cations generally showing increasing sorption with increasing pH, and anions showing increasing sorption with decreasing pH [15]. Studies focused on organic ligand complexation of Th in natural waters in general indicate that Th forms strong complexes with humic acids [19,20,21,22]. Murphy [23] used laboratory experiments to demonstrate that in the presence of humic acids Th(IV) sorption to hematite was greatly enhanced [24]. Therefore, humic-like substances may play a role in Th cycling in the Arctic Ocean, e.g., [25,26].



Ce distribution is not similar to the other REE. Ce has different redox characteristics from the other REE under typical deep-ocean conditions and oxidizes after its sorption at the metal (hydr)oxide surface [27,28].



To understand the chemical and mineral compositions and element phase associations, it is important to model processes that occurred during sorption and also during secondary processes. The spot analyses found the iron mineral association, which formed rim cement on detritus and replaced carbonate tests. However, additional research is required to understand the impact of secondary changes on element associations and mineral and element concentrations in the Arctic FeMn crusts.



Processes related to the propensity for FeOOH to nucleate around detritus in the Arctic crusts, and in crusts elsewhere, are poorly known [2]. Weathering products of the detrital grains, many of which contain Fe or Fe-bearing minerals, may have produced surfaces particularly conducive to Fe-hydroxide precipitation either through providing nuclei for precipitation or phases that catalyzed the reaction. Much of the detritus was composed of calcite fossil tests, especially foraminifers, which were dissolved and replaced by iron hydroxides on a fine scale (Figure S1, Table S2). The surface of these foraminifera may be conducive to FeOOH precipitation because of the microtextures and microenvironments characteristic of foraminifera tests, and through the formation of metastable Fe phases during the replacement process. Alternatively, microbial films may have formed around the detrital grains, which then promoted precipitation of Fe(III) oxides, e.g., [29]. The precipitated Fe hydroxide may then have been transformed to hematite-goethite through dehydration-maturation and recrystallization processes.



Hygroscopic water contents in the Arctic Ocean crusts is about half of what it is for crusts from other areas, presumably due to the lower specific surface area in Arctic crusts and large size of pores (Figure 1). Large pores allow bottom water to slowly move through the crust pore system. Seawater containing Fe nanoparticles, perhaps transported via the “Fe-shuttle” from shelves by seaward currents [30], might have supplied additional Fe that precipitated as rim cement, presumably ferrihydrite [Fe3+4–5(OH,O)12], creating some of the microlaminations noted to occur in the cements.



The high Fe/Mn ratios that characterize the Arctic Ocean FeMn crusts is discussed by Hein et al. [2]. The high Fe/Mn ratios can be explained by the large fluvial input to the expansive continental shelves surrounding the Arctic Ocean, and element release through redox cycling in the sediments, which is the main source of the dissolved Fe. Furthermore, the water column oxygen minimum zone, enriched in dissolved Mn, is narrow and shallow in the Arctic Ocean, thereby being a key contributor to low Mn contents and high Fe/Mn ratios [2].



4.1. Comparison of Crusts from Three Areas in the Amerasia Basin


In general, crusts from Mendeleev Ridge and Chukchi Borderland have similar element distributions, however, some elements show small differences (Figure 8 and Figure 9; Table 7). Due to the higher detritus content of Chukchi crusts, there are higher element contents in the L4 aluminosilicate residual phase for most elements, especially Li, Mg, Ba, Zn, Al, Ti, Fe, Th, and As compared with other Arctic crusts (Table 7). Some Mg, Al, Fe, Ba, and Li are housed in crust detritus in feldspar and mica minerals that occur in all the Arctic crusts [2,5]. Element distributions between the two hydrogenetic phases (MnO2, L2 and FeOOH, L3) for crusts from Mendeleev Ridge and Chukchi Borderland are identical reflecting a uniform bottom-water chemistry for most elements in the Amerasia Basin.



The Alpha Ridge crust shows a somewhat different leaching distribution. The L4 aluminosilicate phase element contents of the Alpha Ridge crust are much less than for crusts from the other two locations, especially for Li, Mg, Zn, Al, Ti, Fe, and V (Figure 8; Table 7). Furthermore, element contents are generally higher in the Alpha Ridge MnO2 L2 compared to crusts from the other Arctic areas (Table 7). These differences in element distribution and detritus patterns reflect changes in local hydrological regimes, transportation mechanism and pathways, and sources of the detrital material in the Amerasia region. For example, Alpha Ridge is located father from the large Siberian continental shelves with huge fluvial input and element release from sediments through redox cycling. All these factors have a stronger influence for Mendeleev Ridge and Chukchi Borderland crusts than at Alpha Ridge. This is also noted by the Fe/Mn ratio of the Alpha crust, which is more similar to crusts from the Pacific Prime Crust Zone (Figure 1).




4.2. Arctic and Pacific Oceans FeMn Crust Comparison


The sequential leaching experiments clearly show differences and similarities of phase element distributions for Amerasia Basin crusts, compared with Pacific crusts, and through time. The difference between Arctic and Pacific crusts will be discussed based on the element groups presented in Table 6. As a whole, the element phase distributions in three crusts from the Pacific (Tuvalu area, Govorov Guyot, and Central Pacific) are similar to each other, except for differences in some alkali and alkaline earth metals and Y, Cd, and V, which might reflect the variable ratios of inorganic speciation and contributions from metal-organic complexes of the elements in ocean water from different regions of the Pacific Ocean (Figure 8).




4.3. Alkali and Alkaline Earth Metals


This group of elements exhibits the most significant differences among the six groups of elements in distribution in the Arctic and Pacific crusts. However, a considerable fraction of these elements occurs in L1 of crusts from both oceans, represented by weakly bound hydrated cations and carbonates. The prominence of the residual L4 phase is uniquely high in the Arctic crusts and about 33% of the Li resides in that phase in the Arctic crusts while the west and central Pacific crusts have 21% and 14% Li in L4 respectively. But the Li distribution between the Mn and Fe phases are similar for all the crusts. Similar patterns in all the crusts are common for other members of the group such as K, Ca, Sr, and Ba. The distribution of Mg and Cs between the Mn and Fe phases shows a predominance for the L2 Mn-oxide leach for all the Pacific crusts, whereas the abundance of Cs and Mg is greatest in L3 Fe-oxyhydroxide leach in the Arctic crusts. Because of the different ocean-water composition and redox state where Arctic crusts formed [2], different element complexes or ratios of element complexes may explain the differences.




4.4. Heavy Metals with Mixed Cationic Speciation


The phase distribution of elements in the Arctic Ocean crusts is generally similar to the Pacific samples. On average, 96% of the Mn and Co leach with the L2 Mn phase in Arctic crusts, consistent with the Pacific crust results. A difference is noted for the Zn distribution, with up to 20% in the Arctic crusts occurring in the L4 residual detritus, while the residual L4 phase of the Pacific crusts does not exceed 2% Zn. Inorganic Zn speciation in ocean water occurs as positively charged Zn2+, ZnCl+, and ZnOH+ and as the neutral ZnCO03 and ZnSO0 [9], although the majority of Zn in ocean water is organically complexed [31]. Zn distribution between the Mn and Fe phases shows equal amounts in each phase from Mendeleev and Chukchi crusts, whereas approximately 71% is with the L2 Mn-phase leach of the Alpha Ridge and average Pacific crusts (Figure 9). The Mn/Fe ratio of Mendeleev and Chukchi crusts are much higher than for Alpha Ridge and Pacific crusts, 2.6 versus 1.3. Thus, the higher amount of Zn in the Fe phase of Mendeleev and Chukchi crusts reflects higher FeOOH contents relative to MnO2.




4.5. Metals Dominated by Carbonate Speciation


Like the alkali and alkaline earth metals, a large contribution of elements in leach L4 (Figure 8) is noted for the Arctic crusts compared with Pacific crusts. It is also noteworthy that the residual L4 phase in the Chukchi crusts is generally higher than in the Mendeleev and Alpha ridges crusts, which is consistent with the location of the Chukchi crusts closest to the continental margin and the Mackenzie River outflow.



Inorganic copper in ocean water is dominated by Cu2+ (20%) and CuCO30 (80%) [32]. Cu in the Chukchi and Mendeleev crusts occurs in the same amounts in the Mn and Fe phases, differing from the central Pacific crusts, where it occurs predominantly in the L3 Fe phase (85%). This may indicate a greater availability of Cu2+ for sorption on the Mn phase in the Arctic crusts (Figure 9) and variations in Cu-organic complexes in the oceans. Organic complexation of Cu in seawater is recognized to be an important determinant of its chemical and biological reactivity [33]; and Cu may be strongly complexed with organic matter to water depths as great as 3000 m [34].



In the Arctic crusts, Y is mainly associated with the Mn phase (~73%), due to its presence in seawater as YCO3+ [9] and up to 20% of the Y is sorbed by the Fe phase through the acquisition of negatively charged Y(CO3)2− Crusts from different areas of the central Pacific Ocean show different Y distributions in the L3 Fe and L2 Mn leaches, 52% versus 37% respectively (Figure 8).



Pb in the Pacific crusts is predominantly associated with the L3 Fe phase and the Arctic crusts show about 73% in that phase and 22% of the Pb associated with the L2 Mn oxide. This may reflect the variations in the ratios of carbonate and chloro complexes in ocean water.



U occurs in seawater as different negatively charged complexes, UO2(CO3)22−, UO2(CO3)34– and UO2(CO3)2(HO2)3− [35] indicating that it should sorb mainly onto the Fe phase, which is consistent with our results for the Arctic and Pacific crusts. U occurs in the L1 easily soluble phase as well. Up to 10% of the U is supplied by the detritus in the Arctic crusts in comparison with Pacific crusts where L4 contains less than 1% U.




4.6. Metals forming Neutral or Negatively Charged Chloro Complexes


Cd occurs in seawater as CdCl20, CdCl+, and CdCl3− [9]. Cd in central Pacific crusts typically occurs in both the Fe and Mn phases, 43% and 52% respectively, because of its varied speciation [9]. However, about 81% of Cd in the Arctic crusts is associated with L2 Mn phase. This relationship is interesting because of the high Fe/Mn ratios in Arctic crusts, which may indicate that the CdCl+ speciation is favored in the deep Arctic Ocean. Cd is sorbed predominantly by the Mn phase in both northwest and central-west Pacific crusts as well.




4.7. Metals Dominated by Hydroxide Speciation


Al has a similar phase distribution for all Arctic crusts and the Pacific Tuvalu crust, mostly associated with the L4 residual detritus (40–56%), and about equal amounts in the Mn and Fe phases (Figure 9).



Other metals dominated by hydroxide speciation, such as Ti, Fe, and Th, are more enriched in the L4 residual aluminosilicate phase for Arctic crusts compared to Pacific crusts. For example, only 4% of the Ti in the Pacific crusts is present in the residual phase (L4) while for the Arctic crusts Ti in L4 averages 48%. Koschinsky and Hein [9] suggested that Ti distribution between the Fe (L3) and residual (L4) phases may reflect crust genesis, such that the hydrogenetic component is marked by Ti in the Fe phase, while hydrothermal and diagenetic components would increase Ti in the residual phase. However, the high Ti associated with the detritus (L4) in the Arctic crusts is inherent in the nature of the detrital minerals, which differ significantly from those found in Pacific Ocean crusts; hydrothermal and diagenetic components apparently do not to occur in the Arctic crusts [2,5]. Except for the residual L4 phase, Ti occurs only in the L3 Fe phase because of its speciation in seawater as Ti(OH)4 and TiO(OH)2, and its chemical similarity with Fe. In contrast, 97% of Ti occurs in the L3 Fe phase for all the Pacific crusts.



In Arctic crusts, Fe occurs mostly in the L3 Fe phase, but up to 19% in the L4 detritus and up to 20% in L2 Mn phase, typically as Fe-vernadite. The Pacific crusts Mn phase contains about 12% of the Fe and residual phase up to 4% of the Fe.



Inorganic Th is speciated in seawater dominantly as Th(OH)40 hence it sorbs on the Fe phase; 90% is in the L3 leach for the Arctic and Pacific crusts. About 10% of the Th in Arctic crusts is in the L4 detritus. However, the Th content in the Arctic crusts is five times higher than it is in the Pacific crusts, suggesting Th enrichment is not only due to high contents of detrital material, but also by its adsorption in crusts with high Fe/Mn ratios.




4.8. Elements Forming Oxyanions


Elements dominated by negatively charged complexes are typically sorbed on the Fe phase, thus Arctic and Pacific crusts have predominantly similar oxyanion distribution between the Mn and Fe phases (Figure 9). However, due to the much higher L4 detrital component in the Arctic crusts, there is also much stronger oxyanion enrichment in L4 in Arctic crusts than in the Pacific crusts.



Dissolved, redox-sensitive V in ocean water occurs predominantly as HVO42− [36] although it can take other anionic and neutral forms and therefore is sorbed mainly on the Fe phase; small but unquantified amounts of cationic complexes also occur in seawater, e.g., [37]. All the Arctic and Pacific crusts show a mean of ~30% of the V in the L2 Mn leach, except the Govorov Seamount crust, where V was leached mainly (75%) with the Mn phase. For an additional comparison, a crust from the NE Atlantic Ocean shows 22% of the V with the Mn phase (L2), and 77% with Fe (L3) [9]. The cause of such variable amounts (22–75%) of V with the Mn oxide is unknown. High V in L2 implies a lower oxidation potential of the fluid during precipitation of the crust. More reduced fluids can reflect higher productivity in surface waters, or circulation of reduced fluids in the seamounts that reflect hydrothermal circulation created during a rejuvenation stage volcanism, or release of pressurized fluids during tectonic events [38,39,40], including at Govorov Guyot [41]. Productivity as a cause of high V is supported by high V in L2 (71% of the V) in phosphatized crusts formed during suboxic paleoceanographic events [9]. Higher productivity may also have promoted formation of metal-organic complexes that favored sorption on the Mn oxide. On the other hand, hydrothermal Mn oxides formed from reduced fluids in the North Fiji Basin show 79–82% of the V with the Mn oxide L2; those deposits have very low Fe contents [9]. In all these cases, the events would have likely been short lived compared to the growth rates typical of crusts and would have influenced the composition of only extant laminae formation, <1–2 mm, perhaps longer for a series of productivity cycles. A further possibility is variable co-precipitation of V with the Mn oxides, which would avoid the conflict of particle surface charge and sorbed ion charge being the same, such as was proposed for Te, e.g., [42].



Up to 59% of the Cr in the Arctic crusts occurs in the L4 detrital material, a marked difference compared to the central Pacific crusts where 89% of Cr occurs in the L3 Fe phase and less than 2% in the L4 residual phase. In addition, Arctic crusts contain approximately 11% of the Cr in the L1 easily soluble phase, which has not been observed for Pacific crusts. The remaining part was leached with L3 Fe hydroxides (L3) in the Arctic crusts, probably acquired from ocean water as CrO32− speciation [43].



About 15% of As from the Mendeleev crusts, 20% from Alpha crusts, and 24% from the Chukchi crusts are associated with the L4 residual phase and the rest in the L3 Fe phase, while 99% of As in the Pacific crusts occurs in the L3 Fe phase [9], again reflecting the large detritus component in the Arctic crusts.




4.9. Temporal Differences


The temporal differences in element distributions in layers of Amerasia Basin hydrogenetic crusts, along with comparisons with the Pacific crusts, are shown in Figure 10. The Mn, Co, and Ni contents in the Pacific crusts are much higher than in the Arctic crusts (Figure 1), however, the phase distributions of Mn, Co, and Ni are the same for the crusts, therefore only the Mn pattern is presented as being representative (Figure 10). The increase of Mn concentration with time is observed in trends for all the Arctic crusts. Mn, Co, and Ni phase distributions are identical for crusts from different oceans and for different Arctic crust layers, dominated by acquisition by the Mn phase.



Ti and Pb contents are relatively low throughout the Arctic crusts compared to Pacific crusts (Figure 1 and Figure 10). For both Arctic and global crusts, Ti concentrations change little in different crust layers. Pb contents in layers increase dramatically with time in the Mendeleev Ridge crusts (Figure 10), however this is not the case with Chukchi Borderland samples, for which the phase distribution does not vary, being distributed between the Mn (~23%) and Fe phases (~74%).



Elements marked by high contents in the Arctic crusts (Al, Li, As, Th, V) are shown in Figure 10. Al and Li contents decrease up section (with time) from the bottom layer (oldest) due to a decrease of detritus (L4). However, all leaches (L1–4) of the Arctic crusts exhibit higher Al and Li concentrations than those of Pacific crusts. The high Li concentration observed for a nodule sample (10/1) from Mendeleev Ridge is typical for nodules with a diagenetic component [11].



Arsenic and Th occur in the Fe and residual phases (L3, 4). Arsenic contents increase from the bottom layer to the middle layer, where it reaches its maximum content (Figure 10). Th maximum content increased with time, sorbed predominantly by L3 Fe phase, rather than in the residual L4 detritus. Vanadium does not show a characteristic distribution in the layers and occurs in three phases showing differences mostly in the Fe phase with time.



Previous studies showed that the total detritus extracted by leaching for the Arctic crust layers show a maximum content in the bottom layers, the minimum typically in the middle layer, and intermediate content in the top layer [44], which is consistent with total Si contents [2,5]. Total Al contents decrease continuously with time, showing variations in the ratio of Si-rich to Al-rich detritus. In addition, the middle layer has a much smaller amount of detritus grains larger than 0.2 mm [44].



Thus, based on the total element content and the phase distribution in each layer, we suggest that the most significant factors associated with chemical differences in the crust layers are change in the mineralogy and total content of detrital material, which relate to the supply and the sources of the detritus and reflect different hydrological regimes with time [44].



The total content of elements predominantly sorbed by the hydrogenetic Mn phases (Mn, Co, and partially V) increased with time due to the detrital content decreasing and the Mn content increasing with time (Figure 10). Pb, As, Th, and V, elements mostly associated with Fe phase, change with the Fe content; the Arctic crusts show the maximum Fe content in the middle layers [2,5]. Exceptions exist for Th and Pb in Mendeleev Ridge crusts, which show maximums in the upper layer, consistent with LA-ICP-MS results displaying the highest Th content in the surface sublayer (Figure 3). Pb distribution requires additional studies, but appears to have a similar distribution with Th. The total content of elements delivered by detritus (like Al, Li) decreased with time (Figure 10), although Ti had a different behavior, with no variation in total content with time, but changed in phase distribution with time reflecting decreasing detritus supply and increasing sorption on the iron phase.





5. Conclusions


FeMn crusts from the Amerasia Basin of the Arctic Ocean have similar chemical compositions but differ from hydrogenetic deep-ocean crusts from the Pacific Ocean by having relatively high Fe/Mn and low Si/Al ratios, and enrichments of As, Li, V, Sc, and Th, as well as lower contents of sorbed water. Also, a relatively pure Fe-rich cement was determined using SEM-EDS, which is unique to Arctic crusts. It occurs as rims around detrital grains, as well as replaces the organic relicts and consists predominantly of Fe-hydroxides. This interesting mineral association warrants further study into its genesis and effect on trace metal distributions.



One of the most significant features that controlled the layered structure of the Arctic crusts is the high detritus component, which originated from different sources and changed with time [2,5]. The residual L4 leach detritus of the Arctic crusts has higher contents of most elements analyzed than does L4 for the Pacific crusts. The Chukchi crusts display the greatest influence of L4 detritus among the Arctic crusts.



Elements have similar distributions between the hydrogenetic Mn and Fe phases in all the Arctic and Pacific crusts. Based on the sequential leaching experiments, elements that are enriched in the Arctic crusts (As, Th, V, and Li) are characterized by higher contents in the residual L4 phase in comparison with the Pacific crusts. However, the main phases that host these elements are the Fe and Mn (L2, 3) phases. Thus, 18% of As and 10% of Th are housed by the detritus with the remainder associated with the Fe hydroxides (L3). Vanadium occurs in three main phases: 30% in Mn-oxide phase (L2), 50% in Fe-hydroxide phase (L3), and 20% in residual aluminosilicate phase (L4). Li occurs 50% in the Mn phase and 30% in the residual detritus (L4). The maximum Li content occurs in a nodule from the northern part of Mendeleev Ridge, where Mn oxides host about 80% of the Li; this may reflect a diagenetic input. These data indicate that the main phases of element associations are hydrogenetic, like the Mn phase for Li and the Fe phase for As, Th, and V. It follows that higher concentrations of Li, As, Th, and V must occur in the dissolved and particulate phases in bottom waters where the Arctic crusts grow, which has been shown to be the case for Sc in these same Arctic crusts (Hein et al., 2017).
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Figure 1. Chemical composition of crusts from Mendeleev Ridge, Chukchi Borderland, and Alpha Ridge (Arctic Ocean) compared to crusts from Pacific Prime Crust Zone [1,3]. 
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Figure 2. Location map of the Amerasia basin, Arctic Ocean (dashed line inset); dredge sites of crusts studied here from samples collected on Russian (red circles) and USA (dark blue squares) cruises. 
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Figure 3. Al, Si, P, Ca, Sc, V, Mn, Fe, Co, Ni, Cu, La, Ce, Nd, Yb, and Th distribution through Mendeleev crust 648 stratigraphy using LA-ICP-MS. 
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Figure 4. (A). Columnar and branching columnar structures, and (B). Colloform structures of ferromanganese minerals consisting of manganese and iron laminae. (C). Red arrows show locations of spot chemical results of Fe and Mn contents (inset table as ratios). 
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Figure 5. Chemical composition of the FeMn mineral association of Arctic crusts from SEM/EDS in wt % with crusts from the Atlantic, Indian, and Pacific oceans in wt % (PCZ, Pacific Prime Crust Zone) (comparison data from [1]). 
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Figure 6. Three factor loadings of selected elements concentrations of ferromanganese colloform matrix. Varimax raw rotation of factors has been applied. (A) Factor 1 vs. Factor 2, (B) Factor 2 vs. Factor 3. 
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Figure 7. SEM photos with EDS element mapping of the iron mineral association. 
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Figure 8. Distribution of element associations among four sequential leaching fractions in hydrogenetic crusts analyzed here, except (6): (1) mean bulk and crust layers from Mendeleev Ridge (Arctic Ocean); (2) mean bulk and crust layers from Chukchi Borderland (Arctic Ocean); (3) bulk crust from Alpha Ridge (Arctic Ocean); (4) bulk crust from Tuvalu area; (5) mean crust layers from Govorov Guyot; (6) crust layer from Pacific Ocean [9]. Elements are divided into six groups (green dash lines) based on data in Table 6. Blank bars are analytical data with poor recovery through the leaching steps with respect to the bulk analyses using a cutoff of 100% ± 20% recovery. 
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Figure 9. Element associations with MnO2 (L2) and FeOOH (L3) in same groups of crusts as in Figure 8. 
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Figure 10. Mn, Ti, Pb, Al, Li, As, Th, and V distribution between four leach phases in hydrogenetic bulk crust from the Tuvalu area Pacific Ocean, and in Arctic hydrogenetic crusts, bulk (Alpha Ridge) and layers (Mendeleev Ridge, Chukchi Borderland. 
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Table 1. 8800 ICP-MS QQQ instrument conditions for laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS).
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	Acquisition Mode
	TRA (Time Resolved Analysis)





	Scan Type and Tune Mode
	MS/MS, No Gas



	Plasma Parameters
	



	RF Power
	1550 W



	RF Matching
	1.4 V



	Sample Depth
	4 mm



	Dilution Gas (Ar)
	0.70 L/min



	Coolant Gas (Ar)
	15 L/min



	Dwell time and Isotopes Measured

10 ms
	27Al, 28Si, 31P, 43Ca, 44Ca, 45Sc, 51V, 55Mn, 56Fe, 57Fe, 59Co, 60Ni, 63Cu, 125Te, 139La, 140Ce, 146Nd, 172Yb, 232Th



	Laser Ablation Instrumental
	



	Laser
	Nd; YAG



	Wavelength
	213 nm



	Energy output
	50%



	Spot size
	30 µm



	Frequency
	10 Hz



	He Flow
	1.0 L/min



	Elemental Imaging Conditions
	



	Analysis Method
	Multi-line Scan: 30 lines



	Space Between Lines
	30 µm



	Scan Rate
	120 µm/s
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Table 2. Crust samples selected for sequential leaching experiments.
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Dredge Site

	
Sample

	
Location

	
Latitude

	
Longitude

	
Depth (m)

	
Thickness (mm)

	
Description

	
Cruise






	
3

	
648/1

	
Mendeleev Ridge

	
79°27′ N

	
171°59′ W

	
2770-2200

	
4

	
Top layer

	
Arctic 2012




	
648/2

	
20

	
Middle layer

	
Arctic 2012




	
648/3

	
10

	
Bottom layer

	
Arctic 2012




	
10

	
10/1

	
81°30′ N

	
176°19′ E

	
2620

	
20

	
Bulk

	
Arctic 2012




	
DR4

	
DR4-003A

	
Alpha Ridge

	
81°31′ N

	
153°99′ W

	
3467

	
30

	
Bulk

	
HLY0805




	
DS1

	
DS1-001/A

	
Chukchi Borderland

	
79°40′ N

	
154°45′ W

	
3600

	
32

	
Top layer

	
HLY0905




	
DS1-001/B

	
7

	
Middle upper layer




	
DS1-001/C

	
10

	
Middle lower layer




	
DS1-001/D

	
12

	
Bottom layer




	
DS5

	
DS5-042/1

	
77°81′ N

	
161°35′ W

	
2100

	
26

	
Top layer




	
DS5-042/2

	
27

	
Bottom layer




	
DR5

	
DR5-D-A

	
76°26′ N

	
154°74′ W

	
3851

	
40

	
Bulk

	
HLY1202




	
D07

	
D07-33

	
Tuvalu

	
5.98′ S

	
176°90′ E

	
3522–1708

	
40

	
Bulk

	
DR1310




	
08D

	
08D-51-1

	
Govorov

	
17°56′ N

	
150°27′ E

	
2499

	
94

	
Mean of 3 layers

	
6–06








Pacific Ocean samples (Tuvalu, Govorov) for comparison. IGSN numbers for samples: DS1: ECS008001 (Parent: ECS000008); DS5: ECS008135 (Parent: ECS000012); DR5: ECS004106 (Parent: ECS004004); DR4: ECS00001C (Parent: ECS 000004).
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Table 3. Statistics for chemical composition of the Group 1 FeMn mineral association from scanning electron microscope/energy dispersive X-ray spectrometer (SEM/EDS), in wt %.
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	N
	Mean
	Min
	Max
	S
	
	N
	Mean
	Min
	Max
	S





	Na
	132
	1.99
	0.59
	4.39
	0.74
	K
	111
	0.46
	0.17
	1.39
	0.19



	Mg
	140
	2.87
	1.65
	6.10
	0.90
	Ca
	140
	2.44
	0.88
	3.67
	0.45



	Al
	140
	5.50
	3.62
	8.84
	1.03
	Sc
	91
	0.04
	0.00
	0.18
	0.04



	Si
	140
	2.54
	0.92
	7.03
	1.05
	Ti
	99
	0.44
	0.24
	1.03
	0.17



	P
	137
	0.76
	0.24
	1.57
	0.19
	Mn
	140
	21.8
	10.5
	32.3
	4.11



	S
	128
	0.64
	0.27
	1.35
	0.21
	Fe
	140
	22.0
	6.51
	38.6
	5.30



	Cl
	140
	1.79
	0.49
	5.67
	0.80
	
	
	
	
	
	







N = number of samples; Min = minimum; Max = maximum; S = standard deviation.
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Table 4. Factor loadings of selected element concentrations of ferromanganese colloform matrix. Varimax raw rotation of factors was applied.
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	F1
	F2
	F3





	Na
	0.44
	0.52
	0.05



	Mg
	0.34
	−0.82
	0.02



	Al
	−0.18
	0.28
	−0.64



	Si
	−0.32
	0.06
	−0.86



	P
	−0.85
	0.11
	−0.18



	S
	0.40
	−0.59
	0.10



	Cl
	−0.21
	0.24
	0.21



	K
	0.05
	0.03
	−0.81



	Ca
	0.67
	0.35
	0.29



	Sc
	−0.07
	0.05
	0.31



	Ti
	−0.21
	−0.78
	0.22



	Mn
	0.86
	−0.07
	0.22



	Fe
	−0.88
	0.12
	0.08



	Var
	0.26
	0.17
	0.17







F = Factor; Var = proportion of variance.
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Table 5. Statistics for the chemical composition of the iron mineral association in wt %.
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	N
	Mean
	Min
	Max
	S
	
	N
	Mean
	Min
	Max
	S





	Na
	52
	1.26
	0.58
	2.40
	0.47
	K
	56
	0.47
	0.13
	1.10
	0.27



	Mg
	74
	2.28
	0.87
	3.77
	0.62
	Ca
	74
	0.77
	0.22
	1.46
	0.27



	Al
	74
	5.35
	2.24
	9.29
	1.49
	Ti
	60
	0.47
	0.16
	1.38
	0.22



	Si
	74
	4.02
	1.49
	16.4
	2.25
	Mn
	65
	2.12
	0.00
	7.92
	1.76



	P
	74
	1.23
	0.46
	1.82
	0.25
	Fe
	74
	45.2
	35.4
	57.1
	5.11



	S
	47
	0.29
	0.12
	0.52
	0.09
	V
	17
	0.24
	0.14
	0.57
	0.10



	Cl
	66
	0.93
	0.17
	2.74
	0.47
	Sc
	44
	0.03
	0.00
	0.13
	0.03







N = number of samples; Min = minimum; Max = maximum; S = standard deviation.
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Table 6. Inorganic speciation of elements in oxic seawater [9].
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	No
	Group Name
	Elements
	Speciation





	1
	Alkali and alkaline earth metals
	Li, Na, Mg, K, Ca, Rb, Sr, Cs, Ba
	Free cations (+), carbonate complexes (0,-, or +)



	2
	Heavy metals with mixed cationic speciation
	Mn, Co, Ni, Zn, Tl
	Free cations (+); F, Cl, and OH complexed cations (+); carbonate complexes (0,-, or +)



	3
	Metals dominated by carbonate speciation
	Cu, Y, Pb, U
	Carbonate complexes (0,-, or +); F, Cl and OH complexed cations (+); free cations (+)



	4
	Metals forming neutral or negatively charged chloro complexes
	Cd, Hg
	Chloro complexes (0 or -); Cl and OH complexed cations (+)



	5
	Metals dominated by hydroxide speciation
	Be, Sc, Ti, Fe, Zr, Nb, In, Sn, Sb, Te, Hf, Ta, Bi, Th
	Hydroxide complexes (0 or -)



	6
	Elements forming oxyanions
	V, Cr, As, Se, Mo, W
	Oxyanions (-)
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Table 7. Mean percentage distribution of elements in four leaches of Arctic hydrogenetic crusts.
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Mendeleev Ridge, %

	
Chukchi Borderland, %

	
Alpha Ridge, %






	

	
L1

	
L2

	
L3

	
L4

	
L1

	
L2

	
L3

	
L4

	
L1

	
L2

	
L3

	
L4




	
Li

	
9.5

	
57.6

	
4.8

	
28.0

	
10.1

	
46.6

	
5.0

	
38.4

	
15.4

	
73.3

	
2.2

	
9.0




	
Mg

	
49.0

	
22.1

	
15.7

	
13.2

	
42.8

	
18.6

	
16.7

	
21.9

	
35.1

	
45.9

	
10.0

	
9.0




	
K

	
-

	
-

	
-

	
-

	
16.7

	
4.2

	
1.7

	
77.3

	
-

	
-

	
-

	
-




	
Ca

	
68.1

	
21.0

	
0.8

	
10.2

	
64.6

	
23.2

	
1.3

	
10.9

	
55.7

	
34.6

	
1.3

	
8.4




	
Sr

	
50.0

	
40.1

	
1.8

	
8.0

	
50.9

	
34.6

	
2.4

	
12.1

	
41.4

	
48.8

	
1.9

	
7.8




	
Cs

	
0.5

	
1.7

	
4.9

	
93.0

	
0.4

	
1.4

	
4.7

	
93.6

	
1.2

	
1.4

	
3.2

	
94.3




	
Ba

	
2.2

	
52.7

	
8.5

	
36.6

	
0.0

	
38.2

	
6.1

	
55.7

	
0.0

	
47.4

	
9.6

	
43.0




	
Mn

	
0.0

	
96.1

	
3.9

	
0.1

	
0.0

	
97.2

	
2.6

	
0.2

	
0.0

	
97.5

	
2.4

	
0.1




	
Co

	
0.0

	
97.9

	
1.8

	
0.3

	
0.0

	
98.2

	
1.3

	
0.4

	
0.0

	
97.0

	
2.9

	
0.1




	
Ni

	
0.6

	
91.2

	
7.0

	
1.2

	
0.5

	
93.7

	
4.3

	
1.5

	
0.2

	
95.3

	
4.3

	
0.2




	
Zn

	
0.0

	
43.2

	
42.3

	
14.6

	
0.0

	
42.4

	
37.9

	
19.7

	
0.0

	
65.5

	
26.5

	
8.0




	
Cu

	
1.5

	
47.6

	
41.4

	
9.5

	
2.1

	
42.4

	
43.7

	
11.8

	
-

	
-

	
-

	
-




	
Y

	
0.0

	
73.5

	
22.2

	
4.3

	
0.0

	
69.1

	
23.6

	
7.3

	
0.0

	
70.9

	
24.0

	
5.1




	
Pb

	
0.0

	
21.0

	
76.2

	
2.8

	
0.0

	
25.2

	
71.0

	
3.8

	
-

	
-

	
-

	
-




	
U

	
15.7

	
10.3

	
67.1

	
6.9

	
16.5

	
10.4

	
63.5

	
9.5

	
-

	
-

	
-

	
-




	
Cd

	
1.8

	
80.0

	
16.9

	
1.3

	
1.6

	
81.6

	
14.6

	
2.2

	
0.8

	
83.6

	
14.1

	
1.4




	
Al

	
0.1

	
20.6

	
29.6

	
49.7

	
0.1

	
19.4

	
24.3

	
56.1

	
0.1

	
27.6

	
30.2

	
42.1




	
Ti

	
0.0

	
0.5

	
59.1

	
40.4

	
0.0

	
0.2

	
46.1

	
53.7

	
0.0

	
0.6

	
54.8

	
44.5




	
Fe

	
0.0

	
17.2

	
72.1

	
10.7

	
0.0

	
16.6

	
63.9

	
19.4

	
0.0

	
21.4

	
65.3

	
13.3




	
Th

	
0.0

	
0.9

	
92.5

	
6.6

	
0.0

	
0.2

	
89.7

	
10.1

	
0.0

	
1.1

	
89.6

	
9.3




	
V

	
0.0

	
33.1

	
55.9

	
11.0

	
0.0

	
26.4

	
51.5

	
22.1

	
0.0

	
36.2

	
47.5

	
16.3




	
Cr

	
-

	
-

	
-

	
-

	
11.3

	
0.0

	
29.7

	
59.0

	
-

	
-

	
-

	
-




	
As

	
0.1

	
0.7

	
84.1

	
15.1

	
0.1

	
0.7

	
74.9

	
24.3

	
0.1

	
2.2

	
77.0

	
20.8








-: analytical data with poor recovery through the leaching steps with respect to the bulk analyses using a cutoff of 100% ± 20% recovery.














© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png





media/file18.png
9 9D 19 19 19 1 D _

|
_

B A B A B A I A = \/L
----4-------------------- T T T — T T T T

qL Yyl i yl s

=Y - - o - o . o . o

__h 1L 1L 1L _
. v i Iv _<_
I Iau.lu&.llllau._

-

I qd ! qd n,_“
I I . . A e A
L ),

Sy
| e
: [
| St
| S
“ pEE
(N 7 NN 0 D 0 T 0 -
" (oyioed
(o1304v) (o1301y) (o1304v7) IR 1S9M-U}ION) oy1oed
abpry puepapiog abpry 1SeMm-|e1juad) 10n9 lesua) (9)

As9epusiNl (1) yoynyo (z)  euydiy () z33 njeanp (y) Aolonos (g)

- Mn oxide :’ Fe oxyhydroxide






media/file3.jpg





media/file19.jpg
Th, ppm.

V.ppm.
$23 .8 8

B H oa| s

-
u LR} [EIFe oxyhydroxide
[ T—
n Ia
I I | DPmchonn
chukan
Sovdeana

=10
(] p—

Top [— | — |-

Moo [mm— — —
Botom [mum— —





media/file7.jpg





media/file10.png
20

10

C = N W

) -

0
Mn, % Fe, %
10
8
6
4
2
0

Al, % i

B Atlantic B2 Indian [ North Pacific Prime Zone

I Colloform matrix [ ] South Pacific
of Amerasia crust





media/file14.png





media/file11.jpg
Facetonsngs, e 115 Fohe2
A oo e
. o prncotcompenets

o Y o

o2l re

as

o w5 w6 i w1 w6 i o o

FacLossngs, s 2 P
B Roton vsamaion
o Poncan ot

2

-

W e w1 w &

m





media/file6.png
Ko P P P

L
N ]

.

.

|
n
'

.
a

.

o
o i, ,‘

i
1.
g

%‘_

1‘_1 |., ce

'@“’@EWW_I“"W





media/file15.jpg
(2) Chukehi
Borderland
(Arctic

o
(Arctic)

Tuvalu EEZ
(Central-west
Pacific)

(5) Govorov
Guyot
(Northwest
Pacific)

(6) Central
Pacific

=

v —

\
H
i
W
s
\
M
\
)

I Loosely bound+carb, [N Mn oxide

[ Fe oxyhydroxide

[ Residual (A-Si)





nav.xhtml


  minerals-08-00460


  
    		
      minerals-08-00460
    


  




  





media/file16.png
.G---‘:l T
(I i" I
Tl lh 2 Il' E

|

(1) Mendeleev
Ridge
(Arctic)

::>-.g:l1:|<r-0‘.>“

I !
|
c.: >-.n 3'3'< = @ ._.>5 ::’l

!:- l Tl

(2) Chukchi
Borderland
(Arctic)

(3) Alpha
Ridge
(Arctic)

| K
8283”8 F 5 4
N - - N T— *
was | ' ' '
SLE | | i |
w o5
25 | l 11l I' [
o> I | | wl
g I szaa-eoplzreAl>0 g
T e~ 2§ PREREEE !
68 20 I \ |
>g,lE I . . |
0O5£ 0 |
OGa
0 £ T . P, |
- , 8§58 SESIZ>E2[IFLE> S5 A
100| ——— L.I | A—
e {IE 1
1115t 1IBi1S
zoI
e -1'-'
- |

|I.|MgK Ca Sr Cs Ba

- Loosely bound+carb. - Mn oxide
|:| Fe oxyhydroxide - Residual (Al-Si)

nCo Nl Zn uyY Pb U Cd.AI Ti Fe TrLV Cr AsJ





media/file2.png
.J l-...l_J... R

Mn Fe/Mn Si Al Si/Al Ca Ti P H20-
m Mendeleev mChukchi wAlpha = North Pacific Prime Zone
3000 PPM Ppm

150
2000 ' 100 i
1000 50 l
- J dl ._l J T |
As Ba Co Cu Ni Pb Sr Vv Zn Sc Th Li





media/file20.png
. - Loosely bound+carb.

- Mn oxide

[:I Fe oxyhydroxide

[ |Residual (AI-Si)

Pacific Ocean

Chukchi
Borderland

Alpha Ridge

1 1 [

Mendeleev Ridge

Top | D — [
Bottom | I [ — (11 1

=
o
£
o
m

Middle | N e (I

Bottom | I





media/file5.jpg





media/file1.jpg
IJ Ildg_ﬂ_i

Mo FeMn i
Mendeleev = Chukchi -Alm -m«hm Prime Zone

m m
3000 PP 150"

2000

m: ‘-IlIJJll.d“ll

se Thou





media/file12.png
Factor 3

Factor Loadings, Factor 1 ws. Factor 2

A Rotation: Varimasx raw
Exraction: Principal components
0,6 . : . s
04¢ Ca
e
o
o
021 re .
ety |
2 | K
0,0 W
o
.E_ -02 ¢t
vl
-0.4
S
06 | &
Ti
-D,B L O Mﬁg
1.” E a A L i " " ki
-1,0 -0, -0,6 -0,4 -0,2 0,0 0,2 0,4 0,6 0.8 1,0
Factor1
Factor Loadings, Factor 2 vs. Factor 3
B Rotation: Varimax raw
Extraction: Principal componeanis
0,4 v :
. Ca
T M @
0,2} g 2 Cl
& Sc Fa <
Mg @
o o P":}El
0,0
i
-0,2
-0,4
06 F Al
o
-08 <
' ~ 8i
£
'1|D x F E 1 F :
1,0 -0,8 -0,6 -0,4 -0,2 0,0 0,2 0.4 0,6

Factor 2





media/file9.jpg
) —

Mn, % Fe,%
10
8
6
4
2
0
A% A%

B Atlantic I Indian [ North Pacific Prime Zone

[ Colloform matrix [T south Pacific
of Amerasia crust





media/file0.png





media/file8.png
/
o)
ASS
B A F .
o Ty b B
- p g Tt
4 \ J\A - Ve
—~ 3 | J
YELY A B 4
,-!fln‘ ’ - - | ——
k sl e ™
P i J_~ P e S D
SEEN )
L i
¥ > : 1y
> /

m
|92
v
o
—_—
7
>
e
W
N| TS
)
@)
53
e
=
)
S

Mn Fe






media/file17.jpg
_
e

(onoav)
oBpry

AoolpUO (1) 1oAY (2)

T T "M W R T S 7 M

5 s » » »
A — 1 — 1 — _ —
e e -
) - - o — 5 - >

w I w — v . v
_aulu.qll._uluiau.lu&i
R S e e )

.. -] a a 2w |

(oyed ”
(onary) (oyoed  jsomupion) oed
puspiopiog isomienuod) | lokng | 194490 (9)

Zaaneans (p) Aoionoo (5)

[ Mnoxide [ Fe oxyhydroxide





