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Abstract

:

The occurrence of deep-sea ferromanganese nodules and crusts on the seafloor is widespread, providing an important resource for numerous metals such as Ni, Co, and Cu. Although they have been intensively studied in the past, the formation of micro-manganese nodules within carbonate rocks has received less attention, despite the considerable amounts of manganese released from the dissolution of the calcareous framework. The micro-petrographic and geochemical characteristics of reef carbonate rocks recovered from the Zhaoshu plateau in the Xisha uplift, north of the South China Sea, were studied using optical microscopy, scanning electron microscopy, confocal Raman spectrometry, and an electron probe micro-analyzer. The carbonate rocks are composed of biogenic debris, including frameworks of coralline algae and chambers of foraminifer, both of which are suffering strong micritization. Within the calcite micrite, numerous micro-manganese nodules were identified with laminated patterns. Mineral and elemental evidence showed that the Mn oxides in the carbonates are mixed with 10 Å vernadite, 7 Å vernadite and todorokite, both of which are closely associated with the carbonate matrix. The micro-nodules were found to have high Mn/Fe ratios, enriched in Ni and Cu and depleted in Co. We infer that theses nodules are mixed type with early diagenetic growth under oxic–suboxic conditions. The re-distribution of manganite within the rocks is likely influenced by micritization of the calcareous framework. We deduce that microbial-associated reduction of manganite induces the formation of diagenetic todorokite similar to nodules buried in marine sediments.
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1. Introduction


Marine ferromanganese (Fe–Mn) crusts and nodules are found in a variety of marine settings, enriched by several metals, such as Mn, Co, Ni, Cu, Mo, and Te, and high-field-strength elements (rare earth elements, Ti, Hf, Nb, Ta, and Zr) [1,2,3,4]. The geochemical and mineralogical composition of deep-sea Fe–Mn crusts and nodules has been studied to determine the formation processes of manganese nodules [5,6,7,8,9,10]. Three types of crusts and nodules are usually classified by the predominant genetic process: hydrogenetic, diagenetic, and hydrothermal deposits, which are differentiated by their mineral and elemental compositions [2,11,12,13]. In contrast to the wealth of information that has been obtained for crusts and nodules found on the sea floor, geochemical, mineralogical, and high-resolution studies of micro-nodules in carbonate substrate are lacking, despite the occurrence of carbonate rocks at the surfaces of deep-sea floor being well documented [14,15,16,17,18,19,20].



Most carbonates in sea water settings are biogenic in origin, covering approximately half of the area of the entire ocean floor [21,22,23]. The diagenetic processes of carbonate rocks are widespread but complex because of the relatively labile nature of carbonates. Various processes, including gravitational compaction, pressure dissolution, reprecipitation, and cementation, drive the diageneses of carbonate [24]. The diagenetic processes of deep-sea carbonate may alter the geochemical balance between the transportation of calcium, magnesium, trace elements, and manganese in the surrounding environments [21,25,26,27]. It was reported that the dissolution of foraminiferal tests in the water column might contribute important components to the mineralized source of Fe–Mn crust [28]. Repaid return transportation of seawater from the cavities and fissures of dissolved limestone may also have stimulated Mn deposition during the Barremian–Aptian interval [10]. The deposition of Fe–Mn crust with carbonate cavities and fractures is attributed to the roles of microbes, which act as a specific trap for Fe–Mn ion enrichment [10,27]. The diagenesis of carbonate in tropical water settings was also found to be closely associated with the microbial decomposition of organic matter, which may result in undersaturated pore water with respect to CaCO3 [29], and the process may be accelerated by the benthic boring fauna [19]. Related microbial processes may involve microbe-driven formation of manganese crust on the seafloor [14,30].



Studies of the carbonate diageneses and formation of Fe–Mn crusts and nodules have been inadequate, especially focusing on the early stage of diageneses. The South China Sea is one of the seas with the largest margins, a deep semi-closed basin, and wide continental shelves in the western Pacific [31,32]. Both carbonate settings and Fe–Mn crust/nodules are well developed [33,34,35,36,37]. Carbonate samples developed with micro-nodules were dredged by a manned submersible Shenhaiyongshi from the Zhaoshu plateau at the Xisha uplift, in the north of the South China Sea (SCS) in July 2019. In this study, mineralogy and geochemical studies on bulk samples and microstructures were conducted to reveal the structure and composition of micro-nodules within carbonate rock, aiming to highlight the relationship between genesis of diagenetic micro-nodules and micritization of carbonates.




2. Geological Setting


In this study, carbonate samples were collected from the Zhaoshu plateau, in the northeast of the Xisha uplift, located along the northwestern continental margin of the SCS (Figure 1A). The Xisha uplift lies in a tectonically dynamic position in the northern SCS and experienced intense block faulting since the rifting and subsequent seafloor spreading of the SCS [38]. Several tropical carbonate platforms, including Yongle, Xuande, Huaguang, Langhua, and Zhaoshu, developed extensively on the Xisha uplift, some of which have been studied extensively with respect to biostratigraphy, lithology, and formation history [33,39,40,41]. Different drilling results from the Xisha uplift have shown that reef formation initiated in the Eocene–Oligocene transition in limited areas of the southern SCS and spread to wider regions since the early Miocene following accelerated seafloor spreading [39]. Most of the reefs were subsequently drowned when the Xisha uplift subsided during the late Oligocene to early Miocene periods of seafloor spreading [33,42].



The sampling location on Zhaoshu plateau is a flat-topped submarine plateau with a bottom area coverage of ~185 km2 and a top area coverage of ~88 km2. Geological and petrological studies of this area are lacking, although the location is less than 100 km from Yongxing Island. The depth of the shallowest guyots is about 300–400 m, and that of the adjacent marine basin is about 1300 m (Figure 1B).




3. Materials and Methods


3.1. Dives and Sampling


During the TS 12-01 expedition in July 2019, one dive (Dive_SY165, Figure 1C) was performed at the southeast slope of the Zhaoshu plateau by the manned submersible Shenhaiyongshi and the supporting vessel R/V Tansuoyihao, owned by the Institute of Deep-sea Science and Engineering, Chinese Academy of Sciences (IDSSE, CAS, Sanya, China). An external color video camera on the submersible provided video log throughout the dive. Time, depth, and geographic coordinates were overwritten on the high-quality video image, allowing the observation to be located on the submersible’s dive track. Carbonate samples were collected by the mechanical arm of the submersible at a water depth of 1171 m at a carbonate formation (~112.8010° E, 17.4245° N; Figure 1C–E, Video S1). When recovered on deck, the carbonate samples were kept at −20 °C in a freezer until they were returned to the laboratory for further analysis.




3.2. Laboratory Analyses


Different techniques from bulk to high-resolution in situ analysis were used to determine textural, mineralogical, and geochemical features of the carbonate and inner micro-manganese nodules. X-ray diffraction (XRD) and confocal Raman spectroscopy were performed to determine the mineralogy of the samples. Geochemical characteristics were obtained from bulk samples. Confocal Raman mapping, scanning electron microscope (SEM), and electron probe micro-analyzer (EPMA) were used to further characterize the micro-nodule and carbonate substrate.



3.2.1. Petrography and Mineralogical Studies


Petrographic analyses of textural and mineralogical features were conducted on polished thin sections (ca. 30–100 μm) using a Leica DM 2700P polarizing light microscope coupled with a DFC550 digital camera (Leica Camera AG, Wetzlar, Germany) at IDSSE. Due to the high abundance of carbonate in present samples, bulk sample XRD cannot effectively discriminate manganic minerals within the micro-manganese nodules. After the bulk mineralogical XRD profiles were acquired, bulk powders were leached by acetate buffer (1 M acetic acid/Na acetate buffer pH 5) to remove carbonate components. The residues were harvested by centrifugation and analyzed twice, after drying at 40 °C and after drying at 105 °C for 24 h [8,43]. The equipment used included a Malvern Panalytical Empyrean X-ray diffractometer at IDSSE. The effective analytical conditions for identifying of micro-nodules were as follows: Cu-Kα radiation at 40 kV and 30 mA, a curved graphite secondary monochromator, scan from 5–80° (2θ), step size of 0.01313° (2θ), and step time of 0.5°/min.



Confocal Raman spectroscopy was used to support the characterization of these poorly crystalline minerals in the local selected area. Raman analyses were performed on polished thin section by a LabRAM HR Evolution (Horiba Jobin Yvon) confocal Raman spectrometer equipped with a 532 nm excitation laser at IDSSE. We used an optic fiber that was 50 microns in diameter to harvest the inelastically scattered photons. A 100× objective was used to provide a spatial resolution between 500 and 360 nm in the Raman images; 600 lines/mm grating was used to obtain spectra with a spectral resolution around 4 cm−1. Raman hyperspectral images of mineral associations were generated by mapping the main peak intensities for specific minerals using the WITec Project alpha300 Rconfocal Raman imaging system (WITec Wissenschaftliche Instrumente und Technologie GmbH, Ulm, Germany) at IDSSE. All Raman peak positions were read directly from the measured average spectra calculated from representative regions with high signal-to-noise ratio (SNR) and after background removal.




3.2.2. Scanning Electron Microscopy and Element Mapping


Micro-nodules from the polished thin sections and freshly fractured carbonate rocks were examined with a Thermoscientific Apreo C SEM equipped with an energy-dispersive X-ray spectroscope and AZtec system provided by Oxford Instruments at IDSSE. The SEM was operated at 2 kV with a working distance of 10 mm to provide optimal imaging and to minimize charging and sample damage in the back-scattered electron imaging mode. An accelerating voltage of 20 kV was used for the X-ray analysis to obtain adequate X-ray counts with a precision of ~5%.




3.2.3. Bulk Geochemical Analysis


The major, minor, and rare earth elements were determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES) and inductively coupled plasma mass spectrometry (ICP-MS) measurements at State Key Laboratory of Marine Geology, Tongji University (Shanghai, China). Samples used for these analyses were dissolved using a solution of HNO3 + HF on a hot plate. The eluted sample was then diluted with 2% HNO3. The analytical precision and accuracy, monitored by the geostandard GSD9 and sample duplicates, were better than 5%.




3.2.4. In Situ Geochemical Analysis by EPMA


EPMA was performed on polished thin sections (ca. 100 μm) to identify elemental distribution in micro-structures of the selected areas. For this, a Jeol JXA-8230 electron probe micro-analyzer (Jeol, Tokyo, Japan) was used at Wuhan Sample Solution Analytical Technology Co. Ltd. (Wuhan, China). Standards were natural minerals from international suppliers. Back-scattered electron images were also obtained with this instrument. We analyzed polished thin sections at a 15 kV accelerating voltage and a 50 nA beam current. The single layers were analyzed with a focused (1–5 μm) and a defocused (5–20 μm) beam. Counting times for the analyzed elements were 10 s for Mn, Fe, Ni, Cu, Na, Mg, Al, Si, K, Ca, Ti, P, S, and Ba, and 30 s for Co, Mo, Zn, and Pb.






4. Results


4.1. Sea Floor Observation and Carbonates Distribution


The geomorphology of the southeast slope of Zhaoshu plateau, observed by submersible Shenhaiyongshi, is characterized by an evident seabed configuration in which three significant features were identified: a reef-carbonates, pelagic sediments, and outcrops of volcanic rocks (Figure 1A). Carbonate samples collected at the bottom of the plateau were representative of the reef carbonates at water depths between 1171 to 1201 m (Figure 1C). Massive pelagic sediments were deposited on the seafloor between 1067 and 1224 m along the dive track (Figure S1A). Volcanic rocks, including columnar joint blocks and pillow lava, were found in extensive steep outcroppings (460–900 m water depth) (Figure S1B,C). In contrast, dense reef carbonates were found on the top the plateau (Figure S1D). Based on these observations, we concluded that the Zhaoshu plateau might share similar origin models like other platforms and some of the Pacific guyots: prolonged volcanism, followed by subsidence, accumulation of shallow-water reef carbonates, emersion following a sea-level fall, then continued subsidence, erosion, and then drowning [44].



On the seafloor surface of the reference location, the carbonates were like a concrete floor but with cracked fractures (Video S1). Thin and fine grain sediment deposits were observed on the concrete-like seafloor, which were easily disturbed by the submersible propeller. As a result, we were able to distinguish carbonates from massive pelagic sediments. Although large amounts of sediments were identified at water depths between 1201 and 1223 m, the platform erosion was widespread at the edge of the terraces (Video S1).




4.2. Description of Carbonates and Samples


Two carbonate rocks were collected from the fracture of the carbonate deposit (Figure 1D,E). The two rocks were approximately 10 to 16 cm thick. Both were a dull gray color due to the deposition of manganese oxides on their surfaces. The effects of boring by benthic fauna were visible on the rock surface, which enlarged the cavities and fractures in the carbonate. The interiors of the rock were smoky white in color.



Plane vertical cross-sections through the rocks displayed the clear structuring of the carbonates. Skeletal grains of algae and foraminifers were embedded in a calcite muddy matrix, which were fractured, vuggy, and poorly organized (Figure 2). The carbonate samples were mainly composed of accumulations of calcified fragments of coralline algae, some of which had experienced micritization (Figure 2A,C). Most of the algae observed were filled with micrite (Figure 2C,D). In addition, the shells of Amphistegina species and other free-living benthic foraminifera significantly contributed to the carbonate rocks (Figure 2B). Orbulina sp. and Sphaeroidinellopsis were dominant among the planktonic foraminifera species. Other foraminifera occurred in very low numbers. The occurrence of Orbulina sp. and Gq. dehiscens indicated that the carbonate rocks are 10–16 Ma years old.




4.3. Micro-Manganese Nodules in Carbonates: Morphology, Sizes, and Mineralogical Properties


4.3.1. Textures of the Micro-Manganese Nodules


Reflected light microscopy combined with backscatter SEM revealed the morphology and texture of the micro-manganese nodules. In general, nodules showed laminated layering, highlighted by micrometer-thin layers of high and low reflectivity alternating with each other (Figure 3). In the cross-section, nodules with bright layers were classified as having three basic growth habits: (1) concentric growth, (2) botryoidal pattern of laminated oxides, and (3) sub-spherical shape. Some of the Mn oxides were dissimilar to the bright layers but with low reflectivity, especially near the bright micro-nodule layers (Figure 3). Some of the low-reflectivity Mn was also shown to be growing in the shells of fossils (Figure 3G,H). The micro-nodules were mainly 40–100 μm in thickness, sometimes even smaller, and these were embedding into the carbonate matrix. We can easily distinguish nodules at the rock surface and in the inner part from vertical thin sections. In general, the botryoidal pattern of laminated structures was more likely developed at the rock surface. Instead, there was a high probability that concentric and sub-spherical shapes occurred in the inner part.



SEM images of micro-nodules showed that they were typical phyllomanganate Mn oxides closely associated with the carbonate substrate within micro-scales (Figure 4). The substrate was fine-scale dense carbonate micrites, on which the typical laminar structure of Mn oxides assembled with laminated or spherical shapes (Figure 4A). The fractured sub-spherical clearly showed the interspace between different layers (Figure 4B,C). Nano- to micro-scale Mn oxides with a laminar shape also filled in the space of the calcite mineral (Figure 4D). The close interactions between carbonate and Mn oxides also could be reflected by the carbonate cements mixed with Mn oxide at the center of the Mn oxide assembly (Figure 4D).



SEM-EDS mapping of micro-nodules with a sub-spherical shape showed that the nodule was rich in Mn, Mg, and Ni (Figure 5). Fe and Co, which are usually rich in marine polymetallic crusts and nodules, were not enriched like Mn, Mg, and Ni because they were unrecognizable between different layers as well as in the interface (Figure 5). In contrast, the distribution of Fe sometimes correlates with the distribution of Si, indicating the mixing of clay minerals (Figure 5). The encrusted micro-nodules in the carbonate substrate were also demonstrated by the elemental distribution of Ca and Mn. The mix of carbonate in micro-nodules was identified by mapping.




4.3.2. Mineralogy of the Micro-Manganese Nodules


XRD analyses on bulk samples showed the main patterns of calcite and a low amount of quartz (Figure S2). Owing to the low counts and undefined reflections of Mn oxides in the bulk sample, carbonate components were removed by acetate buffer leaching. Detected minerals in residues were predominantly represented by Mn oxides and detrital minerals (quartz, feldspar, chlorite and muscovite) (Figure 6). The patterns of Mn oxides had diffraction peaks at 10 Å and 7 Å as well as weak peaks at 5 Å and 3.5 Å. The hk band at 2.45 Å was overlapped with quartz, and the band at 1.42 Å was not distinguishable, indicating the absence of Fe-vernadite. This pattern is typical for turbostratic phyllomanganates (10 and 7 Å vernadite) [13,43,45,46,47]. After drying the residues at 105 °C, patterns of major Mn oxides remained at around 10 Å and 7 Å, but with an increase in intensity of 7 Å compared to 10 Å. Collectively, XRD results indicated that micro-nodules in carbonate contained todorokite and 10 Å and 7 Å vernadite.



The local probe of confocal Raman spectroscopy is also used for directly analyzing the local structure of manganese oxides, especially for micro-nodules with poor crystallinity. Three major manganic mineral features were recognized from the Raman shift: (1) broad shoulders at 610–635 cm−1 within the nodule, (2) two peaks at 485~490 and 571~585 cm−1, and (3) weak peaks at 375 cm−1 (Figure 7F). Todorokite in Pacific Fe–Mn nodules was characterized by one intense peak at 610–640 cm−1, which was also comparable to the todorokite from the RRUFF database [48]. In contrast, it is considerably difficult to obtain good identification of 10 and 7 Å vernadite with Raman due to the lack of databases for phyllomanganates in Fe–Mn nodules. The combined XRD and Raman features showed that the micro-nodules were mainly composed of todorokite (Figure 7). In contrast, manganese oxides with low reflectivity near the nodule were characterized by the mixture of calcite micrite and other manganic minerals (Figure 7). The layer of manganese oxides was loose, indicating permeation of epoxy embedding the interspace (Figure 7C).



In order to study the features of mineral distribution around micro-nodules, combined SEM and confocal Raman spectroscopic comparison on fresh fractures were performed. Although the structures of the micro-nodule were not distinguishable from SEM images because they were not on polished thin sections, back-scattered electron images and elemental mapping showed the Mn distribution between the different layers (Figure 8A–C). The substrate showed the clear Raman shift of calcite (280 and 1080 cm−1), which was sometimes closely associated with a low-reflectivity manganic mineral phase (Figure 8D). Compared to the well-developed micro-nodules recognized from the thin sections (Figure 7), the major manganic mineral features of the Raman shift were generally similar to those of the fresh fractures (Figure 8D). Mn phases mixed with calcite micrite sometimes showed high intensity peaks at 490 cm−1 and weak shoulders around 635 cm−1 (Figure 8A). It should be noted that different points within the micro-scale showed a different spectrum on the shoulders and peaks around 635 cm−1 (Figure 8B). Carbonaceous matter (CM) was also detected in some patches of Mn oxides, reflected by the clear D and G bands (Figure 8C). Near the CM, Raman features, like those of the well-developed micro-nodules, were recognized (Figure 7F and Figure 8D).





4.4. Geochemistry


The bulk chemical composition of the carbonate deposits is provided in Table S1. The concentration of CaO, which ranges from 44.97% to 51.67% and reaches negative peak values near the surface of the samples, dominates the Zhaoshu plateau samples’ compositional changes. The MgO concentration was no more than 1.53% among all subsamples. The highest MnO concentration was found in subsamples of the dim gray carbonate surface and was up to 2.28%. MnO in the inner subsamples, where micro-nodules were found to be well developed, had relatively lower concentrations (mean 0.70%). Fe2O3 content was very low (mean values: inner = 0.70%, outer = 1.64%).



Elements normalized by detrital phase (Al) showed major changes that vary inversely with Ca/Al, reflecting their strong dilution by biogenic calcium (Figure 9A,C). The elemental ratios of REE/Al (rare earth element, REE) were close to the ratio of Mn/Al compared with that of Fe/Al (Figure 9B,D). The enrichment of REE was largely controlled by the scavenging of Mn (oxyhydr)oxides. The excess of Fe on the outer surface may reflect the Mn oxide scavenging of Fe from the seawater (Figure 9C).



EPMA investigation revealed the elemental contents in the micro-nodules (Table 1). Compared to the bulk results, high Mn and low Fe contents were found at the micro-scale. The Mn/Fe ratios showed the highest values in the inner carbonate of up to 116.6 (mean 54.08). The surface of carbonate had lower Mn/Fe values but were higher than five, which is consistent with tendency of bulk samples. The micro-nodules were enriched with metals such as Mg, Ni, Cu, and Zn. The content of Co, which is another transition element in marine polymetallic deposits, was not concentrated, as revealed by the EPMA data and SEM-EDS mapping (Table 1, Figure 5).





5. Discussion


5.1. Carbonates at the Bottom of the Zhaoshu Plateau


The South China Sea has harbored an extensive number of carbonate platforms and reefs since the late Cenozoic [33]. The Zhaoshu plateau, from which the carbonate samples were collected in this study, belongs to the Xisha uplift; the origins of the carbonates were recognized as the shallow water and biologically controlled deposits [33]. Although few studies considered the carbonate deposits of the Zhaoshu plateau, carbonate plateaus studied at Yongle and Xuande in the northern SCS were adequately characterized by geophysical survey and drilling core analysis carried out to the southwest of the Zhaoshu plateau, no further than 100 km away from the study site. The studied carbonate samples developed in a shallow water environment by reef-building organisms mainly including calcareous algae species, benthic foraminifera, as well as some planktonic foraminiferal species (Figure 2). The recovered samples and near-sea-floor observations along the dive track on the southeast slope showed that the Zhaoshu plateau might have accumulated shallow-water reef carbonates during prolonged volcanism at the bottom. Then, with the intense subsidence and emersion accompanying the sea-level fall, shallow-water carbonate formed at this depth.



The present carbonate samples were mainly characterized by a framework of Corallinaceae, including Corallina, Amphiroa, and Lithophyllum. Calcareous algae, which significantly contribute to reef calcification and cementation, were also reported as the major reef builder at Xisha in the SCS [49,50], Gulf of Suez [51], and the Great Amazon reef [52]. The reef-building coralline algae were claimed to produce massive nodules of up to 10 cm in diameter from thin crusts of only a single-cell thickness, and their building processes led to their extensive representation in the geological records [53]. The distribution of biological species and ecological features of reef-building organisms in the adjacent XK-1 and Chenke-2 in the fossil record revealed that calcareous algae were one of the main builders of the carbonate reef, apart from the corals Corallinaceae, Hapalidiaceae, and Sporolithaceae [54].



The reservoir quality of carbonates was controlled not only by sedimentary facies, but also by the complex sequence of diagenetic processes. Traditionally, processes involved in the diagenetic processes of carbonate diminished the porosity via compaction, dolomitization, anhydritization, micritization, and cementation [51,55,56,57,58,59]. The main diagenetic feature of the present carbonate samples is the massive calcite micrite around bioclasts or partially micritized biological grains (Figure 2). The formation process of the micritic matrix, which was a widespread constituent of carbonate rocks throughout Phanerozoic, is still poorly understood [60]. Carbonate micrite from reefs and carbonate platforms are largely considered derived from the breakdown of biological skeletal grains, such as algae and foraminifers [61,62]. In contrast, the biological skeleton in our samples mainly consisted of coralline algae and chambers of foraminifera. These carbonate reef reservoirs frequently showed complex micritization processes. The occurrence of dense clusters of the micritic matrix as remains of coralline algae provides strong evidence that original carbonates were mostly replaced by micrite calcite.




5.2. Formation of Micro-Manganese Nodules within the Carbonate Matrix


Compared with other Fe–Mn crusts and nodules studied in the SCS, the micro-nodules in the present study were characterized by enrichment of Mn with high Mn/Fe ratios. Marine Fe–Mn oxides can be classified as (1) diagenetic, with Mn/Fe ratios >2.5, being rich in Cu and Ni and poor in Co; (2) hydrogenetic, with Mn/Fe ratios of ~1 and with relatively high concentrations of Co compared to the other genetic types; and (3) hydrothermal, in which Mn/Fe is either very high or very low, characterized by low Cu + Ni + Co content [1,63,64,65]. Two modified discrimination diagrams [45,63] were used here with a ternary plot of the concentration of Mn, Fe, Co, Ni, and Cu (Figure 10). The bulk carbonate samples, including the outer surface with the Fe–Mn crust, were plotted in the hydrogenetic field, as reported for the Fe–Mn nodules in the northern SCS [37]. However, in situ analysis of micro-nodules by EPMA produced dissimilar discriminations. Figure 10A displays the properties at the edge or outside of the hydrogenetic origin and showed no indicator of hydrothermal origin. According to the classification, these nodules were typical of a mixed type with early diagenetic growth under oxic–suboxic conditions.



In terms of mineralogy, the diagenetic-type nodule consists of turbostratic phyllomanganates such as 10 Å vernadite, 7 Å vernadite and todorokite [13,43,45,46]. 10 Å vernadite and 7 Å vernadite were detected by XRD analysis. These two varieties are two-water layer (10 Å) and one-water layer (7 Å) of the same type of vernadite, each of which consists of octahedral Mn layers stacked vertically with a constant separation [67]. The formation of turbostratic phyllomanganates was attributed to the metal precipitation from suboxic near-bottom sea water and/or sediment pore water [2,12,13,43,45,46]. Our samples were collected at a water depth of 1200 m, which may have once been shallow during sea subsidence. These depth ranges are closely relate to the oxygen minimum zones (OMZ) of the SCS [68], where are favorable reduction of Mn-bearing solid phase occurs [28]. This storage of Mn was not equal to that of Fe (Figure 9) because under such suboxic conditions, Mn4+ can be reduced, but no Fe3+ reduction occurs [43]. Micro-nodules were usually embedded within the carbonate matrix (Figure 3, Figure 4 and Figure 7). High-resolution SEM showed that Mn oxides with laminated layers and spherical shapes were encrusted on the carbonate micrite (Figure 4). Mn oxides in the inner of carbonate rocks thus may be similar with buried nodules in sediments under oxic and suboxic conditions.



Apart from CaCO3, carbonate frameworks such as coralline algae also include Mn oxides, that may participate in the initiation of manganic mineral deposition maintenance [69]. It was reported that the dissolution of carbonate plankton samples may have acted as the main metal source for the growth of Fe–Mn deposits from the seamount area in the Central Pacific [28]. Mn oxides can deposit on the surface of the cell wall as they grow [70,71,72]. The growth of algae can also concentrate intracellular Mn oxides at low Mn concentrations [71]. During the collapse of the carbonate framework and micritization, released Mn may contribute another important Mn source for growth of micro-nodules. Owing to the source from fossils, these type of nodules seems significantly thinner when compared to other Fe–Mn nodules reported in the South China Sea [35,36,37,73].



The presence of todorokite, observed by XRD analysis, indicated that the 10 Å reflection remained conspicuous after heating at 105 °C (Figure 6). In situ Raman spectra revealed that nodules with layered growth structures showed preferentially the Raman shift of todorokite (610–635 cm−1). The shift of main Raman bands from 635 to 610 cm−1 was interpreted as the enlarger of average distances between atoms. The increase in half-bands and decrease in intensity can be recognized as irregular distribution of bond lengths and bond angles of MnO6 octahedra [48]. Raman results revealed the changeable of todorokite (Figure 7). We propose Mn oxide in the inner carbonate may transform from phyllomanganates to todorokite.



Similar processes in natural environments have reported in nodules under suboxic conditions [5,13,43,45,46,74]. The processes that occurred during the transformation of todorokite from Fe-vernadite were recently concluded [43]. Hydrogenetic Fe-vernadite was firstly dissolved, releasing reduced Mn into pore waters, reacting with more stable 7 Å and 10 Å phyllomanganates, and transforming them into todorokite [43]. The transformation is also supported by the high content of magnesium, which is a favorable template ion because of its hydrated diameter close to the tunnel structure of todorokite [43,46,67]. It was concluded that this Mg concentration ranged between 4.1 and 4.9 wt.% [13,67]. The average Mg concentration in micro-nodules was 4.25 wt.% (Table 1) and was related to the Mn within the micro-nodules (Figure 5). The collapse of the carbonate framework and micritization probably contribute the firstly dissolved Mn species in our samples. The Raman shift observed from a small patch of Mn oxides showed highly sensitive D and G bands (Figure 8). Existence of carbonaceous matter may support Mn-reducing heterotrophic microorganisms and produce Mn2+. Then, similar todorokite formation processes, such as nodules buried in sediments, may proceed. Consequently, Raman signal of todorokite was noted in association with carbonaceous matter (Figure 8).





6. Conclusions


Our conclusions from this study are as follows:




	(1)

	
Near-sea-floor observations along the southeast slope of the Zhaoshu plateau characterized the sea floor as having an evident seabed configuration, in which three significant features were noted: reef-carbonates, pelagic sediments, and outcrop of volcanic rocks. The geomorphologies indicate intense subsidence and emersion accompanied by sea-level fall of the plateau.




	(2)

	
The main facies of carbonate rocks collected at −1170 m include skeletal grains of algae and foraminifers embedded in a calcite muddy matrix. Micritization is the main diagenetic feature with calcite micrites around bioclasts or partially micritized biological grains.




	(3)

	
Micro-manganese nodules widely developed both at the outer and inner of carbonate rocks but on the micro-scale. The botryoidal pattern of laminated oxides more likely developed at the rock surface. Concentric and sub-spherical shapes formed in the rock with high probability.




	(4)

	
The micro-nodules are mainly composed of 7 and 10 Å vernadite and todorokite, both of which are closely related to carbonate micrite. They were found to have high Mn/Fe ratios and to be enriched in Ni + Cu with low Co contents.




	(5)

	
These micro-nodules are a mixed type with early diagenetic growth under oxic–suboxic conditions. The collapse of the carbonate framework and micritization led to the redistribution of manganite. The reduction of manganite occurred in the inner of carbonate, probably associated with Mn-reducing heterotrophic microorganisms, and then transformed into todorokite in processes similar to those described in buried nodules in sediments.
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Figure 1. (A) Topography of the northern South China Sea and the location of the investigated area, the Zhaoshu plateau. (B) Enlarged bathymetry of the location of the Zhaoshu plateau. The blue star in the panel indicates the deployment location of Shenhaiyongshi. (C) Dive track on a 3D view of the southeast slope of the Zhaoshu plateau (star in panel B). The blue circular indicates the sampling location, and carbonates developed along to No.1 (shown in Video S1). Carbonate fractures were observed at location No.2 (Video S1). On the way from No. 1 to No. 2, massive sediments were deposited (Figure S1A). (D,E) Two carbonate samples collected by the submersible near the blue circular in (C), which were used in this study. 
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Figure 2. Thin polished section photomicrographs of carbonate rocks from Zhaoshu plateau. (A) Fragments of coralline algae (Cor) and foraminifera species of Globoquadrina dehiscens (Gl) in the matrix. (B) Tests of Amphistegina species (Am) and other free-living benthic foraminifera like Orbulina sp. (Or) in the samples. (C,D) Micritization (Mi) of coralline algae in carbonate. 
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Figure 3. Examples of different Mn mineral textures captured in thin polished section photomicrographs. Concentric growth of nodules (A,E), botryoidal pattern of laminated (B,F), and sub-spherical shape (C,D). Pink arrows indicate that manganic minerals around the micro-nodules were of lower reflectivity compared to the higher reflectivity with the nodules. (G,H) Some of the low-reflectivity manganic minerals growing in a fossil. 
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Figure 4. SEM images reveal the distribution of manganic minerals and carbonate micrite. (A) Laminated Mn oxide (arrow) and spherical shapes are encrusted on the micrite. Inset shows that the typical layer structure was well developed in a spherical shape compared with encrusted layers. (B) Sub-spherical Mn oxides commingling with carbonate. (C) Enlarged view of selected area in (B) shows the lamellar shape with clear interface; (D) Mn oxide with laminar shape filled in the space of carbonate. Carbonate cements mixed with Mn oxide at the center of the Mn oxide (dotted outline). 
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Figure 5. SEM-EDS mapping of different elements within a micro-nodule on a polished thin section. The distribution of Mn perfectly matches that of Ca. The EDS data did not show equal concentration patterns for Mn, Fe, and Co; in contrast to Mn, some Fe concentration was found away from the micro-nodule, but matched with Si. The elemental Mg and Ni were similarly distributed as Mn, while Si was opposite to the gradients of Ca and Mn, having the highest randomly distributed concentration. The distribution of carbon indicated the signature of resin used to prepare the sample. 
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Figure 6. XRD patterns of residual samples after acid leaching. All residual samples were analyzed after drying at 40 °C (solid patterns) and 105 °C (dashed patterns) causing the differences in the diffraction pattern. Other minerals, such as quartz (Q), feldspar (F), chlorite (Ch) and muscovite (M), were labeled near the pattern. Peaks at ~10 Å and ~5 Å are characteristic for 10 Å Mn phases (todorokite/10 Å vernadite). The peaks around ~7 Å are corresponding to 7 Å vernadite. After heating treatment (105 °C/24 h), peaks around ~10 and ~5 Å which are still present but with lower intensity, which are characteristic of stable todorokite phases. 
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Figure 7. Raman-based probe of mineralogy distribution showing two micro-nodules with sub-spherical shape and laminated shape. (A) Reflected light image of the studied area. Numbers indicate the points where Raman spectra shown in (F) were acquired. (B) Raman mapping distribution of different minerals (components) in the same view of (A). The signature of resin (C), mapping of calcite (D) and manganic minerals (E). (F) Number labels of each Raman spectrum indicate the selected points in (A). Reference spectra of different manganic minerals (todorokite, buserite and vernadite) and calcite from the RRUFF database were used for comparation. 
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Figure 8. Combined backscattered electron SEM (SEM-BSE) and elemental mapping image and selected area Raman spectra were acquired on three fractured rock samples. (A–C) The upper images show the SEM-BSE images and the lower images show the distribution of Ca, Mn and C in the same area. EDS mapping images were merged in the software Image J. Numbers indicate the points where Raman spectra shown in (D) were acquired. 
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Figure 9. Plots of elemental ratios of inner carbonate (green square) and outer carbonate encrust (pink circle) with a black oxide layer. Mn/Al–Ca/Al (A), Mn/Al–REE/Al (B), Fe/Al–Ca/Al (C) and Fe/Al–REE/Al (D). 
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Figure 10. Ternary diagrams of the genetic determination of micro-manganese nodules from the Zhaoshu plateau. Other data were employed for comparison, including the Clarion and Clipperton Zone (CCZ) of the equatorial eastern Pacific [45]; the northern SCS [37]; and the Galicia Bank, Iberian margin, and northeastern Atlantic [66]. (A) Ternary diagram of Fe, Mn, and (Ni + Co) × 10; (B) ternary diagram of Fe, Mn and (Ni + Cu) × 10. All data in wt.%. 
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Table 1. Average chemical composition in wt.% obtained with the electron probe micro-analyzer (EPMA) of studied Mn oxides and the carbonate matrix.
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	Sample

Name
	Mn
	Fe
	Mn/Fe
	Ca
	Al
	Si
	Mg
	Cr
	Co
	Ni
	Cu
	Zn





	Mn encrust at surface

(n = 4)
	34.62–40.51

37.85
	4.27–6.15

4.97
	6.59–9.17

7.76
	0.69–0.99

0.78
	1.31–3.98

2.62
	0.73–1.06

0.87
	2.80–6.74

4.61
	0.03–0.19

0.11
	0.06–0.12

0.08
	1.17–3.93

2.53
	0.30–0.61

0.43
	0.15–0.25

0.20



	Nodule in the inner

(n = 9)
	38.59–53.54

45.28
	0.41–4.62

1.93
	8.40–116.60

54.08
	0.78–1.45

1.09
	0.55–3.26

1.93
	0.09–4.53

0.93
	2.61–5.81

4.25
	0.05–0.19

0.11
	0.07–0.13

0.09
	1.37–2.94

2.00
	0.50–0.72

0.59
	0.16–0.29

0.21



	Carbonate matrix

(n = 4)
	0.004–0.103

0.04
	0.003–0.08

0.03
	0.28–3.86

1.45
	37.98–39.17

38.67
	0.004–0.15

0.05
	d.l.–0.21

0.14
	0.63–0.85

0.72
	0.01–0.03

0.02
	d.l.–0.02

0.004
	d.l.–0.04

0.02
	d.l.–0.01

0.009
	d.l.







First row, range of concentrations; second row, average values. d.l., below detection limit.
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