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Abstract

:

Ferromanganese formations are widespread in the Earth’s aquatic environment. Of all the mechanisms of their formation, the biogenic one is the most debatable. Here, we studied the Fe-Mn crusts of hydrothermal fields near the underwater volcano Puy de Folles (rift valley of the Mid-Atlantic Ridge). The chemical and mineralogical composition (optical and electron microscopy with EDX, X-ray powder diffraction, X-ray fluorescence analysis, Raman and FTIR spectroscopy, gas chromatography—mass spectrometry (GC-MS)) and the magnetic properties (static and resonance methods, including at cryogenic temperatures) of the samples of Fe-Mn crusts were investigated. In the IR absorption spectra, based on hydrogen bond stretching vibrations, it was concluded that there were compounds with aliphatic (alkane) groups as well as compounds with double bonds (possibly with a benzene ring). The GC-MS analysis showed the presence of alkanes, alkenes, hopanes, and steranes. Magnetically, the material is highly coercive; the blocking temperatures are 3 and 13 K. The main carriers of magnetism are ultrafine particles and X-ray amorphous matter. The analysis of experimental data allows us to conclude that the studied ferromanganese crusts, namely in their ferruginous phase, were formed as a result of induced biomineralization with the participation of iron-oxidizing and iron-reducing bacteria.






Keywords:


ferromanganese formations; biomineralization; Mid-Atlantic Ridge; gas chromatography—mass spectrometry; rocks magnetism; iron-oxidizing and iron-reducing bacteria












1. Introduction


Ferromanganese formations (FMF, Fe-Mn) are ubiquitous in both aquatic environments (from oceans to small lakes) and soils.



In the aquatic environment, the formation and growth of FMF occurs in a complex interrelated system of hydrodynamic, physicochemical, and microbiological processes in the water-bottom boundary zone [1,2]. Combinations of the main Fe-Mn morphological types are widespread here: nodules, crusts, and outgrowths, as well as strata and lenticular deposits [3,4,5,6,7,8,9].



To date, several processes responsible for the origin of FMF have been established: sedimentation (terrigenous, chemogenic, and biogenic), hydrothermal, and halmyrolytic. Moreover, the formation mechanisms are often mixed. The most controversial of them is considered to be the biogenic mechanism, since existing technologies do not give an unambiguous answer about the nature of this process [10]. It is based on different geochemical behavior of metal ions during their interaction with microorganisms.



The idea of potential biological involvement in the genesis of ferromanganese nodules and crusts dates back to the 1920s [11]. Studies have revealed the significant influence of biomineralization processes on the formation and growth of these deposits in various marine environments, especially in the Arctic and deep-sea regions [10,12,13]. To date, two approaches to obtaining conclusive evidence for the biogenic hypothesis have been emphasized. The first approach is the detection of visually distinguishable microorganisms (identified by in situ analysis) and high-resolution microscopic studies [14,15,16,17,18,19,20]. Thus, a study of the FMF of the South China Sea and the Pacific Ocean by microscopic and X-ray methods showed that the microfossils present in these rocks are represented by various types of diatom algae, coccoliths, and bacteria [21,22]. Biosilica/calcite skeletons and biofilms may have served as matrices for mineral deposition. The authors [21,22] suggested that the activity of microorganisms and chemical oxidation could simultaneously lead to the formation of Fe-Mn nodules and crusts, and the contribution of microorganisms could be predominant.



The second approach is DNA sequencing of microorganisms inhabiting Fe-Mn formations. Microbial mats and biosignatures play a significant role in mineralization processes, contributing to the formation of rhythmic-zonal iron–manganese deposits [10]. Microbial communities with specific taxa involved in metal oxidation and reduction processes have been identified in low-temperature Fe-, Si-, and Mn-rich hydrothermal fields. In addition, microbial diversity in Arctic ferromanganese deposits is characterized by positive selection of metal-reducing, iron-oxidizing, and iron-uptake taxa, indicating unique redox micro-niches within nodules [23]. A study reporting microbial diversity in Fe-Mn substrates from the deep Atlantic Ocean was conducted in samples collected from the Rio Grande Rise uplands [24]. This study showed that the Fe-Mn field of the Rio Grande Rise crust contains a unique deep-sea microbiome. The microbial communities show differences depending on the location and depth of sampling, influenced by circulation and water composition and the presence of organic matter.



Despite significant progress in the study of the biogenic origin of Fe-Mn formations, this issue remains a matter of debate. In particular, it remains unclear how much of a role biogenic versus abiogenic processes play. Thus, some studies (e.g., [25]) suggest that chemical deposition from seawater is significantly dominant, while other works (e.g., [10]) show that microorganisms play a key role in the formation of ore deposits, particularly Fe-Mn rocks. In general, it can be concluded that the exact mechanisms and the extent of their involvement in the origin of Fe-Mn formations are not fully understood, indicating the need for more detailed studies to unravel these processes [26].



In this paper, Fe-Mn crust samples from hydrothermal zones in the area of the submarine volcano Puy de Folles, rift valley of the Mid-Atlantic Ridge (hereafter, abbreviated as Fe-Mn Puy de Folles) were investigated. Rift valleys of mid-ocean ridges play a crucial role in bottom topography, representing the spreading axes along which the oceanic crust is formed [27]. These areas are characterized by high heat flow, increased seismicity, and intense magmatism. All this contributes to the creation of a new oceanic crust [28]. Hydrothermal activity characterized by “black smokers” occurs on ridge axes, with temperatures ranging from 2–4 °C to several hundred degrees Celsius. In particular, the hydrothermal systems of the Mid-Atlantic Ridge have temperatures of 290–350 °C [29]. Studies have shown that hydrothermal activity occurs not only near the ridge but can extend up to 10 km from its axis. The chemical exchange between seawater and new oceanic crusts in these regions is facilitated by hydrothermal circulation [30,31,32,33]. Thus, unique conditions are created there for the formation of mineral associations and biological communities [34,35]. Biomineralization processes are active in these areas, in which microorganisms play a crucial role in the formation of minerals such as iron oxyhydroxides and silicates [36].



This paper presents a different approach to solving the problem of the biogenic origin of FMF. The evidence is based on a study of the specific magnetic properties of Fe-Mn crusts and analysis of organic matter extracted from them. These experiments are preceded by a detailed study of the morphology and the chemical and mineral composition of the samples.




2. Materials and Methods


2.1. Ferromanganese Crust: Samples and Sample Location


Iron–manganese crusts (Figure 1b) were sampled in 2023 in the area of the Puy de Folles submarine volcano in the Russian exploration region (RER) of the Mid-Atlantic Ridge (MAR) rift valley (Figure 1a) during the expedition of the research vessel Professor Logachev. Multiple degassing channels are visible in the sampling area, confirming modern hydrothermal activity (Figure 1c,d). The age of the studied samples corresponds to the modern stage of hydrothermal activity [37].



Geologic sampling was conducted using a box sampler, TV grab, and rock dredge. Directly on the deck of the ship, the crusts were packed in such a way as to restrict access to oxygen. In the laboratory, the samples were broken apart and samples for research were taken from the inside of the crusts and placed in Eppendorf tubes. All necessary precautions were taken to avoid additional oxidation of the crust substance and minimize the introduction of laboratory contamination.




2.2. Optical Microscopy


Images of the samples were obtained using a Leica M205 C stereomicroscope (Leica, Mannheim, Germany) in reflected light mode with a magnification of 7.8–1280×.




2.3. Scanning Electron Microscopy (SEM), Energy-Dispersive X-ray Spectroscopy (EDS)


Electron microscopic studies were performed on a QUANTA 200 3D focused electron and ion probe system (FEI, Eindhoven, The Netherlands) and a Pegasus 4000 analytical system (EDAX Corporation, Mahwah NJ, USA). A Zeiss Merlin scanning electron microscope (Zeiss, Oberkochen, Germany) with a field emission cathode and an INCAx-act 5 X-ray microanalysis attachment (Oxford Instruments, Oxfordshire, UK) was used. SEM images were acquired from polished and bulk samples in reflected and secondary electron modes. Electron probe microanalyses were performed under high-vacuum conditions. Analytical spectra and distribution maps of chemical elements were obtained from the polished surface of the carbon-coated sample at accelerating voltages of 15 and 20 kV. The results of the EDX analysis were calculated using compound and pure element standards. Distribution maps of chemical elements were made with standardless method. The error of the method when analyzing from a polished surface is up to 0.1 wt %; when analyzing from a volumetric sample, it is 1 wt % or more.




2.4. Methods of Analyzing the Composition of Matter


X-ray diffraction (XRD) to determine the mineral composition of crust samples was performed on a benchtop powder diffractometer with a copper anode Bruker D2 Phaser (Bruker, Billerica, MA, USA) and on a diffractometer with a chromium anode XRD-9510 (Ekroshim, St. Petersburg, Russia). The phases were identified using the PDF-2 database (International Center for Diffraction Data, 2011). The quantitative phase composition was calculated by the Rietveld method in the Profex program [38]. To evaluate the amorphous phase content, the sample was mixed with well-oxygenated α-Al2O3 at a ratio of 1:1 by weight, and quantitative phase analysis was performed with an internal standard.



The elemental composition of the crusts was determined by X-ray fluorescence (XRF) on an energy-dispersive X-ray fluorescence spectrometer EDX-800P (Shimadzu, Kyoto, Japan) based on silicon drift detectors with thermoelectric cooling.



Raman spectra were obtained using a Raman spectrometer Senterra (Bruker, Billerica, MA, USA) in backscattering geometry. In this device, the spectrometer part is conjugated with an Olympus BX 51 microscope. Moreover, with the aid of a precise motorized stage, it is possible to obtain information from several-micrometer-sized areas in the focal plane. The solid-state lasers with 532 and 785 nm wavelengths were used to excite Raman scattering. The laser radiation was focused via 20× objective with 0.4 numerical aperture. The actual laser power under the objective was 0.06 and 0.1 mW for the 532 and 785 nm lasers, correspondingly. The spectra acquisition was performed with 400 L/mm diffraction grating. The rectangular aperture was 25 × 1000 μm. The detector was a silicon CCD camera with Peltier cooling. In the case of the 785 nm laser excitation, the actual spectral region was 80–3700 cm−1; in the case of the 532 nm laser excitation, the actual spectral region was 45–4400 cm−1. The accumulation time was 150 s with 6–10 repetitions. For clarity, the piecewise linear baseline correction was performed with [0, 1] spectra normalization. The spectra were processed using OriginPro2021b (9.85) software (OriginLab Co., Northampton, MA, USA). For this analytical method, the reproducibility of the results obtained was confirmed by examining 16 areas with dark and orange colors for each sample by Raman spectroscopy.



In the MIR region, the absorbance spectra were obtained with a Nicolet 8700 FTIR spectrometer (Thermo Fisher Scientific; Waltham, MA, USA) with attenuated total reflectance (ATR) accessory. The ATR crystal was diamond. The absorbance spectra were obtained in the 650–4000 cm−1 region. The spectral resolution was 4 cm−1. An MCT-A detector with liquid nitrogen cooling was used. The aperture was 80%. The number of scans was 150 items. The Blackman–Harris apodizing apodization function [39] and phase correction according to the Mertz method [40] were used. For this method, the reproducibility of the results obtained was confirmed by examining 30 particles from each sample by FTIR spectroscopy.




2.5. Extraction of Organic Compounds


The most common method for the extraction of organic compounds from geological samples is liquid–liquid extraction [41]. The traditional Soxhlet apparatus, although widely used, has a number of limitations, particularly in terms of time efficiency and suitability for low-volatility organic compounds. In addition, Soxhlet extraction is not considered a “green” method due to the high consumption of hazardous and flammable solvents such as toluene. Currently, the so-called QuEChERS technique (from “Quick, Easy, Cheap, Effective, Rugged, Safe”), which involves the use of an organic extractant to extract analytes in a centrifuge tube followed by purification of the extract, is increasingly used. Ultrasound is often used to intensify the extraction process [42].



For the extraction of organic compounds, 200 mg of powder obtained by grinding the crusts under study were placed in 10 mL glass centrifuge tubes, and 5 mL of organic extractant was added. The tubes were sealed with glass stoppers and shaken vigorously by hand for 2 min. Then, the tubes were subjected to ultrasound with a power of 180 W and a frequency of 40 kHz for 20 min at a temperature of 45 °C in an ultrasonic bath 6DT (Stegler, China). Next, the organic extract was separated from the sample solids by centrifugation on a CM-12 laboratory centrifuge (Tagler, Moscow, Russia) at 5000 min−1 for 5 min. The clear supernatant was passed through a 0.45 μm pore-size filter to purify from sample microparticles. The described sample preparation procedure is now generally accepted for the analysis of soil and sediment samples [43,44,45,46]. For screening assessment of the total concentration of organic compounds in the extract and expediency of further analysis, the optical density of the extract relative to the pure extractant was measured in the near-ultraviolet region of the spectrum on a UVmini-1240 single-beam spectrophotometer (Shimadzu, Kyoto, Japan). The optical density was measured at λ = 254 nm, which is transmitted by all selected extractants. The theoretical justification for the optimal conditions for the extraction of analytes from various objects is given, for example, in the IUPAC report [47]. The selected extractant should dissolve analytes well and be suitable, first of all, for further chromatographic analysis. Taking into account that organic compounds with different polarities may be present in the crusts under study, we investigated 5 solvents with different polarities suitable for subsequent GC-MS analysis as extractants. The relative dielectric constant ε of the extractants was taken as a measure of polarity.




2.6. GC-MS Analysis


Samples of organic material extracted from the Fe-Mn crusts were transferred to glass vial micro-inserts and subjected to GC-MS analysis on a GCMS-QP2010 Ultra gas chromatograph–mass spectrometer (Shimadzu, Duisburg, Germany) with standard electron impact ionization (70 eV). Separation was accomplished on a MEGA-5MS capillary column (MEGA S.r.l., Legnano, Italy; 30 m × 0.32 mm ID and 0.25 µm film) at 2.5 mL/min carrier gas flow (He 6.0) after splitless injection at 280 °C. The temperature regime was as follows: initial temperature of 40 °C was kept for 1 min, then increased at 10 °C/min to 300 °C and kept for 9 min. The temperature of the ion source was 250 °C. Peak deconvolution was accomplished using AMDIS 2.66. GMD (Golm metabolome database, GMD_20100614_VAR5_ALK [48] and NIST14 (National Institute of Standards and Technology, Gaithersburg, MD, USA) were used for identification of the peaks based on spectra comparison.




2.7. Static Methods of Magnetometry


To clarify the types of iron-bearing minerals, the field dependencies of magnetization (hysteresis loops and breakdown curves of residual magnetization obtained in the maximum achievable field) were measured. To clarify the type of carriers of residual magnetization (SIRM), its temperature dependences in the range of 2–300 K were measured according to the following scheme: (i) measurement of LT-SIRM created in the 5 T field during heating at initial cooling in zero field, ZFC; (ii) measurement of LT-SIRM created in the 5 T field during heating at initial cooling in the presence of field, FC; and (iii) measurement of SIRM created in the 5 T field in the cooling–heating cycle, RT-SIRM. Temperature dependences of the LT-SIM inductive magnetization in the heating–cooling cycle (FC-ZFC) in the range of 1.8–300 K in a 10 mT field were also measured.



For magnetic measurements, we used the following: (1) a complex for automated measurements of magnetic properties of materials in a wide range of magnetic fields and temperatures MPMS SQUID VSM (Quantum Design, San Diego, CA, USA); measurement of magnetic moment in the temperature range of 1.8–1000 K; magnetic field magnitude of up to ±7 T; sensitivity of 10−11 A·m2 at 0 T; (2) Lake Shore 7410 vibrating magnetometer (LakeShore Cryotronics, Inc., Westerville, OH, USA); magnetic moment measurement in the temperature range of 4.4–450 K; magnetic field magnitude of up to ±1.8 T; sensitivity of 10−8 A·m2 at 0 T.




2.8. Resonance Methods of Magnetometry


Mössbauer spectra of Fe-Mn crust samples were recorded on a Wissel spectrometer (WissEl, Starnberg, Germany) in the constant acceleration mode with a 57Co (Rh) source at an absorber temperature of 300 K in the velocity range ±12 mm/s and the velocity range ±4.5 mm/s. Isomeric shifts and velocity scale calibration were performed relative to a commonly used α-Fe standard. Mössbauer spectra were processed in the MOSSFIT program assuming a Lorentzian line shape. The samples were prepared by pressing a certain amount of the investigated substance with a neutral filler (powdered sugar) in the form of tablets with a thickness of about 0.7 mm.





3. Results


3.1. Analysis of Morphology and Chemical and Mineralogical Composition


Macroscopically studied samples of Fe-Mn Puy de Folles are represented by weakly cemented and loose aggregates of brown color. On the surface, there are earthy formations of a mixture of secondary minerals of yellow-red color (limonite). We assume the presence of limonite (a collective name for mineral aggregates that are mixtures of iron hydroxides) by morphology and color, because in this case, the exact phase composition cannot be determined by optical microscopy. Under magnification, the layering is clearly visible (Figure 2a): the denser lower layer contains numerous inclusions of volcanic glass fragments, while the upper layer is represented by dendrite-like, branching, and bunched aggregates (Figure 2b). Figure 2a marks the sampling points for further studies: FM1 and FM2. They were chosen so as to record the differences between the areas “closer to and farther” from the secondary altered crust surface.



Electron microscopy confirmed that on the layer containing cemented volcanic glass fragments, branching-tubular aggregates of collomorphic-globular structure are formed (Figure 3a–c). The cross-section of the latter reveals the globular structure of only the outer layer, the “case”. It is clearly seen that larger spheroids (sizes about 200 nm) are composed of small globules (~10 nm and less) (Figure 3d–f). The inner space of the “case” has a concentric-zonal and radial–radial structure (Figure 3g–i). The analysis of element distribution maps (Figure 4) shows the chemical heterogeneity of the layers: essentially, silicate substrate cementing the fragments of glasses altered in the periphery and an iron–manganese layer developing on its surface. Iron and manganese are differentiated in the latter, with globular formations containing iron and silicon and radial–radial and concentric-zonal aggregates containing manganese. The visible correlation of potassium and manganese indicates the possible presence of cryptomelane and birnessite in the mineral association.



Table 1 shows the content of the main chemical elements in the samples obtained by XRF method. Also, Mg, Cl, Ca, K, P, Zn, S, Sr, Sb, and Ru are present in insignificant quantities.



XRD studies on a Bruker “D2 Phaser” diffractometer with a copper anode revealed manganese minerals (Figure S3): birnessite (DB card number 00-043-1456) and todorokite (DB card number 01-087-0389). Measurements on an XRD-9510 with chromium anode (Figure S3) showed the presence of the same crystalline manganese phases. The peaks in the diffractograms are characterized by a large half-width, indicating poor crystallinity. As follows from quantitative analysis with an internal standard, the sample consists of more than 70% of one or more X-ray amorphous phase, most likely related to the iron-bearing component.



Further, samples FM1 and FM2 were studied by Raman and FTIR spectroscopy. A common feature for both samples is the presence of peaks characteristic of the mineral birnessite (also associated with δ-MnO2) in the Raman spectra [49] (Figure S3a). The most intense peak in these spectra has a frequency of about 645 cm−1 and is interpreted as a vibrational mode corresponding to v2(Mn-O) in MnO6 [50]. Also, significant but variable from point-to-point in intensity is the peak at 568 cm−1, interpreted as a vibrational mode corresponding to v3(Mn-O) in MnO6. The other peaks appear as relatively weak and broad bands at 730, 507, 410, 380, 174, and between 280 and 310 cm−1. Similar peaks were observed in other studies as well [50,51,52]. The variability of these peaks may be a consequence of the manifestation of different degrees of disorder, including doping with single-valence metal ions (e.g., Na+, K+). In addition, the presence of other contributions cannot be excluded, which will be discussed below.



The contribution from birnessite was also confirmed when the samples were studied by FTIR spectroscopy and X-ray diffraction. Thus, a close match for the peaks at 763, 1405, and 1630 cm−1 was observed when compared with the spectrum given by Chukanov and Chervonnyi [53]. In addition, a typical broad peak from stretching vibrations in OH groups with maxima at 3170–3230 cm−1 was present. It is dragged towards lower wave numbers, indicating the presence of relatively strong hydrogen bonds with OH groups [54,55,56]. It should be noted that the peak at 1630 cm−1 may also relate to bending vibrations in water and/or CHO groups [57,58,59]. The peak at 1480 cm−1 is in the region typical for the antisymmetric vibrational mode v3 in CO32−; additionally, the contribution of hydrogen bending vibrations in CH2 and/or CH3 and/or CCH groups is possible in the region [54,55].



However, the absence of intense bands in the region of stretching hydrogen vibrations, such as the 2800–3000 cm−1 range for methyl and methylene groups, allows us to attribute the 1480 cm−1 peak to stretching vibrations in the carbonate ion. The interpretation of the 965 cm−1 peak has two options. On the one hand, the frequency of this peak is in the region typical for single C-C and C-O [57,58] bonds. The high activity in the IR spectrum of this band points in favor of belonging to the more polar vibration in C-O bonds. On the other hand, this band is quite broad, which together with the determination of sufficient silicon by elemental analysis may indicate stretching vibrations in Si-O bonds. Individual regions with a preferential contribution from polysilicates were detected by FTIR spectroscopy; Figure S3b is an example of this. It should be noted that for FM2 with a relatively small band contribution around 1000 cm−1, the presence of peaks typical of organic compounds was observed in the IR absorption spectra. An example of a spectrum from such a region is given in Figure S3c.



The identification of the presence of organic compounds was primarily determined by the presence of peaks in the region of various stretching hydrogen vibrations in the range 2800–3200 cm−1. In the range 2800–3000 cm−1, there is a complex spectral contour made up of several peaks. This region is typical for hydrogen stretching vibrations at carbon with sp3 hybridization. The peaks at 2847 and 2922 cm−1 are interpreted as symmetric and antisymmetric stretching hydrogen vibrations at methylene groups [54,55]. The peaks at 2847 and 2922 cm−1 are interpreted as symmetric and antisymmetric stretching hydrogen vibrations at methylene groups. The peaks at 2867 and 2966 cm−1 refer to symmetric and antisymmetric stretching hydrogen vibrations in methyl groups. The peaks in the range 3000–3100 cm−1 are typical of stretchinghydrogen vibrations at carbon with sp2 hybridization (i.e., =C-H). That is, the peaks at 3049 and 3071 cm−1 are characteristic of unsaturated hydrocarbons with double bonds, particularly for stretching hydrogen vibrations in benzene rings. Despite the overlap with the range of vibrations typical for the mineral birnessite, when considering the region 1000–1750 cm−1, a number of features are also noted in favor of the presence of organic compounds (Figure S3c). For example, the most intense peak has a frequency of 1620 cm−1, which is less than that of the typical birnessite peak at around 1630 cm−1. This shift may be a manifestation of the amide I peak in protein-type organic compounds [57,60,61]. The 1270 and 1515 cm−1 peaks, located in the region typical of the amide III and amide II peaks, may also be in favor of the presence of a contribution from the protein environment (Figure S3c).



The manifestation of a weak contribution from the organic component in the range 2800–3100 cm−1 was also observed during the study of FM2 by MS method: 532 nm excitation against the background of a broad band of stretching vibrations in OH groups with a maximum around 3420 cm−1. In addition, the presence of iron-bearing minerals was noted for the orange regions (Figure S3e). Goethite (α-FeOOH) was identified by the most intense band at 392 cm−1, as well as by a series of weakly intense peaks at 304, 480, and 543 cm−1, which are close to the peaks given for goethite in [62,63].



An intense, broad band with a maximum at 695 cm−1 was also observed in the spectrum. It is close, on the one hand, to the characteristic peak of 710 cm−1 for 6-line ferrihydrite (Fe3+10O14(OH)2) and, on the other hand, to 700 cm−1 for feroxyhyte (δ’-FeOOH) [64,65]. Moreover, as in our case for the spectra of these two minerals, the presence of a band of complex shape in the region of 1200–1650 cm−1 is noted. In Figure S3e, the maximum of this band is around 1360 cm−1, with a high-frequency shoulder around 1574 cm−1. There are several versions of the interpretation of this band:




	(1)

	
It may be amorphous carbon formed from organic compounds as a result of heating, respectively D and G peaks. This is consistent with the detection of a relatively weak signal from the organic component in both FTIR and MS spectra, as well as the shift of the goethite band to the region of higher wave numbers from 385 to 392 cm−1 [59] and the shift of the maximum of the ferrihydrite band to the region of lower wave numbers [66];




	(2)

	
The range 1200–1650 cm−1 could potentially be a second-order region, because even when obtaining spectrum at low laser powers, peaks in this range were observed (see [66]). The orange coloring of this region, as well as the presence of a rather significant contribution from OH groups, also indirectly supports the second-order version.









In the case of the dark regions near the orange, the presence of peaks at 147, 511, and 574 cm−1 (Figure S3f), typical of the pure mineral romanechite (Ba,H2O)2(Mn4+,Mn3+)5O10) [67], is noted. A band with a broad maximum at 660–667 cm−1 is also observed in the spectrum. The position of the maximum in this region is quite close to the most intense peak of the mineral pyrolusite (MnO2), which may be present in the mixture with romanechite [64,68]. In general, the resulting contour for the mixture of the two minerals is close to that observed in other studies [65] for pyrolusite/romanechite ratios of 4 to 1. In contrast to the orange region, much weaker peak intensities in the region of stretching vibrations of OH groups were also observed for the dark regions. For the orange regions, significantly fewer Fe-bearing compounds were observed (Figure S3g), which apparently leads to the presence of a contribution characteristic of both goethite (identified by the peak at 388 cm−1 [59]) and a mixture of pyrolusite and romanechite. In the cases of both particle types, the Raman spectra with 532 nm excitation showed a broad band corresponding to stretching vibrations in OH groups, as well as a relatively large intensity of the 960 cm−1 peak and a band in the 1200–1750 cm−1 region (Figure S3e,g). In FM1, a qualitatively similar composition was observed for the dark regions as for FM2. The spectra showed peaks typical of a mixture of pyrolusite and romanechite (see Figure S3h).




3.2. Diagnosis of Organic Substances


The obtained results of measuring the optical density of the extracts (Table 2) indicate that the most efficient extraction of organic compounds is provided by the least polar extractant hexane.



Acetonitrile cannot serve as an extractant of organic substances from the studied crusts; negative D values in this case may indicate that the studied crusts adsorb some impurities from acetonitrile that absorb light at the selected wavelength. Ethanol cannot be recommended for extraction either, as it is significantly inferior to hexane. This applies both to the non-polar organic compounds that hexane extracts and to the polar compounds that are transferred from the crusts to the aqueous phase by ultrasound and heating. Considering the analytical capabilities of chromatographic methods, it can be expected that hexane extracts will be the most informative for further studies by GC-MS. Based on the obtained values of optical densities of the extracts and the ratio of phase volumes, the approximate content of organic compounds, primarily aromatic and opaque for λ = 254 nm, is several hundred ppm.



GC-MS analysis allowed the annotation of several classes of organic compounds in the hexane extracts of the Fe-Mn crusts. The most confidently identified compounds were alkanes C13–C20. An exemplarily chromatogram and a mass-spectrum analysis of the dominant alkane peak are shown in Figure S4. Besides alkanes, we can also suggest the presence of small amounts of alkenes, hopanes, and steranes based on low-intensity signals at characteristic m/z values (55, 177, and 217, respectively).




3.3. Magnetic Properties


Unlike X-ray diffraction methods, Mössbauer spectroscopy provides reliable information on phase composition and near-order, both in crystalline samples and in amorphous, ultradisperse phases.



The results of the processed Mössbauer spectra obtained in the range ±12 mm/s for two samples are shown in Figure 5a. The paramagnetic part of the spectrum is represented by a doublet with a line width of 0.56 mm/s. The approximation of the spectrum by two doublets resulted in a decrease of χ2 (the sum of squares of deviations of the chosen approximation model from the experimental values of the spectrum) and line width in the doublets (Table 2). At the same time, the Mössbauer parameters of the two samples coincided with the accuracy of the measurement error, which may indicate the identity of iron-bearing phases in the composition of samples FM1 and FM2. The data for sample FM1 are presented below. Comparison of the parameters of the two doublets in the velocity range of 12 mm/s agree well with the Mössbauer parameters of nontronite [69] and ferrihydrite [70].



For a more detailed analysis of this sample, a Mössbauer spectrum was obtained in the velocity range ± 4.5 mm/s (Figure 5b). The experimental spectrum is a quadrupole doublet of strongly broadened lines. The analysis of the quadrupole splitting distribution (Figure 5c) suggests the presence of at least two non-equivalent iron positions in this sample. The processing of the spectrum into 4, 5, and 6 doublets was based on the criterion of the minimum number of doublets, taking into account the χ2 value, the line width (approximately like that of pure α-Fe), and the free variation of the whole set of hyperfine parameters. These conditions were best met by the decomposition of the experimental spectrum into five subspectra (Table 3), which can be correlated with the five non-equivalent crystallographic positions of iron cations in the ferrihydrite phase.



The hysteresis loops for FM1 obtained at temperatures of 295 K and 2 K in the ± 7 T field are shown in Figure 6. Table 4 shows the corresponding values of magnetization and coercivity. At both temperatures, the contribution of the paramagnetic component is significant, and saturation in the maximum possible field is not achieved. However, both at 2 K and at 295 K it is possible to estimate the parameters of the constructed loops: coercivity Hc, remanent mass magnetization Mr, and residual coercivity Hcr from the fracture curve Mr created in the maximum field of 7 T. This indicates the presence of magnetically ordered phases in the sample, even at room temperature. The large values of residual coercivity, 230.0 (at 295 K) and 1100.0 mT (at 2 K), indicate a high degree of magnetic stiffness. A peculiarity of the magnetization behavior in weak fields at 2 K is the presence of a noticeable “shift” of the hysteresis loop.



Figure 7 shows the temperature dependences of the inductive and residual magnetizations measured according to the protocol described in Section 2. In the case of the LT-SIM inductive magnetization, the FC and ZFC plots show a reversible character up to the temperature range of 2–15 K, where a local maximum of ZFC is observed (Figure 7a). For a more reliable determination of the extremum temperature, the derivative dZFC/dT was plotted and further smoothed using the moving average method with a smoothing period length of 100 points. The obtained special points at 3 K and 13 K can be related to phase transitions, blocking of magnetic moments (Tb), etc. The residual magnetization of LT-SIRM drops sharply to almost zero with increasing temperature (Figure 7b): ZFC in the range of 1.8–13 K, FC in the range of 1.8–25 K, which is characteristic of ultradisperse particles in the superparamagnetic state [71]. Here, no signs of phase transitions are detected. A local minimum is observed on the RT-SIRM cycle at a temperature of about 9 K, both on the forward and reverse courses. The demagnetization of SIRM induced at room temperature by cooling and subsequent zero-field heating characterizes minerals that are carriers of residual magnetization. That is, the phase transition in the 9 K region also characterizes the material responsible for the residual magnetization at room temperature.





4. Discussion


The results of the study of ferromanganese crusts sampled from a depth of about 2 km in the zone of hydrothermal activity in the area of the Puy de Folles submarine volcano of the rift valley of the Mid-Atlantic Ridge allow us to provide some evidence for the biogenic origin of their iron-bearing component.



SEM and EDS analyses showed that the studied samples are characterized by typical “bacterial” microforms [72]: dendrite-like, branching, and bunch-like.



The differentiation of iron and silicon with manganese in biomineral formations has been noted in a number of publications (see, for example, [73]). Iron and silicon typically constitute globules, while manganese is associated with radial–radial concentric-zonal aggregates. “Footings” with an outer iron-silicate shell have been attributed to the activity of, for example, cyanobacteria. In particular, picocyanobacteria can biomineralize Fe-rich amorphous silicates [74]. In this case, globules are formed, surrounded by an organic, probably polysaccharide shell, arranged in the form of rings around the dividing partition of the cell.



According to XRF data, it is possible to estimate the values of Mn/Fe and Al/(Al + Fe + Mn) ratios. These ratios are highly variable and are affected by both biological and chemical processes. Although it is controversial, some researchers show that the lower the Mn/Fe ratio, the more likely it is that microorganisms are involved in the formation of ferromanganese rocks [23]. The distribution and concentration of dissolved aluminum also depend on biological activity [75]. For the studied samples, the first parameter is ~2.0 (with a range from 0.2 to 4.2 for hydrothermal zones [76]), and the second parameter is ~0.01 (with a range from 0.003 to 0.540 for hydrothermal zones [77]).



The following minerals were detected by Raman and FTIR spectroscopy: birnessite, a mixture of romaneschite and pyrolusite, a mixture of ferrihydrite and ferroxygite, and goethite. Also, a characteristic contribution of carbonate ion and silicate materials was noted in the vibrational region in FTIR absorption spectra. The latter is possibly related to nontronite. This mineral is also identified by magnetometric methods. The XRD method identifies birnessite and todorokite. The iron-bearing phase (various Fe-oxyhydroxides) according to XRD data is represented by X-ray amorphous material, the content of which is ~70 wt.%. All this agrees well with the literature data on the hydrothermal zones of the Mid-Atlantic Ridge hydrothermal zones [78,79,80]. Although todorokite is not specifically mentioned in the publications, it may be present, by analogy with that described in the works [81,82]. For the identified iron-bearing minerals Si-Fe oxyhydroxide, ferrihydrite, and nontronite, biomineralization processes may play a crucial role in their formation.



Ferrihydrite Fe3+10O14(OH)2 is a natural iron oxyhydroxide mineral. It is characterized by a weakly crystalline structure and a large relative surface area of nanoparticles, with sizes ranging from less than 2 to ~5 nm, which contributes to its reactivity and ability to adsorb various cations and anions. Ferrihydrite exists in varying degrees of structural disorder; the two extremes are the so-called 2-line and 6-line ferrihydrites (characterized by powder X-ray diffraction). It is formed by weathering processes and the hydrolysis of iron-bearing minerals, often in the presence of organic matter [83]. This mineral is an intermediate state in the transformation of iron into more stable oxides such as hematite and goethite. It is also the core of ferritin, a complex protein complex that serves as the main intracellular iron store in living organisms [84].



Nonthronite Na0.3Fe3+2[(Si,Al)4O10](OH)2·nH2O, a fine-grained, layered, iron-rich member of the smectite group, has a complex crystal structure that varies with redox conditions. The origin of nontronite is described as the result of weathering processes and hydrothermal alteration of iron-bearing minerals such as olivine and pyroxene. It forms under low-temperature conditions and neutral-to-slightly-acidic pH, often in the presence of water. This mineral is found in soils, sediments, and hydrothermal systems, where it plays an important role in geochemical processes [85]. Hydrothermal processes contribute to the formation of biogenic ultradisperse nontronite [86,87]. Associations of nontronite and poorly crystallized Si-Fe oxyhydroxides occur in deep-sea environments. The hydrothermal deposits of the South Atlantic Ridge show a paragenetic sequence between nontronite, Mn oxide, and Fe oxyhydroxide. Microbial communities associated with biologically induced mineralization have been identified. The dominant bacterial types include Proteobacteria, Chloroflexi, Actinobacteria, and Bacteroidetes. Iron-oxidizing bacteria can also contribute to the formation of Si-Fe oxyhydroxides containing nontronite by oxidizing Fe(II) from hydrothermal fluids. These oxyhydroxides may also contain opal and weakly crystalline ferrihydrite [4,88]. Samples of similar rocks collected from hydrothermal deposits near the Galapagos Islands have been examined [89]. SEM studies demonstrate branching filamentous aggregates of nonthronite with higher Si content compared to Fe, spiderweb-like structures of Fe-oxides, hollow microspheres rich in Fe oxide, and filamentous structures of iron oxide with spreading elongated microspheres departing from the filaments. Residual microbial structures were found: filaments, globular aggregates, flattened microspheres, and elongated tubes. Lubetkin et al. [89] hypothesize that these structures indicate that microbes were involved in mineral formation. Iron-oxidizing bacteria can form Si-Fe oxyhydroxides on the outside of the oxygen-rich tubes. Over time, these turn into nontronite [87].



The next step in the chain of evidence for the biogenic origin of Fe-Mn Puy de Folles in our study is the data from the organic matter composition analysis. Thus, the IR absorption spectra showed a characteristic contribution in the vibrational region of carbonate ion and silicate materials. The latter is possibly related to nontronite. In addition, hydrogen valence vibrations showed the presence of compounds with aliphatic (alkane) groups, as well as compounds with double bonds (possibly with a benzene ring). In the region 1200–1700 cm−1, for individual particles of the sample, the presence of a protein component identified by the peaks of amide I, amide II, and amide III was noted.



The results of spectrophotometry and GC-MS analysis of hexane extracts obtained from ferromanganese crust samples show the presence of organic compounds in the samples. According to the literature data, saturated hydrocarbons (alkanes, steranes, pristanes, etc.) are predominantly present in such samples, while unsaturated compounds (aromatic hydrocarbons, alkenes, derivatives of isoprenoids, and porphyrins) are much less common [90,91,92]. This is fully consistent with our findings that the dominant class of organic compounds in ferromanganese crusts are alkanes. The presence of trace amounts of other groups of compounds in the samples is also interesting because, unlike alkanes, these substances can potentially be used as biomarkers, indicating traces of vital activity of living organisms belonging to certain taxonomic groups (e.g., hopanoids are biomarkers attributed to bacteria, while different types of isoprenoids indicate the presence of planktonic microalgae [93]). Raman and FTIR spectroscopy methods also recognized the iron-associated presence of the organic component in the samples in the form of compounds with an aliphatic part (based on the significant contribution from methyl and methylene groups); compounds with double bonds, including benzene rings (based on valence hydrogen vibrations at carbon in sp2 hybridization); and compounds characteristic of the protein environment, with a pronounced signal in the spectral region typical of the amide group.



Finally, convincing evidence for the participation of microorganisms in the formation of the iron-containing fraction can be obtained by investigating the magnetic properties of Fe-Mn Puy de Folles.



Mössbauer studies on ferrihydrite of various origins are presented in numerous papers, e.g., [94,95,96]. On the basis of neutronographic studies, a model of the ferrihydrite structure as a random sequence of defect-free and defective phases was proposed and tested using Mössbauer spectroscopy [97]. Four octahedral non-equivalent Fe(III) positions were found: two of them—Fe1 and Fe2—have a small degree of distortion of local symmetry and are referred to by the authors as ferrihydrite-like, and two strongly distorted positions—Fe3 and Fe4—are referred to as hematite-like. The parameters of the last two positions are characteristic of the nanoscale superparamagnetic state of hematite [98].



For the samples studied in our work, the IS values of all five doublets are in the range of 0.36–0.37 mm/s, while the quadrupole splitting varies over a wider range, from 0.46 to 1.55 mm/s (Table 3), which agrees well with the data of the review [96], based on which D1–D5 doublets were identified as ferrihydrite of bacterial origin. Doublets D1 and D2 correspond to cubic and hexagonal packing of ligands, with occupancy of iron cations of 20.2% and 33.5%. The occupancy of positions D3–D4 is much lower and decreases to 6.2% in D5. This may be an indicator of disordered ferrihydrite. Positions D3–D5 may correspond to interlayer hematite-like positions and also reflect the contribution from variations of local ordering in the second coordination sphere of the absorbing iron atom [99]. This behavior is characteristic of ultradisperse and X-ray amorphous materials. In addition, the presence of nanostructured iron hydroxide particles in the superparamagnetic (SPM) state cannot be excluded. In [100] the study of synthesized samples of feroxyhyte with dimensionality from 5 to 150 nm was carried out. It is shown that particles smaller than 100 nm behave as paramagnetic and have Mössbauer spectra as a doublet. At liquid nitrogen temperature, the magnetic structure begins to appear in particles 20–50 nm, although particles 5–7 nm remain in the superparamagnetic state. It is possible that doublets D3–D5, corresponding to interlayer hematite-like positions in the Mössbauer spectrum of FM1, may be responsible for the superparamagnetic state of iron oxyhydroxide particles with an estimated dimensionality of less than 100 nm.



Our static magnetometry data show that the samples are magnetically ordered at room temperature. In ferrihydrite, both antiferromagnetic and ferromagnetic phases can be present. The latter is due to the presence of uncompensated spins on the surface of ultradisperse particles [101,102,103,104,105,106,107]. The presence of silicon can stabilize the structure of ferrihydrite [108]. Nontronite exhibits antiferromagnetic properties in the oxidized state. However, under microbiological reduction, in particular, under the influence of Shewanella species, its magnetic properties can be transformed from antiferromagnetic to ferromagnetic [109,110,111].



The blocking temperature Tb depends on the average particle size [112] and the magnetostatic interaction between them (see, e.g., [113,114]). When the average size and interaction intensity decrease, the Tb value also decreases. High coercivity can be related to heterophase and anisotropy of the shape of particles and their aggregates. According to the literature data, there are significant differences in magnetic properties for ferrihydrite obtained by chemical precipitation methods, bacterial ferrihydrite, and ferrihydrite as ferritin core. Namely:




	(1)

	
For “strong-interacting” synthetic ferrihydrite particles, Tb was determined to be in the range of 40–110 K or more, μ0Hc = 250–350 mT (at 4 K) [115,116,117,118,119];




	(2)

	
The characteristic blocking temperature of bacterial ferrihydrite was determined for particles synthesized by Klebsiella oxytoca; it is equal to 23–25 K. A shift of the hysteresis loop is observed, and the coercive force is equal to 150 mT at a temperature of 4.2 K [120];




	(3)

	
For ferritin, where the interaction between particles is weakened by the presence of a protein shell, the coercivity is 200 mT (at 4 K) and Tb is 6–12 K [121,122].









Possibly, the value of Tb = 13 K, which we observed in the LT-SIM curves, may correspond to ultradisperse biogenic ferrihydrite, whose particles interact weakly. The value Tb = 3 K may correspond to nontronite, the magnetic ordering temperature for which varies from 1.3 to 4.2 K [123]. The value of μ0Hc = 104 mT for Fe-Mn Puy de Folles is lower than that observed for bacterial ferrihydrite. This can be explained by the fact that, firstly, the hysteresis loops were obtained at a lower temperature (2 K) than in the works of other authors [115,116,117,118,119]. And, secondly, by the fact that we are not dealing with pure substances, but with a mixture of different minerals. The interaction between particles in Fe-Mn Puy de Folles may be influenced by the silicon phase, which plays the role of a capsule for magnetic grains, by analogy with the protein shell of ferritin.



Thus, in this work of Rumpf et al. [124], a system was studied where porous silicon served as a matrix for magnetite nanoparticles. It was shown that by adjusting the pore size of the silicon matrix and the concentration of magnetic particles, it is possible to strongly weaken the magnetic interactions, which leads to a decrease in the value of the blocking temperature.



The characteristic temperature of 9 K in the construction of RT-SIRM curves probably reflects the behavior of the residual magnetization across all iron-containing phases.



The analysis of the specific magnetic properties of Fe-Mn Puy de Folles suggests the existence of a paragenetic sequence of Si-Fe oxyhydroxides, ferrihydrite, and nontronite of bacterial origin. These minerals, represented by ultradisperse particles and X-ray amorphous matter, are formed as a result of the biological activity of iron-oxidizing and iron-reducing bacteria.



Iron-oxidizing bacteria may be microorganisms of the class Zetaproteobacteria that inhabit hydrothermal zones of the Mid-Atlantic Ridge rift valley. These bacteria are an integral part of the global iron cycle and are often found in iron-rich environments such as hydrothermal vents, where they thrive near the chimneys of black smokers [125]. At the same time, they have unique morphologies, such as tubular iron oxide shells [126]. These bacteria utilize Fe(II) iron as electron donors, indicating a metabolic capacity that enables their survival in these dynamic environments. Iron-reducing bacteria also play an important role in the biogeochemical iron cycle in the rift zones of the Mid-Atlantic Ridge. They are able to utilize Fe(III) iron as an electron acceptor in their metabolic processes. For example, the thermophilic anaerobic bacterium Deferribacter autotrophicus, isolated from the Ashadze hydrothermal field (about 150 km south from the Puy de Folles volcano), reduces Fe(III) using molecular hydrogen as an electron donor, which provides its chemolithoautotrophic capabilities in deep waters [127]. The formation of ferromanganese crusts by iron-oxidizing and iron-reducing bacteria follows the pattern of induced biomineralization [128]. In this process, microorganisms alter the redox conditions and pH of the medium, resulting in mineral precipitation.




5. Conclusions


The purpose of this study of ferromanganese crusts sampled from a depth of about 2 km in a zone of hydrothermal activity in the area of the Puy de Folles submarine volcano of the Mid-Atlantic Ridge rift valley was to prove their biogenic origin. This topic is of interest from several points of view: (1) understanding geochemical processes; (2) obtaining information about ancient ecosystems and the conditions under which they existed, which is important for reconstructing climatic and environmental changes in the past; (3) ferromanganese crusts are an important source of metals such as iron, manganese, cobalt, and nickel, i.e., understanding their origin may help in developing methods for their extraction and processing; (4) biogenic crusts may contain biomarkers, organic molecules that indicate the presence and microbial activity; and finally, (5) the study of biogenic processes on Earth can help in the search for life on other planets and satellites where similar conditions may exist [129].



A comprehensive analysis of the chemical and mineral composition of the Fe-Mn Puy de Folles samples was carried out. The main manganese minerals of the samples are birnessite and todorokite. The Fe-containing phase is represented by a paragenetic sequence of magnetic minerals of Si-Fe oxyhydroxides, ferrihydrite, and nontronite in the form of ultradisperse particles and X-ray amorphous matter. The main results are the following: the organic component of the samples was separated and analyzed, and it was shown that the samples have specific magnetic properties characteristic of iron minerals of biogenic origin. Thus, convincing evidence for the origin of an Fe-containing phase in the Fe-Mn Puy de Folles samples in the process of induced biomineralization with the participation of bacteria has been obtained. The hypothesis that iron-reducing and iron-oxidizing bacteria may be involved in the formation of iron-bearing phases of the studied samples is proposed. Further studies are required to identify bacterial species and to establish the distribution of their roles in the formation of these rocks.
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Figure 1. Sampling of ferromanganese crusts in the Puy de Folles volcano area: (a) sampling site; (b) ferromanganese formation, depth is indicated on the left; (c,d) degassing channels. 
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Figure 2. Optical images obtained in reflected light of the Fe-Mn Puy de Folles sample: (a) layered structure and sampling locations for further studies; (b) dendrite-like, branching, and bunched Fe-Mn aggregates. 
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Figure 3. SEM images of Fe-Mn Puy de Folles. General view: branching-tubular, bunched aggregates of collomorphic-globular structure (a–c). “Footwall-like” tubes, globular structure of Fe-Mn formations (d,e), globule size (f). Internal structure of tubes. Cross section: globular structure of the outer layer and concentric-zonal, radial–radial aggregates inside (g–i). 






Figure 3. SEM images of Fe-Mn Puy de Folles. General view: branching-tubular, bunched aggregates of collomorphic-globular structure (a–c). “Footwall-like” tubes, globular structure of Fe-Mn formations (d,e), globule size (f). Internal structure of tubes. Cross section: globular structure of the outer layer and concentric-zonal, radial–radial aggregates inside (g–i).



[image: Geosciences 14 00240 g003]







[image: Geosciences 14 00240 g004] 





Figure 4. EDS elemental mapping results: (a) SEM image; (b) phase composition map: volcanic glass fragments with altered periphery (yellow), carbon-silicate substrate cementing glass fragments (blue), iron-silicate phase constituting globular tubes (red), Mn-containing concentric-zonal and radial-array aggregates (green); (c–f) distribution of chemical elements. 
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Figure 5. Mössbauer spectra: (a) FM1 and FM2 in the velocity range ±12 mm/s; (b) FM1 in the velocity range ±4.5 mm/s; (c) distribution of quadrupole splittings. Blue, red, cyan, and violet show the different modes of decomposition of the spectra. 






Figure 5. Mössbauer spectra: (a) FM1 and FM2 in the velocity range ±12 mm/s; (b) FM1 in the velocity range ±4.5 mm/s; (c) distribution of quadrupole splittings. Blue, red, cyan, and violet show the different modes of decomposition of the spectra.



[image: Geosciences 14 00240 g005]







[image: Geosciences 14 00240 g006] 





Figure 6. Hysteresis loops measured in fields ± 7 T. In the insets: central part of the loop (top left), destruction curve of the residual magnetization created in a field of 7 T (bottom right); (a) at 295 K; (b) at 2 K. 
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Figure 7. Temperature dependences of (a) inductive (the inset shows the differentiated ZFC curve and its smoothing by the moving average method), and (b) residual magnetization (the blue curve corresponds to SIRM in the “cooling–heating” cycle; the inset shows it in the temperature range of 2–14 K). 
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Table 1. Content of main chemical elements according to XRF data.
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	Oxi. (wt %)
	FM1
	FM2





	MnOtot
	57.5
	36.2



	FeOtot
	25.0
	22.6



	SiO2
	9.9
	26.5



	Al2O3
	0.8
	1.1



	Other elements
	6.8
	13.6



	Σ
	100
	100










 





Table 2. Optical densities (D) of extracts for different extractants; ε is the relative dielectric constant of the extractants.
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