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Abstract

:

On 5 November 2015, a large tailing deposit failed in Brazil, releasing an estimated 32.6 to 62 million m3 of iron mining tailings into the environment. Tailings from the Fundão Dam flowed down through the Gualaxo do Norte and Carmo riverbeds and floodplains and reached the Doce River. Since then, bottom sediments have become enriched in Fe(III) oxyhydroxides. Dissimilatory iron-reducing microorganisms (DIRMs) are anaerobes able to couple organic matter oxidation to Fe(III) reduction, producing CO2 and Fe(II), which can precipitate as magnetite (FeO·Fe2O3) and other Fe(II) minerals. In this work, we investigated the presence of DIRMs in affected and non-affected bottom sediments of the Gualaxo do Norte and Doce Rivers. The increase in Fe(II) concentrations in culture media over time indicated the presence of Fe(III)-reducing microorganisms in all sediments tested, which could reduce Fe(III) from both tailings and amorphous ferric oxyhydroxide. Half of our enrichment cultures converted amorphous Fe(III) oxyhydroxide into magnetite, which was characterized by X-ray diffraction, transmission electron microscopy, and magnetic measurements. The conversion of solid Fe(III) phases to soluble Fe(II) and/or magnetite is characteristic of DIRM cultures. The presence of DIRMs in the sediments of the Doce River and tributaries points to the possibility of reductive dissolution of goethite (α-FeOOH) and/or hematite (α-Fe2O3) from sediments, along with the consumption of organics, release of trace elements, and impairment of water quality.
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1. Introduction


Dissimilatory iron-reducing microorganisms (DIRMs) couple the oxidation of organics to iron reduction, generating a proton-motive force used for many energy-requiring activities, including ATP synthesis and growth [1,2,3,4]. They are widespread in anaerobic sediments and have been affiliated with several distinct bacterial and archaeal phyla. Currently, the most studied species belong to the bacterial genera Geobacter and Shewanella [5].



Enrichment cultures of DIRMs have been obtained from diverse anaerobic environments, mainly sediments and soils [6,7,8,9,10,11,12,13,14,15]. In defined media, organic electron donors for Fe(III) reduction are usually acetate [6,7,8,10,11,12,13,15] and/or lactate [15,16]. Fe(III) sources include either soluble, chelated Fe(III) [8,11,12] or synthetic, amorphous or poorly crystalline Fe(III) oxyhydroxides [6,7,8,10,13,15]. Synthetic crystalline iron oxides, such as 6-line ferrihydrite, lepidocrocite (γ-FeOOH), goethite (α-FeOOH), hematite (α-Fe2O3), magnetite (FeO·Fe2O3), scorodite (FeAsO4∙2H2O), and jarosite, and other minerals from the alunite group (e.g., KFe3(OH)6(SO4)2, NH4Fe3(OH)6(SO4)2, AgFe3(OH)6(SO4)2, and arsenic-doped schwertmannite (Fe16O16(OH)9.6 (SO4)3.2O16·10H2O)) have been used as Fe(III) sources for DIRMs in vitro [17,18,19,20,21,22,23,24,25,26,27]. Natural Fe(III)-containing materials reduced by Shewanella species include goethite and hematite from subsurface sediments [19], goethite from iron ore [28], poorly crystalline ferrihydrite and lepidocrocite from a freshwater biofilm [29], soil [18], lake sediments [20,30], and uranium mill tailings [31]. Similarly, enrichment cultures were able to use natural materials as Fe(III) sources, including both amorphous [8] and crystalline Fe(III) oxides [16].



Several dissimilatory iron-reducing bacterial cultures produce mixed-valence iron oxide magnetite [8,13,18,23,24,26,29,32,33,34,35,36,37,38,39,40,41,42]. Other crystalline products of Fe(III) reduction to Fe(II) by DIRMs include vivianite (Fe3(PO4)2∙8H2O) [8,19,29,33,43], siderite (FeCO3) [19,33,35,36,42,43], and green rust (Fe6(OH)12CO3∙3H2O) [20,29,33,43,44]. The production of small amounts of hematite, goethite, lepidocrocite, and/or akaganeite (β-FeOOH) was also reported in pure cultures of DIRMs [26,34,36,40,42,43,45].



The importance of DIRMs in natural environments is multifold, for example, for (i) anaerobic degradation of organic matter, including recalcitrant molecules; (ii) influence on the extent of methane (CH4) production in freshwater environments; (iii) soil gleying; (iv) steel corrosion; (v) genesis of high dissolved Fe(II) concentrations in aquifers; (vi) magnetite, vivianite, and siderite precipitation in soils and sediments; and (vii) release of phosphate and trace metals bound to iron oxides into water [2,3]. Trace elements released by cultured DIRMs include As [20,45,46], Cd [40], Co [30,47], Cr [30], Mn [30,48], Ni [30,44,47], U [49], Ba, Ra [31], Cu, and Zn [48]. On the other hand, magnetite nanoparticles produced by DIRMs can scavenge metals from the culture medium, including As [22], Cr [36], Mg [38], Mn [13,38], Co, Ni, and Zn [13]. Thus, DIRM activities can lead to both dissolution and precipitation of metal(loid)s in soils and sediments, depending on local conditions.



In November 2015, an iron mining tailing dam owned by Samarco Company collapsed in Brazil, releasing an estimated 32.6 to 62 million m3 of tailings into the environment [50,51,52,53]. Tailings from the Fundão Dam first reached Santarém Stream and then ran downstream into Gualaxo do Norte, Carmo, and Doce Rivers, leading to a large flood. Nineteen people were killed, a nearby village was destroyed, several buildings along the river were damaged, the riparian forest was ripped out, most riverine fish were killed, and crops and pastures were buried under a thick layer of tailings mixed with river sediments. Then, tailings followed the Doce River mainstream, and almost a month later, they reached the Atlantic Ocean, creating a plume of turbidity. The public water supply to approximately 400,000 people was interrupted for a few weeks, as well as industrial activities, electricity generation in three hydroelectric plants, fishing, tourism, and agriculture [52]. Five years later, large amounts of tailings remained in the bottom sediments of the Doce River and its tributaries the Carmo River, the Gualaxo do Norte River, and the Santarém Stream [54,55,56].



The material deposited by the flood along the banks of the Gualaxo do Norte River consisted of 4.5% coarse sand, 37.5% fine sand, 47.5% silt, and 10.6% clay, with a specific surface area of 5.25 m2g−1 and a TOC (total organic carbon) of 1.51 mg g−1 [57]. Bottom sediments from six points downstream of the Fundão Dam showed a predominance of very fine sand, silt/clay, and fine sand, with organic matter below 0.5% [54]. Comparison with tailings, upstream sediments, and data obtained before dam burst indicated that tailings “covered up and/or dragged the old sediments” of the Gualaxo do Norte River [54]. Water pH varied from 6.8 to 7.7, whereas EH was 82-188, indicating oxidizing conditions in areas highly affected by tailings [54]. The mineral composition of the Fundão Dam tailings was 45–64% quartz (SiO2), 24–31% hematite, 3.8–16.0% goethite, 1.4–5.1% kaolinite (Al2Si2O5(OH)4), 0.6–1.0% magnetite, and 1.9–2.4% biotite (K(Fe2+/Mg)2(Al/Fe3+/Mg)([Si/Al]Si2O10)(OH/F)2) [53]. More than 600 km away, the material collected at the Doce River estuary showed mainly quartz, goethite, hematite, and kaolinite. Solid-phase fractionation revealed iron as a major element in this material, mostly in crystalline phases, as expected. Ni, Cu, and Co in the mg/kg range were mainly associated with the iron crystalline phases, whereas g/kg amounts of Mn were found mainly in the exchangeable and soluble fractions, and mg/kg amounts of Cr, Zn, and Pb were associated with the lepidocrocite fraction. Based on these results, Queiroz et al. discussed the potential for microbial iron reduction coupled with trace metal mobilization in estuarine wetland soils affected by iron mine tailings due to anaerobic degradation of high amounts of organic matter [58]. The Doce River watershed was highly impacted by untreated sewage from at least 870,000 people, which increased the organic and nutrient loads in water and sediments and led to frequent cyanobacterial blooms before dam burst [59]. After dam burst, the presence of high levels of thermotolerant coliforms and DO (dissolved oxygen) below 5 mg/L at several points along the river indicates that discharge of large amounts of untreated sewage is still occurring in the watershed [60]. Here, we extend this rationale to the sediments of the entire Doce River as well as affected tributaries, pointing to the risk of extensive dissolution of iron oxides in the river sediments by DIRMs, releasing trace metals and impairing water quality. Thus, the presence and activities of DIRMs in the Doce River and affected tributaries are major issues regarding metal bioavailability and water quality.



In this work, we used crude enrichments to assess the presence and activities of DIRMs in the sediments of the Doce River and its tributary the Gualaxo do Norte River in areas affected or not affected by Fundão Dam tailings. The fingerprint of the microbial community present in the enrichments was obtained by polymerase chain reaction–denaturing gradient gel electrophoresis (PCR-DGGE) of the 16S rRNA gene. Iron-reducing activities were assessed by quantification of Fe(II) in spent culture media and/or by identification of magnetite, which is a common by-product of DIRM activities, in the solid phase.




2. Materials and Methods


Fieldwork was performed on both the Doce River and its most impacted tributary, the Gualaxo do Norte River (Figure 1). To obtain sediments containing living microorganisms for inoculation of crude enrichment cultures, surface sediment samples were collected at two distinct points of the Gualaxo do Norte River, one at the Mariana Municipality (GNR-M, GPS −20.276547, −43.431717), not affected by Fundão Dam tailings (Figure 1a,b), and the other within the most impacted segment, at the Barra Longa Municipality (GNR-BL, GPS −20.286118, −43.065917) (Figure 1a–c). Fieldwork on both sites of the Gualaxo do Norte River was performed on 14 November 2016, during the wet season. Sediment samples to use as inocula were also collected from the Doce River in the Governador Valadares Municipality (DR-GV, GPS −18.915528, −41.995869) on 28 July 2017, during the dry season (Figure 1a–d). The sampling site not affected by Fundão Dam tailings (GNR-M) is approximately 6.5 km upstream of the point of entry of the tailings in the Gualaxo do Norte River, whereas our sampling site most affected (GNR-BL) is approximately 47 km downstream. The sampling site at the Doce River (DR-GV) is approximately 337 km downstream of the Fundão Dam.



Tailings deposited on the Gualaxo do Norte River (GNR-BL) banks during the flood caused by Fundão Dam failure were collected on 1 December 2017, approximately one year after flooding (Figure 1e). River sediments enriched in mine tailings were also collected from the Doce River at Cachoeira Escura (Belo Oriente-MG, GPS −19.31549, −42.36236) in July 2016 (Figure 1a). These materials consist mainly of mine tailings, with some river sediments stirred during flooding that followed the Fundão Dam failure.



For the enrichment cultures, a freshwater (FWA) medium was prepared according to Lovley and Phillips [8]. The medium contained, in grams per liter of distilled water: NaHCO3, 2.5; CaCl2, 0.755; KCl, 0.1; NH4Cl, 1.5; NaH2PO4, 0.74; and NaCH3COO, 6.8. The pH was 8.5. A vitamin solution filtered through a 0.22 µm pore filter was added to the autoclaved medium in a proportion of 1:100 [61]. Synthetic Fe(III) oxide was prepared from the alkalinization of an FeCl3 suspension with NaOH, followed by several cycles of decantation and washing with distilled water, as in McLaughlin et al. [62].



Two distinct strategies were used for the enrichment of Fe(III)-reducing microorganisms. In short-term enrichment cultures, 9 mL glass tubes were filled with 1 mL of inoculum, and 8 mL of the medium containing either synthetic Fe(III) oxide or tailings was collected from the banks of the Gualaxo do Norte River at the Barra Longa Municipality (Figure 1e). The mineral composition of the tailings was assumed to be similar to the BL-4 samples in Valeriano et al. [53], which were obtained from a site close to our sampling site. Fe(III) was 11 g/L in the synthetic Fe(III) oxide medium and 68 g/L in the tailing medium. The enrichment cultures were incubated in the dark at 25 °C for 7, 14, 21, or 28 days. For measurement of Fe(II) concentrations in the liquid phase, 1.35 mL of the liquid phase was retrieved carefully with a micropipette to avoid resuspension of the solid phase and acidified to 1 M HCl within 30 s after opening each tube. Six tubes were used for each time point.



For long-term experiments, FWA medium containing amorphous iron oxide at 5.8 g/L Fe(III) was purged with O2-free N2 and dispensed in 50 mL serum bottles, immediately sealed with rubber stoppers and aluminum crimps, and then autoclaved. After cooling, each bottle was inoculated with 4 mL of river sediment. Control samples were autoclaved just after inoculation. All bottles were incubated at 25 °C in the dark.



Fe(II), Fe(III), and total Fe quantification was performed with the ferrozine method, modified from Viollier et al. [63]. Briefly, to 1 mL of the acidified sample, we added 0.2 mL of 0.01 M ferrozine in 0.1 M ammonium acetate, 0.5 mL of 5 M ammonium acetate buffer at pH 9.5, and 0.3 mL of distilled water. For Fe(total) quantification, 0.3 mL of 1.4 M hydroxylamine hydrochloride in 2 M HCl was added after ferrozine solution and allowed to stand for 10 min to fully reduce Fe(III) to Fe(II) before adding ammonium acetate buffer. No water was added for Fe(total) quantification. The absorbance was read at 562 nm in a spectrophotometer. Fe(III) concentrations were calculated as the difference between Fe(total) and Fe(II) concentrations. For quantification of synthetic amorphous Fe(III) oxides and tailing samples used as Fe(III) sources in our enrichment cultures, 0.5 g of dry material was dissolved in 40 mL of 10 M HCl and left for 25 days, diluted, and measured as described above.



Denaturing gradient gel electrophoresis (DGGE) was used to analyze the bacterial communities present in each enrichment. To reach this objective, the total DNA of the microbial community in each enrichment culture was obtained through the DNA extraction method described by Jurelevicius et al. [64]. Briefly, the microbial cells of each sample were lysed using a combination of lysozyme (1 mg/mL) and alkaline lysis buffer from a FastDNA spin kit for soil (QBIOgene, Carlsbad, CA, USA). Then, the DNA was purified according to the methods of Pitcher et al. [65] and subsequently eluted in 50 µL of TE (10 mM Tris-HCl, 0.1 mM EDTA, pH 8.0). The amount of DNA extracted from each sample was determined using a NanoDrop 1000 apparatus (Thermo Scientific, Suwanee, GA, USA). Then, fragments of the 16S rRNA gene from the crude enrichment culture DNA were PCR-amplified using the primers U968F-GC (5 = −G + C clamp-GAACGCGAAGAACCTTAC-3′) and L1401R (5′-CGGTGTGTACAAGACCC-3′) in a 25 µL reaction mixture, as previously described [64]. DGGE of the PCR products was performed using the DCode universal mutation detection system (Bio-Rad DCode, Richmond, VA, USA). Then, 9% (w/v) polyacrylamide gels were formulated with a denaturing gradient ranging from 40% to 65%. After electrophoresis, the gels were stained with SYBR Gold nucleic acid gel stain (Molecular Probes, Leiden) for 40 min and then scanned using a Storm PhosphorImager (Amersham Biosciences, Uppsala, Sweden). Analysis of the DGGE profiles was performed using the BioNumerics version 5.10 software package (Applied Maths, St-Martens-Latem, Belgium). The richness (Chao1), diversity (Shannon index), and dominance indices of the bacterial community present in each sample were calculated based on band patterns. The structure of the bacterial community was clustered by nonmetric multidimensional scaling (NMDS) with Bray–Curtis distance using PAST 4.03 software [66]. The significance of the NMDS analysis was compared using the non-parametric multivariate statistical test PERMANOVA [67].



For powder X-ray diffraction (XRD) analysis, samples were washed in acetone to remove organic debris and dried. The material deposited from synthetic Fe(III) oxide was spread on a zero-background cleaved Si wafer support and measured in a D8 Advance Eco instrument (Bruker-AXS, Karlsruhe, Germany) using a Cu Ka source and a position-sensitive LynxEye XE detector with energy discrimination. The samples derived from the long-term crude cultures were ground in a McCrone mill with agate grinding media in water, dried at 60 °C, and backloaded into sample holders for analysis in D4 Endeavor equipment (Bruker-AXS, Karlsruhe, Germany) using a Kβ-filtered Co Ka source and a position-sensitive LynxEye detector. Quantitative phase analysis by the Rietveld method was performed on the latter spectra with Topas v.6 software, also from Bruker-AXS (Karlsruhe, Germany).



For transmission electron microscopy (TEM), samples were put onto Formvar-coated nickel grids, air-dried, and observed under a Jeol JEM 1200 EX transmission electron microscope (Jeol Ltd., Tokyo, Japan). Particle sizes were measured on TEM micrographs using ImageJ software (NIH—National Institutes of Health, Stapleton, NY, USA).



For evaluation of the magnetic properties of the solid phase of long-term cultures, a physical property measurement system (Quantum Design PPMS DynaCool) was used. Zero-field-cooling (ZFC) and field-cooling (FC) magnetization curves were performed with applied magnetic fields of 100 Oe and 1 kOe. In ZFC and FC measurements, data were acquired during warming up from 5 K to 400 K. Magnetic hysteresis loops were performed at temperatures of 10 K, 100 K, 200 K, and 300 K and in magnetic fields ranging from −2 T to 2 T.



Graphs and statistical analyses of Fe(II) quantification, nanoparticle size measurements, and magnetic property evaluation were performed in Microcal Origin 6.0 software (OriginLab, Northampton, MA, USA).



Table 1 summarizes the experiments performed and the analytical tools used.




3. Results


3.1. Fe(II) Concentrations over Time in the Liquid Phase of Short-Term Cultures


The Fe(II) concentrations in the liquid phase of the short-term enrichment cultures increased in the first three weeks in crude enrichment cultures inoculated with sediment samples containing mining tailings from the Fundão Dam (RD-GV and GNR-BL) in contrast to the control cultures inoculated with autoclaved sediment, where Fe(II) concentrations remained rather stable (Figure 2a,b). Differences between cultures inoculated with living and autoclaved inocula were statistically significant (Student’s t-test, p < 0.01). Fe(II) concentrations in the liquid phase of enrichment cultures containing either synthetic Fe(III) oxides or tailings as Fe(III) sources were similar in cultures inoculated with sediments from DR-GV (p > 0.05; Figure 2a). On the other hand, those inoculated with GNR-BL sediments showed slightly but significantly lower Fe(II) concentrations in cultures using synthetic Fe(III) oxide compared to cultures containing tailings as the Fe(III) source (p < 0.01). The increase in soluble Fe(II) concentrations in the crude enrichment cultures indicates the growth of microorganisms able to directly (or indirectly) reduce Fe(III) from both synthetic Fe(III) oxide and Fe(III) oxyhydroxides from tailings.



In cultures using inocula from the Gualaxo do Norte River in the Mariana Municipality (GNR-M) not affected by Fundão Dam tailings, Fe(II) concentrations increased in the first three weeks relative to controls in cultures containing tailings as Fe(III) sources but only in the first week in cultures containing synthetic Fe(III) oxide (Figure 2c). Differences were significant between experimental and control cultures in the first three weeks for cultures using tailings as Fe(III) sources and only in the first and second weeks for cultures containing synthetic, amorphous Fe oxides (p < 0.01). Student’s t-test showed no significant differences at the p < 0.01 level in Fe(II) concentrations of GNR-M cultures using tailings or amorphous Fe(III) oxide as Fe(III) sources, which would be due to the high variability between individual samples, as expressed in the SD bars. Our results indicate Fe(III) reduction to Fe(II) in cultures inoculated with sediments not affected by tailings from the Fundão Dam, although the results were not as robust as in the cultures inoculated with sediments containing tailings. Despite differences in the Fe(II) concentrations in the liquid phase, both the synthetic amorphous Fe(III) oxide and the natural crystalline iron oxides from tailings could be reduced and dissolved by the activities of microorganisms from our three sampling sites.



The pH values remained at approximately 8.5–9.0 in the liquid phase of all tubes during the whole experiment, regardless of the iron source, the inoculum, and the presence of living cells, excluding the possibility of mineral dissolution due to low pH.




3.2. Long-Term Cultures and the Presence of Magnetite (FeO∙Fe2O3) in the Solid Phase


To clarify whether DIRMs were present in river sediments and the possibility of precipitation of Fe(II) minerals in the enrichment cultures, we prepared 50 mL of long-term crude enrichment cultures and waited for visible changes in the solid phase. The culture media of long-term cultures showed a slight increase in turbidity in the first month (Figure 3a,b). Microbial growth was ascertained by Gram staining of the liquid phase after 20 days, showing mainly Gram-negative rods, most ranging from 3.2 to 4.2 µm in length and 1.0 to 1.3 µm in width. Furthermore, in half of our long-term cultures (three out of six), the solid phase became black and more responsive to applied magnetic fields with time. At 170 days, the black magnetic material seemed to have entirely substituted the synthetic, amorphous Fe oxide used as the Fe(III) source (Figure 3c), and we stopped the experiment to retrieve samples for PCR-DGGE, X-ray diffraction, transmission electron microscopy, and magnetic measurements.



Analysis of DGGE patterns obtained from PCR products showed that the microbial populations could be grouped by inoculum origin, as well as by Fe(III) source (Figure 4). The cultures using tailings were grouped closer, indicating an influence of this Fe(III) source on microorganism selection. Interestingly, the cultures that produced the black magnetic material at the end of the experiment could also be grouped together. In these samples, we observed a decrease in both bacterial richness and diversity (Figure 4).



X-ray diffraction showed that the Fe(III) source consisted of amorphous phases, along with poorly crystalline akaganeite and goethite (Figure 5a). In contrast, the solid, black material that developed in half of the long-term cultures showed increased crystallinity, with magnetite as the main crystalline Fe-bearing component (Figure 5b–d and Table 2). In addition to magnetite, they contained minor amounts of the Fe(III) oxides hematite and goethite, as well as quartz, muscovite, kaolinite, and fluorapatite (Figure 5b–d and Table 2).



In addition to magnetite, long-term cultures showed minor amounts of the Fe(III) oxides hematite and goethite, as well as quartz, muscovite, kaolinite, and fluorapatite (Figure 5b–d and Table 2), which are common in riverine sediments [68]. Except for fluorapatite, which was present in minor amounts, these minerals were identified in Fundão Dam tailings [51,53,58]. Goethite reflections could also be due to remains of the synthetic Fe(III) oxide used as an Fe(III) source in the enrichment cultures (see Figure 5a) or due to precipitation induced by DIRM activities, as shown before [26,36,40,42,43,45].



Transmission electron microscopy of control (autoclaved) cultures showed tiny, elongated nanoparticles after 170 days (Figure 6a). In contrast, the black solid phase of living cultures contained mainly larger, isotropic particles (Figure 6b–d). Smaller particles were rounded, whereas larger particles showed short prismatic or octahedral morphologies characteristic of magnetite nanocrystals (Figure 6b–d), which was the main mineral identified by X-ray diffraction (Figure 5). Isotropic particles showed a whole size and shape series, from small and rounded to large and euhedral crystals. The width-to-length ratio is rather stable throughout their size range (Figure 7). The presence of twins was relatively common (e.g., Figure 6d, asterisks). For comparison, the morphologies of magnetite produced by pure cultures of DIRMs include euhedral crystals with prismatic, cubic, or rhombic shapes [37], prismatic shapes with frequent twinning [34], or irregular, rounded crystals showing rough surfaces and crystalline defects [69]. Isotropic crystals in our samples were 28–35 nm in average length and 21–24 nm in average width, reaching 177 × 102 nm, with an average width-to-length ratio of 0.74–0.78 (Table 3), which is within the size range previously shown for magnetite produced by DIRM pure cultures, which ranged from 6 to 200 nm in length [24,34,36,37,69].



In addition to the isotropic crystals, smaller numbers of long, lath-shaped crystals occurred in all three black magnetic samples (Figure 6b–d). These were apparently monocrystalline, as inferred by the diffraction contrast and/or Moiré patterns observed in the microscope, reaching 774 nm in length (average 229–371 nm) and up to 80 nm in width (average 26–31 nm) (Table 3). Width-to-length ratios averaged 0.01 to 0.14. Figure 7 confirms the presence of two types of particles, distinct in size and shape, in each of the three samples. The morphology of isotropic crystals is rather stable throughout their size range, whereas lath-shaped crystals are more variable in shape. Because these shapes were absent from both the Fe(III) source sample (not shown) and autoclaved cultures (dead controls; see Figure 6a), we think that such crystals resulted from microbial activities. Similar lath-shaped crystals from DIRM pure cultures have been identified as goethite [19,20,45]. This shape similarity, as well as the presence of goethite reflections in XRD of the three samples (Figure 5 and Table 2), indicates that these lath-shaped crystals consist of goethite. Although goethite is a main mineral in tailings and now also in riverine sediments [53], these morphologies were not observed in river sediments (not shown).



The zero-field-cooling (ZFC) and field-cooling (FC) magnetization curves provide information about the blocking temperature, the distribution of blocking temperatures, the size of magnetic domains, magnetic ordering transitions (e.g., Verwey, Morin, spin glass), magnetic interaction, and the chemical composition of magnetic minerals [70]. Figure 8a–c shows the ZFC and FC magnetization curves at an applied magnetic field of 100 Oe. The results suggest that the blocking temperature occurs above 400 K in all samples, given that no maximum was observed in the ZFC curves. The FC curves at low temperatures are almost constant, which would be expected for a system with strong dipolar interactions between the nanoparticles [71,72]. This result is consistent with the TEM observations (Figure 6b–d), which show mainly nanoparticle aggregates. Strong dipolar interactions can modify the energy barrier in superparamagnetic nanoparticles, resulting in an increase in the blocking temperature and a narrowing of the blocking temperature distribution [71]. The divergence of the ZFC and FC curves is characteristic of the existence of a magnetic anisotropy barrier [73].



At low temperatures, a sudden slope in the ZFC curves appears in the three samples, suggesting a possible transition at approximately 30 K (Figure 8). For very small magnetite nanoparticles (~8 nm), a Verwey transition at approximately 30–50 K has been identified [74]. In addition, the magnetic regime at approximately 30 K has been associated with surface spin disorder due to the symmetry breaking of small magnetic nanoparticles of goethite [75,76]. Indeed, both magnetite and goethite were identified in our samples by XRD (Figure 5 and Table 2), and numerous isotropic nanoparticles approximately 8 nm in diameter were observed by transmission electron microscopy (Figure 6b–d and Table 3).



Figure 8d,e shows the ZFC and FC magnetization curves as a function of temperature at a 1 kOe applied magnetic field for samples GNR-M-B and GNR-M-C. This field is strong enough to reveal the blocking temperature, because the magnetic energy decreases the energy barrier between the magnetic states in the magnetic nanoparticle. The ZFC curves show two magnetic regimes, the first one at approximately 30 K, observed in the ZFC curves at both 100 Oe and 1 kOe (Figure 8a–e). The second regime is a broad maximum magnetization observed at approximately 200 K under 1 kOe and can be associated with the blocking temperature of a size distribution of nanoparticles because the blocking temperature shifts for low temperatures with an increase in the applied magnetic field. The ZFC and FC curves suggest that nanoparticles with narrow size distributions overlap above the blocking temperature.



Figure 9 shows the magnetization curves as a function of the magnetic field M(H) at different temperatures (10, 100, 200, and 300 K) in all samples. At room temperature (300 K), no sample showed superparamagnetic behavior. The M(H) curve does not saturate under a magnetic field of 20 kOe. This would be consistent with the presence of goethite and hematite particles [77]. The values of the saturation magnetization were estimated at the 20 kOe magnetic field. The magnetic parameters obtained from M(H) are summarized in Table 4. At lower temperatures, the values of the coercive field were lower than the value reported for magnetite nanoparticles of 17 nm (370 Oe) [72], due to the presence of other magnetic phases in the three samples.



A rough estimate of the anisotropy constant was performed using the value of the maximum temperature of the ZFC curve, which is proportional to the blocking temperature (   T  max   ≈ 2  T B   ) [78] observed in the ZFC curve at 1 kOe, by using the following relation [79]:


   T B  =    K  e f f   V   25  k B       (  1 −  H   H K     )    3 / 2    



(1)




where HK is the anisotropy field (   H K  = 2  K  e f f   /  M s   ) and MS is the saturation magnetization.



Using the volume for the nanoparticles observed by TEM (approximately 12,348 nm3 and 20,160 nm3 considering the nanoparticles as parallelepipeds; see data in Table 3 and Table 4) and Ms from M(H) at 10 K (approximately 50 emu/g and 66 emu/g for GNR-M-B and GNR-M-C samples, respectively), magnetic anisotropies of 1.6 × 105 erg/cm3 and 2.3 × 105 erg/cm3 are obtained for GNR-M-B and GNR-M-C samples, respectively. This result is consistent with the magnetic anisotropy values of bulk magnetite (1.35–1.87 × 105 erg/cm3) [80] and nanoparticles [81,82].



The values for the remanence to saturation magnetization rate Mr/Ms calculated from M(H) at 10 K were 0.27, 0.29, and 0.31 for GNR-BL-A, GNR-M-B, and GNR-M-C, respectively. These values are smaller than 0.5 for noninteracting nanoparticles with random and uniaxial anisotropy [83]. This indicates the presence of interparticle interactions of antiferromagnetic nature [84]. It was noted in all samples at room temperature that the saturation magnetization is lower than the value for bulk magnetite (92 emu/g) [80] due to the presence of an antiferromagnetic phase that could correspond to goethite or hematite (1–2.5 emu/g) or due to disorder on the surface of very small iron oxide nanoparticles [85].





4. Discussion


4.1. Soluble Fe(II) and Magnetite as Proxies for DIRM Enrichment


Both the synthetic amorphous Fe(III) oxide and the natural crystalline iron oxides from tailings could be reduced by microorganisms from our three sampling sites, producing soluble Fe(II) and/or magnetite, as shown before for DIRM pure cultures [8,10,12,18,19,23,24,26,28,30,32,33,34,35,36,37,38,40,42]. In fact, the product of dissimilatory iron reduction is Fe(II), which can assume both soluble and solid forms, depending on local conditions [19,31,33,86]. The pH of our cultures remained at approximately 8.5–9.0, which would favor magnetite precipitation [86,87,88]. Indeed, Fe(II) concentrations reached in the liquid phase of our cultures were low compared to pure DIRM cultures [19] and probably represent a fraction of total Fe(II) produced. Zachara et al. [43] showed that most iron reduced by Shewanella putrefaciens cultures precipitated as magnetite, siderite, vivianite, and/or green rust, depending on both medium and headspace composition.



In particular, the production of magnetite from amorphous Fe oxides is a main characteristic of DIRMs [6,7,8,10,12,13,15]. Magnetotactic bacteria are also known to produce magnetite, but magnetite occurs intracellularly, and the yield is much lower [89] (compare Lovley et al. [32] with Berny et al. [90]). Thus, our results show that DIRMs are present in the sediments of the Gualaxo do Norte River affected and not affected by mining tailings from the Fundão Dam and that they could be cultured using enrichment techniques.




4.2. Significance of Soluble Fe(II) and the Crystalline Phases Magnetite, Goethite, and Hematite in Crude Enrichment Cultures


Several wet-chemistry pathways for magnetite precipitation at room temperature involve the reaction of soluble Fe2+ ions with solid Fe(III) phases, such as akaganeite, goethite, lepidocrocite, hematite, and/or maghemite, with the reduction of Fe(III) minerals by soluble Fe2+ and topotactic reactions playing key roles in transforming Fe(III) phases into magnetite [88,91,92]. Our synthetic Fe(III) source consisted of goethite, akaganeite, and amorphous phase(s), whereas magnetite, goethite, and hematite were the Fe oxyhydroxides found after 170 days in half of our long-term cultures. Our TEM images showed that the tiny anisotropic particles observed in control cultures were substituted for larger crystalline particles showing two distinct shapes: isotropic crystals, which probably correspond to magnetite (and perhaps also some hematite), and anisotropic, long, and thin crystals, probably corresponding to goethite. Despite the fact that goethite was detected in the XRD of the synthetic Fe(III) source (see Figure 5a) and in tailings from the Fundão Dam [53], its shape and size indicate growth within the magnetite-producing cultures. The distinctions in crystallinity, shape, size, and polymorph indicate that dissolution-reprecipitation and/or epitaxial growth had a role in the path from the synthetic Fe(III) source to magnetite. A particularly interesting pathway for wet synthesis of magnetite was proposed by Ahn et al. [91], where (i) poorly crystalline akaganeite was converted to goethite through dissolution and reprecipitation, (ii) goethite turned to hematite by topotactic transformation at the tip of the goethite crystals, and (iii) hematite was partially reduced by soluble Fe2+ and turned into magnetite. Accordingly, Vali et al. [34] and Han et al. [26] interpreted goethite and hematite in DIRM cultures as intermediate stages in magnetite synthesis.




4.3. Significance of DIRMs in the Context of Riverine Sediments Enriched in Tailings


Here, we showed that DIRMs are present and active in both Gualaxo do Norte and Doce Rivers in areas impacted and not impacted by mining tailings from the Fundão Dam and that they are able to reduce Fe(III) of crystalline minerals from tailings to Fe(II) using acetate as an electron donor. DNA from known DIRM genera, such as Geobacter and Geothrix, was found in sediments of the Doce River and its tributary the Carmo River after the Fundão Dam burst [93,94], but it was not shown if they were actively reducing Fe(III) minerals in the river sediments. Although the bottom sediments of the Gualaxo do Norte River stretch impacted by tailings showed very small TOC values [54], the downstream Doce River is impacted by the discharge of untreated sewage [59,60]. Jardim et al. [59] estimated that untreated sewage of approximately 870,000 people was discharged into the Doce River mainstream and tributaries, contributing an estimated 8 tons of organic N and 2.2 tons of organic P per day to the watershed, which led to eutrophication and recurrent cyanobacterial blooms before dam burst [59]. Richard et al. [60] reported excess thermotolerant coliforms in several stretches of the Doce River and tributaries after dam burst, which indicated continuous release of untreated sewage directly into the rivers. In addition, several stretches of the Doce River mainstream showed high BOD (biochemical oxygen demand) and/or low DO, indicating high loads of organics [60]. It is possible that untreated sewage can be a source of organics for DIRM activities.



The Fe(II) produced from the partial reduction of an Fe(III) amorphous phase could either become soluble or precipitate as magnetite. In the environment, the fate of soluble Fe(II) could be to precipitate as authigenic Fe(II) minerals such as magnetite, green rust, siderite, and vivianite, as observed before [29,39,86,95,96,97,98,99,100]; to react with minerals in soils and sediments [96,101,102]; or, once it diffuses into oxygenated environments, to oxidize and precipitate as secondary Fe(III) oxyhydroxides [96,97,101,103,104,105,106,107,108,109], which are frequently associated with indigenous microorganisms [29,103,104,105,106,107,108].



Fe(III) reduction to Fe(II) by DIRMs frequently leads to mineral dissolution, releasing other elements in addition to iron into the water [30,31,99,102], which could lead to increased concentrations of these elements [102,107]. Furthermore, some DIRMs are able to reduce other elements, changing their solubility [3]. Released trace metals and phosphates can remain in solution [30,95,102]; adsorb to available mineral surfaces [99,102,103,108,110]; and/or coprecipitate with iron in secondary, authigenic Fe(II) and/or Fe(III) minerals [29,95,99,100,102,103,106,107,108,109,111]. The problem is that authigenic iron minerals are frequently nanometric, less crystalline, and more reactive than primary minerals, and thus toxic elements bound to such minerals may be easily remobilized [102].



In the fine tailing particles that reached the Doce River estuary, iron oxide fractions contained Co, Cr, Cu, Ni, Pb, and Zn at mg/kg levels, which could be mobilized if the Fe(III) oxides were reduced and dissolved by DIRMs [58]. The same fractionation showed Mn in the g/kg range in the exchangeable and soluble fractions, which are easily mobilized [58]. Several DIRMs are known to reduce Mn(IV) in manganese oxides to soluble Mn(II), which can remain in solution [2,9,110,112]. In addition, Fe2+ ions produced by DIRMs can chemically reduce Mn(IV) to Mn(II) [104]. After failure of the Fundão Dam, the concentrations of Fe, Mn, Al, and/or Cd in waters along impacted stretches of the Doce River watershed have increased [56,60,113]. The release of these metals from tailings and other minerals from bottom sediments due to the activities of DIRMs is a probable cause.



The activities of Fe(III)-reducing microorganisms in the Doce River and tributaries raise the possibility of slow dissolution of the huge amounts of primary, highly crystalline iron oxides that remain in the sediments, releasing trace elements adsorbed to mineral surfaces or incorporated into the crystalline lattice, which could impair water quality. The precipitation of secondary, authigenic Fe(II) and/or Fe(III) minerals such as magnetite could incorporate some of them, but this is a very complex issue that depends on several physical, chemical, and biological factors [102,106,107,110]. Moreover, such phases are usually poorly crystalline, highly reactive, and easily redissolved [29,98,101,102,105,106,110,111].





5. Conclusions


DIRMs are present and active in both Gualaxo do Norte and Doce Rivers, in stretches affected or not affected by tailings from the Fundão Dam. They are able to reduce Fe(III) from both synthetic Fe(III) oxide and tailings, producing Fe(II), which can either remain in solution or precipitate as nanocrystalline magnetite (FeO·Fe2O3). Our sampling points were distinct and far away from each other, enabling extension of the conclusions of this work to the whole length of the Doce River and tributaries affected by Fundão Dam tailings.



The implications for the iron-enriched environments of the Doce River and tributaries are related to the fate of tailings over time, as well as to the water quality for human and animal consumption, agriculture, and wildlife preservation. In addition to iron mine tailings, the Doce River watershed is threatened by artisanal gold mining, improper agricultural practices, and discharge of untreated sewage. DIRM activities fueled by organics from sewage and other sources could mobilize iron from Fe oxyhydroxides in the sediments, releasing trace elements in the process. Even though most of the reduced Fe and trace elements could reprecipitate in secondary minerals, such as magnetite (FeO·Fe2O3), the process has the potential to exchange larger, more stable, and crystalline minerals for less crystalline, smaller, and thus more unstable particles.



From the point of view of water quality, probably the best scenario would be a low ratio of Fe(III) reduction in the tailing-enriched sediments, slowing trace metal release into the water column. Because DIRMs are heterotrophic and depend on organic matter, the control of both organic matter input and eutrophication could restrain DIRM activities in the sediments; reduce the concentrations of Al, Cd, Mn, and other trace elements in the water; and improve water quality.
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Figure 1. Maps and photographs of the sites from where sediment samples were collected. (a) Maps of Brazil and the states of Minas Gerais, Espírito Santo, and Rio de Janeiro and a satellite image illustrating the localization of the Fundão Dam and the sampling points in the Doce River and its tributary the Gualaxo do Norte River. GNR-M, Gualaxo do Norte River in the Mariana Municipality, upstream of the impacted area (b). This point reflects the local geology along with iron, manganese, and gold exploitation in its watershed. GNR-BL, Gualaxo do Norte River at the Barra Longa Municipality, within the most impacted area (c). DR-GV, Doce River at the Governador Valadares Municipality, less affected by iron mining tailings (d). Bottom sediments were also collected at Belo Oriente. Point BL-4 shows a sampling point of Valeriano et al. [53], which is close to GNR-BL. (e) Tailings deposited at the banks of the Gualaxo do Norte River after Fundão Dam failure, from where tailing samples were collected. (f) Water surface showing the uncommon froth at GNR-BL. Pictures taken in the wet (b,c,e,f) and dry (d) seasons. Note the distinct appearance of the river water in the impacted (c,f) and not impacted (b) sites of the Gualaxo do Norte River and in the Doce River (impacted) during the dry season (d). 
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Figure 2. Fe(II) concentrations over time in the liquid phase of enrichment cultures. The iron sources for the cultures were either tailings (circles) or amorphous Fe(III) oxide (squares); closed symbols refer to the experimental, living enrichment cultures, and open symbols refer to control experiments using an autoclaved sediment as the inoculum. Bars show the standard deviation. Asterisks indicate statistical significance between experimental and control cultures (*) or between the two Fe(III) sources (**) (Student’s t-test, p < 0.01). Inocula were obtained from (a) the Doce River in the Governador Valadares Municipality (DR-GV), affected by tailings; (b) the Gualaxo do Norte River in the Barra Longa Municipality (GNR-BL), highly affected by tailings; and (c) the Gualaxo do Norte River in the Mariana Municipality (GNR-M), not affected by tailings from the Fundão Dam. 
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Figure 3. Evolution of the solid phase of long-term enrichment cultures containing synthetic Fe(III) oxyhydroxides as the Fe(III) source. Inocula were obtained from the Gualaxo do Norte River affected (GNR-BL) or not (GNR-M) by tailings from the Fundão Dam. (a) Cultures 20 days old. From left to right: GNR-M-A, GNR-M-B, GNR-M-C, GNR-BL-A, GNR-BL-B, and GNR-BL-C. Note the darker color of the second flask (GNR-M-B). (b) Control (autoclaved) cultures 20 days old, where the solid phase shows a uniform rust color. (c) Solid phase retrieved after 170 days of incubation, showing magnetic minerals attracted to small, strong magnets. The magnetic interaction energy is sufficient to maintain the magnets suspended on the flask walls. From left to right, the samples are GNR-M-B, GNR-M-C, and GNR-BL-A. 
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Figure 4. A nonmetric multidimensional scaling (NMDS) ordination diagram based on the denaturing gradient gel electrophoresis (DGGE) fingerprint data obtained from samples of long-term crude cultures. The data were plotted connecting the triplicates of each sample type. The alpha-diversity indices of richness (R), diversity (S), and dominance (D) were used as vectors in this analysis. GNR-M, inocula collected at the Gualaxo do Norte River in the Mariana Municipality, not affected by Fundão Dam tailings; GNR-BL, inocula collected at the Gualaxo do Norte River in the Barra Longa Municipality, affected by Fundão Dam tailings; t, tailings used as the Fe(III) source; s, synthetic, amorphous Fe(III) oxide used as the Fe(III) source. 
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Figure 5. X-ray diffraction of the solid phase of long-term enrichment cultures using the synthetic Fe(III) source. (a) Synthetic Fe(III) oxide used as an iron source for enrichment cultures. A pronounced amorphous hump (from ~6 to 2 Å) points to the predominance of amorphous phases, with crystalline akaganeite (Fe3+8(OOH)16Cl1.25·nH2O, Aka) and goethite (FeOOH, Gth) as minor phases. (b–d) Solid phase of enrichment cultures that turned black and magnetic after 170 days, showing mainly crystalline, mixed-valency iron oxide magnetite (FeO·Fe2O3) with a diagnostic peak at ~2.53 Å. Other crystalline phases include the common riverine sediment minerals quartz (Qz), muscovite/illite (Ms/Ilt), kaolinite (Kln), fluorapatite (Ap), and the iron oxides hematite (Hem) and goethite (Gth). (b) GNR-M-B, (c) GNR-M-C, and (d) GNR-BL-A. See Table 1 for more details on these samples. 
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Figure 6. Transmission electron micrographs of the solid phase of enrichment cultures using the synthetic Fe(III) source, showing the evolution of mineral morphologies after 170 days. (a) Sample from control (autoclaved) cultures, showing the predominance of elongated nanoparticles. (b–d) Samples of the black magnetic material that developed in half of the living cultures, showing larger particles, some with octahedral morphologies compatible with magnetite (asterisks). Elongated, lath-shaped crystals were less common than octahedra and other equidimensional particles. (b) GNR-M-B, (c) GNR-M-C, and (d) GNR-BL-A. For more details on samples, see Table 1. Scale bar = 200 nm. 






Figure 6. Transmission electron micrographs of the solid phase of enrichment cultures using the synthetic Fe(III) source, showing the evolution of mineral morphologies after 170 days. (a) Sample from control (autoclaved) cultures, showing the predominance of elongated nanoparticles. (b–d) Samples of the black magnetic material that developed in half of the living cultures, showing larger particles, some with octahedral morphologies compatible with magnetite (asterisks). Elongated, lath-shaped crystals were less common than octahedra and other equidimensional particles. (b) GNR-M-B, (c) GNR-M-C, and (d) GNR-BL-A. For more details on samples, see Table 1. Scale bar = 200 nm.



[image: Minerals 11 00244 g006]







[image: Minerals 11 00244 g007 550] 





Figure 7. Length/width plots of minerals from the black magnetic solids produced in long-term enrichment cultures retrieved after 170 days. Open circles, isotropic crystals; closed circles, lath-shaped, anisotropic crystals. Note a clear shape distinction between these two minerals, as indicated by the linear fits. (a) GNR-M-B, (b) GNR-M-C, and (c) GNR-BL-A. See Table 1 for more information on the samples. 
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Figure 8. Zero-field-cooling (ZFC) and field-cooling (FC) magnetization curves as a function of temperature obtained from the black and magnetic solid phases of long-term enrichment cultures. Black line, ZFC; red line, FC. (a–c) Left panel showing ZFC and FC curves obtained at 100 Oe. (d,e) Right panel showing ZFC and FC curves at 1 kOe. Note transitions at ~30 K (a-e) and ~150 K (d,e) and the distinct regimens below and above 150 K at 1 kOe (d,e). (a) GNR-BL-A, (b,d) GNR-M-B, and (c,e) GNR-M-C. See Table 1 for more details on these samples. 
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Figure 9. Magnetization as a function of the applied magnetic field at (a) 300 K, (b) 200 K, (c) 100 K, and (d) 10 K for samples of black and magnetic solids obtained in the long-term enrichment cultures of GNR-BL-A (red squares), GNR-M-B (black triangles), and GNR-M-C (blue circles). Inserts show the hysteresis curve for low magnetic field values, where it is possible to observe the coercive field and the remanent magnetization. See Table 1 for detailed information on the samples. 






Figure 9. Magnetization as a function of the applied magnetic field at (a) 300 K, (b) 200 K, (c) 100 K, and (d) 10 K for samples of black and magnetic solids obtained in the long-term enrichment cultures of GNR-BL-A (red squares), GNR-M-B (black triangles), and GNR-M-C (blue circles). Inserts show the hysteresis curve for low magnetic field values, where it is possible to observe the coercive field and the remanent magnetization. See Table 1 for detailed information on the samples.
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Table 1. Summary of the experiments. Codes in italic represent samples that changed significantly at the end of the experiment and were further characterized by XRD, transmission electron microscopy, and magnetic property analyses.
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Length of the Experiment

	
Fe(III) Source

	
Presence of Tailings in the Inoculum

	
Replicates

	
Code *

	
Appearance of the Solids at the End of Incubation

	
Analytical Methods




	
Color

	
Interaction with Magnets






	
Short term (0, 7, 14, 21, and 28 days)

	
Synthetic

	
−

	
6

	
GNR-M

	
Rust

	
Weak

	
Fe(II) quantification in the liquid phase using the ferrozine assay




	
++

	
6

	
GNR-BL

	
Rust

	
Weak




	
+

	
6

	
DR-GV

	
Rust

	
Weak




	
Tailings

	
−

	
6

	
GNR-M

	
Gray

	
Weak




	
++

	
6

	
GNR-BL

	
Gray

	
Weak




	
+

	
6

	
DR-GV

	
Gray

	
Weak




	
Long term (170 days)

	
Synthetic

	
−

	
A

	
sGNR-M-A

	
Rust

	
Weak

	
DGGE




	
B

	
(s)GNR-M-B

	
Black

	
Strong

	
DGGE, XRD, TEM, SQUID




	
C

	
(s)GNR-M-C

	
Black

	
Strong




	
++

	
A

	
(s)GNR-BL-A

	
Black

	
Strong




	
B

	
sGNR-BL-B

	
Rust

	
Weak

	
DGGE




	
C

	
sGNR-BL-C

	
Rust

	
Weak




	
Tailings

	
−

	
3

	
tGNR-M

	
Gray

	
Weak

	
DGGE




	
++

	
3

	
tGNR-BL

	
Gray

	
Weak








* GNR, Gualaxo do Norte River; M, inoculum collected from a point of the river not affected by Fundão Dam tailings at the Mariana Municipality; BL, inoculum collected from a point of the river heavily affected by Fundão Dam tailings at the Barra Longa Municipality; DR, Doce River; GV, inoculum collected from a point of the Doce River affected by Fundão Dam tailings at the Governador Valadares Municipality; t, tailings; s, synthetic Fe(III) source; A, B, and C represent replicates. The numbers in the Replicates column indicate the number of replicates in experiments where they were not individualized. For each experiment, there was a corresponding dead control with autoclaved inoculum.
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Table 2. Rietveld analysis of the solid phase of long-term crude cultures using synthetic Fe(III) oxide as the Fe(III) source, which became black and magnetic after 170 days.
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Wt % Rietveld




	
Phase Name

	
GNR-M-B *

	
GNR-BL-A *






	
Magnetite

	
52.9

	
57.1




	
Goethite

	
7.1

	
6.1




	
Hematite

	
2.1

	
2.6




	
Quartz

	
16.3

	
24.8




	
Muscovite

	
8.4

	
7.5




	
Kaolinite

	
0.9

	
1.9




	
Illite

	
12.0

	
0.0








* See Table 1 for details on these samples.
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Table 3. Size and shape factor of crystalline particles observed by transmission electron microscopy.
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Crystal Shape

	
Sample

	
Length (nm)

(Average ± SD)

	
Length Range

(nm)

	
Width (nm)

(Average ± SD)

	
Width Range

(nm)

	
Width/Length

	
N






	
Isotropic (octahedral, prismatic, or rounded)

	
GNR-M-B *

	
35 ± 34

	
9–177

	
24 ± 24

	
7–119

	
0.74 ± 0.17

	
100




	
GNR-M-C *

	
28 ± 18

	
7–108

	
21 ± 14

	
7–71

	
0.78 ± 0.15

	
100




	
GNR-BL-A *

	
29 ± 19

	
9–96

	
22 ± 14

	
8–74

	
0.76 ± 0.16

	
112




	
Elongated (lath shaped)

	
GNR-M-B *

	
229 ± 139

	
76–556

	
26 ± 12

	
18–61

	
0.14 ± 0.07

	
35




	
GNR-M-C *

	
371 ± 181

	
84–774

	
31 ± 19

	
33–80

	
0.10 ± 0.07

	
31




	
GNR-BL-A *

	
329 ± 184

	
69–693

	
26 ± 17

	
15–64

	
0.10 ± 0.06

	
34








* Samples of black and magnetic solids produced in crude cultures. See Table 1 for more details.
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Table 4. Magnetic parameters obtained from M(H) at different temperatures.






Table 4. Magnetic parameters obtained from M(H) at different temperatures.





	
Sample

	
T (K)

	
Hc (Oe)

	
Mr (emu/g)

	
Ms (emu/g)

	
Hcr (Oe)






	
GNR-BL-A *

	
300

	
75 (10)

	
11.2

	
69

	
160 (10)




	
200

	
91 (10)

	
12.6

	
74

	
200 (10)




	
100

	
105 (10

	
13.3

	
75

	
204 (10)




	
10

	
190 (10)

	
19.7

	
73

	
420 (10)




	
GNR-M-B *

	
300

	
50 (10)

	
5.9

	
46

	
115 (10)




	
200

	
73 (10)

	
7.7

	
50

	
140 (10)




	
100

	
96 (10)

	
9.5

	
51

	
180 (10)




	
10

	
180 (10

	
14.3

	
50

	
320 (10)




	
GNR-M-C *

	
300

	
33 (10)

	
8.3

	
62

	
100 (10)




	
200

	
53 (10

	
10.7

	
67

	
140 (10)




	
100

	
71 (10)

	
13.6

	
69

	
183 (10)




	
10

	
177 (10)

	
20.5

	
66

	
370 (10)








* Samples of black and magnetic solids retrieved from crude enrichment cultures after 170 days. See Table 1 for more details. Hc, coercive field; Mr, remanent magnetization; Ms, saturation magnetization; and Hcr, coercive remanent field.
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