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Abstract

:

It has long been considered that ferric phases stabilize organic matter (OM) in soils. Temporarily waterlogged soils, in which Fe is submitted to regular reductive solubilization and oxidizing precipitation, have often been used to study these processes. However, few studies have been interested in the evolution of the OM quality under such conditions. We therefore experimentally investigated the impact of a redox cycle on the quality of the dissolved organic matter (DOM) from wetland soil. The DOM quality was monitored using a combination of analyses run on the elements (%C, %N, C/N), isotopes (δ15N, δ13C), optical index (specific UV absorbance at 254 nm), and fluorescence indexes (FI, HIX, BIX). In addition, the cation and anion concentrations were also determined in the soil solutions throughout the experiment. As classically demonstrated, OM is solubilized as terrestrial aromatic molecules in the first stage of the reducing period, and then as nonaromatic molecules until the end of the reduction, in response to the dissimilatory reductive dissolution of Fe-oxyhydroxides in the soil. More interestingly, we demonstrate that the reintroduction of O2 involves significant lysis of reducing bacterial cells involving the production of small labile organic carbon which represents a significant pathway for OM degradation. Moreover, in response to the physical constraints, the newly formed Fe-OM precipitates produce small aggregates rich in aromatic OM that are expected to disseminate in the environment, representing a second significant way to remove OM.
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1. Introduction


The organic matter (OM) cycle cannot be dissociated from that of Fe in different environmental systems such as soils, sediments, surface waters and permafrosts (in response to thawing), or peatlands and wetlands. Several studies have demonstrated that the stabilization of OM is related to the presence of ferric species [1,2,3]. More specifically in wetlands, ferric species enhance the biodecomposition of natural organic matter (NOM) by acting as terminal acceptor electrons during soil waterlogging periods. In contrast, in response to the water level decrease in wetland soils, in the presence of high amounts of OM, Fe(III) precipitates with DOM, forming aggregates of Fe and OM nanoparticles expected to stabilize OM [4]. Herndon et al. [5] showed that, by complexing low-molecular-weight OM, i.e., the most labile and bioavailable carbon, ferric species inhibit the microbial degradation of OM. Through 14C analysis, Hall et al. [6] demonstrated that the C residence time in humid soil is positively correlated with the crystallinity of the Fe(III) oxyhydroxides. Chen et al. [7] also demonstrated that the alternation of redox conditions results in decreased C degradation and increased crystallinity of the ferric species. They suggest that repeated redox cycles induce the loss of dissolved organic matter (DOM), which is coprecipitated as Fe-OM aggregates, but that part of the DOM bound to Fe-minerals is preserved from the degradation involved via the reducing conditions. However, many of these processes depend on the variations in the quality and composition of the OM water during the redox cycles. Organic matter coating and binding processes with minerals depend on their binding sites, site density, molecular weight, and/or physicochemical structure (molecular vs. colloidal). However, in many studies dedicated to the impact of redox variations on OM degradation, DOM is considered whole and is only monitored by measuring the dissolved organic carbon (DOC) concentration. However, all of these processes are theoretically accompanied by transformations of the DOM quality and source variations.



Despite our understanding of the impact of the Fe cycle on DOM degradation or protection, few data are available on the variation in DOM quality within a redox cycle. The whole DOM quality and source variations can be specifically followed and studied using simple spectroscopic methods (UV–Vis absorbance, 3D fluorescence) and the C and N isotopic composition (δ13C and δ15N) [8,9,10]. For this purpose, we performed a series of successive reduction/oxidation incubations using natural wetland soil. The C and N isotopic compositions were measured over time and combined with measurements of the DOM quality evolution with time and redox-alternating conditions. Element solution chemistry and thermodynamic modeling approach were also used.




2. Materials and Methods


All of the chemicals used were of analytical grade. The solutions were prepared with deionized water (Milli-Q system, Millipore). The containers used were (i) soaked in 10% ultrapure HNO3 for 48 h at 60 °C to remove all possible contaminant sources, (ii) soaked in and then rinsed with Milli-Q water for 24 h at 60 °C, and (iii) finally dried at 30 °C.



2.1. Soil Sampling and Soil Characteristics


The soil sample was collected in a riparian wetland, the so-called Mercy wetland, located in the Kervidy-Naizin catchment (Brittany, north-western France), belonging to the French network of long-term Environmental Research Observatories (ORE Agrhys). Numerous hydrological and biogeochemical studies [11,12,13,14] provided good information about the water sources and pathways throughout the hydrological periods.



The Mercy wetland regularly undergoes periodic fluctuations in the water level, leading to the establishment of redox cycles involving Fe [12,13,15,16,17].



The soil sample corresponds to an aliquot of the upper organo-mineral horizon (Ah) from a Planosol (according to the WRB classification), developed on Proterozoic schists. This schist is mainly composed of quartz, muscovite, chlorite, K-Felspar, and plagioclase [18]. The soil horizons comprise a large number of secondary minerals, including illite, smectite, kaolinite, various Fe-oxyhydroxides, such as hematite and goethite, and Mn oxides [11].



The soil sample was collected in February 2013 during the water table rise. The soil was air-dried for five days and sieved to 2 mm [19].




2.2. Experimental Setup


The experimental procedure was based on a two-stage experiment using a soil suspension, settled under reducing and then under oxidizing conditions. The soil suspension was prepared at a 1:20 ratio of dry soil/solution by mixing 50 g of soil with a solution containing 30 mg L−1 of Cl−, 30 mg L−1 of NO3−, and 10 mg L−1 of SO42− to mimic the anion composition of the soil solution in the Mercy wetland during the rise of the water table.



The suspension was placed in an air-tight, 1 L batch reactor (Guerin, Biolafite) at 30 °C (Figure A1 of Appendix A). Prior to the start of the experiment, the soil suspension was gently stirred under aerobic conditions for the first two days until the pH and DOC concentrations stabilized. The suspension was continuously and gently stirred, with a stream of N2 continuously supplied via an autogas injection system at 2 L min−1 for the first 5 h and then at 0.2 L min−1. The Eh and pH of the suspension were monitored with combination electrodes (405-DPAS-SC-K8S/225 Mettler Toledo (Greifensee, Switzerland) for the pH and Pt4805-DPAS-SC-K8S/225 Mettler Toledo (Greifensee, Switzerland) for the Eh). Approximately 30 mL of the soil suspension was drawn off daily with a sterile syringe (under N2 gas in the anaerobic treatments), centrifuged for 10 min at 1950 g, and directly filtered through a 0.2 μm cellulose acetate membrane filter (Millipore, Burlington, MA, USA). The experiments were carried out in duplicate, and the errors bars reported in each figure represent the analysis standard errors. On the collected soil solutions, the DOC, Fe(II), cation, and anion concentrations were determined, as well as the SUVA and 3D fluorescence of the soil solutions and δ13C and δ15N values for both the soil solutions.




2.3. Analytical Procedures


2.3.1. Elemental Concentrations


After fusion of the whole-rock sample with LiBO2 flux and acidic dissolution with HNO3, the major and trace element composition was determined at the CNRS Analytical Research Facility (SARM, CNRS, France) by ICP-OES and ICP-MS (Table A1 of Appendix B). The soil organic carbon content was determined using a carbon-sulfur analyzer (Leco SC144 DRPC) (Table A1). The soil sample contained 1.40 wt % of Fe and 6.64 wt % of organic carbon.



For the soil solutions, the major and trace element concentrations were determined using an Agilent Technologies HP 7100 inductively coupled plasma–mass spectrometry (ICP-MS) system in the Geosciences Laboratory at Rennes University (Rennes, France). Briefly, each soil solution was acid-digested two times with 14 N HNO3 at 90 °C in a clean Savillex® (Eden Prairie, MN, USA) digestion vessel and evaporated to complete dryness. In the case of a high DOC concentration, 20 drops of ultrapure hydrogen peroxide (H2O2, of ultrapure grade) were added to the samples in order to ensure the total oxidation of the organic matter, and then the vessel was closed and heated on a hot plate (80 °C) for 24 h. Afterwards, the solution was evaporated. The samples were then dissolved in 0.37 N HNO3 and analyzed. International geostandard SLRS-4 (riverine water reference) was used to check the validity and reproducibility of the analyses. The typical rates of uncertainty (including all error sources) are <5% for all of the trace elements, whereas for major anions, the uncertainty lies between 2% and 5%, depending on the concentration levels.



The dissolved organic carbon (DOC) and dissolved inorganic carbon (DIC) concentrations of the soil solutions were analyzed with a Total Organic Carbon (TOC) analyzer (Shimadzu TOC-V-CSH). The accuracy of the DOC measurements was estimated at ±5% for all of the samples using a standard solution of potassium hydrogen phthalate. Ion chromatography measurements were performed on a Dionex DX-120 system. Respectively, the detection and quantification limits are 0.27 and 0.89 mg L−1 for NO3−, 0.32 and 1.06 mg L−1 for Cl−, and 0.38 and 1.25 mg L−1 for SO42−, with an estimated accuracy of ±5%.



The concentrations of Fe(II) in the soil solutions were determined with the 1.10 phenanthroline colorimetric method (AFNOR NF T90-017 (AFNOR, 1997)) at 510 nm using a UV–Vis spectrophotometer (UVIKON XS, Bio-Tek Instruments, Saint Quentin Yvelines, France).




2.3.2. Stable Carbon and Nitrogen Isotopic Compositions


The carbon and nitrogen isotopic compositions of the soil solutions (δ13Csolution, δ15Nsolution) and soil (δ13Csoil, δ15Nsoil) values were determined at the Stable Isotope Laboratory of the PEGASE Joint Research Unit of the INRA in Saint-Gilles, France. Each soil solution aliquot was filtrated through a previously washed 0.2 µm acetate filter and then acidified by adding 1 mL of 1 N HCl to remove all traces of inorganic carbon. The solution samples were then frozen and freeze-dried before analysis. Each soil sample was also acidified by adding 1 N HCl and then rinsed with Milli-Q water in order to remove any trace of inorganic carbon. Each soil sample was frozen and freeze-dried before analysis. The δ13C and δ15N of both soil and soil solutions were determined using an elemental analyzer (Vario Micro Cube, Elementar) interfaced with an isotope ratio mass spectrometer (IRMS) (VG Isoprime). Tin capsules were used for sample loading. The δ13C or δ15N values are expressed as relative to the international standard Vienna Pee Dee Belemnite (V-PDB) or atmospheric N2, as follows:


δ13C or δ15N (‰) = [(Rsample/Rstandard) − 1] × 1000



(1)




where Rstandard and Rsample are the ratios of 13C/12C or 15N/14N in the standard and sample.



International standards were also measured for the analysis period: (i) USGS 24 (δ13C = −16.0 ± 0.1‰ (n = 8)), (ii) ANU sucrose (δ13C = −10.5 ± 0.1‰ (n = 8)), (iii) Glutamine (δ13C = −14.5 ± 0.1‰; δ15N = 0.9 ± 0.1‰ (n = 8)), (iv) urea (δ13C − 38.1 ± 0.1‰; δ15N = 0.0 ± 0.1‰ (n = 8)), and (v) Glutamic acid (δ13C = −27.6 ± 0.1‰; δ15N = 3.8 ± 0.1‰ (n = 8)). The accuracy of the measured δ13C values is better than ±0.2‰, based on repeated measurements of the samples and standards.




2.3.3. Spectroscopic Analyses


The dissolved organic matter was characterized using UV–Vis absorbance and fluorescence. The absorption spectra (UV–Vis) of the soil solutions were determined with a Perkin-Elmer Lambda 20 spectrophotometer in a 1 cm quartz cuvette, with a wavelength ranging from 200 to 600 nm with 0.5 nm increments. The specific UV absorbance measured at 254 nm (SUVA) characterizes the absorption in the mass units following this equation: SUVA (L mgC−1 m−1) = A254 (m−1)/[DOC] (mgC L−1). SUVA is often used as a proxy for DOM aromaticity (aromaticity = 6.52 SUVA + 3.63) [20]. The absorption properties measured at 280 and 287 nm are correlated with both the apparent molecular weight and aromaticity of the aquatic natural organic matter [21,22]. Distilled water was used as a blank. Possible interference due to Fe(III) absorbance at A254 nm was taken into account (<5%) based on repeated measurements of the soil water extracts with variable levels of Fe(III) enrichment, and the SUVA values were corrected for the presence of iron.



All of the soil solutions were analyzed using a Perkin-Elmer LS 55 spectrofluorometer in a 10 mm quartz cuvette. The soil solutions were diluted with deionized water until A254 was below 0.10 to minimize the inner filter effect [23] and were subsequently analyzed using a 3D-fluorescence excitation–emission matrix (3D-FEEM). The three-dimensional excitation–emission fluorescence spectra were obtained by collecting individual emission spectra (250–600 nm) over a range of excitation wavelengths (200–420 nm), with a 0.5 nm increment and a scan speed of 1500 nm min−1, and then by merging the data together into a single three-dimensional data file. Instrument stability was determined using the Raman peak of deionized water excited at 350 nm, with the emission monitored at 395 nm as suggested by Lawaetz and Stedmon [24]. Raman scattering was mitigated by subtracting a blank EEM spectrum collected on deionized (18.2 MΩ) water from each corrected EEM. The FI, BIX, and HIX values were determined using data from the corrected EEM spectra.





2.4. Speciation Modeling


Modeling calculations were performed with PHREEQC/Model VI [25]. The model was used to calculate the speciation (saturation index, redox, sorption, etc.) in organic-rich solutions. This model assumes that the complexation of ions by humic substances occurs through eight discrete sites: four weak sites (carboxylic groups) and four strong sites (phenolic groups). The “minteq.v4” database was completed by both (i) the solubility constants of the reduced soil phases that were possibly encountered in this soil from [26], such as green rusts (GR1(Cl−) with log K = 28.3; GR2(SO42−) with log K = 3.9) and hydroxyl-green rusts (hydroGR2 with log K = 25.4), and (ii) model VI specific binding parameters corresponding to the complexation of Ca, Mg, Al(III), Fe(II), and Fe(III) with the organic matter. Specific binding parameters for Ca and Mg are from Tipping [27], those for Al(III) and Fe(III) are from Marsac et al. [28], and those for Fe(II) are from Catrouillet et al. [29]. The speciation was calculated from the chemical composition of the experimental soil solutions at each sampling point.





3. Results


3.1. Evolution of the Soil Solution Chemistry


The evolution of the elemental composition of the wetland soil with the anoxic and oxic periods is consistent with the establishment of reducing and oxidizing conditions [12,30,31,32].



During the reducing period (0–497 h), pH increased from 6.3 ± 0.2 to 7.5 ± 0.3 in response to the consumption of H+ by the reduction reactions. The Eh progressively decreased from 519 to −8.2 mV, reflecting the establishment of moderate reducing conditions (Figure 1a).



Iron(II) and acetate, a by-product of the consumption of OC by bacteria, were produced as soon as the solution was free of NO3 (< quantification limit 0.5 mg L−1) at t = 160–184 h (Figure 1b and Figure 2). The iron(II) and total Fe (Fetot) concentrations were similar, suggesting that the released Fe corresponded to Fe(II) (Figure 2). The maximum Fe(II) concentrations reached 14.4 ± 1.4 mg L−1 at t = 425 h, along with the maximum acetate concentration of 174.5 mg L−1, which represented 49% of the produced DOC at the end of the reduction period. This indicates the onset of Fe-oxyhydroxides reductive biodissolution. Released Fe(II) mainly occurs as Fe(II)-organic complexes (90–100%), as shown by the modeling calculations (Figure 3).



In the early reduction period, the DOC concentration slowly increased from 80.1 ± 13.3 to 99.3 ± 2.8 mg L−1 after 39.5 h and reached 356.7 ± 33.3 mg L−1, i.e., nearly 4.5 times the initial DOC concentration, at the end of the reduction period (Figure 1). The DIC concentrations also increased from 1.9 ± 0.2 to 24.9 ± 2.0 mg L−1 at the end of the reduction period, combined with the production of acetate. Note that the reduction experiment was performed under constant N2 flux preventing large CO2 solubilization.



During the oxidation (497–654 h), the pH rapidly decreased from 7.3 ± 0.2 to 5.4 ± 0.2 after 2 h of oxidation and then increased to 6.0 at the end of the oxidation. Meanwhile, the Eh rapidly increased from −8.2 to 300 mV after 2 h and then slowly to 362 mV (Figure 1a). The dissolved organic carbon decreased from 356.7 ± 33.3 mg L−1 at the end of the reduction to 219.8 ± 2.5 mg L−1 in the early stage of the oxidation. Then, the DOC slightly increased to reach 230.4 ± 21.7 mg L−1 at this end of the oxidation period. Acetate was still present after 2 h, reaching 170 mg L−1, and then it completely disappeared. The DIC also significantly decreased to approximately 2.0 mg L−1; this value is close to the one obtained at the beginning of the redox cycle. The abiotic oxidation of Fe(II) by O2 also produces CO2 [33,34,35]; however, the venting of the reactor to produce oxic conditions involved significant CO2 degassing. After this significant decrease, DIC progressively increased to reach 3.7 ± 0.4 mg L−1 at the end of the experiment. This concentration is approximately 100 times higher than the DIC concentration expected due to atmospheric CO2 solubilization. This DIC concentration combined with the weak increase in DOC suggests a possible OM degradation. Iron(II) (from 15.4 ± 1.5 mg L−1 to 2.2 ± 0.4 mg L−1) and Fetot (14.4 ± 1.4 mg L−1 to approximately 3.1 ± 0.2 mg L−1) decreased rapidly in response to the O2 increase and subsequent Fe oxidation and precipitation (Figure 1b and Figure 2). However, both Fe(II) and Fetot stabilized rapidly (since t = 19.5 h) at about 3.1 and 4.7 mg L−1, respectively, indicating that approximately 65% of the dissolved Fe is present as Fe(II). Moreover, this final Fe(II) concentration remains larger than that at the beginning of the redox cycle.




3.2. PHREEQC-Model VI Modeling


PHREEQC-Model VI modeling was used to determine the Fe speciation and saturation indexes of the potential Fe(II)/Fe(III) newly formed minerals that could precipitate under reducing and oxidizing periods (Figure 3). The results showed that from 0 to 39.5 h, nearly 100% of the Fe in solution was present as Fe(III), as Fe(III)-organic complexes. From 39.6 to 160.5 h, roughly 7–10% of the Fe occurred as Fe(II) complexed to organic ligands (Figure 4). From 184.5 to 500 h, Fe(II)-organic complexes were the dominant Fe species in solution, even at the beginning of the oxidizing period. After 519.5 h, the Fe(II)-organic complexes were less present, down to 24.5% at the end of the experiment, while the Fe(III)-organic complexes represented the dominant Fe species. Both at the beginning of the reducing period and at the end of the oxidizing period, when Fe was mainly bound to DOM, the solution was saturated with respect to ferrihydrite (−0.5 < saturation index (SI) < +0.5).




3.3. Spectroscopic Properties of Bulk DOM


At the early stage of the reducing period, SUVA and HIX increased from 3.19 to 4.48 and from 56 to 77.7, respectively (Figure 5), suggesting that DOM was composed of aromatic molecules (humic-like DOM). Then, SUVA and HIX decreased continuously to reach 3.19 and 23, respectively, indicating a decreasing DOM aromaticity.



At the beginning of the oxidation, all of the fluorescence indices significantly decreased concomitantly with the DOC, DIC, acetate, and Fe concentrations in response to the precipitation of Fe as Fe(III)-OM nanoaggregates and their subsequent sedimentation [4,10,36,37,38]. However, BIX and FI rapidly increased to reach their highest values at 0.41 and 1.6, respectively, indicating that DOM was mainly constituted of microbial-derived DOM [39]. After 19.5 h of oxidation, BIX and FI decreased, whereas SUVA and HIX increased, which is consistent with the release of aromatic DOM in the solution. This release seems to dominate the DOM composition, since BIX and FI increased once again after 19.5 h, whereas SUVA and HIX remained constant.




3.4. Carbon Isotopic Composition of DOC during the Experiment


The δ13Csolution values displayed a narrow range, averaging −29.2 ± 0.2‰ (from −28.9 to −29.4‰) and −28.9 ± 0.1‰ during both the reduction and oxidation periods, respectively. These values are typical of C3 plants and in the same range as those already observed in both soil and soil solutions at the same site [13,40]. For information, the soil OM (SOM) remained constant all throughout the experiment, and within the same range as the soil solution, with a δ13Csoil of −29.2 ± 0.2‰. During the reduction period, between 39.5 and 63.5 h, even if the δ13Csolution range remains narrow, the small but significant variation indicates an enrichment in 12C by 0.5‰ in the soil solution.



From 63.5 to 160.5 h, the δ13Csolution slowly increased (to −29.1‰) but never reached its initial value (Figure 6). This period corresponds to an increase in pH (from 6.9 to 7.2) and to the release of aromatic organic molecules in the solution, as indicated by the concomitant SUVA and DOC increase. However, here, this significant release does not entirely mask the signal of the 13C-enriched microbial metabolites.



With regard to oxidation, δ13C increased from −29.4 to −28.8‰ and became enriched in 13C.



During the first 100 h of the reducing period, the δ15Nsolution remained stable at close to 8‰, equivalent to the constant δ15Nsoil (+7.9 ± 0.2‰) and then regularly increased to reach 10‰. Under the oxidizing period, after a decrease of the initial value to 8‰, the δ15Nsolution increased once again to reach 10‰.





4. Discussion


4.1. Evolution of the DOM Quality during the Redox Cycle


During the redox cycle, DOM is released through both anoxic and oxic mineralization mediated by microorganisms and desorption from soil components. Specifically during reduction, the DOM release was produced by the desorption of DOM from the soil in response to the increase of pH, as suggested by Grybos et al. [12]. During the early stage of the reduction period, DOM was bound to Fe, as Fe(III), and then as Fe(II) when the reducing conditions were completely established (Figure 4). The DOC concentrations reached very high values (up to 352 mg L−1). In addition, the DIC release, associated with acetate production, and as highlighted by the evolution of the SUVA, HIX, BIX, and FI indices, indicating the production of nonaromatic organic molecules, suggests that OM was first solubilized as aromatic organic molecules and, in a second step, as nonaromatic metabolites such as acetate and other small organic molecules from OM degradation [41,42,43]. This is also highlighted by the concomitant release of 13C-enriched DOC from microbial metabolites. After 160.5 h, a small and significant decrease in δ13C, concomitant with the strong acetate increase and SUVA decrease, was consistent with the higher activity of the microorganisms.



When Fe(II) dominated as Fe(II) bound to DOC (Figure 3), its adsorption onto soil minerals or still-not dissolved Fe-oxyhydroxides and its subsequent precipitation as secondary minerals (such as siderite, magnetite, or green rust) were thus prevented [44]. All these results suggest that the increase in the DOC concentration in the solution was produced by both desorption from Fe-oxyhydroxides and OM mineralization. They are consistent with increasing microorganism metabolic activity that results in the production of metabolites in response to the biodissolution of reducing Fe-oxyhydroxides in the soil [45]. This production of metabolites is also corroborated by the evolution of slowly decreasing BIX and increasing FI, suggesting the production and release of a low C/N ratio OM and indicating the production of DOM from microbiological activity [39]. This time period corresponds to the establishment of reducing conditions and therefore to the exponential growth of the microorganisms involved in the soil Fe-oxyhydroxides bioreduction, which preferentially consumed 12C. However, the release of 12C-enriched organic carbon, typical of the humic-like substances encountered in these soil solutions, as indicated by the high SUVA values [9,40], seems to mask the 12C consumption via the metabolic activity of the microorganisms.



During oxidation, when O2 was reintroduced in the system, close to 70% of the DOC disappeared from the solution and Fe(II) was oxidized as Fe(III), hydrolyzed, and partially precipitated as newly formed amorphous nano ferric oxides with colloidal DOM as previously demonstrated by Guenet et al. [4,37] and Beauvois et al. [46] (Figure 4). This decrease in DOC results in an instantaneous decrease in all of the DOM quality indexes. After that, BIX and FI increased once again, thereby suggesting that fresh DOM was produced in response to the lysis of reducing bacterial cells, as also highlighted by the remaining DOM in the soil solutions enriched in 13C relative to the reduced solution (+0.6‰), corresponding to released 13C-enriched microbial DOM. The precipitation of Fe-oxyhydroxides seems to preferentially adsorb 12C-enriched DOM following microbial cell lysis. The relative increase in δ15Nsolution observed during the reducing conditions followed by the oxidizing conditions can be explained either by the preferential gain of nitrogen enriched in 15N or the loss of a fraction depleted in 15N. In some bacterial cultures, the total proteins within a cell have been found to be enriched in 15N relative to the bulk nitrogen [47]. The increase in the δ15N values with the degradation of OM could partly reflect the selective gain in proteins. The activity of the microorganisms may modify the δ15N value through the consumption and fractionation of the soil N organic matter content but also via the increase in the bacterial biomass [48,49].



After this first oxidative step, aromatic molecules were progressively released in the solution, concomitantly with a slight increase in Fe(III), indicating the abiotic oxidation/precipitation of Fe involves the precipitation/sedimentation of Fe-OM aggregates and the release of Fe-OM colloids. This release may be due to the continuous stirring of the suspension and the subsequent disaggregation of a part of the freshly formed Fe-OM aggregates. This disaggregation is also expected in natural systems in response to the establishment of the water flow. This release represents approximately 22% of the previously sedimented DOM. This result highlights the binding of Fe with the most aromatic molecules during its precipitation. Several studies have demonstrated that Fe nano-oxides are bound to DOM via inner spheres formed between Fe and C in bidentate complexes [4,46,50]. These complexes are preferentially formed with molecules that have high binding site densities such as aromatic humic molecules. However, a small part of Fe is maintained as Fe(II) due to its binding with DOM. These results may be explained by (i) the preferential retention of small nonaromatic organic molecules in the solution in response to the preferential binding of aromatic organic molecules with the newly formed Fe(III) nano-oxides [51] or (ii) the production of small organic molecules due to the lysis of reducing bacterial cells under oxidizing conditions.




4.2. Impact on Soil OM Degradation and Preservation


In soil, the stabilization of OM through its binding to minerals has long been considered to prevent OM degradation by microorganisms [1,52,53]. Generally, it is admitted that ferric oxyhydroxides preserve, via their binding, SOM from degradation. Several mechanisms have been evoked for the stabilization of OM by ferric species, such as the coprecipitation of DOM with ferric oxide particles or nano-oxides, sorption to highly crystallized Fe oxides, or inhibition of the consumption of labile C by microorganisms due to their binding to ferric species [54].



In the present study, the evolution of the DOM quality relative to the redox conditions, combined with recent studies on the structure of the Fe-OM associations, shed new light on these hypotheses. Under reducing conditions, OM degradation occurs by producing and releasing CO2 as well as metabolites in sufficient amounts that are able to modify the quality indexes of the terrestrial aromatic molecules. These organic molecules act as electron donors for a microbial consortium, as previously shown by Dia et al. [45]. They are also bound to Fe as ferrous species. This strong binding allows the preservation of a significant amount of Fe(II) even under oxidizing conditions. Here, it may represent approximately 25% of the Fe(II) present under reducing conditions (Figure 2). When oxidizing conditions are established, the abiotic precipitation of Fe as Fe(III) nano-oxides involves the coprecipitation of DOM as Fe-OM aggregates, but also promotes the lysis of reducing bacterial cells as small nonaromatic molecules, as indicated by the evolution of the BIX and FI indexes. This lysis is supported by the release of 13C-enriched DOM under oxidizing conditions. Therefore, it is fundamental to take into account the lysis of the bacterial cells involved by considering the alternating reducing and oxidizing conditions in temporarily waterlogged soils. As microorganisms grow at the expense of SOM, the cell lysis represents a second way of SOM degradation. Moreover, these results show that the newly formed Fe-OM aggregates are not stable with regard to the stirring constraints. As a result, the Fe(III)-OM aggregates produced under the oxidation period may be more unstable than expected. When there are enough physical constraints, e.g., in response to the water flux, to involve their disaggregation, smaller and more mobile Fe-OM aggregates are produced, involving the removal of DOM and all of the associated elements.





5. Conclusions


With the context of climate change likely being responsible for the increase in the frequency of soil flooding or drying, it is crucial to understand how nano- and microscale environmental conditions affect organomineral interactions and hence the stability of SOM [55]. It has long been considered that the binding of DOM with ferric species preserves DOM from degradation by microorganisms. Soils that are temporarily waterlogged are perfect targets to study these processes since Fe is alternatively soluble and insoluble under high water level periods (reducing conditions) and low water level periods (oxidizing conditions), respectively. In this study, we tested the impact of a redox cycle on the solubilization of OM. Under reducing conditions, DOM is released from both OM mineralization and desorption from soil minerals in response to the increase in pH. These processes involve changes in the DOM quality from an aromatic OM corresponding to soil terrestrial material to less-aromatic OM due to the production of metabolites in response to the dissimilatory reductive dissolution of Fe-oxyhydroxides in the soil. When oxidizing conditions are re-established, the precipitation of aromatic OM with Fe and the lysis of reducing bacterial cells involve a release of nonaromatic and very labile organic molecules in the solution. This process is rapidly followed by the release of more aromatic OM in the solution. This secondary solubilization occurs in response to the disaggregation of the newly formed Fe-OM aggregates due to the physical constraints applied due to the stirring under our experimental conditions, but which can be compared to the physical constraints of the water flow under natural conditions. These results shed new light on the stabilization/preservation of OM by ferric phases; here, we demonstrate that bacterial cell lysis can be a significant way to solubilize OM from soil during the redox cycle and that the fresh Fe-OM aggregates formed under oxidizing conditions relative to the physical constraints to which they are submitted could release smaller entities that are rich in colloidal OM and able to disseminate in the environment.
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Figure A1. Experimental setup for the soil experiment. 
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Table A1. Chemical composition of soil sample.
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	SiO2

(wt. %)
	Al2O3

(wt. %)
	Fe2O3

(wt. %)
	MnO

(wt. %)
	MgO

(wt. %)
	CaO

(wt. %)
	Na2O

(wt. %)
	K2O

(wt. %)
	TiO2

(wt. %)
	P2O5

(wt. %)
	PF

(wt. %)
	Total
	Organic Carbon (%)





	58.39
	11.51
	2.85
	0.01
	0.44
	0.25
	0.37
	1.98
	0.71
	0.12
	22.56
	99.19
	6.64



	As (ppm)
	Cd (ppm)
	Co (ppm)
	Cr (ppm)
	Cu (ppm)
	Ni (ppm)
	Pb (ppm)
	Zn (ppm)
	U (ppm)
	-
	-
	-
	-



	7.64
	7.65
	4.80
	74.88
	10.51
	21.26
	25.13
	40.96
	2.34
	-
	-
	-
	-
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Figure 1. Temporal evolution of the (a) pH and Eh of the soil solutions; (b) nitrate, acetate, dissolved organic carbon (DOC) and dissolved inorganic carbon (DIC) concentrations (mg L−1) relative to time (in hours). 
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Figure 2. Temporal evolution of the DOC concentration and total Fe and Fe(II) concentrations (mg L−1). 






Figure 2. Temporal evolution of the DOC concentration and total Fe and Fe(II) concentrations (mg L−1).



[image: Geosciences 11 00134 g002]







[image: Geosciences 11 00134 g003 550] 





Figure 3. Fe speciation throughout the experiment. 
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Figure 4. Saturation indices for the hydroxy green rusts: [FeIII2FeII(OH)8] and [FeIIFeIII(OH)5], goethite and ferrihydrite versus time for the incubation experiment modeled with PHREEQC/Model VI [25]. 
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Figure 5. Evolution of the fluorescence and UV indexes during and between the reducing and oxidizing periods. 
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Figure 6. Evolution of the δ13CDOC and δ15N variations both during and between the reducing and oxidizing periods in the soil solution. 
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