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Phytoliths form in plant tissues as fine, silt-sized amorphous silica particles. Once deposited in soils by plant debris, they can dissolve and feed silicon (Si) fluxes to the biosphere and hydrosphere, enhancing the positive effects of Si on plant health and carbon fixation by marine diatoms. In soils, microaggregates (<250 m) may entrap phytoliths and protect them from dissolution. Here we aimed at analyzing the role of aggregation in protecting phytoliths and delaying the release of bioavailable Si.

), aluminosilicate mineral (370), iron (Fe) oxide (60), quartz (500) and rice phytolith (20). Models with either amorphous (Am) or crystalline (Cryst) aluminosilicates and Fe-oxides were tested. The Am model included allophane and ferrihydrite while the Cryst model included kaolinite and goethite. Aggregates were visualized by Scanning and Transmission Electron Microscopy. They were compared to individual compounds and unaggregated mixtures through kinetic Na2CO3 and CaCl2 extraction assessing the pools of phytoliths and bioavailable Si, respectively. Aluminum (Al) and germanium (Ge) concentrations, and pH were measured in the CaCl2 extracts. CaCl2 extractable Si decreased in the order (g kg -1 ): Am mixture (3.72) > Am aggregate (0.95) > Cryst mixture (0.48) > Cryst Aggregate (0.39).

Aggregation thus reduced Si release by 3.9-and 1.2-fold in the amorphous and crystalline model, respectively. The Si/Al and Ge/Si atomic ratios showed that allophane and phytolith were the main sources of bioavailable Si in the amorphous and crystalline model, respectively. In contrast to the crystalline model (pH 5.0-7.8), the acidic medium in the amorphous model (pH 3.7-4.9) enhanced allophane dissolution. Aggregation thus protected both allophane and phytolith from dissolution, and reduced the release of bioavailable Si, the source of which depended on the component stability and pH.

Introduction

 [START_REF] Ehrenberg | Über die Vulkanischen Phytolitharien der Insel Ascension[END_REF]described for the first-time plant silica bodies in many soils of the world, naming them Phytolitharia. Phytoliths are microscopic hydrated amorphous silica (SiO2.nH2O; opal-A) particles forming in living plants, which take up monosilicic acid (H4SiO4) from soil solution. The primary source of aqueous H4SiO4 in soils is silicate weathering [START_REF] Erhart | Sur le cycle de la silice hydratée dans la biosphère[END_REF][START_REF] Bartoli | The biogeochemical cycle of silicon in two temperate forest ecosystems[END_REF], which may consume carbon dioxide (CO2) [START_REF] Berner | The rise of plants and their effect on weathering and atmospheric CO2[END_REF], depending on carbonic acid dissociation, hence pH. Phytoliths vary widely in shape and size, which ranges from 0.1 to 200 m [START_REF] Nawaz | Phytolith formation in plants: from soil to cell[END_REF], thus encompassing silt-and fine sand-sized phytoliths [START_REF] Piperno | Phytolith analysis, an archaeological and geological perspective[END_REF], as well as fine silt-and claysized biogenic silica particles (≤ 5m) [START_REF] Puppe | How big is the influence of biogenic silicon pools on short-term changes in water-soluble silicon in soils? Implications from a study of a 10-year-old soil-plant system[END_REF]. All phytoliths dissolve in water and dilute solutions at common pH values (4.5-8) of soil solution [START_REF] Fraysse | Surface properties, solubility and dissolution kinetics of bamboo phytoliths[END_REF][START_REF] Fraysse | Surface chemistry and reactivity of plant phytoliths in aqueous solutions[END_REF][START_REF] Puppe | How big is the influence of biogenic silicon pools on short-term changes in water-soluble silicon in soils? Implications from a study of a 10-year-old soil-plant system[END_REF].

The dissolution rate of phytoliths is 10 2 -10 4 higher than that of typical soil crystalline clay and parentrock silicate minerals [START_REF] Fraysse | Surface chemistry and reactivity of plant phytoliths in aqueous solutions[END_REF]. Phytolith dissolution releases dissolved silicon (Si), which can follow four routes. It can be (i) taken up by plants, providing them vigor, disease regulation and tolerance to abiotic stresses [START_REF] Epstein | The anomaly of silicon in plant biology[END_REF][START_REF] Coskun | The controversies of silicon's role in plant biology[END_REF]; (ii) transferred to watersheds [START_REF] Bartoli | The biogeochemical cycle of silicon in two temperate forest ecosystems[END_REF][START_REF] Derry | Biological control of terrestrial silica cycling and export fluxes to watersheds[END_REF], hence contributing to the oceanic capacity to fix CO2 since Si is an essential nutrient for diatoms [START_REF] Erhart | Sur le cycle de la silice hydratée dans la biosphère[END_REF][START_REF] Conley | Terrestrial ecosystems and the global biogeochemical silica cycle[END_REF]. Processes such as (iii) H4SiO4 adsorption on aluminum (Al) and iron (Fe) oxides [START_REF] Jones | Effects of iron and aluminium oxides on silica in solution in soils[END_REF], and (iv) aluminosilicate neoformation [START_REF] Cornelis | Soil processes drive the biological silicon feedback loop[END_REF]Li et al., 2020a), also remove DSi from soil solution. The soil-to-plant Si cycle thus strongly affects the global Si cycle [START_REF] Erhart | Sur le cycle de la silice hydratée dans la biosphère[END_REF][START_REF] Conley | Terrestrial ecosystems and the global biogeochemical silica cycle[END_REF][START_REF] Meunier | Le rôle des plantes dans le transfert du silicium à la surface des continents[END_REF]. Also, it impacts plant health and crop performance [START_REF] Epstein | The anomaly of silicon in plant biology[END_REF][START_REF] Coskun | The controversies of silicon's role in plant biology[END_REF]. In turn, Si cycling is affected by land use, soil processes and properties [START_REF] Bartoli | The biogeochemical cycle of silicon in two temperate forest ecosystems[END_REF][START_REF] Cornelis | Soil processes drive the biological silicon feedback loop[END_REF][START_REF] Li | Effects of phytolithic rice-straw biochar, soil buffering capacity and pH on silicon bioavailability[END_REF]Li et al., 2020b;[START_REF] Vandevenne | Silicon pools in human impacted soils of temperate zones[END_REF]Vander Linden and Delvaux, 2020).

Aggregation is a natural soil process generating particle aggregates in which, for instance, organic carbon (OC) may be stabilized and protected [START_REF] Six | Stabilization mechanisms of soil organic matter: implications for C-saturation of soils[END_REF]. This process involves primarily colloidal interactions [START_REF] Sposito | The chemistry of soils, 3 rd edition[END_REF]. It thus relies on the reactivity of soil components, which are basically related to their heterogeneity, fine size and charge properties [START_REF] Johnston | Surface chemistry of soil minerals[END_REF]. Phytoliths extracted from plant materials have a specific surface area (SSA) reaching 92-315 m 2 g -1 . They have a pH at the isoelectric point (pHIEP) between 0.9 and 2.2 [START_REF] Fraysse | Surface chemistry and reactivity of plant phytoliths in aqueous solutions[END_REF], reflecting that the phytolith surface carries a negative charge at common soil solution pH values. In soils, chemisorption of hexacoordinated Al onto phytoliths affects its surface charge [START_REF] Bartoli | Crystallochemistry and surface properties of biogenic opal[END_REF]. Enhanced OM adsorption by Al [START_REF] Bartoli | Crystallochemistry and surface properties of biogenic opal[END_REF] is a fundamental process in organo-mineral interactions that facilitates aggregation and OM preservation [START_REF] Deng | Soil organic matter and organic-mineral interactions[END_REF]. In this respect, [START_REF] Bartoli | Crystallochemistry and surface properties of biogenic opal[END_REF] noted an average residence time of OM on soil phytoliths that was twice that on clay minerals, indicating a protective effect of the phytolith-Al(OH)n-OM association against OM biodegradation. Soil microaggregates (<250 m) may entrap individual phytoliths (Li et al, 2020b). Thereby, aggregation may generate two phytolith pools in soils: fresh, labile phytoliths as a direct source of bioavailable Si, and aged phytoliths preserved from dissolution within soil aggregates [START_REF] Vander Linden | Rainfall is the major driver of plant Si availability in perudic gibbsitic Andosols[END_REF]. This view accounts for previous observations [START_REF] Meunier | Assessment of the 1% Na 2 CO 3 technique to quantify the phytolith pool[END_REF]. It could reconcile an apparent paradox: considering phytoliths as the major reservoir of mobile Si in the soil-to-plant system [START_REF] Erhart | Sur le cycle de la silice hydratée dans la biosphère[END_REF][START_REF] Conley | Terrestrial ecosystems and the global biogeochemical silica cycle[END_REF][START_REF] Meunier | Le rôle des plantes dans le transfert du silicium à la surface des continents[END_REF] because of their high dissolution rate [START_REF] Fraysse | Surface chemistry and reactivity of plant phytoliths in aqueous solutions[END_REF], using phytoliths as microfossils to reconstruct paleoenvironments [START_REF] Strömberg | Phytoliths in paleoecology: analytical considerations, current use, and future directions[END_REF] because of their stability over millennia [START_REF] Monger | Silica minerals[END_REF].

Soil aggregates are expected to embed fine-sized phytoliths and likely protect them (Li et al., 2020[START_REF] Vander Linden | Rainfall is the major driver of plant Si availability in perudic gibbsitic Andosols[END_REF]. However, the mechanisms of intimate interaction between phytolith and other soil constituents are poorly understood. Equally, the role of the aggregation process in controlling Si mobility is unknown. Another major uncertainty lies in the fact that the reservoir of bioavailable Si may be fed by biogenic and mineral sources [START_REF] White | Biogenic and pedogenic controls on Si distributions and cycling in grasslands of the Santa Cruz soil chronosequence, California[END_REF]. Here we analyzed the role of aggregation in releasing bioavailable Si from phytoliths entrapped in aggregates of controlled composition. We used synthetic aggregates incubated from mixtures made of purified plant-extracted phytoliths, organic matter (OM), sand-sized quartz, and clay-sized aluminosilicate and Fe oxide in fixed proportions. Amorphous minerals have a higher SSA, and are thus more prone to aggregation than their crystalline counterparts [START_REF] Harsh | Allophane and imogolite[END_REF][START_REF] White | Kaolin-serpentine minerals[END_REF]. In this light, we compared two models, amorphous (Am) and crystalline (Cryst), differing only in the amorphous and crystalline nature of the clay mineral and Fe oxide, with the other components held constant. We further quantified the release of bioavailable Si as impacted by aggregation, and traced its source using Si/Al and Ge/Si atomic ratios.

Materials and methods

Individual components. Phytoliths were extracted from rice plants as described by [START_REF] Li | Effects of phytolithic rice-straw biochar, soil buffering capacity and pH on silicon bioavailability[END_REF]. Rice seeds (Oryza sativa indica IR64; IRRI) were germinated on a polystyrene plate floating on a Yoshida nutrient solution [START_REF] Yoshida | Fundamentals of rice crop science[END_REF] in 5 plastic tanks of 25 L. The seeds were placed in holes perforating the plate. The nutrient solution was then enriched with H4SiO4 at a concentration of 40 mg l -1 [START_REF] Henriet | Effects, distribution and uptake of silicon in banana (Musa spp.) under controlled conditions[END_REF]. At grain harvesting stage, rice leaves were collected, washed successively with deionized water, HCl 1 M, 70% ethanol, rinsed with deionized water [START_REF] Kelly | Methods for extracting opal phytoliths from soil and plant material[END_REF] and grinded. They were then digested at 120°C in a concentrated HNO3/H2O2 (70/30%) mixture for about 10 days until complete mineralization of OM. Finally, they were isolated after filtration at 0.2m (Cornelis et al., 2010a). The phytolith particles were washed using deionized water through wash-centrifugation-filtration cycles (13,100 rpm, 5 min) till constant pH and electrical conductivity equal to that of deionized water. They were oven-dried at 50 ºC for 2 days. Quartz was supplied by Merck KGaA Co, Darmstadt, Germany, the particles being of calibrated size 330-500 µm. Organic matter (OM) was oven-dried and finely ground Egyptian clover (Trifolium alexandrinum), rich in nitrogen (N) with a C/N ratio of 24.3. This low C/N ratio favored OM decomposition, thus providing fine-sized organic substances involved in associations with clay-sized minerals in microaggregates [START_REF] Totsche | Microaggregates in soils[END_REF]. Kaolinite was collected in the Charentes basin, in early Eocene (Sparnacian-Cuisan) siderolithic sandy-clay deposits derived from lateritic alteration of French Massif Central granites [START_REF] Yvon | Minéralogie des argiles kaoliniques des Charentes[END_REF]. The kaolinite contained minor amounts of Fe (Si 2 Al 2-x Fe x O 5 (OH) 4 ), x ≤ 0.02) [START_REF] Mestdagh | Evaluation du rôle du fer structural sur la cristallinité des kaolinites[END_REF], with SSA ranging from 9 to 75 m 2 g -1 and Si/Al = 1.01 [START_REF] Cases | Étude des propriétés cristallochimiques, morphologiques, superficielles de kaolinites désordonnées[END_REF][START_REF] Delineau | FTIR reflectance vs. EPR studies of structural iron in kaolinites[END_REF]. Its cation exchange capacity (CEC) was between 5 and 12 cmol(+) kg -1 , most of the exchange sites being due to amphoteric dissociations on edge faces [START_REF] Cases | Les phénomènes d'adsorption, d'échange ou de rétention à l'interface solide-solution aqueuse. 1. Connaissance des propriétés structurales, texturales et superficielles des solides[END_REF]. Allophane was synthesized following [START_REF] Ohashi | Synthetic allophane from high concentration solutions: nanoengineering of the porous solid[END_REF]. Briefly, 0.1 M Na4SiO4 and AlCl3 solutions were mixed, stirred at room temperature for 1 h, and stored in an oven at 95 °C for 90 h. The clear supernatant was decanted. The precipitate was washed with deionized water by successive dispersion/centrifugation (3000 RPM for 10 min) cycles to remove NaCl until negative AgNO3 test, and eventually freeze-dried. Iron oxides were synthesized according to [START_REF] Cornell | The iron oxides: Structures, properties, reactions, occurrences and uses[END_REF]. For ferrihydrite, a freshly prepared 0.1M Fe(NO3)3 solution (250 ml) was slowly neutralized by 1M NaOH (70 ml), brought dropwise to pH 7.5. The red/brown precipitate was separated by centrifugation (3500 rpm, 10 min). It was dialyzed (dialysis-membrane SPECTRA/POR 4, MWCO = 12-14000, Ø = 29 mm) against deionized water until electrical conductivity was stable at 1-2 S for 4 h. The dialyzed product was freeze-dried. For goethite, a freshly prepared 1 M Fe(NO3)3 (100 ml) solution was neutralized by 5M NaOH (70 ml) under intense stirring and brought to pH > 12. The red/brown precipitate was dried in the mother liquid at 70 °C for 60 h, and turned to yellow/brown. The precipitate was washed with deionized water through washingcentrifugation cycles (13,100 rpm, 15 min) until pH and electrical conductivity were stable, respectively, at 5.5 and 1-2 S cm -1 . The precipitate was oven-dried at 50 °C for 48 h.

Mixtures and aggregates.

Bulk mixtures were composed of (g kg -1 ): OM (50), aluminosilicate mineral (370), iron (Fe) oxide (60), quartz (500) and rice phytolith (20). Two models, amorphous (Am) and crystalline (Cryst), were defined. They differed only by the constitution of the couple aluminosilicate-Fe oxide, which was allophane-ferrihydrite and kaolinite-goethite in the Am and Cryst model, respectively. All other components (OM, quartz, phytolith) remained in identical proportions. These assemblages simulate pedological contexts of variable-charge soils. For the amorphous (Am) model, they compare to allophane-rich Andosols [START_REF] Aomine | Allophane determination in Ando soils by cation-exchange capacity delta value[END_REF][START_REF] Arnalds | Volcanic soils of Iceland[END_REF][START_REF] Kaufhold | Quantification of allophane from Ecuador[END_REF][START_REF] Parfitt | Allophane and imogolite: role in soil biogeochemical processes[END_REF]Russel et al., 1981). For the crystalline (Cryst) model, they compare to ferrallitic soils such as can occur in intertropical regions [START_REF] Ahn | West African soils[END_REF][START_REF] Sanchez | Properties and management of soils in the tropics[END_REF][START_REF] Van Wambeke | Soils of the tropics: properties and appraisal[END_REF]. For each model, the bulk mixtures were divided into two parts, designed as mixtures and aggregates, both in triplicate. The mixtures were in fact the initial bulk mixtures, just juxtaposing the individual components, not subjected to watering and ageing. The aggregates were produced from bulk mixtures that were irrigated with deionized water using a liquid/solid ratio 0.6/1.0 g g -1 , incubated in darkness at 20 °C for 32 days, and freeze-dried [START_REF] Filimonova | The role of allophane nano-structure and Fe oxide speciation for hosting soil organic matter in an allophanic Andosol[END_REF]. They were then gently grinded and sieved at 2 mm. Characterization of phytoliths and mineral constituents. X-ray diffraction (XRD, Bruker D8 Advance diffractometer) analysis was performed on randomly oriented powder samples without any treatment using CuKα radiation (I = 0.15418 nm, 40 kV, 30 mA, 2θ = 1°/min). Microscopy. Scanning electron microscopy was performed without any chemical pretreatment using a field emission gun SEM (FEG-SEM; Zeiss Ultra55). Surface properties. N2 sorption-desorption isotherms were performed at 77 K (-196 °C) using Micromeritics ASAP2020 analyzer. Before analysis, all samples (0.2 g) were degassed for 2 h at 200 °C under dynamic vacuum (10 -3 mbar). We looked for a compromise between complete water removal and mineral transformation. Thus, we also carried out a 24 h degassing (10 -3 mbar) for goethite, ferrihydrite and allophane at 100 °C, and for ferrihydrite and allophane at 40 °C to avoid micropores collapse [START_REF] Maeda | Void changes in allophane soils deter-mining water retention and transmission[END_REF]. The BET equation [START_REF] Brunauer | Adsorption of gases in multimolecular layers[END_REF] was applied to N2 sorption/desorption data to derive SSA. Zeta potential () was determined with a  analyzer (Zetasizer ULTRA/Pro, Malvern, UK), using suspensions (solid/liquid ratio 10 mg/10ml), in which electrical conductivity and pH were measured. Elemental analysis. Total concentrations of Si, Al, Fe were measured in triplicate on phytoliths, mineral constituents and OM. They were determined by Inductively Coupled Plasma -Atomic Emission Spectrometry (ICP-AES, Jarrell Ash Iris Advantage) after calcination at 500°C for 24h, fusion in Li-metaborate + Li-tetraborate at 1000 °C [START_REF] Chao | Decomposition techniques[END_REF], and then ash dissolution with a diluted 10% HNO3 solution. Germanium (Ge) concentration was measured by ICP Mass Spectrometry (ICP-MS) in powder samples (100 mg) after alkaline fusion using sodium peroxide (Na2O2) in a glassy carbon crucible, heating to 600-800 °C until complete reaction, and dissolution of the residual vitreous mass with a diluted 2% HNO3 solution (500ml). Accuracy and long-term repeatability of Ge analysis were well assessed. The detection limit was 0.8 × 10 -3 ppb. The analytical measurement precision was ± 2%. The BHVO-2 standard (basalt rock powder) was systematically dosed every two samples in each analytical series. The C and N concentrations of OM were measured by a Flash 2000 Elemental Analyzer (Thermo Fisher Scientific, Waltham, MA, USA). Selective extractions. The contents of dark oxalate-extractable (o) Si, Al and Fe, and sodium (Na) dithionite-citrate-bicarbonate (DCB) extractable (d) Fe were determined in triplicate in the respective extracts by inductively coupled plasma -atomic emission spectrometry (ICP-AES) following [START_REF] Dahlgren | Quantification of allophane and imogolite[END_REF]. Oxalate extraction was carried out in darkness by shaking for 4 hours 1 g sample in 100 ml ammonium oxalate -oxalic acid buffer 0.2M pH3 at 20 °C. The extraction of Fed was done at 80°C for 0.75 g sample in 30 ml 0.3M Na citrate + 3.75 ml 1M Na bicarbonate + 3 x 0.75g Na dithionite under agitation for 15 minutes.

Characterization of aggregates.

Aggregates were visualized by SEM as described above on samples sieved at 2mm, and by Transmission Electron Microscopy (TEM) on samples sieved at 250 m, using a LEO 922 Omega Energy Filter Transmission Electron Microscope operating at 120 kV.

Specific extractions from individual components, mixtures and aggregates.

The Na2CO3-and CaCl2extractable Si and Al concentrations were determined through kinetic extractions in triplicate to assess the contents of biogenic silica [START_REF] Demaster | The supply and accumulation of silica in the marine environment[END_REF][START_REF] Koning | Determining biogenic silica in marine samples by tracking silicate and aluminium concentrations in alkaline leaching solutions[END_REF][START_REF] Saccone | Methodologies for amorphous silica analysis[END_REF] and bioavailable Si [START_REF] Haysom | Some aspects of the calcium silicate trials at Mackay[END_REF][START_REF] Sauer | Review of methodologies for extracting plant-available and amorphous Si from soils and aquatic sediments[END_REF], respectively. Na2CO3 extraction.

Thirty mg of sample was mixed in 40ml of Na2CO3 0.1M, pH = 11.2, and digested for 5 h at 85 °C.

One ml of extraction solution was collected at 1, 2, 3, 4 and 5 h, then neutralized and acidified by adding 100 μl of 7M HNO3 to analyze dissolved Si and Al using ICP-AES. The extracted Si and Al (Na2CO3-Si and -Al) were plotted against time. Corrections were made for the simultaneous alkaline dissolution of amorphous and crystalline Si using time course extractions [START_REF] Demaster | The supply and accumulation of silica in the marine environment[END_REF][START_REF] Koning | Determining biogenic silica in marine samples by tracking silicate and aluminium concentrations in alkaline leaching solutions[END_REF].

We assumed that (i) most of the amorphous pool dissolved within the first 2 h of extraction, and (ii) the clay minerals released Si at a much slower and constant rate during the whole extraction. The concentration of amorphous Si (ASi) was determined by the intercept of the linear part of the plot, using the lm function of the R programming language to fit a first-order kinetic model [START_REF] Cornelis | Identification and distribution of the readily soluble silicon pool in a temperate forest soil below three distinct tree species[END_REF]. This procedure was applied to estimate amorphous Al (AAl). CaCl2 extraction. We carried out a kinetic extraction [START_REF] Li | Effects of phytolithic rice-straw biochar, soil buffering capacity and pH on silicon bioavailability[END_REF] using a solid:liquid ratio 2g:20ml (0.01M CaCl2) in a plastic centrifuge tube through continuously shaking under darkness at 20 °C. The 2:20 solid:liquid ratio was kept constant using replicates for both the extraction and analysis. At each time step (6, 12 and 24 h; 2, 4, 8, 16, 32 and 64 days), the collected suspension (20 ml) was centrifuged at 3,000g for 20 min. The supernatant (15ml) was filtered and separated in two aliquots to measure pH (5 ml) and solutes concentrations (10ml), respectively. In its turn, the latter extract was separated in two aliquots of 5 ml to determine, as described above, Si and Al concentration by ICP-AES at each kinetic step, and Ge concentration at 16h and 64d by IC-MS, respectively. Each 5-ml aliquot was diluted with Milli-Q water by 10 times before assaying Si and Al, but by 2.5 times before dosing Ge. In both cases, each 5 ml aliquot was acidified by adding 50 μl 7M HNO3. These determinations were aimed to quantify the release of bioavailable Si as well as to trace its origin using the Si/Al and Ge/Si ratios. Following [START_REF] Houba | Soil analysis procedures using 0.01 M calcium chloride as extraction reagent[END_REF], and [START_REF] Jones | Experimental evaluation of methods to quantify dissolved organic nitrogen (DON) and dissolved organic carbon (DOC) in soil[END_REF], we measured dissolved OC (DOC) in the 0.01M CaCl2 extract at 16h with a TOC analyzer (TOC-L, CPN; Shimadzu).

Results

Basic characteristics of the materials.

The individual components exhibited typical shapes and morphologies as visualized in Fig. S1. The XRD data showed in Fig. 1: (a) broad reflections at 0.34 and 0.22 nm typical for allophane [START_REF] Harsh | Allophane and imogolite[END_REF][START_REF] Ohashi | Synthetic allophane from high concentration solutions: nanoengineering of the porous solid[END_REF]; (b-c) features consistent with those for 2-line ferrihydrite and goethite [START_REF] Bigham | Iron oxides. Soil mineralogy with environmental applications[END_REF][START_REF] Cornell | The iron oxides: Structures, properties, reactions, occurrences and uses[END_REF][START_REF] Delstanche | Silicon isotopic fractionation during adsorption of aqueous monosilicic acid onto iron oxide[END_REF][START_REF] Jambor | Occurrence and constitution of natural and synthetic ferrihydrite, a widespread iron oxyhydroxide[END_REF]; (d) diffraction band at 5.5-3.2 nm centered at 4.3 nm characteristic for rice phytolith [START_REF] Trinh | Characterization and dissolution properties of phytolith occluded phosphorus in rice straw[END_REF][START_REF] Nguyen | Effects of CO2 and temperature on phytolith dissolution[END_REF]; (e) intense reflections at 0.715 nm (d001) and 0.356 nm (d002) of kaolinite [START_REF] White | Kaolin-serpentine minerals[END_REF] and (f) at 0.334 and 0.426 nm for quartz [START_REF] Monger | Silica minerals[END_REF]. Elemental analyses (Table 1) showed expected values of the Si/Al ratio for allophane (0.72) and kaolinite (0.99). The oxalate and DCB extraction data (Table S1) confirmed the amorphous character of allophane and ferrihydrite, and the crystalline nature of kaolinite and goethite. The Feo/Fed ratio was 0.004 for goethite, certifying its crystalline form, and 0.86 for ferrihydrite, attesting its amorphous nature [START_REF] Cornell | The iron oxides: Structures, properties, reactions, occurrences and uses[END_REF]. The Ge/Si ratio decreased in the order (mol mol -1 ): kaolinite (4.37) > quartz (2.10) > allophane (0.94) > phytolith (0.41) (Table 1).

Surface properties of components.

The SSA values (Table 2) decreased in the sequence (m 2 g -1 ): allophane (306-231) > ferrihydrite (264-242) > phytolith (190) > goethite (132-35) > kaolinite (24) > quartz (1). The degassing temperature had little effect on ferrihydrite SSA (242-264 m 2 g -1 ), but a large one on the SSA of goethite (132-35 m 2 g -1 ) and allophane (306-231 m 2 g -1 ). The values of zeta potential () (Table 2) were negative for phytolith, kaolinite and quartz, and positive for allophane, ferrihydrite and goethite. Given that (i)  varies with pH and (ii) ionic strength does not impact the pH of the isoelectric point (pHIEP) at which  = 0, we could use literature data, as shown in Fig. 2, to plot  against pH for the selected components. This graph shows that pHIEP at 9.6 (goethite), 8.0 (ferrihydrite), 5.6 (allophane), 3.6 (kaolinite) and 2.6 (phytolith).

Aggregates properties. The SEM images showed phytolith particles embedded in aggregate matrix (Fig. 2a-b) while TEM micrographs illustrated intimate associations of fine-sized aluminosilicate and Fe oxide (Fig. 2c-d). At identical OC concentration in mixtures and aggregates, DOC release was lower in the Am model than in the Cryst one (Fig. 2e-f), as well as in the aggregate relatively to the unaggregated mixture.

Na2CO3 extractable Si and Al.

The Na2CO3 extraction kinetics traced the time-evolution of Si (Na2CO3-Si) and Al (Na2CO3-Al) for the individual components (Fig. S3), mixtures and aggregates (Fig. S4).

Aluminum was not detected in phytoliths, while Na2CO3-Si and -Al were not detected in quartz and OM (Table 3). The kinetic data were used to estimate amorphous Si (ASi) content (Fig. 3, Table 3), which decreased in the order (g kg -1 ): phytolith (272) > allophane (44) > kaolinite (1.2), and Am mixture (22.4) > Am aggregate (15.3) > Cryst mixture (9.0) > Cryst aggregate (6.3), with lower ASi contents in aggregates than in mixtures. Using the same technique [START_REF] Demaster | The supply and accumulation of silica in the marine environment[END_REF] to estimate amorphous Al (AAl), the Si/Al ratio (Table 2) was 0.5 for allophane, 1.1 for kaolinite, 0.76 for Am mixture, 1.1 for Am aggregate, 11 for Cryst mixture, 54 for Cryst aggregate.

CaCl2 extractable Si, Al and Ge.

As shown in Fig. 4, CaCl2-Si released at pH 3.8-4.0 (Fig. 4e) decreased in the order (g kg -1 , 16h-64d): allophane (7.9-29) > phytolith (0.2-5.6) > kaolinite (0.01-0.15) (Fig. 4a-c), and was negligible for quartz (10 -3 -0.02) (Fig. 4d, Table 4). CaCl2-Si and -Al were not detected for OM. The release rate of Si in CaCl 2 (RR-Si CaCl2 ) was 9-12 and 40-52 times higher for allophane than for phytolith and kaolinite, respectively (Fig. 4f), and negligible for quartz. The Si/Al ratio increased during the 64d extraction from 0.8 to 1.2 and 0.9 to 7.2 for allophane and kaolinite, respectively (Table 4, Fig. S5). Fig. 5 showed that CaCl2-Si was larger in Am mixtures and aggregates than in their Cryst counterparts. Indeed, CaCl2-Si decreased in the order (16h-64d, g kg -1 ): Am mixture (0.33-3.72) > Am aggregate (0.27-0.95) > Cryst mixture (0.06-0.48) ≥ Cryst aggregate (0.1-0.39). Thus, CaCl2-Si at 64d was nearly 8 times greater in the Am mixture (3.72 g kg -1 ) than in the Cryst mixture (0.48 g kg -1 ). It was reduced after aggregation by 4 in the Am model, and only but significantly by 1.2 in the Cryst model (Fig. 5 Table 4). In the Cryst model, CaCl2-Al was negligible relatively to CaCl2-Si, resulting in huge Si/Al ratio, above 800 at 64d (Fig. 5h, Table 4). In contrast, in the Am model, both Si and Al were extracted by CaCl2 in substantial amounts (Fig. 5a, e, Table 4), resulting in Si/Al ranging from 0.6 to 0.98 in the Am mixture, and from 0.74 to 0.43 in the Am aggregate (Fig. 5g). As shown in Fig. 6, the pH values of the CaCl2 extract (pHCaCl2) sharply differed between models. They ranged from 3.8 to 4.9 in the Am model and between 5.0 and 7.8 in the Cryst model, unlike for phytolith, allophane and kaolinite (pH ≤ 4) (Table 4). The CaCl2 extractable Si and Ge concentrations measured at 16h and 64d (Table 4a-d) were used to calculate the Ge/Si molar ratio (mol mol -1 ). This ratio significantly differed between components (16h-64d): phytolith (3.15-0.27), allophane (1.31-0.66), kaolinite (24.74-1.83) (Table 4a-b). Equally, Ge/Si significantly differed between mixtures and aggregates (16h-64d): Am mixture (0.40-0.21), Am aggregate (0.64-0.77), Cryst mixture (6.37-1.28), Cryst aggregate (1.05-0.5) (Table 4c-d). The variations in Ge/Si are illustrated in Fig. 8.

Discussion

Constituents and properties. The nature of individual components was confirmed by XRD, SEM, elemental analysis and selective extraction data (Fig. 1, Fig. S1, Table 1, Table S1). From Table 1, allophane Ge/Si (0.9 mol mol -1 ) depended on the Ge content of the Na4SiO4 source, and on its fractionation during synthesis [START_REF] Kurtz | Germanium-silicon fractionation in the weathering environment[END_REF]. The Ge/Si ratio (mol mol -1 ) of the Charentes kaolinite (4.3) was close to that of kaolinites in highly weathered soils derived from granite (5.9, [START_REF] Kurtz | Germanium-silicon fractionation in the weathering environment[END_REF]4.8-6.1, Lugolobi et al, 2010), in agreement with their similar ferrallitic origins (Yvon et al., 1982). These values were similar to Ge/Si (mol mol -1 ) of kaolinite/halloysite assemblages in strongly weathered B horizons derived from andesitic basalt (4.3-6.4, [START_REF] Opfergelt | Variations of δ 30 Si and Ge/Si with weathering and biogenic input in tropical basaltic ash soils under monoculture[END_REF]). Yet, they were below those of kaolinites derived from basalt (~6-12, [START_REF] Kurtz | Germanium-silicon fractionation in the weathering environment[END_REF]~7-14, Qi et al., 2019).

The phytolith Ge/Si ratio (0.41 mol mol -1 ) was in the range of most available Ge/Si values (0.003-0.5) [START_REF] Blecker | The ratio of germanium to silicon in plant phytoliths: quantification of biological discrimination under controlled experimental conditions[END_REF]Cornelis et al, 2010b;[START_REF] Delvigne | Distinct silicon and germanium pathways in the soil-plant system: Evidence from banana and horsetail[END_REF][START_REF] Derry | Biological control of terrestrial silica cycling and export fluxes to watersheds[END_REF][START_REF] Kurtz | Tracing silicate weathering and terrestrial silica cycling with Ge/ Si ratios[END_REF][START_REF] Lugolobi | Germanium-silicon fractionation in a tropical, granitic weathering environment[END_REF][START_REF] Meek | Sr/ 86 Sr, Ca/Sr, and Ge/Si ratios as tracers of solute sources and biogeochemical cycling at a temperate forested shale catchment, central Pennsylvania, USA[END_REF][START_REF] Seyfferth | Seasonal dynamics of dissolved silicon in a rice cropping system after straw incorporation[END_REF][START_REF] White | Biogenic and pedogenic controls on Si distributions and cycling in grasslands of the Santa Cruz soil chronosequence, California[END_REF]. From the respective Si and Ge concentrations in allophane, kaolinite, phytolith and quartz, Ge/Si (mol mol -1 ) was computed for the Am (1.87) and Cryst model (2.62), in very good agreement with measured Ge/Si values of Am (1.87) and Cryst (2.58) mixtures (Table 1). The surface and charge properties of the components were as expected [START_REF] Sposito | The chemistry of soils, 3 rd edition[END_REF]. The impact of the degassing temperature on SSA (Table 2) showed that a compromise had to be reached between water removal, pore collapse and mineral transformation. Upon heating, surface and bulk decomposition reactions of goethite initiated at 200 °C [START_REF] Ford | Distinguishing between surface and bulk dehydrationdehydroxylation reactions in synthetic goethites by high-resolution thermogravimetric analysis[END_REF], while dehydration of both goethite and ferrihydrite could affect their SSA [START_REF] Houben | Multi-method characterization of the ferrihydrite to goethite transformation[END_REF]. For allophane, pore collapse [START_REF] Maeda | Void changes in allophane soils deter-mining water retention and transmission[END_REF], dehydration and dehydroxylation may occur continually without any clear boundaries [START_REF] Du | Calcination-induced changes in structure, morphology, and porosity of allophane[END_REF], making crucial the compromise described above [START_REF] Chen | Properties of Fe-organic matter associations via coprecipitation versus adsorption[END_REF]. In all cases, allophane and ferrihydrite had a higher SSA than kaolinite and goethite, respectively, thus enhancing aggregation in the Am model [START_REF] Deng | Soil organic matter and organic-mineral interactions[END_REF]. The SSA value of rice phytolith (190 m 2 g -1 ) was within the range reported for other phytoliths (93-316 m 2 g -1 ) [START_REF] Fraysse | Surface chemistry and reactivity of plant phytoliths in aqueous solutions[END_REF], but was 5 times higher than those measured for rice phytoliths after heating at 300-400 °C (36-38 m 2 g -1 : [START_REF] Nguyen | Effects of CO2 and temperature on phytolith dissolution[END_REF][START_REF] Trinh | Characterization and dissolution properties of phytolith occluded phosphorus in rice straw[END_REF]. As illustrated in Fig. S2, goethite and ferrihydrite stood out clearly from the other materials with pHIEP ≥ 8, and thus carried a positive surface charge at pH < 8, whereas allophane, kaolinite and phytolith had pHIEP at 5.6, 3.6 and 2.6, respectively. Such discrepancies, combined with pHIEP of OM generally at 2-3 [START_REF] Tombácz | A theoretical explanation of the aggregation of humic substances as a function of pH and electrolyte concentration[END_REF], enhanced colloidal interactions and aggregation, particularly in the Am model [START_REF] Deng | Soil organic matter and organic-mineral interactions[END_REF][START_REF] Johnston | Surface chemistry of soil minerals[END_REF], as illustrated in the following section.

Aggregation reduced DOC release, and preserved amorphous silicates.

Aggregates readily formed after a 32-day incubation (Fig. 2a-b). The SEM images showed phytoliths embedded in aggregates in which OM, clay-sized aluminosilicate and Fe oxides underwent intimate associations [START_REF] Deng | Soil organic matter and organic-mineral interactions[END_REF] as revealed by TEM (Fig. 2c-d). As inferred from Fig. S2, attraction of oppositely charged crystal faces of kaolinite and goethite caused flocculation and aggregation [START_REF] Arias | Effects of iron and aluminium oxides on the colloidal and surface properties of kaolin[END_REF][START_REF] El-Swaify | Changes in the physical properties of soil clays due to precipitated aluminum and iron hydroxides. I. Swelling and aggregate stability after drying[END_REF][START_REF] Schofield | Flocculation of kaolinite due to the attraction of oppositely charged crystal faces[END_REF][START_REF] Sposito | The chemistry of soils, 3 rd edition[END_REF][START_REF] West | Kaolinite, halloysite, and iron oxide influence on physical behavior of formulated soils[END_REF]. Besides electrostatic attraction, kaolinite and goethite interact by anion ligand exchange, surface coordination, and hydrogen bonds [START_REF] Wei | Microstructure, interaction mechanisms, and stability of binary systems containing goethite and kaolinite[END_REF]. These processes enhanced the formation of aggregates able to embed quartz particles [START_REF] Pinheiro-Dick | Microaggregates from Oxisols and Inceptisols: dispersion through selective dissolutions and physicochemical treatments[END_REF] and stabilize OM [START_REF] Kretzschmar | Flocculation of kaolinitic soil clays: Effects of humic substances and iron oxides[END_REF][START_REF] Tombácz | The role of reactive surface sites and complexation by humic acids in the interaction of clay mineral and iron oxide particles[END_REF]. Permanent charge soils have an aggregate hierarchy with OM as the main binding agent [START_REF] Six | Soil structure and organic matter: I. Distribution of aggregate-size classes and aggregate-associated carbon[END_REF]. In contrast, soils with crystalline variable charge minerals do not show an aggregate hierarchy, but they have Fe and Al oxides as binding agents [START_REF] Six | Soil structure and organic matter: I. Distribution of aggregate-size classes and aggregate-associated carbon[END_REF]. These soils have a higher potential to form stable aggregates at low OC concentrations [START_REF] Denef | Short-term effects of biological and physical forces on aggregate formation in soils with different clay mineralogy[END_REF]. In contrast, Andosols with amorphous variable-charged minerals exhibit aggregate hierarchy in which clay-sized composites made of allophane, ferrihydrite and OM bound to them are the main binding agents [START_REF] Asano | Evidence of aggregate hierarchy at micro-to submicron scales in an allophanic Andisol[END_REF]. The presence of the composites induces strong aggregation in natural environments [START_REF] Bartoli | Influence of allophane and organic matter contents on surface properties of Andosols[END_REF][START_REF] Baumgarten | Microstructural development in volcanic ash soils from South Chile[END_REF][START_REF] Churchman | Stability of aggregates of different size grades in allophanic soils from volcanic ash in New Zealand[END_REF][START_REF] Latrille | Interaction of copper and zinc with allophane and organic matter in the B horizon of an Andosol[END_REF][START_REF] Parfitt | Ferrihydrite and allophane in four Andepts from Hawaii and implications for their classification[END_REF][START_REF] Warkentin | Physical and mechanical characteristics of Andisols[END_REF], as well as under laboratory conditions after a 20-day incubation [START_REF] Filimonova | The role of allophane nano-structure and Fe oxide speciation for hosting soil organic matter in an allophanic Andosol[END_REF]. Here, at identical OC content in mixtures and aggregates, the 32-day aggregation sharply decreased DOC release (Fig. 2e-f) in both models, but DOC release was much lower in the Am versus the Cryst model. In the latter, a low critical threshold of OC to form aggregates [START_REF] Denef | Short-term effects of biological and physical forces on aggregate formation in soils with different clay mineralogy[END_REF] likely resulted in a higher DOC release. In the Am model, the protective effect on OC was enhanced by aggregation built up from clay-sized composites of allophane, ferrihydrite and OM [START_REF] Asano | Evidence of aggregate hierarchy at micro-to submicron scales in an allophanic Andisol[END_REF][START_REF] Filimonova | The role of allophane nano-structure and Fe oxide speciation for hosting soil organic matter in an allophanic Andosol[END_REF][START_REF] Warkentin | Physical and mechanical characteristics of Andisols[END_REF], but also likely by OM adsorption on mineral surfaces, and organo-mineral associations [START_REF] Basile-Doelsch | Are interactions between organic compounds and nanoscale weathering minerals the key drivers of carbon storage in soils?[END_REF][START_REF] Chen | Properties of Fe-organic matter associations via coprecipitation versus adsorption[END_REF][START_REF] Deng | Soil organic matter and organic-mineral interactions[END_REF][START_REF] Eusterhues | Organo-mineral associations in sandy acid forest soils: importance of specific surface area, iron oxides and micropores[END_REF][START_REF] Eusterhues | Biodegradation of ferrihydrite-associated organic matter[END_REF][START_REF] Kaiser | Sorptive stabilization of organic matter by microporous goethite: sorption into small pores vs surface complexation[END_REF][START_REF] Kleber | Poorly crystalline mineral phases protect organic matter in acid subsoil horizons[END_REF][START_REF] Kleber | Mineral-organic associations: formation, properties, and relevance in soil environments[END_REF][START_REF] Lehmann | The contentious nature of soil organic matter[END_REF]. In any case, measuring DOC release was considered here as a test confirming the aggregation process in both models, the Am model enhancing this process even more.

The ASi content estimating biogenic silica [START_REF] Demaster | The supply and accumulation of silica in the marine environment[END_REF] also differed between the two models and, within each model, between mixtures and aggregates (Fig. 3b). From the respective ASi levels in phytolith, allophane and kaolinite (Table 2), ASi content was computed for the Am (22 g kg -1 ) and Cryst model (6 g kg -1 ), in good agreement with the ranges of ASi values measured in Am (22.4-15.3 g kg -1 ) and Cryst (9-6.3 g kg -1 ) mixtures and aggregates (Table 2, Fig. 3b). The decrease in ASi induced by aggregation was, however, larger in the Am than in the Cryst model, suggesting a larger ASi preservation in the former because of a stronger aggregation due to the factors discussed above [START_REF] Asano | Evidence of aggregate hierarchy at micro-to submicron scales in an allophanic Andisol[END_REF][START_REF] Filimonova | The role of allophane nano-structure and Fe oxide speciation for hosting soil organic matter in an allophanic Andosol[END_REF]. Despite the short ageing period (32d), our experimental data were in agreement with previous studies (Li et al., 2020b;[START_REF] Vander Linden | Rainfall is the major driver of plant Si availability in perudic gibbsitic Andosols[END_REF] suggesting the coexistence of free and labile phytoliths with phytoliths preserved in soil aggregates. Yet, considering the total phytolith Si content (381 g kg -1 , Table 1), ASi (272 g kg -1 , Table 3) underestimated the phytolith pool. Moreover, it did not exclusively reflect it since the Si/Al ratio of the ASi compounds was as low as 0.76-1.05 in the Am model (Table 3), revealing allophane dissolution in Na2CO3. In contrast, kaolinite dissolution (1.16 g kg -1 , Table 3) was negligible in the Cryst model, with Si/Al ratio of the ASi compounds equal to 11.4 and 54.6 in the Cryst mixture and aggregate, respectively (Table 3).

Thus, allophane and phytolith were the major, if only, ASi components in the Am and Cryst model, respectively. This observation raised concerns about the relevance of the technique [START_REF] Demaster | The supply and accumulation of silica in the marine environment[END_REF] for targeting the phytolith pool in soil, as previously questioned [START_REF] Li | Effects of phytolithic rice-straw biochar, soil buffering capacity and pH on silicon bioavailability[END_REF]Li et al., 2020b;[START_REF] Meunier | Assessment of the 1% Na 2 CO 3 technique to quantify the phytolith pool[END_REF][START_REF] Vander Linden | Rainfall is the major driver of plant Si availability in perudic gibbsitic Andosols[END_REF].

Release of bioavailable Si is impacted by aggregation, constituents and pH. Considered to target

bioavailable Si [START_REF] Haysom | Some aspects of the calcium silicate trials at Mackay[END_REF][START_REF] Sauer | Review of methodologies for extracting plant-available and amorphous Si from soils and aquatic sediments[END_REF], the CaCl2-extractable Si concentration (CaCl2-Si) is usually determined in one extract after stirring for 16 h [START_REF] Haysom | Some aspects of the calcium silicate trials at Mackay[END_REF][START_REF] Sauer | Review of methodologies for extracting plant-available and amorphous Si from soils and aquatic sediments[END_REF], 5 h [START_REF] Henriet | Leaf silicon content in banana (Musa spp.) reveals the weathering stage of volcanic ash soils in Guadeloupe[END_REF][START_REF] Houben | Biochar from miscanthus: a potential silicon fertilizer[END_REF] or 1 h [START_REF] Korndörfer | Avaliação de métodos de extração de silício em sols cultivados com arroz de sequeiro[END_REF]. Here, we followed the kinetics of Si release [START_REF] Li | Effects of phytolithic rice-straw biochar, soil buffering capacity and pH on silicon bioavailability[END_REF] and attempted to relate CaCl2-Si to specific Si-bearing phases. Our data (Fig. 4, Fig. 5,Table 4) highlighted the following: (i) the Am model had a higher efficiency to form aggregates preserving Si-releasing constituents, (ii) the nature of these constituents (a.o. SSA, surface charge), and/or (iii) pH were also operationally involved in Si release. As discussed above, the higher efficiency of the Am model to form aggregates, preserve OC and ASi, and reduce Si release, was due to the specific surface charge properties of allophane and ferrihydrite compared to kaolinite and goethite. Of particular impact were their high SSA and surface charge [START_REF] Harsh | Allophane and imogolite[END_REF][START_REF] Hiemstra | Ferrihydrite interaction with silicate and competing oxyanions: geometry and hydrogen bonding of surface species[END_REF][START_REF] Hiemstra | Interaction of silicic acid with goethite[END_REF][START_REF] White | Kaolin-serpentine minerals[END_REF], and the implication of clay-sized composites of allophane, ferrihydrite and OM as main binding agents [START_REF] Asano | Evidence of aggregate hierarchy at micro-to submicron scales in an allophanic Andisol[END_REF][START_REF] Filimonova | The role of allophane nano-structure and Fe oxide speciation for hosting soil organic matter in an allophanic Andosol[END_REF]. In both Am and Cryst models, the protective effect of Sireleasing components on Si release was enhanced by aggregation, but possibly also by H4SiO4 adsorption onto oxide surfaces [START_REF] Delstanche | Silicon isotopic fractionation during adsorption of aqueous monosilicic acid onto iron oxide[END_REF][START_REF] Hiemstra | Ferrihydrite interaction with silicate and competing oxyanions: geometry and hydrogen bonding of surface species[END_REF][START_REF] Hiemstra | Interaction of silicic acid with goethite[END_REF][START_REF] Jones | Effects of iron and aluminium oxides on silica in solution in soils[END_REF]. Since CaCl2-Si release from quartz was negligible, and not detected for OM, the only sources of bioavailable Si were phytolith, along with allophane and kaolinite in the Am and Cryst mixtures and aggregates, respectively (Fig. 4, Table 4). The Ge/Si ratio was used to trace silica sources in rivers [START_REF] Conley | Terrestrial ecosystems and the global biogeochemical silica cycle[END_REF][START_REF] Derry | Biological control of terrestrial silica cycling and export fluxes to watersheds[END_REF][START_REF] Frings | Quantifying biotic and abiotic Si fluxes in the critical zone with Ge/Si ratios along a gradient of erosion rates[END_REF][START_REF] Murnane | Germanium and silicon in rivers of the Orinoco drainage basin[END_REF]) and soil solutions (Cornelis et al., 2010b). Here, we combined both the Si/Al and Ge/Si ratios to identify the components releasing Si in CaCl2. Aluminosilicate dissolution is induced by protonation and/or by ligands that form complexes with metals [START_REF] Sposito | The chemistry of soils, 3 rd edition[END_REF]. In the absence of pH buffering, using 0.01M CaCl2 decreases the pH of the extracting solution (pHCaCl2) due to exchange of H + by Ca 2+ ions on negatively charged surface sites. The dissolution rates observed here at pH ≤ 4 for allophane and kaolinite (Fig. 4a,b,e; Table 4) corroborated previous studies. Allophane indeed rapidly dissolves in acid conditions [START_REF] Pačes | Reversible control of aqueous aluminum and silica during the irreversible evolution of natural waters[END_REF][START_REF] Dobrzyński | Silica solubility in groundwater from Permian volcanogenic rocks (the Sudetes Mts., SW Poland)the role of reversible aluminosilicate solids[END_REF][START_REF] Wang | Structural alterations of synthetic allophane under acidic conditions: Implications for understanding the acidification of allophanic Andosols[END_REF], and is metastable to kaolinite and halloysite (Su andHarsh, 1998, Dobrzyński, 2006). Its dissolution is enhanced by Al-complexing anions [START_REF] Su | The electrophoretic mobility of imogolite and allophane in the presence of inorganic anions and citrate[END_REF][START_REF] Harsh | Allophane and imogolite[END_REF]. Allophane dissolves rapidly in dilute solutions, with dissolution rates one order of magnitude higher than crystalline phases of similar composition [START_REF] Ralston | Dissolution rates of allophane with variable Fe contents: Implications for aqueous alteration and the preservation of X-ray amorphous materials on Mars[END_REF], confirming previous observations for both synthetic and natural allophanes [START_REF] Harsh | Allophane and imogolite[END_REF][START_REF] Henmi | Dissolution and chemical changes of allophane and imogolite by dilute nitric acid solutions[END_REF]. Allophane dissolution is greater with low Si/Al ratios [START_REF] Henmi | Effect of acid species and co-existing anions on the dissolution of Al and Si from allophane by the treatment of diluted acid solutions[END_REF][START_REF] Su | Dissolution of allophane as a thermodynamically unstable solid in the presence of boehmite at elevated temperatures and equilibrium vapor pressures[END_REF], with Al-rich allophanes being even less stable than imogolite [START_REF] Harsh | Allophane and imogolite[END_REF][START_REF] Su | Dissolution of allophane as a thermodynamically unstable solid in the presence of boehmite at elevated temperatures and equilibrium vapor pressures[END_REF][START_REF] Dobrzyński | Silica solubility in groundwater from Permian volcanogenic rocks (the Sudetes Mts., SW Poland)the role of reversible aluminosilicate solids[END_REF]. Here, the dissolution of Al-rich allophane (Si/Al = 0.72) was nonstoichiometric with CaCl2-Si/Al ratio increasing from 0.82 to 1.2 (Table 4, Fig. S5c). Despite an initial preferential leaching of Al [START_REF] Henmi | Dissolution and chemical changes of allophane and imogolite by dilute nitric acid solutions[END_REF][START_REF] Ralston | Dissolution rates of allophane with variable Fe contents: Implications for aqueous alteration and the preservation of X-ray amorphous materials on Mars[END_REF][START_REF] Wang | Structural alterations of synthetic allophane under acidic conditions: Implications for understanding the acidification of allophanic Andosols[END_REF], the progressive increase in Si/Al ratio with increasing time indicated that Al could be reprecipitated or re-adsorbed [START_REF] Ralston | Dissolution rates of allophane with variable Fe contents: Implications for aqueous alteration and the preservation of X-ray amorphous materials on Mars[END_REF]. The first increase and then decrease in CaCl2-Ge/Si ratio (Table 4) could be attributed to Ge partitioning during the dissolution-precipitation process [START_REF] Kurtz | Germanium-silicon fractionation in the weathering environment[END_REF]. The dissolution of kaolinite (Si/Al = 0.99) at pH ≤ 4 (Fig. 4b,e) was weaker and slower than that of allophane (Fig. 4f), and was non-stoichiometric since CaCl2-Si/Al ratio increased from 0.96 to 7.2 (Table 4). Acidic conditions and low silica activity enhanced kaolinite dissolution [START_REF] Karathanasis | Mineral equilibria in environmental soil systems[END_REF], starting with preferential removal of Al [START_REF] Carroll-Webb | A surface complex reaction model for the pH-dependence of corundum and kaolinite dissolution rates[END_REF][START_REF] Huertas | Mechanism of kaolinite dissolution at room temperature and pressure Part II: Kinetic study[END_REF][START_REF] Xie | Incongruent dissolution and surface area of kaolinite[END_REF], which can be re-adsorbed [START_REF] Wieland | Dissolution kinetics of kaolinite in acidic aqueous solutions at 25 °C[END_REF][START_REF] Yang | Kaolinite dissolution and precipitation kinetics at 22 °C and pH 4[END_REF]. The variation of CaCl2-Ge/Si ratio (24.7-1.8 mol mol -1 , Table 4) was consistent with the model for Ge-Si equilibrium fractionation in kaolinite (Perez-Fodich and Derry, 2020), i.e., an abrupt increase in the aqueous Ge/Si ratio (1.2 mol mol -1 ) induced by mineral breakdown followed by its rapid decrease (0.4 mol mol -1 ). Unlike for allophane and kaolinite, phytolith dissolution begins with Si removal [START_REF] Dove | The dissolution kinetics of quartz in sodium chloride solutions at 25 degrees to 300 degrees C[END_REF], i.e., the breaking of the Si-O bond that is more covalent than typical metal-oxygen bonds [START_REF] Sposito | The chemistry of soils, 3 rd edition[END_REF]. It is driven by silica undersaturation, enhanced by the 'salt effect' in dilute solutions and the increase in net negative charge [START_REF] Dove | The dissolution kinetics of quartz in sodium chloride solutions at 25 degrees to 300 degrees C[END_REF][START_REF] Dove | Mechanisms of classical crystal growth theory explain quartz and silicate dissolution behavior[END_REF][START_REF] Dove | Kinetics of amorphous silica dissolution and the paradox of the silica polymorphs[END_REF], and thus by pH increase [START_REF] Fraysse | Surface chemistry and reactivity of plant phytoliths in aqueous solutions[END_REF]. Here, phytolith dissolution at pH ~3.6 (Fig. 4c,e,Table 4) was weaker and slower than that of allophane, but stronger and quicker than that of kaolinite (Fig. 4f), while the variation of the CaCl2-Ge/Si ratio (3.15-0.27 mol mol -1 ) was due to Ge fractionation during dissolution [START_REF] Blecker | The ratio of germanium to silicon in plant phytoliths: quantification of biological discrimination under controlled experimental conditions[END_REF][START_REF] White | Biogenic and pedogenic controls on Si distributions and cycling in grasslands of the Santa Cruz soil chronosequence, California[END_REF]. The dissolution rates of allophane, phytolith and kaolinite were compared in Table 5 to literature data obtained in similar acidic conditions. Worth noting was the relatively high dissolution rate of allophane, confirming that amorphous aluminosilicate was a substantial source of bioavailable Si as previously suggested [START_REF] Vandevenne | Silicon pools in human impacted soils of temperate zones[END_REF][START_REF] White | Biogenic and pedogenic controls on Si distributions and cycling in grasslands of the Santa Cruz soil chronosequence, California[END_REF][START_REF] Cornu | Allophanes, a significant soil pool of silicon for plants[END_REF]. Thus, the values of CaCl 2 -Si, Si/Al and Ge/Si ratios in the CaCl 2 extracts (Table 4, Fig. 7) confirmed that the main sources of bioavailable Si were phytolith and allophane in the Cryst and Am and model, respectively. Plotting our experimental data (Table S2) in the Al2O3-SiO2-H2O stability diagram (Fig. 8) further illustrated that H4SiO4 activity was controlled by phytolith in the Cryst mixture, and by allophane in the Am mixture. Yet, in the Am aggregates, both phytolith and allophane ruled silica activity (Fig. 8), but the Si/Al ratio of the CaCl2 extracts showed that allophane was the largely dominant contributor of dissolved Si. In addition, pH exerted a crucial role in phytolith dissolution in the Cryst model (Fig. 6). The release of bioavailable Si was thus impacted by aggregation, the nature of constituents and pH. In the Am model, acidic conditions enhanced allophane breakdown whereas phytolith dissolution occurred in the Cryst model, due to higher pH and kaolinite stability. Furthermore, our data pointed an interesting convergence in that aggregation reduced ASi content as well as the release of DOC and bioavailable Si. Our data were indeed in line with the literature data reported in Fig. 9, showing that the Am aggregate stood out from other soil materials, but was quite comparable to the highly aggregated Chernozem, also known to store OC.

Implications and conclusion

From a geochemical perspective, our study shows how the combined effect of aggregation, the nature of constituents and pH has an impact on the release of bioavailable Si in soil materials. The findings provide insight for a better understanding of the processes that explain the origin of DSi and the resilience of phytoliths over millennia in soils and sediments. They also decipher the role of clay minerals, amorphous and crystalline, upon Si mobility and transfer to rivers and oceans. Also, our results have methodological implications.

Phytoliths are renowned to contribute massively to the continental export of dissolved silica towards rivers and oceans [START_REF] Conley | Terrestrial ecosystems and the global biogeochemical silica cycle[END_REF][START_REF] Derry | Biological control of terrestrial silica cycling and export fluxes to watersheds[END_REF] due to their relatively high dissolution rate, which is 10 2 -10 4 higher than that of crystalline clay minerals at common pH values of soil solution (4-8) [START_REF] Fraysse | Surface chemistry and reactivity of plant phytoliths in aqueous solutions[END_REF]. Here we show that phytoliths can be removed from the silica cycle by aggregation of particles in soils and sediments, a process that can generate two pools: fresh, labile versus aged, entrapped phytoliths (Li et al., 2020b;[START_REF] Meunier | Assessment of the 1% Na 2 CO 3 technique to quantify the phytolith pool[END_REF][START_REF] Vander Linden | Rainfall is the major driver of plant Si availability in perudic gibbsitic Andosols[END_REF]. Aggregation can thus be one of the processes that preserves phytoliths by entrapping them in soils and sediments, enabling their use as paleo-indicators [START_REF] Cabanes | Human impact around settlement sites: a phytolith and mineralogical study for assessing site boundaries, phytolith preservation, and implications for spatial reconstructions using plant remains[END_REF][START_REF] Cabanes | Understanding fossil phytolith preservation: The role of partial dissolution in paleoecology and archaeology[END_REF][START_REF] Laugier | Phytolith evidence for the pastoral origins of multicropping in Mesopotamia (ancient Iraq)[END_REF].

Other processes such as phytolith coating by Al and/or Fe oxide might contribute to their preservation [START_REF] Strömberg | Phytoliths in paleoecology: analytical considerations, current use, and future directions[END_REF]. Specific features of phytoliths also impact their resilience, e.g., morphotype [START_REF] Cabanes | Human impact around settlement sites: a phytolith and mineralogical study for assessing site boundaries, phytolith preservation, and implications for spatial reconstructions using plant remains[END_REF], surface roughness and its evolution [START_REF] Puppe | Physicochemical surface properties of different biogenic silicon structures: Results from spectroscopic and microscopic analyses of protistic and phytogenic silica[END_REF].

We further show that the pool of amorphous aluminosilicates is a substantial source of bioavailable Si, as presumed earlier [START_REF] Clymans | Anthropogenic impact on amorphous silica pools in temperate soils[END_REF][START_REF] Vandevenne | Silicon pools in human impacted soils of temperate zones[END_REF][START_REF] White | Biogenic and pedogenic controls on Si distributions and cycling in grasslands of the Santa Cruz soil chronosequence, California[END_REF][START_REF] Cornu | Allophanes, a significant soil pool of silicon for plants[END_REF]. This is due to their metastable character [START_REF] Dobrzyński | Silica solubility in groundwater from Permian volcanogenic rocks (the Sudetes Mts., SW Poland)the role of reversible aluminosilicate solids[END_REF][START_REF] Pačes | Reversible control of aqueous aluminum and silica during the irreversible evolution of natural waters[END_REF][START_REF] Su | Dissolution of allophane as a thermodynamically unstable solid in the presence of boehmite at elevated temperatures and equilibrium vapor pressures[END_REF] and rapid dissolution [START_REF] Harsh | Allophane and imogolite[END_REF][START_REF] Ralston | Dissolution rates of allophane with variable Fe contents: Implications for aqueous alteration and the preservation of X-ray amorphous materials on Mars[END_REF], particularly in acidic conditions [START_REF] Wang | Structural alterations of synthetic allophane under acidic conditions: Implications for understanding the acidification of allophanic Andosols[END_REF] wherein their dissolution rate can even be higher than that of phytolith. More generally, crystalline clay minerals such as fine-sized smectite and to a lesser extent kaolinite may also dissolve and release Si depending on pH conditions and silica activity, land use and soil management [START_REF] Caubet | Agriculture increases the bioavailability of silicon, a beneficial element for crop, in temperate soils[END_REF][START_REF] Irfan | Impact of 60 years of intensive rice cropping on clay minerals in soils due to Si exportation[END_REF][START_REF] Keller | Are clay minerals a significant source of Si for crops? A comparison of amorphous silica and the roles of the mineral type and pH[END_REF]. Actually, significant clay mineralogy changes occur on short time scales [START_REF] Cornu | Evidence of short-term clay evolution in soils under human impact[END_REF], smectite being a privileged reactive proton consumer [START_REF] Brahy | Incipient podzolization and weathering caused by complexation in a forest Cambisol on loess as revealed by a soil solution study[END_REF]. In this respect, smectite dissolution in soil may significantly contribute to the export of dissolved silica [START_REF] Violette | Modelling the chemical weathering fluxes at the watershed scale in the tropics (Mule Hole, South India): Relative contribution of the smectite/kaolinite assemblage versus primary minerals[END_REF] and, presumably, to the pool of bioavailable Si as measured in CaCl2 [START_REF] Jouquet | The distribution of silicon in soil is influenced by termite bioturbation in South Indian forest soils[END_REF]. Clay minerals significantly contribute to soil aggregation because of their surface and charge properties [START_REF] Deng | Soil organic matter and organic-mineral interactions[END_REF][START_REF] Johnston | Surface chemistry of soil minerals[END_REF][START_REF] Sposito | The chemistry of soils, 3 rd edition[END_REF].

Besides, they are generally much more abundant in soils than phytoliths, and can thus be a significant source of dissolved Si, depending on clay content and nature, pH, silica activity, land use and soil management. In this regard, using a combination of tracers such as Si/Al and Ge/Si under known pH conditions, as proposed here, is essential to identify sources releasing Si in low saline solution.

Silicon fluxes to the biosphere and hydrosphere enhance the positive effects of Si on plant vigor and carbon fixation by marine diatoms [START_REF] Berner | The rise of plants and their effect on weathering and atmospheric CO2[END_REF][START_REF] Conley | Terrestrial ecosystems and the global biogeochemical silica cycle[END_REF][START_REF] Coskun | The controversies of silicon's role in plant biology[END_REF]. The biological cycle of Si is thus critical in primary productivity and C cycling in both terrestrial and marine ecosystems [START_REF] Conley | Silica cycling over geologic time[END_REF]. Therefore, the fate of Si forms in soil is at the core of major challenges facing global change and sustainable agriculture. In this respect, soil clay minerals, in particular poorly crystalline, can exert a pivotal role in supplying aqueous silica, thereby enhancing the sustainability of agricultural ecosystems [START_REF] Irfan | Impact of 60 years of intensive rice cropping on clay minerals in soils due to Si exportation[END_REF]. They thus deserve a specific attention in studies on silica cycle. (1981) from Na2CO3 extractable Si (Na2CO3-Si) and Al (Na2CO3-Al) concentrations, and their Si/Al molar ratio, in phytolith, allophane, kaolinite, mixtures and aggregates of the amorphous (Am) and crystalline (Cryst) models. Different lowercase letter (a, b) resulting from the independent samples t-separation test is given to compare unaggregated mixtures with aggregates (p < 0.05). Note: Na2CO3-Si was 0 g kg -1 in OM and quartz, Na2CO3-Al was not detected in phytoliths (see Fig. S2 andS3).

ASi (g kg -1 ) AAl (g kg -1 ) Si/Al (mol mol 5. Release rates of Si (RR-Si) from rice phytolith, kaolinite and allophane (this study), as compared to dissolution rates of other phytoliths [START_REF] Fraysse | Surface chemistry and reactivity of plant phytoliths in aqueous solutions[END_REF] and synthetic allophane [START_REF] Ralston | Dissolution rates of allophane with variable Fe contents: Implications for aqueous alteration and the preservation of X-ray amorphous materials on Mars[END_REF]. Si/Al ratio and BET SSA, as measured after degassing at 200 °C, of kaolinite and allophanes. Experimental conditions during Si release: pH range, temperature (T), solid:liquid ratio, extracting solution.

allophane1 phytolith 1 kaolinite 1 allophane2 phytolith3 RR-Si (mol m -2 d -1 ) x 10 6 59.9 4.8 in CaCl 2 extracts at each kinetic step (this study) in the stability diagram for reference allophane, gibbsite, kaolinite and smectite in the Al2O3-SiO2-H2O system. Allophane-T refers to theoretical composition calculated with amorphous silica and amorphous alumina as end-members, and might be regarded as a freshly precipitated amorphous aluminosilicate phase [START_REF] Dobrzyński | Silica solubility in groundwater from Permian volcanogenic rocks (the Sudetes Mts., SW Poland)the role of reversible aluminosilicate solids[END_REF]. Allophane-F refers to field data from [START_REF] Pačes | Reversible control of aqueous aluminum and silica during the irreversible evolution of natural waters[END_REF]. Allophane-0.5 and allophane-0.8 refer to data on synthetic allophanes with Si/Al ratio of 0.5 and 0.8, respectively [START_REF] Su | Dissolution of allophane as a thermodynamically unstable solid in the presence of boehmite at elevated temperatures and equilibrium vapor pressures[END_REF]. Gibbsite, kaolinite and smectite solubility lines refer to [START_REF] Lindsay | Chemical equilibria in soils[END_REF]. ASi (g kg -1 )

This study Li et al., 2020[START_REF] Li | Effects of phytolithic rice-straw biochar, soil buffering capacity and pH on silicon bioavailability[END_REF][START_REF] Yang | Phytolith-rich straw application and groundwater table management over 36 years affect the soilplant silicon cycle of a paddy field[END_REF][START_REF] Clymans | Anthropogenic impact on amorphous silica pools in temperate soils[END_REF][START_REF] Cornelis | Identification and distribution of the readily soluble silicon pool in a temperate forest soil below three distinct tree species[END_REF][START_REF] Quigley | Variation in the soil 'silicon landscape' explains plant silica accumulation across environmental gradients in Serengeti[END_REF][START_REF] Vander Linden | Rainfall is the major driver of plant Si availability in perudic gibbsitic Andosols[END_REF]Saccone et al., 2007 (Chernozem) ASi (g kg -1 )

This study Li et al., 2020[START_REF] Li | Effects of phytolithic rice-straw biochar, soil buffering capacity and pH on silicon bioavailability[END_REF][START_REF] Yang | Phytolith-rich straw application and groundwater table management over 36 years affect the soilplant silicon cycle of a paddy field[END_REF][START_REF] Clymans | Anthropogenic impact on amorphous silica pools in temperate soils[END_REF][START_REF] Cornelis | Identification and distribution of the readily soluble silicon pool in a temperate forest soil below three distinct tree species[END_REF][START_REF] Quigley | Variation in the soil 'silicon landscape' explains plant silica accumulation across environmental gradients in Serengeti[END_REF][START_REF] Vander Linden | Rainfall is the major driver of plant Si availability in perudic gibbsitic Andosols[END_REF]Saccone et al., 2007 (Chernozem) [START_REF] Nguyen | Effects of pretreatment and solution chemistry on solubility of rice-straw phytoliths[END_REF], allophane [START_REF] Kameda | Mineralogical and physico-chemical properties of halloysite-bearing slip surface material from a landslide during the 2018 Eastern Iburi earthquake[END_REF], ferrihydrite [START_REF] Kawamoto | The role of nanoscale aggregation of ferrihydrite and amorphous silica in the natural attenuation of contaminant metals at mill tailings sites[END_REF], goethite [START_REF] Hiemstra | Interaction of silicic acid with goethite[END_REF], kaolinite [START_REF] Au | Surface chemistry-microstructure-rheology of high and low crystallinity KGa-1b and KGa-2 kaolinite suspensions[END_REF], quartz [START_REF] Kaya | Zeta potential of clay minerals and quartz contaminated by heavy metals[END_REF]. 
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 12345 Figure 1. X-ray diffraction (XRD, CuKα) patterns performed on freeze-dried, powdered samples: (a) allophane, (b) ferrihydrite, (c) goethite, (d) rice phytolith, (e) kaolinite, and (f) quartz.
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 678 Figure 6. Concentrations of Si and Al in the CaCl2 extracts (CaCl2-Si and CaCl2-Al) as plotted against pH of respective CaCl2 extracts (pHCaCl2) in (a-b) the unaggregated mixtures and aggregates of the amorphous (Am) model, (c-d) the unaggregated mixtures and aggregates of the crystalline (Cryst) model.

Figure 9 .

 9 Figure 9. Plot of bioavailable Si content, as assessed by CaCl 2 0.01 M or NH 4 OAc 0.5 M, against amorphous Si content (ASi), as assessed by Na2CO3 (DeMaster, 1981), in soil samples from different soil-plant systems, and in the Am and Cryst mixtures and aggregates of this study. Note: NH 4 OAc-Si only concerns the Chernozem samples (Saccone et al., 2007).

Figure S3 .Figure S4 .Figure S5 .

 S3S4S5 Figure S3. Time evolution of Si and Al concentrations in 0.1 M Na2CO3 extracts (Na2CO3-Si, Na2CO3-Al) from Si bearing phases: Na2CO3-Si in (a) rice phytolith, (b) allophane and kaolinite, Na2CO3-Al in (c) allophane and kaolinite; Si/Al molar ratio (d) in allophane and kaolinite. Note: Al was not detected in rice phytoliths; both Si and Al were not detected in quartz, organic matter, ferrihydrite and goethite.

Table 1 .

 1 Total concentrations of Si, Al and Ge, Si/Al and Ge/Si molar ratio in the individual components allophane, kaolinite, phytolith and quartz, and in Am and Cryst bulk mixtures.

		Si	Al	Ge	Si/Al	Ge/Si
		g kg -1		µg kg -1	mol mol -1	µmol mol -1
	allophane	116.79	156.02	283.53	0.72	0.94
	kaolinite	204.10	197.98	2302.92	0.99	4.36
	phytolith	381.29	nd*	403.07	nd	0.41
	quartz	444.11	nd	2419.41	nd	2.10
	bulk mixture (Am)	271.73	52.57	1319.84	4.96	1.87
	bulk mixture (Cryst)	305.44	73.20	2038.06	4.00	2.58
	*nd: not detected					

Table 2 .

 2 Specific surface area (SSA), as measured after degassing at 200, 100 and 40 °C, and zeta potential of the individual components used in mixtures and aggregates: rice phytolith, synthesized allophane, ferrihydrite and goethite, kaolinite and quartz. H2O and conductivity as determined in each suspension (10 mg : 10 ml) used to measure zeta potential.

			phytolith	allophane	ferrihydrite	goethite	kaolinite	quartz
	SSA (BET) (m 2 g -1 )	degassing at 200 °C degassing at 100 °C degassing at 40 °C	190	306 255 231	242 264 245	132 35	24	1
	zeta potential (mV)	-27.3	36.9	21.3	29.6	-28.2	-31.5
	pHH2O*		4.19	3.73	3.85	6.52	4.02	4.97
	Conductivity (µs cm -1 )*	0.06	0.45	0.01	0.03	0.07	0.01
	* pH-							

Table 3 .

 3 Estimated contents of amorphous Si (ASi) and Al (AAl), as quantified following DeMaster

Table 4 .

 4 Concentrations of Si, Al and Ge, Si/Al and Ge/Si molar ratio in 0.01 M CaCl2 extracts at 16 hours and 64 days for the individual components allophane, kaolinite, phytolith and quartz (a, b), and for the Am and Cryst mixtures and aggregates (c, d). Different lowercase letters a and b, resulting from the independent samples t-separation test, are given to compare parameters measured in mixtures and aggregates (p < 0.05). The pH values of the CaCl2 extracts (pHCaCl2) are also given.

	-1 )

*nd: not detected

Table

  Variation of zeta potential in the pH range 2-12 for individual components used in mixtures and aggregates, as compiled from experimental data published in the literature: phytolith

				r = 0.77
		Cryst mixtures	Cryst aggregates	Am mixtures
	Figure S2.	Am aggregates		Li et al. 2020b Li et al. 2020b
		Li et al. 2019		Yang et al. 2020 Yang et al. 2020
		Clymans et al. 2011		Cornelis et al. 2011 Cornelis et al. 2011
		Quigley et al. 2017 (Andosol)	Vander Linden et al. 2021 (Andosol) Vander Linden et al. 2021 (Andosol)
		Saccone et al. 2007 (Chernozem) for NH 4 OAc-Si

Table S1 .

 S1 Contents of oxalate(o)-extractable Si, Al, Fe and DCB(d)-extractable Fe of allophane, kaolinite, ferrihydrite and goethite.

		Sio	Alo	Feo	Fed	Sio/Alo	Feo/Fed
			g kg -1			mol mol -1	mol mol -1
	allophane	109.65	158.15	nd*	nd	0.67	nd
	kaolinite	0.26	0.57	0.015	0.017	0.45	0.88
	ferrihydrite	nd	nd	528.76	610.67	nd	0.86
	goethite	nd	nd	2.72	611.12	nd	0.004
	* nd: not detected.					
							54

Table S2 .

 S2 pH, concentrations of H4SiO4 and Al 3+ in 0.01 M CaCl2 extracts from 16 hours to 64 days for (a-d) phytolith, quartz, kaolinite, allophane, and for (eh) mixtures and aggregates of both the amorphous (Am) and crystalline (Cryst) models.

		days	16h	2	4	8	16	32	64
		log10 (H4SiO4)	-3.14	-2.45	-2.33	-2.26	-2.01	-1.74	-1.72
	(a) phytolith	pH	3.59	4.33	3.57	3.68	3.67	3.90	3.56
		log10 (Al 3+ )	nd*	nd	Nd	nd	nd	nd	nd
		log10 (H4SiO4)	-5.20	-4.44	-4.39	-4.19	-4.20	-4.21	-4.16
	(b) quartz	pH	5.87	5.82	4.46	4.61	4.67	4.50	4.41
		log10 (Al 3+ )	nd	nd	Nd	nd	nd	nd	nd
		log10 (H4SiO4)	-4.39	-4.13	-3.96	-3.78	-3.57	-3.35	-3.28
	(c) kaolinite	pH	3.69	3.54	3.58	3.70	3.75	3.92	3.85
		log10 (Al 3+ )	-6.31	-6.24	-6.22	-6.21	-6.23	-6.20	-6.06
		log10 (H4SiO4)	-1.56	-1.32	-1.29	-1.26	-1.18	-1.04	-1.00
	(d) allophane	pH	3.72	3.67	3.94	4.12	4.05	4.07	4.01
		log10 (Al 3+ )	-3.46	-3.32	-3.25	-3.22	-3.20	-3.12	-3.06
		log10 (H4SiO4)	-2.95	-2.69	-2.40	-2.23	-2.07	-1.90	-1.89
	(e) unaggregated mixture (Am)	pH	4.00	3.78	4.12	4.22	4.36	4.27	4.41
		log10 (Al 3+ )	-4.71	-4.50	-4.17	-4.00	-3.84	-3.77	-3.87
		log10 (H4SiO4)	-3.03	-2.93	-3.01	-2.96	-2.84	-2.70	-2.49
	(f) aggregate (Am)	pH	3.97	4.18	4.53	4.80	4.71	4.90	4.98
		log10 (Al 3+ )	-4.88	-4.72	-4.41	-4.33	-4.31	-4.21	-4.10
		log 10 (H 4 SiO 4 )	-3.69	-3.28	-3.11	-2.98	-2.90	-2.82	-2.79
	(g) unaggregated mixture (Cryst)	pH	5.06	5.51	5.66	5.73	6.05	6.78	7.31
		log10 (Al 3+ )	-6.45	-6.37	-7.75	-7.76	-7.69	-7.78	-7.75
		log10 (H4SiO4)	-3.44	-3.27	-3.12	-3.07	-2.95	-2.86	-2.87
	(h) aggregate (Cryst)	pH	6.78	7.06	6.90	6.88	6.39	7.19	7.83
		log10 (Al 3+ )	-7.98	-7.87	-7.87	-7.87	-7.87	-7.75	-7.78

* nd: not detected.

This study (synthetic allophane, rice phytolith, Charentes kaolinite,).

Ralston et al., 2021 (synthetic allophane).

Fraysse et al., 2009 (horsetail, larch, elm and fern phytoliths).

The RR-Si values were measured after extractions in plastic centrifuge tubes continuously shaken (this study), in acid-washed 250 mL polypropylene bottles continuously shaken[START_REF] Ralston | Dissolution rates of allophane with variable Fe contents: Implications for aqueous alteration and the preservation of X-ray amorphous materials on Mars[END_REF], and in continuously stirred mixed flow 30-ml reactors plunged in a thermostatic water-bath at 25 °C[START_REF] Fraysse | Surface chemistry and reactivity of plant phytoliths in aqueous solutions[END_REF]. * Unbuffered solution. † pH adjusted with HNO3. ‡ pH adjusted with HCl.
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