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of the activation energy barrier at the interface is causing the kinetic isotope fractionation. Within the mass balance framework of DePaolo (2011) the shift in Si isotope fractionation with initial Si concentration is interpreted to be induced by different kinetic isotope fractionation factors associated with the forward reaction. Only after ca. two months do the isotope ratios begin to adjust to an equilibrium isotope fractionation factor that is close to 0 . With such slow re-equilibration Si adsorption differs fundamentally from transition metals that re-equilibrate isotopically within hours after adsorption onto Fe and Mn oxide surfaces.

These observations may provide an explanation for the light Si isotope signature clay minerals formed during weathering carry: the light Si isotope

Introduction

Weathering of minerals and rocks releases elements into the ambient solution.

Si and Al being the second and third most abundant elements in the Earth's crust, respectively, are both key players during weathering of silicates. While Al is almost insoluble under near neutral pH conditions and low dissolved organic carbon contents [START_REF] Sposito | The Environmental Chemistry of Aluminum[END_REF], Si is partitioned in roughly equal proportions between the dissolved phase and into a solid secondary mineral phase during the dissolution of primary silicate minerals. In the last decade Si stable isotopes have been increasingly used to trace weathering processes.

One major finding of these Si isotope studies is the relative enrichment of heavy Si isotopes in the ambient soil solution. The isotopically lighter counterpart is found in secondary siliceous solid phases (Ziegler et al., 2005a,b;Georg et al., 2006a[START_REF] Georg | Silicon isotope variations accompanying basalt weathering in Iceland[END_REF][START_REF] Opfergelt | Impact of soil weathering degree on silicon isotopic fractionation during adsorption onto iron oxides in basaltic ash soils, Cameroon[END_REF][START_REF] Bern | Weathering, dust, and biocycling effects on soil silicon isotope ratios[END_REF][START_REF] Opfergelt | Silicon isotopes in allophane as a proxy for mineral formation in volcanic soils[END_REF]. Despite this consistent picture, the partitioning of Si isotopes in the presence of Al has not been explored in detail under controlled laboratory conditions. Determining the related isotope fractionation factors is critical as the reaction of Si and Al is likely to be the first crucial reaction occurring in weathering environments after releasing Al and Si from primary silicates.

In the present study, we explore Si isotope fractionation during adsorption of Si onto gibbsite at three different initial Si concentrations. We explain the resulting dependence of the Si isotope fractionation factor on adsorption rate within the conceptual mass balance framework of DePaolo (2011). [START_REF] Dietzel | Depolymerisation von hochpolymerer Kieselsäure in wässriger Lösung[END_REF][START_REF] Dietzel | Interaction of polysilicic and monosilicic acid with mineral surfaces[END_REF] showed that only monomeric silicic acid (H 4 SiO 4 ) is formed when tetraethylorthosilicate (TEOS; (C 2 H 5 O) 4 Si) is used as Si source and that its behavior in adsorption experiments is identical to that found in monomeric silicic acid solutions prepared by alternative means. The advantage of using TEOS as Si source is that neither associated cations nor minor elemental amounts (released during the dissolution of silicates (e.g. Na 2 SiO 3 ) or from alkaline standard solutions (SiO 2 in 2% NaOH)) are present in the solution, which then have to be removed to obtain pure silicic acid for experiments. Further monomeric silicic acid can be produced easily by a simple addition of small volumes of TEOS to aqueous solutions where TEOS converts to silicic acid via a hydrolysis reaction. The side product of TEOS hydrolysis is ethanol (a concentration of 261 ppm is calculated). The Si stock solution was prepared by adding 5.9 g (6 ml) TEOS (Merck R ) to 20 l Milli-Q water (1.42 mmol/l Si).

Materials and Methods

Si source for adsorption experiments

To avoid formation of polysilicic acid the prepared starting solution was held below the solubility of amorphous silica. In addition, before using the starting solution we first analyzed the solution for the degree of polymerization of dissolved silicic acid and the presence of colloidal silica using the β-silicomolybdate method (for details see Appendix B and [START_REF] Iler | The chemistry of silica: solubility, polymerization, colloid and surface properties, and biochemistry[END_REF] and [START_REF] Dietzel | Dissolution of silicates and the stability of polysilicic acid[END_REF]). The amount of colloidal silica is determined by measuring the total Si concentration using ICP-OES minus the concentration of monosilicic acid determined by the β-silicomolybdate method. For all experiments both Si concentrations show that within the analytical precision of 5% no colloidal Si was present in the experiments. Furthermore, the reaction rate constant for the formation of the β-silicomolybdate complex can be used to evaluate the average polymerization degree of dissolved silicic acid. For the present stock solution a value of 2 min -1 was calculated, which clearly indicates the sole presence of monomeric silicic acid.

Adsorption experiments

Adsorption experiments were carried out following a method adapted from [START_REF] Dietzel | Adsorption and stability of polymeric silica[END_REF]. The experimental solutions were prepared from a TEOS stock solution. Three distinct adsorption experiments were performed with initial Si concentrations of 0.36, 0.71 and 1.42 mmol/l Si corresponding to concentrations of 10, 20 and 40 ppm, respectively. All experimental solutions were adjusted to 0.1 M NaCl by addition of NaCl (p.a. grade Merck R ).

Si concentrations were below the solubility limit of amorphous silica which is 1.93 mmol/l Si at 25 • C and pH <8 [START_REF] Gunnarsson | Amorphous silica solubility and the thermodynamic properties of H4SiO4 degrees in the range of 0 degrees to 350 degrees C at P-sat[END_REF], to prevent polymerization and precipitation of amorphous silica.

In each experimental run 30 g of gibbsite (γ-Al(OH) 3 ; p.a. grade Merck R ) with a given specific surface area of 1.18 m 2 /g (BET, N 2 -adsorption) was suspended in 1 l of the experimental solution containing Si in PE bottles.

The pH of 7.0 was adjusted and kept constant during the experiment by the addition of diluted HCl or NaOH solution (pH were measured with pH meter WTW 330 and pH electrode WTW SenTix 41, calibrated using pH 4.0 and 7.0 WTW standard buffer solutions). The variability of the pH values throughout the whole experimental runtime was ± 0.1 pH units. During the first 6 hours of the experiment, the gibbsite suspension was heavily agitated using a IKA RW 20 DZM stirrer at 500 rpm with a Teflon stirring staff. A parafilm cover prevented evaporation of the solution. Subsequently the closed PE bottles were placed in an overhead shaker. Experimental suspensions (15 ml) were sampled with a syringe and filtered (0.45 µm porosity, cellulose acetate) at several intervals; total maximum experimental run time was 1536 hours (64 days). The sampled solutions were split: 10 ml were used for ICP-OES analyses (Varian 720-ES) and Si isotope measurements (Thermo Scientific NEPTUNE). The remaining solutions of 5 ml were immediately analyzed by UV-Vis (UV-VIS 641 Cary 100, Varian).

Chemical separation and purification

Chemical separation of Si was done following the method from Georg et al. (2006b). The filtered solutions were loaded onto pre-cleaned columns (1.5 ml of BioRad DOWEX 50W-X8; 200-400 mesh) and Si was eluted with 5 ml Milli-Q water and stored in pre-cleaned centrifuge tubes. It was assured for all samples that the Si yield was >95%, which was checked by ICP-OES (Varian 720-ES).

Mass spectrometry

Silicon isotope composition was measured on a Thermo Neptune multi-collector inductively coupled mass spectrometer (MC-ICP-MS) equipped with an Hskimmer cone and the newly developed Thermo Scientific R Jet -interface in high-resolution mode (m/∆m > 5000). The purified sample solutions were introduced into the plasma via a desolvation unit for dry plasma conditions (Apex, ESI R , no N 2 addition, no further membrane desolvation) equipped with a 120 µl/min nebulizer.

We used Mg doping combined with standard-sample-bracketing to correct for mass bias during measurements by using an exponential mass bias law [START_REF] Cardinal | Isotopic composition of silicon measured by multicollector plasma source mass spec-trometry in dry plasma mode[END_REF]. A magnesium solution was added to samples and standards to yield a final concentration of 1 ppm Mg. Sample solutions were diluted to 1 ppm Si concentration in 0.1 M HCl, which typically resulted in an intensity of ∼15 V/ppm on 28 Si (using a 10 11 Ω resistor).

Measurements were conducted on the interference-free low-mass side of the three Si isotopes. The most critical interference, caused by 14 N 16 O on the least 4 times during a sequence; each sample or standard was measured in dynamic mode for 30 cycles with an integration time for each cycle of 4 s for Si as well as for Mg with an idle time of 3 s after magnet switching. Pure 0.1 M HCl solutions were measured before and after each standard-samplestandard block and were used for on-peak zero correction. Typical intensities of 28 Si in blank solutions were below 5 mV. We report Si isotope data relative to the standard reference material NBS28 (quartz sand) in the delta notation according to [START_REF] Coplen | Guidelines and recommended terms for expression of stable-isotope-ratio and gas-ratio measurement results[END_REF] as δ( 29/28 Si) NBS28 and δ( 30/28 Si) NBS28 expressed in per mill ( ) by multiplication of Equation 1 and 2 with a factor of 10 3 :

δ( 29/28 Si) NBS28 =    29 Si 28 Si sample 29 Si 28 Si NBS28 -1    (1) δ( 30/28 Si) NBS28 =    30 Si 28 Si sample 30 Si 28 Si NBS28 -1    (2) 
All reported errors on delta values are the 95% confidence interval (CI) calculated according to Eq.3 where δ( 30/28 Si) NBS28 is the mean of the measured delta values for the sample or standard (at least n=4), t n-1 is a critical value from tables of the Student s t-law and SE is the standard error of the mean.

CI = δ( 30/28 Si) NBS28 ± t n-1 × SE (3)
The well-defined Si isotope reference material BHVO-2g, a basalt standard (measured over a 12 months period of analysis ; including several individual chemical separations as well as several digestions procedures; δ( 30/28 Si) NBS28 = -0.27 ± 0.02; n=73), was usually measured as control standard during measured sequences.

Analytical tests

As it is mentioned in Section 2.1 the side product during monomeric silicic acid preparation using TEOS is ethanol. In a separate experiment using similar starting material [START_REF] Oelze | Determination of ratedependent isotope fractionation factors for silica precipitation in the presence of Al[END_REF] it has been tested whether the remaining ethanol in the prepared solutions induces analytical artifacts during the preparation and measurement of Si isotopes. Pairs of solutions and the formed solid counterparts were measured. Applying a mass balance approach showed that all fluid-solid pairs gave the isotopic composition of the starting solution. Hence no mass-spectrometric artifact was induced from the release of ethanol during preparation of Si-containing solutions using TEOS.

A known limitation of using the sample purification method of Georg et al. (2006b) is that anions present in the samples remain in the purified Si solutions. As the Si adsorption experiments were conducted in the presence of 0.1 M NaCl and further HCl has been used to adjust the pH, Cl -anions might have been present after purification and potentially might have caused matrix effects as their amounts are different between sample and bracketing standards. Therefore we tested whether different amounts of Cl -anions in sample and bracketing standard causes matrix effects by measuring a "Cl -doped" standard against "pure" bracketing standards. In the estimated range of different Cl -anion concentrations (difference between "doped" and "pure" of up to 20 %) no bias has been found.

Results

Si concentrations as well as δ( 29/28 Si) solution and δ( 30/28 Si) solution values are reported in the Appendix Table A.1.

Evolution of Si concentration

During the adsorption experiments, a continuous decrease in Si concentration with time is observed (Figure 1). In all experiments (0.36, 0. . Net adsorption rate dq/dt is calculated as the difference between the amount adsorbed in mmol dq = q n+1 -q n divided by the time elapsed in hours dt = t n+1 -t n .

Silicon isotopes

We report measured δ( 30/28 Si) solution solution values (measured relative to NBS28) throughout this section. All three adsorption experiments (with initial Si concentrations of 0.36, 0.71 and 1.42 mmol/l) display a similar evolution of their δ( 30/28 Si) solution values. With increasing experimental runtime or decreasing fraction of Si remaining in solution (f solution ), the dissolved Si becomes increasingly enriched in 30 Si, which results in higher δ( 30/28 Si) solution values (Figure 3). The largest changes in δ( 30/28 Si) solution are observable during the first 24 hours where also over 60% of the Si adsorption onto gibbsite takes place. After this initial period of rapid change in both Si concentration and δ( 30/28 Si) solution , the change in δ( 30/28 Si) solution is much slower. In fact in contrast to the continuously evolving Si concentrations δ( 30/28 Si) solution values are almost constant. Finally a maximum δ( 30/28 Si) solution value is reached where Si concentration and δ( 30/28 Si) solution remain virtually constant (see Appendix Table A.1). We only used the data of the first 24 hours to determine an apparent isotope fractionation factor α adsorbed/solution for each of the experiments. We define α adsorbed/solution (α adsorbed/solution = ( 30 Si/ 28 Si) adsorbed /( 30 Si/ 28 Si) solution ) as the isotope fractionation factor between adsorbed Si and dissolved Si remaining in solution. However, the composition of Si adsorbed onto gibbsite δ( 30/28 Si) adsorbed was calculated by mass balance, as the gibbsite remained in the experimental containers throughout the experiment. An "open-system "(Rayleigh mass balance) and a "closedsystem" mass balance approach were applied to the data [START_REF] Johnson | Overview and general concepts[END_REF]. An "open-system" mass balance approach assumes that the product (here adsorbed Si) does not remain in contact with the starting material (here dissolved Si) after formation. In this case the evolution of dissolved Si isotope composition is given by:

(1000 + δ( 30/28 Si) solution ) (1000 + δ( 30/28 Si) solution-initial = f

(α adsorbed/solution -1) solution (4)
In contrast, a "closed-system" approach assumes complete isotope exchange during removal of dissolved Si, leading to:

δ( 30/28 Si) solid = δ( 30/28 Si) solution-initial + 1000 * f * (α adsorbed/solution -1) (5)
As f solution did not extend to values lower than 0.6, our data does not allow to identify whether the experiments follow "open-system" or "closed-system" behavior. We return to this question in section 4.1. Here we apply both types of mass balance models to our data, and obtain a reasonable fit for each experiment. Three distinct isotope fractionation factors are obtained for both mass balance approaches (see Figure 3 and Table 1). mass balance approach (black lines; Eq. 4) and for the closed-system approach (gray lines; Eq. 5) are also shown (see 

Discussion

Si isotope fractionation during Si adsorption

During our adsorption experiments significant changes of Si concentration are associated with changes in the δ( 30/28 Si) solution values, where light isotopes are preferentially adsorbed onto the gibbsite surface. We further observe a higher Si isotope fractionation between adsorbed and dissolved Si the higher the initial Si concentration is.

We first explore whether isotope fractionation found between Si adsorbed onto solids and Si remaining in solution follows a "closed-system" behavior [START_REF] Johnson | Overview and general concepts[END_REF]. In our experiments the range of Si fractions remaining in solution (0.7 to 1.0) experienced does not allow one to distinguish the "closed" system behavior from the "open" system case. Therefore, the observed pattern is compatible with a "closed-system" behavior and hence continuous contact and exchange between solids and solution. Such re-equilibration has been shown to be characterized by equilibrium isotope fractionation in previous adsorption experiments [START_REF] Juillot | Zn isotopic fractionation caused by sorption on goethite and 2-Lines ferrihydrite[END_REF][START_REF] Wasylenki | Experimental investigation of the effects of temperatureand ionic strength on Mo isotope fractionation during adsorption to manganese oxides[END_REF][START_REF] Wasylenki | The molecular mechanism of Mo isotope fractionation during adsorption to birnessite[END_REF]. However, we can rule out equilibrium isotope fractionation as the adsorption rate is high from hours 0 to 400, which argues against attainment of chemical equilibrium -a prerequisite for isotopic equilibrium. Therefore we proceed to discuss our results in terms of the "open-system" behavior.

We next discuss the prevailing mechanism of adsorption of light isotopes onto the gibbsite surfaces. Any transport-induced isotope effect (e.g. isotope fractionation of Si through diffusion) can be ruled out, as the experimental solutions were constantly heavily stirred or shaken. Hence the occurrence of Si isotope fractionation in our experiments can be explained by the adsorption process being "reaction-limited" i.e. the fractionation depends on the kinetics of the adsorption reaction when an activation energy barrier E a during formation or breaking of bonds has to be overstepped. The Arrhenius equation demands that reactions of light isotopes are preferred over those of heavy isotopes [START_REF] Bigeleisen | Chemistry of Isotopes: Isotope chemistry has opened new areas of chemical physics, geochemistry, and molecular biology[END_REF]). Yet even this activation energy barrier model does not explain the dependence of α adsorbed/solution on the initial Si concentration. As also Si adsorption rates differ significantly between our experiments, we next evaluate how reaction kinetics might affect isotope fractionation.

Kinetics of Si adsorption

Adsorption reaction kinetics of Si onto gibbsite was often described as a firstorder reaction, at least for some parts of the reaction [START_REF] Hingston | The reaction between monosilicic acid and aluminium hydroxide. I. Kinetics of adsorption of silicic acid by aluminium hydroxide[END_REF][START_REF] Adu-Wusu | Kinetics of silicate reaction with gibbsite[END_REF][START_REF] Dietzel | Interaction of polysilicic and monosilicic acid with mineral surfaces[END_REF]. An attempt to explain the overall adsorption reaction with simple kinetic rate laws (first-order, secondorder or first-order forward and backward reaction, see Appendix C) fails.

The evolution of Si concentration follows a linear trend in a semi-log diagram (Figure 4) and therefore we apply the empirical equation:

[Si] = a × log(time) -b (6) 
In such a diagram the slope a is a coefficient describing the relative adsorption rate. For each adsorption experiment, the data describe a straight line but different slopes are obtained. This dependence can be interpreted to mean that distinct initial Si concentrations result in different Si adsorption rates.

The higher the initial Si concentration, the faster the adsorption (see Figure When for all three adsorption experiments the apparent Si isotope fractionation factor (derived for the first 24 hours from the open-system mass balance model; see Table 1) is plotted against the slope obtained from the empirical logarithmic relationship (Eq. 6) a strong linear relationship is obtained (see Figure 5). With increasing adsorption rate the determined fractionation factors decrease. Hence the Si isotope fractionation depends on adsorption rate. 1) vs. the slope derived from applying the empirical logarithmic relationship (Eq. 6)

The change of the isotope fractionation regime

Two explanations can be invoked to explain the rate dependence of isotope fractionation factors between the three experiments. Given that the isotopespecific energy barrier of a chemical pathway does not depend on adsorption rate, the first explanation is that reactions pathways differ between experiments. The second explanation is that a significant relative rate of a back reaction and the associated isotope fractionation affects the experiments, differs between the experiments. A framework that relates isotope fractionation to the ratio of backward to forward reaction rate has been developed by [START_REF] Depaolo | Surface kinetic model for isotopic and trace element fractionation during precipitation of calcite from aqueous solutions[END_REF]. This conceptual model is based on simple definitions of a forward reaction rate R f (formation of new phases; here Si adsorption onto gibbsite), a backward reaction rate R b (dissolution of newly formed phases; here Si desorption from gibbsite) and the net reaction rate

R p (R p = R f -R b ).
The forward and backward rates are associated with distinct kinetic isotope fractionation factors (α f and α b , respectively). An apparent fractionation factor α p arises from the R p /R b ratio (see Eq. 11 in DePaolo ( 2011)). The overall prediction is that if the net adsorption rate R p is much larger than the backward rate R b , the apparent isotope fractionation will be kinetically dominated (favoring light isotopes). By contrast if R p is much smaller than R b , the system reaches isotopic fractionation at equilibrium. While at intermediate regimes α p depends on the values of α f , α b and R p /R b . On the low and on the high end of the R p /R b axis (Figure 6) plateaus in α p emerge. We can evaluate whether the dependence of the fractionation factor on adsorption rate can be interpreted within this framework.

First, for a given experiment, net adsorption rates decrease abruptly over the first 24 hours, hence it is most likely that the R p /R b ratio changes. However, α 30/28 Si adsorbed/solution (α p in DePaolo (2011)'s terminology) remains constant. This means that the early stage of our experiments cannot be interpreted as being located at intermediate R p /R b values where α p is expected to be strongly dependent on adsorption rate (Figure 6). Second, as there is net adsorption during this early stage, the experiments cannot be interpreted as operating near chemical and isotopic equilibrium, hence they are likely not located on the low end of the R p /R b axis (Figure 6). Therefore, for the first 24 hours in each experiment, the constant α p value while R p /R b ratios change means that the experiments are located, on the "kinetic plateau".

There, at the high end of R p /R b values, α p ∼ α f . The difference between the apparent isotope fractionation factors then reflects different values of the kinetic isotope fractionation factors associated with the forward reaction.

We therefore conclude that the observed dependence of Si isotope fractionation on the initial Si concentration can only be explained within the DePaolo framework if α f values differ between the three experiments (Figure 6).

After 24 hours δ( 30/28 Si) solution and hence α 30/28 Si adsorbed/solution changes. We can interpret this second stage of the experiments within the DePaolo framework as only then R b increases at the cost of R f and hence α p departs from the kinetic plateau and evolves towards equilibrium. We can estimate the equilibrium isotope fractionation factor from the linear correlation of the overall net adsorption rate and the determined closed-system isotope fractionation factors (see Figure 5). Extrapolated to a zero net adsorption rate, an equilibrium isotope fractionation factor of α 30/28 Si adsorbed/solution =0.9997 (10 3 lnα 30/28 Si adsorbed/solution = -0.3 ) results.

That α f values depend on Si concentrations is an unexpected conclusion that warrants an explanation. At the early stage of this finding we can only speculate on its cause. We can exclude that our high-concentration experiments were limited in adsorption sites, such that the removal mechanism shifted from one of adsorption to one for example of precipitation (see section 3.1).

The most likely process is hence adsorption onto monolayers in all three experiments. It is conceivable that a shift in surface complexation occurs with increasing Si concentration and that different complexes differ by the strength of their adsorption site and are hence associated with different α f values [START_REF] Lemarchand | How surface complexes impact boron isotope fractionation: Evidence from Fe and Mn oxides sorption experiments[END_REF]. However, this assumption is not supported by surface complexation models which are able to reconcile the evolution of Si adsorption onto gibbsite using only one surface complex [START_REF] Karamalidis | Surface Complexation Modeling: Gibbsite[END_REF]. We note that the poor fit and the small amount of usable data of that study does not allow to fully rule out this explanation either.

A second possible explanation is the polymerization of silicic acid at the gibbsite surface and therefore the formation of Si-O-Si bonds that are probably associated with different isotope fractionation factors. [START_REF] Yokoyama | Polymerization of silicic acid adsorbed on aluminium hydroxide[END_REF] reported the polymerization of Si at the surface of Al-hydroxides but only for much higher concentrations of dissolved Si. However, in a precipitation experiment [START_REF] Oelze | Determination of ratedependent isotope fractionation factors for silica precipitation in the presence of Al[END_REF] observed a fractionation factor α p = 1 for polymerization of silicic acid. Therefore further studies on the exact adsorption process of Si onto Al-hydroxides are needed to resolves this issue. 2 and Table 1). The isotope fractionation factor at equilibrium is inferred from the linear correlation of the overall net adsorption rate and the closed-system isotope fractionation factors (see Figure 4). For a zero net adsorption rate the equilibrium isotope fractionation factor results to α eq = 0.9997

Si adsorption in natural systems

Si adsorption onto gibbsite (this study) and onto Fe-oxides [START_REF] Delstanche | Silicon isotopic fractionation during adsorption of aqueous monosilicic acid onto iron oxide[END_REF] both favor light Si isotopes while the remaining solution accumulates the heavy Si isotopes. [START_REF] Delstanche | Silicon isotopic fractionation during adsorption of aqueous monosilicic acid onto iron oxide[END_REF] computed fractionation factors for Si adsorption onto Fe-oxides (10 3 lnα 30/28 Si ferrihydite/solution = -1.05 and 10 3 lnα 30/28 Si goethite/solution = -1.56 ). These fractionation factors were shown to be independent of Si concentration [START_REF] Delstanche | Silicon isotopic fractionation during adsorption of aqueous monosilicic acid onto iron oxide[END_REF]. There are two ways to explain the contrasting behavior of Si isotope between these two series of experiments: (i) [START_REF] Delstanche | Silicon isotopic fractionation during adsorption of aqueous monosilicic acid onto iron oxide[END_REF] propose that the Si isotope fractionation during adsorption onto Fe-oxides is caused by the formation of a Fe oxide-monosilicate bi-dendate inner surface complex. The apparent isotope fractionation factor during Si adsorption is expected to depend in particular on the kinetics of the formation of this distinct surface complex. The formation rate of this surface complex might be independent of Si concentration and thus no dependence of Si concentration and isotope fractionation would be observed. (ii) We can also use the "DePaolo-Model" [START_REF] Depaolo | Surface kinetic model for isotopic and trace element fractionation during precipitation of calcite from aqueous solutions[END_REF] to explain this behavior. If we assume that the net adsorption rate is much higher than the backward rate, the resulting α p is firmly located within the kinetically dominated regime and is thus independent of small changes of R p /R b (see Figure 6). Both explanations are conceivable.

Comparison to adsorption of transition metals

The isotopic behavior of Si during adsorption differs fundamentally from that observed in studies of transition metals. The adsorption of molybdenum onto Mn-Oxide surfaces was shown to attain equilibrium within <10 hours [START_REF] Wasylenki | Experimental investigation of the effects of temperatureand ionic strength on Mo isotope fractionation during adsorption to manganese oxides[END_REF]. Adsorption of zinc onto ferryhydrite and goethite surfaces attained isotopic equilibrium after <20 hours [START_REF] Juillot | Zn isotopic fractionation caused by sorption on goethite and 2-Lines ferrihydrite[END_REF]. Adsorption of ferrous iron to surfaces of goethite, quartz, goethiteloaded quartz, and aluminium oxide resulted in attainment of equilibrium within <72 hours [START_REF] Mikutta | Iron isotope fractionation during Fe(II) sorption to mineral surfaces[END_REF]. Given such rapid equilibration time scales and the observed "closed-system" behavior, in natural environmental systems such transition metal results can be interpreted in terms of equilibrium isotope fractionation. The opposite is observed for silica. The strong kinetic isotope fractionation accompanying Si adsorption and its sluggish reequilibration, even after several months of experimental runtime, makes it likely that natural systems are dominated by kinetic isotope effects. This conclusion bears important implications for weathering systems that we explore in the next section.

Implications for silicate weathering environments

Many recent studies attribute the heavy Si isotopic signature of soil and stream water to the formation of secondary minerals containing the complementary reservoir of light Si isotopes [START_REF] Douthitt | The geochemistry of the stable isotopes of silicon[END_REF][START_REF] De La Rocha | A first look at the distribution of the stable isotopes of silicon in natural waters[END_REF][START_REF] Basile-Doelsch | Another continental pool in the terrestrial silicon cycle[END_REF]Ziegler et al., 2005a;[START_REF] Basile-Doelsch | Si stable isotopes in the Earth's surface: A review[END_REF]Georg et al., 2006a[START_REF] Georg | Stable silicon isotopes of groundwater, feldspars, and clay coatings in the Navajo Sandstone aquifer, Black Mesa, Arizona, USA[END_REF][START_REF] Opfergelt | Silicon isotopes in allophane as a proxy for mineral formation in volcanic soils[END_REF]. However, the formation of secondary silicate minerals is sufficiently slow so that equilibrium isotope fractionation can be expected [START_REF] Iler | The chemistry of silica: solubility, polymerization, colloid and surface properties, and biochemistry[END_REF][START_REF] Sposito | The Environmental Chemistry of Aluminum[END_REF]. The Si isotope fractionation factors inferred from ab initio calculations [START_REF] Méheut | Structural control over equilibrium silicon and oxygen isotopic fractionation: A first-principles density-functional theory study[END_REF] and experimental studies [START_REF] Oelze | Determination of ratedependent isotope fractionation factors for silica precipitation in the presence of Al[END_REF] show that 28 Si will not be preferentially incorporated into the clay fraction if dissolved Si and crystalline silicates are in isotopic equilibrium. How then can the enrichment of 28 Si in clays found in weathering systems be explained?

With increasing age and/or stage of silicate weathering the composition of secondary solids changes from one dominated by amorphous solids to one dominated by crystalline clay minerals [START_REF] Ziegler | Halloysite as a kinetically controlled end product of arid-zone basalt weathering[END_REF][START_REF] Joussein | Halloysite clay minerals-a review[END_REF]. For instance, a known transformation path is the reaction of plagioclase to amorphous alumosilicates such as allophane, subsequently e.g. to halloysite, and finally to clay minerals such as kaolinite. It is indeed more likely that kaolinite is formed via thermodynamically less stable phases which act as precursor such as allophane and halloysite [START_REF] Steefel | A new kinetic approach to modeling water-rock interaction: The role of nucleation, precursors, and Ostwald ripening[END_REF].

In any case, the first step is the release of Al and Si from primary minerals such as plagioclase. At pH values between 5 and 7 and at the low dissolved organic carbon concentrations typically prevailing in soils or in interstitial solutions, the solubility of Al(OH) 3 is extremely low [START_REF] Sposito | The Environmental Chemistry of Aluminum[END_REF].

Accordingly, Al precipitates as amorphous Al(OH) 3 or as crystalline solids such as gibbsite. The affinity of Si to adsorb onto these precipitated Alhydroxides is high [START_REF] Hingston | The reaction between monosilicic acid and aluminium hydroxide. I. Kinetics of adsorption of silicic acid by aluminium hydroxide[END_REF][START_REF] Adu-Wusu | Kinetics of silicate reaction with gibbsite[END_REF][START_REF] Dietzel | Interaction of polysilicic and monosilicic acid with mineral surfaces[END_REF]. As we have shown in this study, Si adsorption onto Alhydroxides is associated with rather strong Si isotope fractionation, favoring light Si isotopes adsorbed onto the solid surface. In the next step, amorphous alumosilicates like siliceous gels or colloids such as hydroxyaluminosilicate (HAS) are formed. Accordingly, [START_REF] Strekopytov | Further insight into the mechanism of formation of hydroxyaluminosilicates[END_REF] suggested that, for HAS formation, the reaction of Si with Al-hydroxides is a prerequisite. Such amorphous Al-Si phases can be re-arranged to structures with higher degrees of order, similar to allophane or imogolite [START_REF] Sposito | The Environmental Chemistry of Aluminum[END_REF][START_REF] Doucet | Direct and indirect identification of the formation of hydroxyaluminosilicates in acidic solutions[END_REF]. If the transformation from amorphous Al-Si phases without any short range order to phases with distinct short range order like HAS or allophane takes place without substantial exchange of Si, the Si isotope signature of HAS/allophane will be inherited from the initial fast adsorption process of Si. With ongoing weathering, the halloysite content in the soil decreases, whereas the kaolinite content increases [START_REF] Papoulis | Progressive stages in the formation of kaolin minerals of different morphologies in the weathering of plagioclase[END_REF]. As halloysite has the same structure and chemical compositions as kaolinite except for the higher water content in halloysite [START_REF] Joussein | Halloysite clay minerals-a review[END_REF], we can assume that during the transformation of halloysite to kaolinite no shift in Si isotope composition occurs, as Si will be neither lost nor added. Therefore, we suggest that the Si isotopic signature of crystalline clay minerals, such as kaolinite, is inherited from the kinetically-dominated process occurring during adsorption of Si onto a previously formed amorphous Al-hydroxide.

Our model of inherited isotope signals has important implications for interpreting element cycles in the different weathering regimes observed at the Earth surface. In the kinetically limited weathering regime (where supply into and erosion from the weathering zone is so fast that not all primary minerals are dissolved [START_REF] West | Tectonic and climatic controls on silicate weathering[END_REF][START_REF] Ferrier | Effects of physical erosion on chemical denudation rates: A numerical modeling study of soil-mantled hillslopes[END_REF][START_REF] Dixon | Chemical weathering response to tectonic forcing: A soils perspective from the San Gabriel Mountains, California[END_REF] and solutions are at equilibrium concentrations [START_REF] Maher | The role of fluid residence time and topographic scales in determining chemical fluxes from landscapes[END_REF]), the Si isotopic signature of soil or stream water will inevitably show heavy Si isotopic values, as in such regimes only fast processes like adsorption of Si occur and no light Si will be released from secondary minerals due to their short residence time in the weathering zone. In the supply-limited weathering regime (where supply and erosion of primary minerals is so slow that most primary minerals are exhausted [START_REF] West | Tectonic and climatic controls on silicate weathering[END_REF][START_REF] Ferrier | Effects of physical erosion on chemical denudation rates: A numerical modeling study of soil-mantled hillslopes[END_REF][START_REF] Dixon | Chemical weathering response to tectonic forcing: A soils perspective from the San Gabriel Mountains, California[END_REF] and solutions are diluted with respect to equilib-rium concentrations [START_REF] Maher | The role of fluid residence time and topographic scales in determining chemical fluxes from landscapes[END_REF]), the Si isotopic signature of the soil or stream water will be characterized by the degree of weathering, ranging from heavy Si isotopic signatures, where kinetically dominated Si adsorption is the major process, to light Si isotopic signatures where the system is governed by dissolution of clay minerals. This has been already shown for tropical supply-limited settings in the black-water rivers of the Amazon and Congo basin [START_REF] Cardinal | Contrasting silicon isotope signatures in rivers from the Congo Basin and the specific behaviour of organic-rich waters[END_REF][START_REF] Hughes | The riverine silicon isotope composition of the Amazon Basin[END_REF]. Where erosion rates of secondary minerals are low, it is also conceivable that adsorption of Si and dissolution of secondary minerals are balanced out which results then in an isotopic signature of soil and stream water indistinguishable from the parent material. The dissolution of previously formed secondary precipitates dominates and these minerals release their inherited light Si [START_REF] Bouchez | Modeling novel stable isotope ratios in the weathering zone[END_REF]. Such temporal evolution has been observed from chronosequences in Hawaii (Ziegler et al., 2005a). These authors measured the isotopic signature of the soil solutions and observed an enrichment of heavy Si in solution with increasing age of the soil. In analogy, [START_REF] Opfergelt | Silicon isotopes in allophane as a proxy for mineral formation in volcanic soils[END_REF] clearly showed from allophane sequences in volcanic soils that the more weathered the soil, the older the allophane and the lighter the Si isotope signature is.

Summary

The adsorption of monomeric silicic acid onto gibbsite is accompanied by Our findings have major relevance for explaining Si isotope systematics during silicate weathering. We hypothesize that the light Si isotopes signatures commonly found in secondary siliceous minerals and amorphous solids are obtained from adsorption of Si onto Al-hydroxides during the early stages of weathering. When these amorphous phases slowly age to ordered structures and clay minerals, the low isotope ratio is passed on from the amorphous precursors. The light isotope composition found in clays is therefore inherited from the early stages of primary mineral decomposition.
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Figure 1 :Figure 2 :

 12 Figure 1: Evolution of Si concentration (panels a, c and e) and δ( 30/28 Si) solution (panels b, d and f) of the solution with time during adsorption experiments (30 g/l of gibbsite, pH 7.0). Squares, crosses and circles depict experiment with an initial Si concentration of 0.36, 0.71 and 1.42 mmol/l , respectively. Insets in panels b, d and f show the same isotopic datasets plotted vs. log time in hours.

Figure 3 :

 3 Figure 3: The left panels (a, c and e) show the δ( 30/28 Si) solution evolution of the measured solution and the corresponding calculated δ( 30/28 Si) adsorbed of the solid in the adsorption experiments, as a function of the fraction of Si remaining in solution (f solution ). The open diamonds in the right panels (b, d and f), show the isotopic difference ∆( 30/28 Si) solid-solution between solid and solution as a function of the fraction of Si remaining in solution (f solution ). In the left panels, squares, crosses and circles depict experiments with initial Si concentrations of 0.36, 0.71 and 1.42 mmol/l, respectively. The triangles depict δ( 30/28 Si) adsorbed calculated for the corresponding Si adsorbed onto solids for each individual experiment. Regression lines for the experimental data (first 24 hours) fitted according to the open-system
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Figure 4 :

 4 Figure 4: Si concentration vs. time (on log scale), where the slopes denotes the overall adsorption rate (Eq. 6) Squares depict the experiment with an initial Si concentration of 0.36 mmol/l, crosses depict experiment with 0.71 mmol/l and circles the experiment with 1.42 mmol/l initial Si concentration. Adsorption experiments with high initial Si concentration show steeper slopes than lower Si initial concentration experiments, which means the higher the Si initial concentration the higher the adsorption rate.

Figure 5 :

 5 Figure 5: Fractionation factors as 10 3 ln(α adsorbed/solution ) deduced from applying an open-system mass balance to the first 24 hours of the individual adsorption experiments (Table1) vs. the slope derived from applying the empirical logarithmic

Figure 6 :

 6 Figure 6: Model curve of α p vs. R p /R b using the "DePaolo-Model" (black lines) as a function of R p /R b . The α f values for different initial Si concentrations were deduced from the calculated closed-system isotope fractionation factor for the first 24 hours of the individual experiments (see Figure2and Table1). The isotope

a

  significant kinetic Si isotope fractionation. In all adsorption experiments, light Si isotopes are preferentially adsorbed. By applying a closed-system mass balance model we calculate Si isotope fractionation factors that are dependent on the initial Si concentration. High initial Si concentrations result in a strong kinetic Si isotope fractionation during adsorption. This initial kinetic signature does begin to re-equilibrate only after ca. 2 months. With this sluggish behavior Si behaves fundamentally different from transition metals (e.g. Fe, Mo, Zn) that equilibrate isotopically within hours. Application of the mass balance model of DePaolo (2011) requires the assumption of different isotope fractionation factors (α f ) associated with the forward reaction at different initial Si concentrations, rather than changes in forward to backward reaction rate. A minor shift in isotope ratios after 24 hours of Si adsorption is explained by a change in the isotope fractionation regime from kinetically dominated to dominated by equilibrium isotope fractionation. This behavior is compatible with a change from high net adsorption rates to low net adsorption rates (almost constant Si concentration at the end of experiments).

Figure B. 1 :

 1 Figure B.1: Evolution of the β-silicomolybdato complex formation by the reaction of molybdate and dissolved monomeric silicic acid. t: reaction time of the measurement. X r : molar fraction of total dissolved monomeric silicic acid that has reacted to the silicomolybdato complex (see[START_REF] Dietzel | Dissolution of silicates and the stability of polysilicic acid[END_REF] for details). M: monosilicic acid stock solution. P: solution containing both monosilicic (86%) and polysilicic acid (14%) (soil solution from[START_REF] Wonisch | Occurrence of polymerized silicic acid and aluminum species in two forest soil solutions with different acidity[END_REF]). Polysilicic acid was not detected in our experimental solutions (evolution according to curve M).

Table 1 :

 1 Resulting α 30/28 Si adsorbed/solution and 10 3 lnα 30/28 Si adsorbed/solution values using adsorption data of the first 24 hours. To determine isotope fraction factors an open-system and a closed-system mass balance model has been applied to the

	"open-system" mass balance		
	Experiment	α 30/28 Si	10 3 lnα 30/28 Si RMSD
	0.36 mmol/l Si initial	0.998222± 0.000050 -1.779± 0.050 0.022
	0.71 mmol/l Si initial	0.997669± 0.000088 -2.334± 0.088 0.030
	1.42 mmol/l Si initial	0.996986± 0.000102 -3.019± 0.102 0.023
	"closed-system" mass balance		
	Experiment	α 30/28 Si	10 3 lnα 30/28 Si RMSD
	0.36 mmol/l Si initial	0.998071± 0.000060 -1.931± 0.060 0.025
	0.71 mmol/l Si initial	0.997516± 0.000100 -2.487± 0.100 0.033
	1.42 mmol/l Si initial	0.996827± 0.000103 -3.178± 0.103 0.022
		14	

experimental data. To fit the data we used the nlme-package

[START_REF] Pinheiro | nlme: Linear and Nonlinear Mixed Effects Models[END_REF] 

in R (R Core Team, 2014). We report the calculated standard error (SE) of α 30/28 Si and the standard error of the residuals (RMSD) calculated for each experiment.

Table A .

 A 1: Adsorption experiments; Si concentration ([Si]) (the relative uncertainty has been estimated by the long term reproducibility to 5%); and δ( 29/28 Si) N BS28 and δ( 30/28 Si) N BS28 solution values as well as 95% confidence interval (CI) of the delta values; sample names: (pH) (sampling time [h]) (Si-start-conc [mmol/l])

	name	[Si]	δ( 29/28 Si) N BS28	CI	δ( 30/28 Si) N BS28	CI
	0.08 0.71 0.707± 0.035	0.014	0.024	0.052	0.061
	0.17 0.71 0.692± 0.035	0.070	0.033	0.123	0.038
	0.25 0.71 0.689± 0.034	0.048	0.031	0.113	0.025
	0.5 0.71	0.684± 0.034	0.075	0.007	0.135	0.088
	0.75 0.71 0.675± 0.034	0.053	0.047	0.110	0.062
	name 1 0.71	[Si] 0.668± 0.033	δ( 29/28 Si) N BS28 0.069	CI 0.026	δ( 30/28 Si) N BS28 0.131	CI 0.073
	2 0.71	[mmol/l] 0.664± 0.033	[ ] 0.082	[ ] 0.040	[ ] 0.219	[ ] 0.072
	7 start 0.36 0.372± 0.019 6 0.71 0.642± 0.032	-0.038 0.119	0.057 0.032	-0.078 0.281	0.106 0.025
	7 0.02 0.36 0.349± 0.017 24 0.71 0.622± 0.031	0.031 0.210	0.040 0.041	0.073 0.377	0.048 0.094
	7 0.08 0.36 0.339± 0.017 96 0.71 0.602± 0.030	0.016 0.221	0.034 0.024	0.057 0.430	0.074 0.063
	7 0.17 0.36 0.334± 0.017 192 0.71 0.588± 0.029	0.052 0.242	0.044 0.064	0.083 0.459	0.080 0.036
	7 0.25 0.36 0.332± 0.017 384 0.71 0.567± 0.028	0.058 0.264	0.068 0.062	0.114 0.486	0.102 0.088
	7 0.42 0.36 0.330± 0.016 1464 0.71 0.549± 0.027	0.082 0.275	0.049 0.037	0.148 0.535	0.063 0.091
	7 0.75 0.36 0.325± 0.016 start 1.42 1.468± 0.073	0.071 -0.054	0.072 0.072	0.173 -0.077	0.016 0.154
	7 1 0.36 0.02 1.42 1.368± 0.068 0.329± 0.016	0.077 0.049	0.045 0.077	0.156 0.125	0.076 0.165
	7 2 0.36 0.5 1.42	0.321± 0.016 1.364± 0.068	0.080 0.046	0.018 0.057	0.168 0.137	0.046 0.109
	7 6 0.36 1 1.42	0.309± 0.015 1.359± 0.068	0.108 0.076	0.026 0.024	0.236 0.195	0.017 0.068
	7 24 0.36 2 1.42	0.294± 0.015 1.351± 0.068	0.206 0.104	0.052 0.071	0.363 0.153	0.066 0.078
	7 96 0.36 6 1.42	0.274± 0.014 1.324± 0.066	0.218 0.107	0.092 0.103	0.430 0.256	0.123 0.070
	7 192 0.36 24 1.42	0.268± 0.013 1.283± 0.064	0.249 0.183	0.040 0.062	0.462 0.307	0.057 0.116
	7 384 0.36 96 1.42	0.259± 0.013 1.263± 0.063	0.215 0.174	0.041 0.121	0.442 0.352	0.142 0.108
	7 768 0.36 192 1.42	0.253± 0.013 1.248± 0.062	0.248 0.166	0.057 0.065	0.531 0.445	0.096 0.173
	7 1536 0.36 0.246± 0.012 384 1.42 1.220± 0.061	0.256 0.247	0.032 0.053	0.490 0.451	0.064 0.099
	7 start 0.71 0.746± 0.037	-0.038	0.057	-0.078	0.106
	7 0.02 0.71 0.695± 0.035	0.023	0.014	0.042	0.063
					Continued. . .

Si signal, is usually below 5V which is resolvable from the 30 Si signal in the high-resolution mode used. Each sample and standard was measured at

Appendix B. Determination of monosilicic acid using β-silicomolybdate method Using the β-silicomolybdate method (described in detail by [START_REF] Iler | Colloidal Components in Solutions of Sodium Silicate[END_REF] and [START_REF] Dietzel | Dissolution of silicates and the stability of polysilicic acid[END_REF]) we verified that the Si stock solution contains only monomeric silicic acid. This method is based on the reaction of molybdate with dissolved monomeric silicic acid to a yellow colored β-silicomolybdate aquocomplex, whose evolution is detected at 390 nm by spectrometry for 20 min (UV-VIS Cary 100, Varian). The reaction rate constant, k, for the unidirectional reaction of molybdate with dissolved monomeric silicic acid obtained by fitting a second-order reaction is 2.1 ±0.2 min -1 for the prepared solution. This measured range of k values clearly indicates that only monomeric silicic acid, Si(OH) 4 , is present in solution as polymeric silicic acid induces k values of 0.03 min -1 for dimeric and octameric silicic acid and for silica colloids with about 40 silicon atoms in its structure, respectively (e.g. [START_REF] Iler | Colloidal Components in Solutions of Sodium Silicate[END_REF]).

Appendix C. Chemical kinetic rate laws applied to Si adsorption on gibbsite

In an attempt to explain the evolution of Si concentration with time we tried to apply well-known chemical rates laws to our data. Here we show that first-order, second-order and first-order forward-backward reaction rate laws are not able to explain the data.

Reactions that follow first-order kinetics are only dependent on the concentration change of one reactant (A).

The integrated form of this equation is:

If the reaction follows first-order rate kinetics a plot of ln If the adsorption reaction follows a second-order rate law of the form:

of which the integrated form is: The third attempt was to describe the adsorption kinetics of Si onto gibbsite as a forward-backward reaction (adsorption-desorption reaction). We assume that the individual reactions (forward and backward, respectively) following a first-order rate law. Further we assume that at the beginning of the experiment no Si is adsorbed onto gibbsite. In such case the reaction rate would be:

Where k f and k b are the reaction rate constants for the forward (adsorption)

and backward (desorption) reactions, respectively. The integrated form of this equation is:

If the adsorption of Si onto gibbsite followed Eq. C.6, then all data should fall along a straight line with a slope of (k

vs. experimental runtime t. But figure C.3 shows that this assumption is not true for the adsorption of Si into gibbsite.