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1. 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 (Sposito,
1996), 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 iso-
topes have been increasingly used to trace weathering processes.
One major finding of these Si isotope studies is the relative enrich-
ment 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, 2007; Opfergelt et al.,
2009; Bern et al., 2010; Opfergelt et al., 2011). 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 ad-
sorption of Si onto gibbsite at three different initial Si concentrations.
We explain the resulting dependence of the Si isotope fractionation fac-
tor on adsorption rate within the conceptual mass balance framework
of DePaolo (2011).
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2. Materials and methods

2.1. Si source for adsorption experiments

Dietzel (1993, 2002) showed that only monomeric silicic acid
(H4SiO4) is formed when tetraethylorthosilicate (TEOS; (C2H5O)4Si) 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 nei-
ther associated cations nor minor elemental amounts (released during
the dissolution of silicates (e.g. Na2SiO3) or from alkaline standard solu-
tions (SiO2 in 2% NaOH)) are present in the solution,which then have to
be removed to obtain pure silicic acid for experiments. Further mono-
meric 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®) to 20 l Milli-Q
water (1.42 mmol/l Si).

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
Online Supplement B and Iler (1979) and Dietzel (2000)). The amount
of colloidal silica is determined by measuring the total Si concentra-
tion using ICP-OES minus the concentration of monosilicic acid deter-
mined 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 cal-
culated, which clearly indicates the sole presence of monomeric silicic
acid.

2.2. Adsorption experiments

Adsorption experiments were carried out following a method
adapted from Dietzel and Böhme (1997). 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®). Si concentra-
tions were below the solubility limit of amorphous silica which is
1.93 mmol/l Si at 25 °C and pH b 8 (Gunnarsson and Arnorsson,
2000), to prevent polymerization and precipitation of amorphous
silica.

In each experimental run 30 g of gibbsite (γ-Al(OH)3; p.a. grade
Merck®) with a given specific surface area of 1.18 m2/g (BET, N2-
adsorption) was suspended in 1 l of the experimental solution contain-
ing Si in PE bottles. The pH of 7.0was 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 thewhole exper-
imental runtime was ± 0.1 pH units. During the first 6 h of the experi-
ment, 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 bot-
tles were placed in an overhead shaker. Experimental suspensions
(15ml)were sampledwith a syringe and filtered (0.45 μmporosity, cel-
lulose acetate) at several intervals; total maximum experimental run
time was 1536 h (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).

2.3. Chemical separation and purification

Chemical separation of Si was done following themethod from Georg
et al. (2006b). The filtered solutions were loaded onto pre-cleaned col-
umns (1.5 ml of BioRad DOWEX 50 W-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 N95%, which
was checked by ICP-OES (Varian 720-ES).

2.4. Mass spectrometry

Silicon isotope composition was measured on a Thermo Neptune
multi-collector inductively coupled mass spectrometer (MC-ICP-MS)
equipped with an H-skimmer cone and the newly developed Thermo
Scientific® Jet-interface in high-resolution mode (m/Δm N 5000). The
purified sample solutions were introduced into the plasma via a
desolvation unit for dry plasma conditions (Apex, ESI®, no N2 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 (Cardinal et al., 2003). 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
28Si (using a 1011 Ω resistor).

Measurements were conducted on the interference-free low-mass
side of the three Si isotopes. The most critical interference, caused by
14N16O on the 30Si signal, is usually below 5 V which is resolvable
from the 30Si signal in the high-resolution mode used. Each sample
and standard was measured at 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 aftermagnet switching. Pure 0.1MHCl solutions
were measured before and after each standard–sample–standard block
and were used for on-peak zero correction. Typical intensities of 28Si in
blank solutions were below 5 mV. We report Si isotope data relative to
the standard reference material NBS28 (quartz sand) in the delta nota-
tion according to Coplen (2011) as δ(29/28Si)NBS28 and δ(30/28Si)NBS28
expressed in per mill (‰) by multiplication of Eqs. (1) and (2) with a
factor of 103:

δ 29=28Si
� �

NBS28
¼

29Si
28Si

� �
sample

29Si
28Si

� �
NBS28

−1

0
BBB@

1
CCCA ð1Þ

δ 30=28Si
� �

NBS28
¼

30Si
28Si

� �
sample

30Si
28Si

� �
NBS28

−1

0
BBB@

1
CCCA: ð2Þ

All reported errors on delta values are the 95% confidence interval (CI)

calculated according to Eq. (3) where δ 30=28Sið ÞNBS28 is the mean of the
measured delta values for the sample or standard (at least n = 4), tn − 1

is a critical value from tables of the Student's t-law and SE is the standard
error of the mean.

CI ¼ δ 30=28Si
� �

NBS28 � tn−1 � SE ð3Þ
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The well-defined Si isotope reference material BHVO-2 g, a basalt
standard (measured over a 12 months period of analysis ; including
several individual chemical separations as well as several digestions
procedures; δ(30/28Si)NBS28=−0.27± 0.02; n=73), was usuallymea-
sured as control standard during measured sequences.
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Fig. 1. Evolution of Si concentration (panels a, c and e) and δ(30/28Si)solution (panels b, d and f) of
crosses and circles depict experiment with an initial Si concentration of 0.36, 0.71 and 1.42 mm
time in hours.
2.5. Analytical tests

As it is mentioned in Section 2.1 the side product duringmonomeric
silicic acid preparation using TEOS is ethanol. In a separate experiment
using similar starting material (Oelze et al., unpublished) it has been
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testedwhether the remaining ethanol in the prepared solutions induces
analytical artifacts during the preparation and measurement of Si iso-
topes. Pairs of solutions and the formed solid counterparts were mea-
sured. 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 con-
ducted 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 test-
ed 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.

3. Results

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

3.1. Evolution of Si concentration

During the adsorption experiments, a continuous decrease in Si con-
centration with time is observed (Fig. 1). In all experiments (0.36, 0.71
and 1.42 mmol/l Si starting concentration) the major change of Si
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Fig. 2. The net adsorption rate vs. time in a semi-log diagram (inset log-log scale). Net adsorption
1 − qn divided by the time elapsed in hours dt = tn + 1 − tn.
concentration occurs during the first 50 h, and subsequently the chang-
es slow down continuously. Over 60% of the total adsorption takes place
during the first 24 h. Si adsorption rates (Fig. 2) at the beginning of the
experiments differ strongly between the conducted experiments. Ad-
sorption rates for experiments with an initial Si concentration of
1.42 mmol/l are up to four times higher compared to solutions with
an initial concentration of 0.36 mmol/l Si; the 0.71 mmol/l Si solution
experiment yields intermediate adsorption rates. Using estimates
from Karamalidis and Dzombak (2011) of 8–8.8 adsorption surface
sites/nm2 on gibbsite and the measured BET surface area of 1.18 m2/g
a maximum possible amount of adsorbed Si of 440–484 μg/g
(470–520 μmol Si total) can be calculated. As the maximum Si amounts
adsorbed (defined by the equilibrium constant of the adsorption
reaction) were ca. 130, 200, and 250 μmol for the 0.36, 0.71, and
1.42 mmol/l experiment, respectively, in all adsorption experiments
an excess of free adsorption surface sites was still available at the end
of the experiments.

3.2. Silicon isotopes

We report measured δ(30/28Si)solution solution values (measured rela-
tive 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(30/28Si)solution values. With increasing
experimental runtime or decreasing fraction of Si remaining in solution
(fsolution), the dissolved Si becomes increasingly enriched in 30Si, which
results in higher δ(30/28Si)solution values (Fig. 3). The largest changes in
δ(30/28Si)solution are observable during the first 24 h 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(30/28Si)solution, the change
10 100 1000
e [h]

6 mmol/l Si initial
1 mmol/l Si initial
2 mmol/l Si initial

0.01 0.1 1 10 100 1000

rate dq/dt is calculated as the difference between the amount adsorbed inmmol dq= qn+
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Fig. 3. The left panels (a, c and e) show the δ(30/28Si)solution evolution of themeasured solution and the corresponding calculated δ(30/28Si)adsorbed of the solid in the adsorption experiments,
as a function of the fraction of Si remaining in solution (fsolution). The open diamonds in the right panels (b, d and f), show the isotopic difference Δ(30/28Si)solid − solution between solid and
solution as a function of the fraction of Si remaining in solution (fsolution). 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(30/28Si)adsorbed calculated for the corresponding Si adsorbed onto solids for each individual experiment. Regression lines for the experi-
mental data (first 24 h) fitted according to the open-system mass balance approach (black lines; Eq. (4)) and for the closed-system approach (gray lines; Eq. (5)) are also shown
(see Table 1 for obtained fractionation factors; error bars are smaller than symbol size).
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in δ(30/28Si)solution is much slower. In fact in contrast to the continuously
evolving Si concentrations δ(30/28Si)solution values are almost constant.
Finally a maximum δ(30/28Si)solution value is reached where Si
concentration and δ(30/28Si)solution remain virtually constant (see Online
Supplement Table A.1). We only used the data of the first 24 h to deter-
mine an apparent isotope fractionation factor αadsorbed/solution for each of



Table 1
Resulting α30/28Siadsorbed/solution and 103 ln α30/28Siadsorbed/solution values using adsorption
data of the first 24 h. To determine isotope fraction factors an open-system and a
closed-system mass balance model has been applied to the experimental data. To fit the
datawe used the nlme-package (Pinheiro et al., 2014) inR (R Core Team, 2014).We report
the calculated standard error (SE) of α30/28Si and the standard error of the residuals
(RMSD) calculated for each experiment.

Experiment α30/28Si 103 ln α30/28Si RMSD

“Open-system” mass balance
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
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
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the experiments. We define αadsorbed/solution (αadsorbed/solution = (30Si/
28Si)adsorbed/(30Si/28Si)solution) as the isotope fractionation factor between
adsorbed Si and dissolved Si remaining in solution. However, the
composition of Si adsorbed onto gibbsite δ(30/28Si)adsorbedwas calculated
by mass balance, as the gibbsite remained in the experimental con-
tainers throughout the experiment. An “open-system ” (Rayleigh mass
balance) and a “closed-system” mass balance approach were applied
to the data (Johnson et al., 2004). An “open-system” mass balance
approach assumes that the product (here adsorbed Si) does not
remain in contactwith the startingmaterial (here dissolved Si) after for-
mation. In this case the evolution of dissolved Si isotope composition is
given by:

1000þ δ 30=28Si
� �

solution

� �
1000þ δ 30=28Si

� �
solution−initial

� � ¼ f
αadsorbed=solution−1ð Þ

solution : ð4Þ
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Fig. 4. Si concentration vs. time (on log scale), where the slopes denotes the overall adsorption r
crosses depict experimentwith 0.71 mmol/l and circles the experiment with 1.42 mmol/l initia
slopes than lower Si initial concentration experiments, which means the higher the Si initial co
In contrast, a “closed-system” approach assumes complete isotope
exchange during removal of dissolved Si, leading to:

δ 30=28Si
� �

solid
¼ δ 30=28Si

� �
solution−initial

þ 1000 � f � αadsorbed=solution−1
� �

:

ð5Þ

As fsolution did not extend to values lower than 0.6, our data does not
allow one 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 ob-
tain a reasonable fit for each experiment. Three distinct isotope fraction-
ation factors are obtained for both mass balance approaches (see Fig. 3
and Table 1).

4. Discussion

4.1. Si isotope fractionation during Si adsorption

During our adsorption experiments significant changes of Si concen-
tration are associatedwith changes in the δ(30/28Si)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-sys-
tem” behavior (Johnson et al., 2004). 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 charac-
terized by equilibrium isotope fractionation in previous adsorption ex-
periments (Juillot et al., 2008; Wasylenki et al., 2008, 2011). However,
we can rule out equilibrium isotope fractionation as the adsorption
rate is high from hours 0 to 400, which argues against attainment
1 10 100 1000

ime [h]

[Si] 1.42 mmol/l initial
[Si] 0.71 mmol/l initial
[Si] 0.36 mmol/l initial

ate (Eq. (6)) Squares depict the experiment with an initial Si concentration of 0.36 mmol/l,
l Si concentration. Adsorption experiments with high initial Si concentration show steeper
ncentration the higher the adsorption rate.
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of chemical equilibrium— a prerequisite for isotopic equilibrium. There-
fore we proceed to discuss our results in terms of the “open-system”

behavior.
We next discuss the prevailingmechanism of adsorption of light iso-

topes 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 Ea during formation or breaking of
bonds has to be overstepped. The Arrhenius equation demands that re-
actions of light isotopes are preferred over those of heavy isotopes
(Bigeleisen, 1965). Yet even this activation energy barrier model does
not explain the dependence of αadsorbed/solution on the initial Si concen-
tration. As also Si adsorption rates differ significantly between our ex-
periments, we next evaluate how reaction kinetics might affect
isotope fractionation.

4.2. Kinetics of Si adsorption

Adsorption reaction kinetics of Si onto gibbsite was often described
as a first-order reaction, at least for some parts of the reaction
(Hingston and Raupach, 1967; Adu-Wusu and Wilcox, 1991; Dietzel,
2002). An attempt to explain the overall adsorption reaction with sim-
ple kinetic rate laws (first-order, second-order or first-order forward
and backward reaction, see Online Supplement C) fails. The evolution
of Si concentration follows a linear trend in a semi-log diagram
(Fig. 4) and therefore we apply the empirical equation:

Si½ � ¼ a� log timeð Þ−b: ð6Þ

In such a diagram the slope a is a coefficient describing the relative
adsorption rate. For each adsorption experiment, the data describe a
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Fig. 5. Fractionation factors as 103ln (αadsorbed/solution) deduced from applying an open-systemm
derived from applying the empirical logarithmic relationship (Eq. (6)).
straight line but different slopes are obtained. This dependence can be
interpreted to mean that distinct initial Si concentrations result in dif-
ferent Si adsorption rates. The higher the initial Si concentration, the
faster the adsorption (see Fig. 4).

When for all three adsorption experiments the apparent Si isotope
fractionation factor (derived for the first 24 h 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 re-
lationship is obtained (see Fig. 5). With increasing adsorption rate the
determined fractionation factors decrease. Hence the Si isotope frac-
tionation depends on adsorption rate.

4.3. 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 isotope-specific energy barrier of a chemical pathway does not
depend on adsorption rate, the first explanation is that reactions path-
ways differ between experiments. The second explanation is that a sig-
nificant 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 DePaolo (2011). This
conceptual model is based on simple definitions of a forward reaction
rate Rf (formation of new phases; here Si adsorption onto gibbsite), a
backward reaction rate Rb (dissolution of newly formed phases; here Si
desorption from gibbsite) and the net reaction rate Rp (Rp = Rf − Rb).
The forward and backward rates are associated with distinct kinetic iso-
tope fractionation factors (αf and αb, respectively). An apparent fraction-
ation factor αp arises from the Rp/Rb ratio (see Eq. 11 in DePaolo, 2011).
The overall prediction is that if the net adsorption rate Rp is much larger
than the backward rate Rb, the apparent isotope fractionation will be ki-
netically dominated (favoring light isotopes). By contrast if Rp is much
smaller than Rb, the system reaches isotopic fractionation at equilibrium.
-0.06-0.05-0.040.03
mmol/l)/h]

ol/l Si initial

0.71 mmol/l Si initial

1.42 mmol/l Si initial

ass balance to thefirst 24 h of the individual adsorption experiments (Table 1) vs. the slope
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While at intermediate regimes αp depends on the values of αf, αb

and Rp/Rb. On the low and on the high end of the Rp/Rb axis (Fig. 6)
plateaus in αp 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 h, hence it is most likely that the Rp/Rb ratio changes.
However, α30/28Siadsorbed/solution (αp in DePaolo's (2011) terminology)
remains constant. This means that the early stage of our experiments
cannot be interpreted as being located at intermediate Rp/Rb values
where αp is expected to be strongly dependent on adsorption rate
(Fig. 6). Second, as there is net adsorption during this early stage, the ex-
periments cannot be interpreted as operating near chemical and isoto-
pic equilibrium, hence they are likely not located on the low end of
the Rp/Rb axis (Fig. 6). Therefore, for the first 24 h in each experiment,
the constant αp value while Rp/Rb ratios change means that the experi-
ments are located, on the “kinetic plateau”. There, at the high end of
Rp/Rb values, αp ∼ αf. 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 explainedwithin
the DePaolo framework if αf values differ between the three experi-
ments (Fig. 6).

After 24 h δ(30/28Si)solution and hence α30/28Siadsorbed/solution changes.
We can interpret this second stage of the experimentswithin the DePaolo
framework as only then Rb increases at the cost of Rf and henceαp departs
from the kinetic plateau and evolves towards equilibrium. We can
estimate the equilibrium isotope fractionation factor from the linear
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equilibrium isotope 
fractionation

competition
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0.36 mmol/l Si

0.71 mmol/l Si

1.42 mmol/l  Si

Fig. 6.Model curve of αp vs. Rp/ Rb using the “DePaolo-Model” (black lines) as a function of Rp
closed-system isotope fractionation factor for the first 24 h of the individual experiments (see F
correlation of the overall net adsorption rate and the closed-system isotope fractionation facto
results to αeq = 0.9997.
correlation of the overall net adsorption rate and the determined
closed-system isotope fractionation factors (see Fig. 5). Extrapolated to a
zero net adsorption rate, an equilibrium isotope fractionation factor
of α30/28Siadsorbed/solution = 0.9997 (103 ln α30/28Siadsorbed/solution =
−0.3‰) results.

That αf values depend on Si concentrations is an unexpected conclu-
sion 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 removalmechanism shifted fromoneof adsorption to one for exam-
ple 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 concentra-
tion and that different complexes differ by the strength of their adsorp-
tion site and are hence associated with different αf values (Lemarchand
et al., 2007). However, this assumption is not supported by surface com-
plexationmodels which are able to reconcile the evolution of Si adsorp-
tion onto gibbsite using only one surface complex (Karamalidis and
Dzombak, 2011). We note that the poor fit and the small amount of us-
able data of that study does not allow one to fully rule out this explana-
tion 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. Yokoyama et al. (1982) 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 Oelze et al. (un-
published) observed a fractionation factor αp =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.
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/ Rb. The αf values for different initial Si concentrations were deduced from the calculated
ig. 2 and Table 1). The isotope fractionation factor at equilibrium is inferred from the linear
rs (see Fig. 4). For a zero net adsorption rate the equilibrium isotope fractionation factor
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4.4. Si adsorption in natural systems

Si adsorption onto gibbsite (this study) and onto Fe-oxides
(Delstanche et al., 2009) both favor light Si isotopes while the re-
maining solution accumulates the heavy Si isotopes. Delstanche
et al. (2009) computed fractionation factors for Si adsorption
onto Fe-oxides (103 ln α30/28Siferrihydite/solution = −1.05‰ and
103 ln α30/28Sigoethite/solution = −1.56‰). These fractionation factors
were shown to be independent of Si concentration (Delstanche et al.,
2009). There are two ways to explain the contrasting behavior of Si iso-
tope between these two series of experiments: (i) Delstanche et al.
(2009) 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 ki-
netics 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”
(DePaolo, 2011) to explain this behavior. If we assume that the net ad-
sorption rate is much higher than the backward rate, the resulting αp is
firmly locatedwithin the kinetically dominated regime and is thus inde-
pendent of small changes of Rp/ Rb (see Fig. 6). Both explanations are
conceivable.

4.5. 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 mo-
lybdenumontoMn-oxide surfaceswas shown to attain equilibriumwith-
in b10h (Wasylenki et al., 2008). Adsorption of zinc onto ferryhydrite and
goethite surfaces attained isotopic equilibrium after b20 h (Juillot et al.,
2008). Adsorption of ferrous iron to surfaces of goethite, quartz,
goethite-loaded quartz, and aluminium oxide resulted in attainment of
equilibrium within b72 h (Mikutta et al., 2008). Given such rapid equili-
bration time scales and the observed “closed-system” behavior, in natural
environmental systems such transitionmetal results can be interpreted in
terms of equilibrium isotope fractionation. The opposite is observed for
silica. The strong kinetic isotope fractionation accompanying Si adsorp-
tion and its sluggish re-equilibration, even after several months of exper-
imental 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.

4.6. 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 (Douthitt, 1982; de
La Rocha et al., 2000; Basile-Doelsch et al., 2005; Ziegler et al., 2005a;
Basile-Doelsch, 2006; Georg et al., 2006a, 2009; Opfergelt et al., 2011).
However, the formation of secondary silicate minerals is sufficiently
slow so that equilibrium isotope fractionation can be expected (Iler,
1979; Sposito, 1996). The Si isotope fractionation factors inferred from
ab initio calculations (Méheut et al., 2009) and experimental studies
show that 28Si will not be preferentially incorporated into the clay frac-
tion if dissolved Si and crystalline silicates are in isotopic equilibrium.
How then can the enrichment of 28Si in clays found in weathering sys-
tems be explained?

With increasing age and/or stage of silicateweathering the composi-
tion of secondary solids changes from one dominated by amorphous
solids to one dominated by crystalline clay minerals (Ziegler et al.,
2003; Joussein et al., 2005). For instance, a known transformation path
is the reaction of plagioclase to amorphous alumosilicates such as allo-
phane, 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 precursors such as
allophane and halloysite (Steefel and Van Cappellen, 1990).

In any case, thefirst step is the release of Al and Si fromprimarymin-
erals 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
(Sposito, 1996). Accordingly, Al precipitates as amorphous Al(OH)3 or
as crystalline solids such as gibbsite. The affinity of Si to adsorb onto
these precipitated Al-hydroxides is high (Hingston and Raupach,
1967; Adu-Wusu and Wilcox, 1991; Dietzel, 2002). As we have shown
in this study, Si adsorption onto Al-hydroxides is associated with rather
strong Si isotope fractionation, favoring light Si isotopes adsorbed onto
the solid surface. In the next step, amorphous alumosilicates like sili-
ceous gels or colloids such as hydroxyaluminosilicate (HAS) are formed.
Accordingly, Strekopytov et al. (2006) suggested that, for HAS forma-
tion, the reaction of Si with Al-hydroxides is a prerequisite. Such amor-
phous Al–Si phases can be re-arranged to structures with higher
degrees of order, similar to allophane or imogolite (Sposito, 1996;
Doucet et al., 2001). If the transformation from amorphous Al–Si phases
without any short range order to phases with distinct short range order
likeHAS or allophane takes placewithout 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
(Papoulis et al., 2004). As halloysite has the same structure and chemical
compositions as kaolinite except for the higher water content in
halloysite (Joussein et al., 2005), we can assume that during the trans-
formation of halloysite to kaolinite no shift in Si isotope composition oc-
curs, 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 ad-
sorption of Si onto a previously formed amorphous Al-hydroxide.

Ourmodel of inherited isotope signals has important implications for
interpreting element cycles in the different weathering regimes ob-
served 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 (West et al., 2005; Ferrier and
Kirchner, 2008; Dixon et al., 2012) and solutions are at equilibrium con-
centrations (Maher, 2011)), 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 re-
leased 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 (West et al., 2005; Ferrier and Kirchner, 2008;
Dixon et al., 2012) and solutions are diluted with respect to equilibrium
concentrations (Maher, 2011)), the Si isotopic signature of the soil or
streamwater will be characterized by the degree of weathering, ranging
from heavy Si isotopic signatures, where kinetically dominated Si ad-
sorption is the major process, to light Si isotopic signatures where the
system is governed by dissolution of clayminerals. This has been already
shown for tropical supply-limited settings in the black-water rivers of
the Amazon and Congo basin (Cardinal et al., 2010; Hughes et al.,
2013). 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 (Bouchez et al., 2013).
Such temporal evolution has been observed from chronosequences in
Hawaii (Ziegler et al., 2005a). These authorsmeasured the isotopic signa-
ture of the soil solutions and observed an enrichment of heavy Si in solu-
tion with increasing age of the soil. In analogy, Opfergelt et al. (2011)
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.
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5. Summary

The adsorption of monomeric silicic acid onto gibbsite is accompa-
nied by a significant kinetic Si isotope fractionation. In all adsorption ex-
periments, light Si isotopes are preferentially adsorbed. By applying a
closed-systemmass balancemodel 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 funda-
mentally different from transition metals (e.g. Fe, Mo, Zn) that equili-
brate isotopically within hours.

Application of the mass balance model of DePaolo (2011) requires
the assumption of different isotope fractionation factors (αf) 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 h of Si adsorption is explained by a change in
the isotope fractionation regime from kinetically dominated to domi-
nated 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).

Our findings have major relevance for explaining Si isotope system-
atics during silicate weathering. We hypothesize that the light Si iso-
topes 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 amor-
phous 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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