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Abstract

Short-range ordered (SRO) hydrous aluminosilicates (HAS) are among the earliest secondary
phases formed during incongruent silicate weathering, yet the timescales and silicon isotope (8°°Si)
fractionation associated with their initial formation remains poorly constrained. We use stepwise
room temperature NaOH titration to resolve pH buffering, Si—Al removal, and dissolved §°°Si
evolution in two complementary organosilicate-derived Si experiments and an experiment with an
inorganic silica source. All three titrations (initial Si/Al = 1) showed coupled Si—Al removal across
a narrow pH interval and converged on Al-rich net uptake in solid phases (Si/Al = 0.47 — 0.52).
FTIR, XRD, and SEM of recovered precipitates support poorly ordered allophanic SRO HAS
products. In the organosilicate-derived experiments, dissolved 3°°Si increased by ~ 2 %o as Al was
removed. First-order Rayleigh models yield apparent kinetic isotope fractionation factors of —2.56
to -2.08 %o, although late-stage deviations show that no single factor captures the full trajectory.
These results identify allophane-like SRO HAS formation as a rapid process for generating
measurable §°°Si signatures during incipient weathering.

Introduction

The neoformation of secondary clay minerals during chemical weathering is a fundamental control
on soil architecture, solute retention, and major (bio)geochemical pathways in the Critical Zone
(Schroeder, 2018a, 2018b). Among the earliest secondary phases formed when silicon (Si) and
aluminium (Al) are released during primary silicate dissolution are poorly crystalline, short-range
ordered (SRO) hydrous aluminosilicates (HAS), including allophane-like phases (Al2O3(Si02)1 3-
2'[2.5-3]H20) (Harsh, 2005). These phases are common in volcanic weathering sequences (Levard
et al., 2012; Wada, 1978), but also occur across a broader range of temperature, montane, and
sedimentary weathering environments (Gustafsson et al., 1998; Harsh, 2005; Nelson ef al., 2021;
Parfitt, 2009). Allophane-like SRO HAS are highly reactive and metastable and, thus, can act as
precursor phases during the progression from primary mineral dissolution towards more crystalline
clay assemblages (Harsh, 2005; Lenhardt et al., 2021; Parfitt, 2009). Their formation is therefore
important not only for understanding clay mineral evolution, but also for interpreting the
geochemical and isotopic signatures generated during incipient, incongruent weathering.
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Experimental studies have shown that SRO HAS formation is controlled by pH, aqueous Si/Al,
and the availability of hydrolysed Al species. Classic synthesis experiments required heating to 95
- 100 °C over several days (Wada et al., 1979), whereas subsequent work demonstrated room
temperature formation via condensation of silicic acid onto hydroxy-aluminosilicate templates
(Doucet et al., 2001). Further work showed SRO HAS formation was favoured under acidic to
near-neutral (pH ~ 3 - 6) conditions, with pH and Al/Si dictating the stoichiometry and solubility
(Baldermann et al., 2024). Together, these studies establish that the onset and composition of SRO
HAS precipitation is governed by coupled pH and Al-Si speciation.

Silicon stable isotopes (8°°Si) provide a complementary way to trace this transfer of Si from
primary minerals into secondary phases and dissolved weathering products (Frings ef al., 2021;
Opfergelt and Delmelle, 2012). Field and experimental studies have shown that secondary mineral
formation preferentially removes light 28Si isotopes from solution, leaving residual fluids enriched
in the heavy 3°Si relative to the dissolving parent bedrock (Basile-Doelsch, 2006). In basaltic
weathering systems, this process contributes to progressively lighter 3°°Si in weathered soils as
increasing fractions of Si are retained in neoformed secondary minerals, whereas soil and river
waters carry comparatively heavier dissolved 6°°Si signatures (Opfergelt et al., 2012; Ziegler et
al., 2005). Ziegler et al. (2005) provided a key first experimental constraint on this process by
showing that allophane preferentially incorporates isotopically light 28Si. However, the timescales,
geochemical controls, and apparent magnitude of 6*°Si fractionation during the onset of SRO HAS
precipitation remains poorly constrained.

Here we use stepwise NaOH titration at room temperature to resolve the onset and progression of
allophane-like SRO HAS formation across a narrow pH interval. By tracking pH, dissolved Si and
Al, and fluid 8°°Si through the pH-buffering and post-removal stages, we directly link Si isotope
evolution to reaction progress. These results provide a process-level experimental constraint on
how early-stage aluminosilicate formation can generate measurable Si isotope fractionation.

Materials and Methods

Three room temperature (~20 °C) NaOH titration experiments were conducted across two
dissolved Si source pathways, which we term “organosilicate-derived” and “SiOz-derived”.
Organosilicate-derived experiments A and B used filtered, preconditioned residual fluids from the
same 30 °C Si—Al precursor pathway, prepared by TEOS (tetraethyl orthosilicate) hydrolysis
followed by Al addition (Wada et al., 1979). Further Si—Al removal in the precursor fluids had
slowed under persistently acidic conditions near pH 3.8. Experiment A used fluid collected after
28 days of preconditioning and began at 3.24 mM molybdate-reactive Si (henceforth referred to
as “dissolved Si”), 3.59 mM Al (Si/Al = 0.90), and fluid 8*°Si = -2.64 £ 0.08 %o. All reaction
progress quantities (fsi, fu1, (Si/Al)removed) and Rayleigh models are defined on molybdate-reactive
Si, which tracks the monomeric and small oligomeric pool available for reaction (Iler, 1979).
Experiment B used fluid collected after 14 days and began at 3.25 mM dissolved Si, 3.25 mM Al
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(Si/Al = 1.00), and 8°°Si = -2.45 £ 0.15 %o. These experiments are treated as complementary
configurations instead of strict replicates. The SiO;-derived experiment used a mixed solution
prepared from an inorganic Si source obtained by dissolving amorphous SiO; seeds, and AICls,
with initial concentrations of 1.28 mM dissolved Si, 1.26 mM Al (Si/Al = 1.02), and fluid &°*°Si =
-1.77 £ 0.05 %o. Total dissolved Si (ICP-OES) were measured for the SiO,-derived titration and
exceeded reactive Si by up to ~ 0.4 mM (Table S-2). Minor silica polymerisation cannot be fully
excluded in the mildly supersaturated organosilicate-derived fluids (Fig. S-1d; Supplementary
Information).

To resolved pH buffering and associated Si—Al removal, 0.1 M NaOH was added stepwise across
pH ~ 4 — 8, with post-addition mixing. Experiment A and the SiO»-derived experiment used
independent 15 mL aliquots sampled after 24 hours. Experiment B was titrated continuously in a
250 mL reactor and sampled after pH stabilisation, typically within 3 — 5 minutes. Samples were
filtered at 0.22 pum before measurement of dissolved Si, dissolved Al, and Si isotope composition.
Precipitates were washed, dried and characterized by X-Ray Diffraction (XRD), Fourier
Transform Infrared (FTIR) Spectroscopy and Scanning Electron Microscopy (SEM). Full
preparation, experimental details, analytical procedures and datasets are provided in the
Supplementary Information.

Results and Discussion

A narrow pH-buffering window marks the onset of Si—Al removal. Stepwise NaOH addition
produced a distinct pH-buffering interval between pH ~ 4 — 5 in all three experiments (Fig. 1). In
organosilicate-derived experiment A, the principal removal interval occurred between pH 4.25 and
4.88, across which dissolved Si decreased from 3.09 to 1.50 mM and dissolved Al decreased from
3.46 to 0.25 mM (Fig. 2a,b). Experiment B reproduced this response between pH 4.04 and 4.72,
with dissolved Si decreasing from 3.25 to 2.08 mM and dissolved Al from 3.06 to 0.51 mM. Al
removal continued between the final two B samples and reached below detection at pH 6.03, while
Si decreased further to a final concentration of 1.67 mM. The independently prepared SiO»-derived
experiment showed the same coupled response between pH 4.29 and 4.79, with dissolved Si
decreasing from 1.24 to 0.72 mM and Al from 1.20 to 0.06 mM. Coupled removal during pH
buffering is consistent with alkalinity-driven Al hydrolysis and Si—Al condensation during SRO
HAS formation (Lenhardt et al., 2021).
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Figure 1. Evolution of pH during stepwise NaOH titration of mixed Si—Al starting solutions. Open
symbols show the pH measured immediately after each NaOH volumetric addition, and filled
symbols show stabilised pH. Experiment B was sampled after pH stabilisation without immediate
post-addition readings (Table S-1).

Allophane-like SRO HAS formed at room temperature. The aqueous and solid-phase data
together support formation of allophanic SRO HAS at room temperature. All experiments
exhibited coupled Si—Al removal across the pH-buffered interval, consistent with the precipitation
of an Al-bearing silicate phase. To constrain the stoichiometry of net solute removal, we calculated
the cumulative (Si/Al)removed ratio from aqueous mass balance (Eq. 1):
Si Silo=[Siln
(Z)removed - [[AI}Z—{Al]]n (Eq. 1)

where [Si]o and [Al]o correspond to the initial dissolved silicon and aluminium concentration
respectively. [Si], and [Al], represent the respective dissolved concentrations at each discrete
sample interval. This ratio provides an operational estimate of the integrated Si/Al stoichiometry
of Si and Al removed from solution and, where a single phase dominates uptake, approximates the
composition of the solid precipitates. Because early titration steps are sensitive to the analytical
scatter, we interpret it over the interval of substantial Si—Al loss. Despite initial Si/Al 0f 0.9 —1.02,
all three experiments ultimately converged on similarly Al-rich net uptake with (Si/Al)removed =
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0.47 to 0.52 (Fig. 2¢), within or close to compositions reported for synthetic allophanic SRO HAS
(Baldermann et al., 2024; Doucet et al., 2001; Ohashi et al., 2002; Wang et al., 2018).

Solid-phase characterisation was performed on precipitates recovered from organosilicate-derived
A and SiOz-derived experiments. Together, FTIR, XRD, and SEM provide complementary
evidence for formation of an allophanic SRO HAS-dominated product (Fig. 3). FTIR spectra
contain the broad OH/H>0, Si—O, A1 -O- Si, and O-Si—O vibrational envelopes expected for SRO
aluminosilicates (Fig. 3a, Baldermann et al., 2018; Levard et al, 2012). XRD patterns are
characterized by broad features and lack sharp reflections diagnostic of crystalline aluminosilicates
(Fig. 3b). SEM images show aggregated, rounded nanoparticulate clusters (Fig. 3c-e), a commonly
observed morphological tendency of SRO HAS phases (Lenhardt et al., 2021). Allophane, proto-
imogolite, and related imogolite-type materials can share similar local Si—Al environments (Du et
al.,2022; Levard et al., 2012). We therefore describe the products as allophanic SRO HAS rather
than a structurally mature allophane (Lenhardt et al., 2021).

Saturation-index calculations provide a thermodynamic consistency test for this interpretation
(Supplementary Information, Baldermann et al., 2024). Across the active removal intervals (pH ~
4 —5), the solutions were strongly oversaturated with respect to their experiment-specific SRO
HAS phases, with Sluas ranging from +3.27 to +4.46 in experiment A, +1.80 to +4.07 in
experiment B, and +2.27 to +2.77 in the SiO-derived experiment (Fig. S-1a). All three remained
undersaturated with respect to amorphous AlI(OH)s over the same intervals (Fig. S-1b). Although
gibbsite was nominally supersaturated (Fig. S-1c), this does not establish its precipitation over the
experimental timescales (Nagy and Lasaga, 1993). The calculations therefore support a strong
thermodynamic driving force for SRO HAS formation and argue against amorphous Al(OH); as a
major independent sink during rapid Al removal.
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Figure 2. pH-dependent Si-Al removal and Si stable isotope evolution. (a) Molybdate-reactive Si,
(b) dissolved Al, (¢) cumulative (Si/Al)removed, and (d) dissolved 3°°Si plotted against stabilised pH
for all three experiments. Error bars in (d) represent 2c analytical uncertainty. Shaded areas
designate experiment-specific pH-buffering windows (adopting same colour scheme).

Dissolved 6°°Si tracks pH-driven Si removal. Dissolved 5°°Si increased over the same reaction
interval in which Si and Al were removed from solution (Fig. 2). In organosilicate-derived
experiment A, 3°°Si remained near its initial value during the early titration steps, when dissolved
Si and Al changed only modestly. The principal 8*°Si shift occurred between pH 4.25 and 4.88,
where dissolved °°Si increased from -2.56 & 0.10 %o to -0.63 = 0.09 %o as fs; decreased from 0.95
to 0.46. Experiment B reproduced this pattern over the shorter pH-stabilisation intervals. Dissolved
8°°Si increased from an initial -2.45 & 0.15 %o to -1.57 + 0.11 %o at pH 4.72 and reached -0.90 +
0.09 %o at pH 6.03 as dissolved Al fell below detection. Together, the two organosilicate-derived
experiments show that the main isotope shift developed during progressive Al-coupled Si removal.
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The SiO:-derived experiment shows the same direction of &°°Si evolution. Dissolved &°°Si
increased from an initial -1.77 + 0.05 %o to -1.51 & 0.06 %o within the removal interval, reaching -
1.23 £ 0.13 %o in the final sample at pH 8.0 that extends outside the active Si—Al removal period.
This gradual enrichment of the residual fluids in the heavy 3°Si isotope across both Si source
pathways is consistent with preferential incorporation of the light 28Si into the newly formed SRO
HAS precipitates (Oelze et al., 2015; Ziegler et al., 2005). We therefore use Rayleigh models
below as first-order predictions of the apparent net kinetic isotope effects expressed in the early
stages of mineral growth (Fernandez et al., 2019; Oelze et al., 2015; Roerdink et al., 2015).
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Figure 3. Solid-phase characterisation of precipitates recovered from the organosilicate-derived
Si experiment B and SiO-derived titrations. (a) FTIR spectra normalized and offset for clarity-
comparisons are based on broad adsorption envelopes rather than absolute intensities or exact peak
positions. (b) XRD patterns showing broad features consistent with short-range structural order.
Patterns are also offset vertically for clarity. SEM images show aggregated nanoparticulate
material in the organosilicate-derived precipitate at (¢) lower and (d) higher magnification and (e)
Si0,-derived precipitate. Scale bars are 500 nm in (c and ¢) and 200 nm in (d).

Rayleigh-derived apparent fractionation factors differ between Si starting solution pathways.
Dissolved 8°Si covaried closely with the fraction of Al remaining in solution (fy) in both
organosilicate-derived experiments (Fig. 4a), linking stable isotope evolution to coupled Si—Al
removal. We used Rayleigh models (Frings et al., 2016; Rayleigh, 1902) as first-order descriptions
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of the net isotope effect recorded during progressive Si removal (Fig. 4b, Egs. S-5, S-7). In
experiment A, the full trajectory yields an apparent fractionation factor (¢ = 1000 X Ina, Eq. S-
6) of -2.08 + 0.03 %o, whereas restricting the model to only the Al-coupled Si removal interval
yields a larger € of -2.56 & 0.07 %o. Experiment B independently records an apparent ¢ of -2.20 +
0.13 %o over the shorter pH-stabilisation timescale.

A single constant- ¢ trajectory does not describe the complete organosilicate-derived experiment
A dataset. Once dissolved Al fell below detection, Si continued to decrease from 1.33 to 1.06 mM
while dissolved 8°°Si stabilized near -0.67 %o. This late-stage divergence indicates that the kinetic
isotopic effect was expressed primarily during Al-coupled precipitation. Subsequent Si removal
may reflect silica polymerisation, sorption, or partial re-equilibration (Lenhardt et al., 2021; Oelze
et al., 2015), none of which is distinguished by the present data. Experimental and modelling
studies show that apparent Si isotope fractionation can depend on net precipitation rate and can
also continue to exchange as back-reaction or surface exchange becomes important (Fernandez et
al., 2019; Oelze et al., 2015; Roerdink et al., 2015).

A descriptive Rayleigh fit through the three SiO>-derived dissolved §°°Si measurements yields an
apparent ¢ of -0.80 = 0.14 %o (Table S-3). Given the limited data (n = 3), we treat this value as
descriptive rather than a robust pathway-specific fractionation factor. The measured precipitate
83%Si of -2.19 + 0.11 %o nevertheless falls close to the accumulated product predicted by the
Rayleigh curve (Fig. 4b), providing independent mass-balance support for preferential 28Si
incorporation into the solid phase product.

The organosilicate-derived apparent & values are comparable to the allophane synthesis
experiments of Ziegler et al. (2005), which used the same TEOS-derived silica chemistry but were
conducted at 95 °C without time-resolved sampling (¢ =~ -1.8 %o). The agreement extends to the ~2
%o solid solution 3°°Si offset they documented across the Hawaiian chronosequence, suggesting
that the fractionation expressed during rapid SRO HAS formation at room temperature is
comparable in magnitude to that recorded in natural weathering systems. The SiO»-derived
trajectory shares the same direction but a smaller apparent magnitude. In previous experiments,
measurable 6°°Si fractionation occurred primarily in the presence of an Al-bearing carrier phase
and increased with net-solid formation, from near zero to -5 %o, whereas pure silicic acid
polymerisation produced little fractionation (Oelze et al., 2015). The expressed isotope effect may
reflect rate-dependent adsorption or incorporation at reactive Al-bearing surfaces (Oelze et al.,
2015), followed by surface exchange or back-reaction that permits partial isotopic re-equilibration
(DePaolo, 2011; Fernandez ef al., 2019). These processes may be mechanistically linked because
the same newly formed surfaces that initially remove Si can subsequently mediate isotope
exchange. We therefore interpret the contrasting apparent € values as pathway-specific net isotope
effects integrating initial Si uptake and subsequent exchange rather than intrinsic fractionation



231
232
233

234
235

236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258

Manuscript submitted to Geochemical Perspectives Letters

factors specific to SRO HAS. Differences in Si source, concentration, preconditioning history, and
experimental configuration preclude attributing the contrast to precipitation rate alone.
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Figure 4. Si isotope evolution during SRO HAS formation. (a) Dissolved §*°Si versus fraction of
Al remaining in solution (f1). Reduced major axis (RMA) regressions are shown for all three
experiments (Supplementary Information). (b) First-order Rayleigh model predictions of dissolved
83%Si versus the fraction of Si remaining (fs;). Curves show the Al-coupled and full-trajectory fits
for experiment A, the experiment B fit and the descriptive SiO2-derived trajectory. Dashed curves
represent the calculated accumulated products (Eq. S-7), and the shaded yellow area shows the
measured precipitate from the inorganic silica (SiO2)-derived experiment. Error bars correspond
to 26 and in (b) are smaller than the symbols.

Conclusions

Stepwise NaOH titrations resolved the rapid transition from metastable acidic Si—Al fluids to
allophanic SRO HAS precipitation. Across three complementary experiments (Si/Al ~ 1), coupled
Si—Al removal occurred largely within a narrow pH-buffering interval and generated measurable
apparent 8°Si fractionation over rapid (minutes to hours) timescales. The two organosilicate-
derived experiments provide reproducible quantitative trajectories, whereas the independently
prepared SiO»-derived experiment confirms the direction of fractionation and corresponding
accumulation of an isotopically light 28Si solid product. These results support field interpretations
in which isotopically light secondary phases drive heavier dissolved &°°Si during desilication
(Opfergelt et al., 2012) and along reactive flow paths (Guertin et al., 2024). Rayleigh models
provide useful first-order apparent descriptions but do not capture the complete post-Al depletion
stabilisation. Our findings demonstrate SRO HAS formation can imprint dissolved §°°Si over
experimental timescales of minutes to 24 hours, providing a mechanistic basis for interpreting Si
isotope signatures generated during incipient incongruent weathering and refining the
interpretation of Si stable isotopes in the Critical Zone (Frings et al., 2021).
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Methods

Overview

The three experiments comprised two organosilicate-derived titrations, designated A and B, and one inorganic,
amorphous silica seed or SiO,-derived titration. Organosilicate-derived experiment A and the SiO»-derived experiment
used independent 15 mL aliquots sampled after 24 hours, whereas organosilicate-derived experiment B was titrated
continuously in a 250 mL reactor and sampled after pH stabilisation. We therefore use the term stabilised pH when
referring collectively to the three experiments.

Preparation of silicon and aluminium stock solutions

Dissolved Al stock preparation

A concentrated aluminium stock solution was prepared by dissolving anhydrous AICl; (Thermo Scientific™, > 95 %)
in 1 L of ultrapure water (18.2 MQ-cm). Dissolution of anhydrous AICI; is strongly exothermic and generates HCI
fumes, which causes evaporative mass loss during incremental addition — making gravimetric tracking of the added
reagent unreliable. The final stock concentration was therefore determined by ICP-OES as 4432 ppm dissolved Al (164
mM), equivalent to the dissolution of ~ 21.9 g of AICI;. All subsequent solution preparations are reported using this
measured concentration. This stock was used to generate the mixed Si —Al stock solution for both starting dissolved Si
stock pathways described below.
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Organosilicate-derived Si stock preparation

The organosilicate-derived Si — Al starting solutions used in titration experiments A and B were obtained from residual
fluids of a precursor co-precipitation experiment conducted at 30 °C. The parent dissolved Si stock was prepared from
tetraethyl orthosilane (TEOS) following established synthesis procedures (Wada et al., 1979; Ziegler et al., 2005).
Briefly, 30 mL of TEOS (Thermo Scientific™, 99.9%) was added to 1 L of ultrapure water and heated at 90 °C for 5
days. After cooling to room temperature, the suspension was filtered through a 0.2 pm PES membrane (Nalgene ™
Rapid-Flow™ Sterile Disposable Filter), yielding ~ 150 ppm dissolved Si. An aliquot of the 164 mM Al stock solution
(16 mL) was then added to 500 mL of the dissolved Si solution, producing nominal initial concentrations of ~ 145 ppm
Si and ~ 137 ppm Al (5.2 and 5.1 mM, respectively; Si:Al = 1). Parallel precursor experiments were conducted at 30
°C, 60 °C, and 90 °C, but only residual fluids from the 30 °C experiment were used in the titrations reported here.

Partial Si—Al removal occurred during the 30 °C precursor experiment. Dissolved Si had decreased to ~ 110 ppm by the
first measurement after 7 days, after which removal slowed under persistently acidic conditions (pH = 3.8). After this
initial decrease, dissolved Si and Al concentrations changed little with continued incubation, indicating that further
precipitation had effectively stalled. This limited additional reaction is consistent with the slow rates of silica
polymerisation expected under acidic conditions, where polymerisation kinetics approach a minimum (Icopini et al.,
2005; Iler, 1979). This behaviour motivated the controlled NaOH titration approach used to determine whether
increasing alkalinity could trigger renewed Si — Al removal at room temperature.

After the precursor reactors were returned to room temperature, dissolved Si and Al concentrations decreased further
and approached stable residual ranges over the following weeks. The two 30 °C organosilicate-derived fluids
subsequently used for titration contained closely similar dissolved Si concentrations of 3.24 — 3.25 mM, whereas
dissolved Al ranged from 3.25 to 3.59 mM. Their initial Si/Al molar ratios therefore ranged from 0.9 to 1.0. These
compositions show that substantial Si and Al remained in solution under low pH conditions, and thereby remained
kinetically limited and metastable, while providing broadly comparable dissolved Si—Al inventories for the two
complementary titration experiments.

Two complementary titration experiments were conducted using residual fluids from the 30 °C precursor pathway.
Organosilicate-derived experiment A used fluid collected after 28 days of preconditioning (~500 mL). The fluid was
filtered three times through 0.22 pm PES membranes by vacuum filtration to remove precursor precipitates and
transferred to a clean HDPE bottle. Its measured starting composition was 3.24 mM molybdate-reactive Si and 3.59 mM
dissolved Al at pH 3.82, corresponding to an initial dissolved Si/Al molar ratio of 0.90. The initial dissolved 8°°Si was
-2.64 £ 0.08 %o. Similarly, organosilicate-derived experiment B used residual fluid from the same 30 °C precursor
pathway after 14 days of preconditioning. Its measured starting composition was 3.25 mM molybdate-reactive Si and
3.25 mM dissolved Al at pH 3.75, corresponding to an initial Si/Al molar ratio of ~ 1.0. The initial dissolved §*°Si was
-2.45 £ 0.15 %o. A total of 250 mL of this fluid was subjected to vacuum filtration through 0.22 pm PES membrane, as
was done for the experiment A dissolved Si stock solution to remove any potential precursor precipitates.

The organosilicate-derived starting solutions were therefore partially reacted, preconditioned Si—Al fluids rather than
freshly mixed synthetic solutions. All aqueous mass balance and isotope fractionation calculations were based on the
measured initial Si, Al, and §°°Si composition of each experiment and its measured evolution during titration, rather
than on the nominal precursor Si and Al concentrations. Saturation index calculations likewise used the measured pH,
Si and Al concentration at each sampled step, supplemented by aqueous Na and Cl content reconstructed from the
experimental titration history and reactor-volume corrections. Experiments A and B are treated as complementary
experimental configurations as opposed to strict replicates because they differed in preconditioning duration, reactor
format and sampling timescale. Nevertheless, both experiments resolve the same principal response: coupled Si—Al
removal across the pH-buffering interval accompanied by progressive enrichment of the residual dissolved Si pool in
39Si. The freshly prepared SiO»-derived Si pathway provides an additional test of whether this response extends beyond
the preconditioned organosilicate-derived fluids. The precursor history of these fluids, including possible sub-0.22 um
colloids or polymeric Si—Al species, remains an uncharacterized difference between the two Si source pathways.



Geochemical Perspectives Letters — Supplementary Information

Amorphous silica-derived Si stock preparation

The SiO»-derived Si stock solution was prepared following methods adapted from Fernandez et al. (2019), Geilert et al.
(2014), and Roerdink ef al. (2015). Briefly, 10 g of amorphous SiO, (Evonik AEROSIL® OX50) was added to 1 L of
ultrapure water and dissolved at 90 °C for 7 days. The solution was cooled to room temperature and filtered (0.2 pm
PES; Nalgene™ Rapid-Flow™ Sterile Disposable Filter), yielding an initially oversaturated silica solution. The filtered
solution was aged for one week at room temperature, during which excess Si polymerised and settled, and was then
filtered a second time at 0.2 um. The final stock stabilised at 80 ppm (2.85 mM) molybdate-reactive Si. Like the
organosilicate-derived fluid, this composition remained mildly supersaturated with respect to amorphous silica at room
temperature (Gunnarsson and Arndrsson, 2000), accordant with slow silica polymerisation under mildly acidic
conditions (Icopini et al., 2005; Iler, 1979). A 2.97 mM (80 ppm) Al solution was prepared by dilution of the
concentrated AlCls stock. Equal volumes (250 mL each) of the Si and Al solutions were then combined, targeting ~ 1.4
mM Si and Al at a 1:1 molar ratio. Dilution upon mixing brought the combined solution below amorphous-silica
saturation (Fig. S-1d). The measured starting composition was 1.28 mM Si and 1.26 mM Al, with an initial dissolved
8%°Si of -1.77 £ 0.05 %o. All titration aliquots for this pathway were taken from this combined solution.

Fluid-phase sampling and analysis

Two titration configurations were used to track fluid-phase evolution during allophanic SRO HAS formation. All
experiments took place in stirred reaction vessels using octagonal PTFE-coated magnetic stir bars and VWR® Advanced
Magnetic Stirrers. Organosilicate-derived experiment A and the SiO»-derived experiment were conducted as serial batch
titrations using independent 15 mL aliquots. For each experiment, ~200 mL of stock solution was divided among the
aliquots. One aliquot was titrated incrementally with 0.1 M NaOH (Thermo Scientific™, 99.99 %) in 0.05 — 0.1 mL
increments until pH > 7.0. This preliminary titration established the NaOH volumes required to bracket the initial
solution, the pH-buffering interval and the post-buffering stage. Selected NaOH volumes were then added independently
to the separate, fresh 15 mL aliquots, with each aliquot representing a single target point along the titration trajectory.
This serial batch run approach for the titrations was adopted to satisfy the fluid volume requirements needed for
subsequent geochemical analyses. The pH was measured using a Hach sensION+ MM340 benchtop meter fitted with a
Sension+ 5014T combination electrode, with the standard stability criterion set to a variation of < 0.01 pH units. For
each target aliquot, pH was recorded immediately after the reading stabilised (< 1 minute) and again after 24 hours. The
remaining unaliquoted stock solution (~ 300 mL) from these two experiments was titrated separately to pH 7, and the
resulting precipitates were recovered, washed, and dried for solid-phase characterisation.

Organosilicate-derived experiment B was conducted as a continuous titration in a single reactor containing 250 mL of
starting solution. NaOH was added stepwise to the same reactor, and samples were collected after pH stabilisation
following each addition, typically within 3 — 5 minutes. Three independent analytical aliquots (3 — 10 mL total sample
volume) were withdrawn at each sampling step for Si isotope and dissolved-phase analyses. The measured withdrawal
volume and conservative solute inventories were incorporated into the mass-balance and PHREEQC calculations (see
HAS saturation-index calculations below). Samples from all three experiments were filtered through 0.22 pm nylon
syringe filters. Filtered samples were diluted according to concentration: 20-fold below the buffering interval, 10-fold
within it, and 4-fold above it. Aliquots for ICP-OES were acidified to a 2 % nitric acid (HNO3) matrix, whereas aliquots
for Si isotope and molybdate-reactive Si analyses were left unacidified.

Molybdate-reactive Si was measured for all experiments by the molybdate-blue method (Iler, 1979) on a VWR UV-
1600PC spectrophotometer, with absorbance read at 660 nm against standards prepared from an Aristar® 1000 + 8
pg/mL Si ICP standard. Dissolved Al and Si concentrations were determined by ICP-OES. Samples from the
organosilicate-derived pathway were analysed at the College of Coastal Georgia on a Thermo Fisher Scientific™ iCAP
PRO XP, with Al quantified on the 167.069 nm emission line (aqueous-axial-eUV mode). Samples from the SiO,-
derived pathway were analysed at Cornell University on a SPECTROBLUE, with Al and Si quantified on the 167.078
and 288.158 nm emission lines, respectively. Calibration used mixed standards prepared from Aristar® 1000 + 8 pg/mL
Si and 100 + 0.05 pg/mL Al ICP standards. For both instruments, a 2% HNO3 wash matched the sample matrix and
flushed for 60 s at 20 rpm between samples. Further, blanks were analysed every fifth sample to monitor drift.
Molybdate-reactive Si was used consistently for aqueous mass balance, reaction-progress variables, Rayleigh isotope
fractionation models, and PHREEQC saturation-index calculations across all three experiments. ICP-OES total



Geochemical Perspectives Letters — Supplementary Information

dissolved Si was additionally measured for the SiO,-derived series and is reported in Table S-2 as an ancillary
operational Si pool. Differences between total and molybdate-reactive Si provides an approximation for the amount of
polymerised Si.

Silicon stable isotopes (**Si, *Si, and *°Si) were measured at the Institut de Physique du Globe de Paris (IPGP) on a
Thermo Finnigan Neptune Plus MC-ICP-MS. Prior to analysis, samples were purified by cation-exchange
chromatography (BioRad AG50W-X12 resin) to remove matrix cations, following established protocols (Georg et al.,
2006; Pringle et al., 2014; van den Boorn et al., 2006). The resin was pre-cleaned with HNO3 and HCI, and Si was
eluted in 5 mL of Milli-Q water to remove cationic interference. Silicon recovery yields were ~70% for the first elution
step (2 mL MQ-e) with the remaining 30% obtained in the final 3 mL MQ-e step. Eluted solutions were adjusted to ~ 2
ppm Si for analysis. Samples were introduced as a wet plasma through a Standard Introduction System (SIS) with a 100
pL/min Teflon® nebulizer, and a double cyclonic spray chamber. Measurements were run at medium resolution
(resolving power M/AM ~ 3300) to resolve the *°Si — NO" interference. Isotope ratios are reported in delta notation
relative to the NBS-28 quartz reference standard (RM 8546) using standard-sample bracketing (Lopez-Urzaa et al.,

2024):
(305,:/ )
285i
. sample
§30Si = 057 3057 —1|x 1000 (Eq.S—1)
AvG [( /ZBSi)std—I’( /2851) td—II]
| (295i/ )
284
. sample
§29Si = 75 7967 —1|x 1000 (Eq.S—2)
_AVG [( /ZSSi)std—I ’( /ZSSi)std—II]

where std-I and std-II are the NBS-28 standards measured immediately before and after each sample. Each sample was
measured 4 times, and §°°Si and 6*°Si are reported as the mean of these four measurements with uncertainty as 2 standard
deviations (20). The reference materials Diatomite and BHVO-2 were analysed after every sixth sample to monitor
accuracy and drift. The analysis of reference standard Diatomite (n=18) gave a §°°Si value of 1.24 + 0.01%o while the
analysis of reference standard BHVO-2 (n = 6) gave a 8°°Si value of -0.28 + 0.02%o. Both reference standards agree
with previous published values (Delvigne et al., 2021; Jochum et al., 2005; Lopez-Urzuaa et al., 2024; Reynolds et al.,
2007). A three-isotope plot confirmed mass-dependent fractionation (8*°Si = 0.51 x §°°Si) — accordingly, only &*°Si is
discussed in the main text.

Solid phase characterization

NaOH titration of the Si — Al solutions produce dissolved NaCl, which would contaminate the solid-phase analyses if
retained. After each experiment, the supernatant was therefore repeatedly decanted and replaced with deionised water
until its conductivity fell below 10 uS/cm. The washed precipitates were then dried at 30 °C in an oven and collected
for analysis. This low drying temperature was chosen deliberately because freeze-drying and higher-temperature
dehydration are known to structurally modify or decompose labile SRO HAS phases (Baldermann ef al., 2024).

The silicon isotope composition of the SiO»-derived precipitate was determined following the modified NaOH/alkali
fusion method of (Georg et al., 2006), as implemented by Fernandez et al. (2019, 2022) . A carefully weighed quantity
of dried precipitate (20 mg) was transferred to a cleaned Ag crucible. Analytical-grade NaOH (200 mg) was added, and
the sample was fused at 720 °C for 12 minutes. The fusion product was dissolved in 15 mL ultrapure water and acidified
to a 2 % HNOs matrix. Silicon was subsequently purified by cation-exchange chromatography (see section above Fluid-
phase sampling and analysis) and analysed by MC-ICP-MS using the same instrumental procedure as the dissolved
samples. The recovered precipitate yielded §°°Si =-2.19 = 0.11 %o (20).

X-Ray Diffraction (XRD) patterns of the washed, dried precipitates were collected at the Cornell Center for Materials
Research (CCMR) on a Bruker D8 Advance ECO Powder Diffractometer (1 kW, Cu Ko = 1.5406 A) fitted with a 160-
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channel silicon strip detector. Patterns were acquired from 5 to 90° 20 at a step size of 0.015°20 per step and 0.100 s per
step. Samples were mounted as powder on a zero-background Si holder.

Scanning electron microscopy (SEM) imagery was performed on a JEOL JSM-IT700HR SEM under high vacuum in
secondary-electron mode at 10.0 kV (instrument probe-current setting 50.0). Powder samples were mounted on a
double-sided carbon tape and carbon-coated using a (Cressington) 108 Manual Sputter Coater with an MTM-10
thickness monitor. Coat thicknesses were 42.4 nm (organosilicate-derived A) and 58.8 nm (SiO,-derived). Elemental
distribution maps were acquired with an SEM-mounted Oxford Instruments Ultim Max 100 EDS detector. EDS mapping
was used qualitatively, to assess the spatial co-location of Si and Al in the precipitates. No matrix-matched standards
were employed, and no quantitative compositions are reported from EDS.

Fourier-transform infrared (FTIR) spectra were collected for both precipitates, using different configurations at the two
host institutions. The organosilicate-derived precipitate was analysed by an Attenuated Total Reflectance (ATR) at the
College of Coastal Georgia on a ThermoScientific™ Nicolet iS5 spectrometer with an iD7 monolithic diamond ATR
accessory. The reported spectrum represents the co-addition of 16 scans at 2 cm™ resolution (0.964 cm™ data spacing),
with background corrections completed hourly. The SiO.-derived precipitate was analysed in transmission at the CCMR
on a Bruker Vertex 80v vacuum-bench spectrophotometer over 4000 — 400 cm™ at 4 cm™ resolution. For transmission
analysis, the sample was first dried at 60 °C for 24 hours to reduce adsorbed moisture while preserving structural
hydroxyl groups. Approximately 3 mg of finely ground powder was mixed with 300 mg of spectroscopic-grade KBr
(Thermo Scientific™; 1: 100 w/w), homogenised by hand crushing in an agate mortar, and pressed uniaxially at 10 t for
3 minutes under vacuum to yield optically translucent pellets. Because ATR and transmission measurements can differ
slightly in apparent band positions and relative intensities, spectral comparisons between the two precipitates (Fig. 3a)
are based on the broad diagnostic absorption envelopes of SRO HAS rather than on exact band positions.

Statistical treatment of Figure 4 and Rayleigh Fractionation

Reduced major axis regression for dissolved 5*°Si versus f 4;

Reduced major axis (RMA) regressions were used to describe the relationship between dissolved 5°°Si and the fraction
of Al remaining in solution (f},;) in Fig. 4a. To achieve our goal to describe the bivariate relationship between Al
removal and Si isotope fractionation, RMA regression was favoured over that of ordinary least squares (OLS) because
both variables contain analytical or propagated experimental uncertainty. This uncertainty in both dimensions fails to
satisfy the implicit error-free, independent variable condition in OLS regression to predict dissolved §°°Si (v) from f,
(x). This follows standard guidance for Model II regression approaches, which are commonly used when both variables
are subject to uncertainty or when the fitted line is intended to describe the relationship between two measured quantities
(McArdle, 2003; Warton et al., 2006).

For each experiment, the RMA slope was calculated as:

s
brma = sign(r)s—y (Eq.S$—=3)

X

where 7 is the Pearson correlation coefficient, and s,, and s, are the sample standard deviations of dissolved 5*Si and
fa1, respectively. The intercept is then calculated as:

agma = ¥ — brmaX (Eq.S —4)

Reported R? values are squared Pearson correlation coefficients (+7), following common reporting practice for RMA
regressions, and are used here as descriptive measures of bivariate association as opposed to the OLS residual-based
coefficients of determination (Warton et al., 2006, 2012).
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RMA regression parameters for all three experiments are summarised in Table S-3. The organosilicate-derived
regressions, based on 12 (experiment A) and 9 (experiment B) isotope measurements, both yielded strong negative
associations between dissolved 5°°Si and f; (Pearson r=-0.998 and -0.952, respectively). Their slopes differ (-2.04 and
-1.41), which may reflect differences in preconditioning history, reactor configuration, and sampling timescale that
distinguish these complementary experiments. The SiO,-derived regression was based only on 3 isotope measurements
and is included as strictly a descriptive trend; its slope and R? are treated qualitatively (Table S-3, footnote A).

Rayleigh fractionation model

Rayleigh distillation models were used to describe the Si stable isotope evolution of the residual dissolved Si pool during
progressive Siremoval (Fig. 4b). Rayleigh fractionation is a conventional stable isotope framework for systems in which
a finite, well-mixed reactant pool is progressively converted into a product that is removed from further reaction, such
that the isotopic composition of the residual reactant evolves as a function of the fraction of reactant remaining
(Rayleigh, 1902). Such models have been frequently implemented to interpret 5*°Si fractionation both in laboratory and
field studies (Fernandez et al., 2019; Frings et al., 2016; Georg et al., 2007; Hughes et al., 2013; Opfergelt and Delmelle,
2012). In this study, the Rayleigh model was found to be an appropriate first-order description of the observed dissolved
5*Si because both experiments displayed progressive dissolved Si removal and subsequent enrichment of the residual
fluid pool in *°Si. This behaviour is generally described as kinetic isotope fractionation and is driven by the formation
of solid precipitates from solution, which preferentially incorporates lighter **Si, leaving the residual solution 5*°Si to
shift towards higher values (Frings et al., 2016; Ziegler et al., 2005). The magnitude of the fractionation is quantified
by the fractionation factor (« or € [%0], Eq. S-5), and the direction is interpreted as consistent with kinetic isotope
fractionation when a <1 or € <0 %o.

In a Rayleigh treatment, the residual dissolved reactant described by the following expression:
83%Siguiq = (1000 + 53°Siy) £ — 1000 (Eq.S —5)

here §3°Siy, is the measured initial dissolved Si isotope composition for each starting Si solution pathway, fs; is the
fraction of dissolved Si remaining in solution, and « is the fitted fractionation factor. The corresponding per mil
description for the size of the isotopic fractionation (&) can be defined as:

€ [%o0] = 1000 X lna (Eq.S—6)
The accumulated reaction product can similarly be described with the expression:

1-f

8539Si, ey = (1000 + 53°Siy) <
1—fsi

) —1000 (Eq.S—7)

The accumulated product curve predicted by the Rayleigh model represents the integrated isotopic composition of the
total Si removed from solution up to each value of fs;. It is therefore distinct from the instantaneous product composition,
which would represent the §°°Si of material forming at a specific reaction step (Frings et al., 2016).

Rayleigh fits were performed separately for a given experiment by weighted nonlinear least squares. For each fit, the
measured initial dissolved §°°Si was set as §3°Si,, fs; was used as the independent variable, and the fractionation factor
(@) was treated as the sole fitted parameter. The reported 20" analytical uncertainty on dissolved 5*°Si was used to weight
the fit. Model performance was evaluated using RMSE (Root Mean Square Error) and reduced y?, which were used as
our primary fit-quality metrics because they describe residual magnitude and uncertainty-weighted misfit, respectively.

The resulting best-fit @ was converted to € via Eq. (S-6), which serves to quantify pathway-specific apparent isotope
effects during net Si removal associated with SRO HAS formation. We explicitly define the Rayleigh-derived ¢ as an
“apparent” rather than an “intrinsic” kinetic fractionation factor. An intrinsic kinetic € would require Si removal to be
definitively irreversible over the timescale of the experiment. However, SRO HAS precipitation is a reversible mineral-
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fluid reaction. As such, a limited back-reaction or surface exchange yielding partial Si isotopic re-equilibration
(Fernandez et al., 2019; Roerdink et al., 2015; Stamm et al., 2019) cannot be completely ruled out — even if this effect
is minimal in the experimental duration of our study. The best fit € values therefore represent apparent net fractionation
parameters and describes the net isotope effect recorded by the residual Si pool during Si removal. This interpretation
follows the use of Rayleigh models as endmember descriptions in Si isotope studies, while recognizing that &*°Si
signatures during secondary silicate formation can evolve away from simple irreversible Rayleigh behaviour when back-
reaction or re-equilibration becomes important (Fernandez et al., 2019).

HAS saturation-index calculations

Saturation indices (SI = log (IAP/K,,)) were calculated for the three titration experiments at each sampled reaction step
using PHREEQC v3 and the minteq.v4 thermodynamic database (Parkhurst and Appelo, 2013). Aqueous concentrations
from Tables S-1 and S-2 were used for PHREEQC. Dissolved Al values reported below the 0.02 mM analytical detection
limit were assigned to 0.01 mM, corresponding to half the detection limit, for the purpose of these calculations.

The minteq.v4 database was chosen for consistency within the solubility framework developed by Baldermann et
al.(2024) who similarly used the same aqueous activity model to constrain the composition-dependent solubility of SRO
HAS phases. Allophanic SRO HAS is not included as a standard database phase and, thus, a separate custom HAS phase
was defined for each experiment using the ion activity product and composition-solubility relationship reported by
Baldermann et al.(2024) (their Eq. 5; pKuas = log Kp).

2 . X
AP = (Alfag))” - (HaSiO4aq) (Eq.S —8)

6
(H (tzq))

2 (Si) (Eq.S —9)
N -
Al sotia 1

and the reported linear regression between pKuas and the Si/Al of the precipitate (Eq. 7 in Baldermann ef al., 2024))
follows as,

Al
PKpas = 2.9 - (-) + 7.9 (Eq.S —10).
Si solid

The precipitate compositions were estimated from cumulative aqueous mass balance using the (Si/Al)removed Telationship
defined in Equation 1 of the main text. For organosilicate-derived Si experiment A and the SiO-derived Si experiment,
the ratios were evaluated at the end of their principal coupled-removal intervals at pH 4.88 and 4.79, respectively. For
organosilicate-derived experiment Si B, the final pH 6.03 point was used because substantial Al removal continued
between pH 4.72 and the final sample, where dissolved Al had decreased below the analytical detection limit (Table S-
1). The resulting (Si/Al)removed Values of 0.52, 0.49, and 0.47 for organosilicate-derived Si experiments A and B and the
SiO,-derived Si experiment, respectively, correspond to estimated (Al/Si)siia of 1.92, 2.04, and 2.13. These yield
experiment-specific HAS solubility constants (pKuas) of ~13.5, 13.8, and 14.1 following the Baldermann et al. (2024)
relationship. The latter two (Al/Si)soiia estimates lie slightly beyond the upper end of the composition range used to
calibrate the regression ((Al/Si)slia = 1.3 — 2.0; Su and Harsh, 1998) and are therefore treated as a minor extrapolation.

Each experiment-specific phase was added to the PHREEQC input using the balanced reaction:
Al;05(Si03)x (5) " 3H,0 + 6H(J;q) = xHySi04(qq) + (6 —2x)H,0 (Eq.S —11)

The aqueous inputs were measured stabilised pH, 0.22-um filtered molybdate-reactive Si, and dissolved Al at 20 °C.
Dissolved Na was calculated from the cumulative amount of NaOH added, whereas dissolved Cl was calculated from
the initial AICl; inventory. For the independent-aliquot experiments, dissolved Na and Cl were corrected for dilution by
the added titrant. For the continuous organosilicate-derived Si B experiment, reactor volume and conservative dissolved
Na and Cl inventories were updated recursively after each NaOH addition and after removal of the three independently
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collected analytical aliquots. Because the tabulated Si and Al concentrations for experiment B had been corrected to
remove titrant dilution effects they were converted back to the concentrations present in the reactor at each sampled step
before PHREEQC aqueous speciation calculations.

The resulting aqueous activities of Al** and HsSiO4 were used to calculate saturation indices for the corresponding
experiment-specific SRO HAS phase. The same modelled solutions were then evaluated with respect to three other
candidate phases: amorphous AI(OH)s (log Ks, = 10.8 from WATEQF; Hem and Roberson, 1967), gibbsite (log K, =
8.11, Palmer and Wesolowski, 1992; Wesolowski, 1992) and amorphous silica (log Ky, = -2.714; Gunnarsson and
Arnorsson, 2000). All calculated activities and saturation indices are reported in Table S-4.

All three experiments became strongly oversaturated with respect to their experiment-specific allophanic SRO HAS
phases across the pH-buffered, Si —Al removal intervals (Fig. S-1a). Within the shaded intervals, Sluas ranged from
+3.27 to +4.46 for organosilicate-derived Si experiment A, +1.80 to +4.07 for organosilicate-derived Si experiment B,
and +2.27 to +2.77 for the SiO»-derived Si experiment. Experiment B began close to the estimated HAS equilibrium at
pH 3.75 (Sluas = + 0.12), but became increasingly oversaturated as alkalinity was added, reaching SIuas = +5.20 at the
final pH 6.03 point. These values indicate a strong thermodynamic driving force for SRO HAS precipitation as the fluids
passed through the pH-buffering interval.

In contrast, all three experiments remained undersaturated with respect to amorphous Al(OH); during their principal
coupled-removal intervals (Fig. S-1b). Over these intervals, Slgmaion), ranged from -1.46 to -0.70 in organosilicate-
derived experiment A, -2.10 to -0.85 in organosilicate-derived experiment B, and -1.58 to -1.27 in the SiO,-derived
experiment. A discrete amorphous Al-hydroxide phase was therefore predicted to be thermodynamically unfavourable
during the interval in which the majority of Al removal and dissolved §*°Si evolution occurred.

Gibbsite was nominally supersaturated throughout much of the titration series (Fig. S-1c). Within the active removal
intervals, Slgipbsic Tanged from +1.10 to +1.86, +0.46 to +1.70 and +0.97 to +1.28 for organosilicate-derived Si A,
organosilicate-derived Si B, and the SiO,-derived Si experiment, respectively. Supersaturation alone does not
necessarily demonstrate that gibbsite precipitated, particularly over the reaction timescales of these experiments
(minutes to hours) at around room temperature. Under these conditions, poorly ordered Al-bearing precursor phases are
expected to form more readily than crystalline Al hydroxides (Hem and Roberson, 1967), coherent with kinetic
inhibition and the Ostwald step rule (Steefel and Van Cappellen, 1990). The amorphous Al(OH); endmember therefore
provides the more relevant thermodynamic constraint on whether a discrete Al-hydroxide phase could account for the
observed rapid Al removal.

The amorphous-silica saturation states differed between the two dissolved Si source pathways (Fig. S-1d). The SiO»-
derived Si solution remained undersaturated with respect to amorphous silica throughout the titration, with Slg;o, (am)

ranging from -0.14 to -0.48. Its substantial Si removal therefore cannot be explained by precipitation of a discrete
amorphous silica phase. Both organosilicate-derived Si solutions started mildly supersaturated with respect to
amorphous silica. During the high removal intervals, Slg;o, (@m) ranged from +0.25 to -0.07 in experiment A and from

+0.26 to +0.04 in experiment B. Experiment A crossed into undersaturation between 4.61 and 4.88, whereas experiment
B became undersaturated by the final pH 6.03 point (Sls;o, = -0.06). Minor silica polymerisation cannot therefore be

excluded during the early organosilicate-derived titration steps. However, Si removal continued as the fluids approached
or crossed amorphous silica equilibrium, while Al was removed concurrently and the solutions remained substantially
more oversaturated with respect to the experiment-specific SRO HAS phases.

Taken together, the saturation index calculations are most consistent with formation of an Al-rich, SRO HAS-dominated
precipitate during the pH-buffered reaction interval. They argue against amorphous Al(OH)s as a significant independent
Al sink and exclude discrete amorphous silica as the principal Si sink in the freshly prepared SiO,-derived Si experiment.
Reported Al(OH);3(s) solubility constants span log Ks =~ 8 — 11 with increasing crystallinity (Nordstrom and May, 1995).
Our conclusion that a discrete Al-hydroxide phase was not a significant additional Al sink holds for any constant in the
upper (amorphous) part of this range. Minor silica polymerisation cannot be definitively excluded in the organosilicate-



Geochemical Perspectives Letters — Supplementary Information

derived fluids, but the combined aqueous and solid-phase evidence indicates that SRO HAS was the dominant reaction

product.

Supplementary Tables

Table S-1 Results of Organosilicate-derived Si titration
ILD. |0.1MNaOH | pH pH Dissolved | Dissolved Al | Dissolved 6*Si | Dissolved *"Si

(mL) t=0 stabilized | Reactive Si | mM = (1o) %o £ (26) %o £ (26)
mM = (10)

A0 |0 3.83 3.82 3.24+0.01 3.59+0.01 -1.33£0.03 -2.64 +£0.08
A-1 0.1 4.13 4.14 3.13+£0.01 3.37+0.01 -1.25+0.04 -2.52 £0.05
A2 |02 421 4.07 3.13+0.01 3.44+0.01 -1.31+£0.02 -2.60 £ 0.04
A-3 103 427 4.06 3.11+£0.01 3.38+0.01 -1.31+0.03 -2.60 £ 0.07
A-4 |0.55 4.39 4.07 3.12+0.01 3.37+0.01 -1.27£0.03 -2.56 +0.05
A-5 0.8 4.45 4.25 3.09+0.01 3.46 £0.01 -1.32+0.05 -2.56£0.10
A-6 |09 4.52 4.36 2.66 +£0.01 2.34+0.02
A-7 | 1.05 4.68 4.51 2.12+£0.01 1.42+0.02 -0.75 £0.06 -1.51 +£0.06
A-8 | 1.1 4.74 4.61 1.87 £0.01 1.01 £0.04 -0.62 +0.03 -1.28 £0.06
A9 | 115 4.93 4.88 1.50 £ 0.01 0.25+£0.02 -0.31 +0.04 -0.63 £ 0.09
A-10 | 1.2 5.59 5.26 1.33+£0.01 <0.02 -0.29 £ 0.06 -0.67 £0.10
A-11 | 1.25 6.11 5.71 1.21 £0.01 <0.02 -0.31+0.02 -0.68 +£0.03
A-12 | 1.3 6.75 6.78 1.06 £ 0.01 <0.02 -0.36 = 0.05 -0.66 +0.14
B-0 |0 - 3.75 3.25+0.06 3.25+£0.02 -1.12+£0.07 -2.45+0.15
B-1 2 - 4.04 325+0.11 3.06+0.01 -1.09+0.07 242 +£0.11
B-2 |4 - 4.16 3.15+0.06 2.82+0.01 -1.09 £0.05 -2.39 £ 0.04
B-3 |6 - 423 3.06 £ 0.06 2.65+0.02 -1.03 £0.05 -2.24£0.10
B-4 |8 - 4.28 3.03+0.01 2.45+0.04 -1.00 £ 0.07 -2.21£0.04
B-5 12 - 4.34 2.92+£0.01 1.98 +£0.01 -0.98 £ 0.07 -2.15+£0.04
B-6 |16 - 4.54 2.40 £0.02 1.02+0.01 -0.84 +0.10 -1.83 £0.06
B-7 |18 - 4.72 2.08 £0.02 0.51+0.01 -0.65 £ 0.05 -1.57£0.11
B-8 |20 - 6.03 1.67 +£0.01 <0.02 -0.34 £ 0.02 -0.90 = 0.09
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Table S-2 Results of SiO,-derived Si titration

LD. | 0.1 M pH pH Dissolved Dissolved | Dissolved 6%Si Fluid 8*'Si Fluid
NaOH | t=0 | stabilized | Reactive Si* | Total Si® Al %o + (20) %o + (20)
(mL) mM (16) | mM = (I6) | mM  (1o)

0 0 4.01 4.01 1.28 £ 0.02 1.40+0.01 | 1.26 +0.01 -1.00 £0.09 -1.77 £0.05

1 0.05 4.28 4.28 1.25+0.01 1.45+0.02 | 1.07+0.01 - -

2 0.1 4.32 4.29 1.24 £0.01 1.28+0.02 | 1.20+0.01 - -

3 0.15 4.4 4.33 1.22 +£0.01 1.48+£0.02 | 1.13+0.01 - -

4 0.2 4.42 4.32 1.19+£0.01 1.22+0.02 | 1.16 £0.01 - -

5 0.25 4.46 4.33 1.24 +£0.04 1.42+0.04 | 1.21 +£0.01 - -

6 0.3 4.47 4.33 1.18 £ 0.01 1.57+0.01 | 1.14+£0.02 - -

7 0.35 4.49 4.38 1.13+0.01 1.35+0.01 | 0.99 +£0.01 - -

8 0.4 4.5 4.4 1.05+0.01 1.43+0.01 | 0.66+£0.15 - -

9 0.45 4.61 4.45 0.97+0.01 1.17+0.01 | 0.64 +0.01 -0.82 £0.20 1.51+0.06

10 | 0.5 4.72 4.67 0.91+0.01 1.21+0.01 | 0.18+0.01 - -

11 0.55 491 4.79 0.72+0.01 0.78 £0.02 | 0.06 +0.02 - -

12 ]0.6 5.46 5.95 0.58 £ 0.01 0.62+0.01 <0.02 - -

13 | 0.65 8.12 8 0.62 +0.01 0.62+0.01 | 0.03+0.01 -0.67£0.10 -1.23+£0.13

A. Molybdate-reactive Si concentration measured with UV-Vis spectroscopy
B. Total dissolved Si measured by ICP-OES

Table S-3 Statistical summary for Figure 4 RMA regressions and Rayleigh model fits
Parameters Organosilicate-derived Si Organosilicate-derived Si SiOz-dirived
A B Si
Dissolved 8°Si vs. £, regression statistics
n 12 9 3
RMA slope -2.039 -1.408 -0.553
RMA slope 95% CI | -2.130(low) — -1.942(high) | -1.842(low) — -1.076(high) NA
RMA intercept -0.634 -1.163 -1.221
Pearson r -0.998 -0.952 -0.9997
R? 0.996 0.907 0.999
Rayleigh model fit statistics
530Si, -2.64 -2.45 -1.77
a 0.99743 (0.99792)% 0.9978 0.9992
SE(a) 7x1075 (3x107) 0.0001 0.0001
€ (%o) -2.56 (-2.08) -2.20 -0.80
SE (&) (%o) 0.07 (0.03) 0.13 0.14
RMSE (%o) 0.04 (0.19) 0.06 0.04
Reduced y? 0.54 (6.27) 0.38 0.22

A. The SiO;-derived Rayleigh and RMA parameters are descriptive fits through 3 measurements and are, thus,
only treated qualitatively.
Italicized values correspond to the Rayleigh-derived values obtained from considering the full trajectory (i.e.
all data) whereas non-italicized values correspond to those obtained by considering only data that falls within
the Al-coupled Si removal interval.

B.
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Table S-4

Summary of PHREEQC-calculated saturation indices for Si pathway-specific SRO HAS phases,

amorphous Al-hydroxide (Al(OH)3), gibbsite, and amorphous silica at 20 °C.

Exp. log a3+ ‘ log ay,sio, Slyas S1 100mH), Slgibbsite | SIsioyiam
Organosilicate-derived starting dissolved Si
A-0 -3.0291 -2.4867 0.8027 -2.7013 -0.1457 0.2654
A-1 -3.0589 -2.5018 2.6475 -1.771 0.7846 0.2503
A-2 -3.0529 -2.5018 2.2396 -1.975 0.5806 0.2504
A-3 -3.0603 -2.5045 2.1618 -2.0125 0.5431 0.2476
A-4 -3.068 -2.5031 2.2079 -1.9902 0.5654 0.2491
A-5 -3.0745 -2.5072 3.2705 -1.4568 1.0989 0.2451
A-6 -3.2077 -2.5727 3.5960 -1.2599 1.2957 0.1795
A-7 -3.4013 -2.6717 4.0057 -1.0035 1.5521 0.0805
A-8 -3.5471 -2.7264 4.2571 -0.8493 1.7063 0.0258
A-9 -4.2041 -2.8224 4.4632 -0.6962 1.8594 -0.0703
A-10 -5.8824 -2.8748 3.332 -1.2346 1.3211 -0.1226
A-11 -6.5352 -2.9158 4.6836 -0.5374 2.0182 -0.1637
A-12 -9.2026 -2.9736 5.7086 0.0052 2.5608 -0.2215
B-0 -3.0569 -2.4855 0.1192 -2.9390 -0.3834 0.2666
B-1 -3.0864 -2.4891 1.7966 -2.0985 0.4571 0.2630
B-2 -3.1223 -2.5063 2.4279 -1.7745 0.7811 0.2458
B-3 -3.1516 -2.5225 2.7735 -1.5938 0.9619 0.2296
B-4 -3.1862 -2.5304 2.9965 -1.4784 1.0772 0.2217
B-5 -3.2746 -2.5538 3.1569 -1.3868 1.1688 0.1984
B-6 -3.5566 -2.6465 3.7023 -1.0688 1.4868 0.1057
B-7 -3.8805 -2.7125 4.0701 -0.8527 1.7029 0.0397
B-8 -7.1990 -2.8119 5.1961 -0.2412 2.3144 -0.0597
Si0; - derived starting dissolved Si
0 -3.2795 -2.8919 0.6874 -2.3813 0.1743 -0.1400
1 -3.3541 -2.9023 2.1486 -1.6459 0.9097 -0.1503
2 -3.3195 -2.9057 2.2746 -1.5813 0.9743 -0.1537
3 -3.3467 -2.9128 2.4535 -1.4885 1.0671 -0.1608
4 -3.3398 -2.9236 2.3972 -1.5117 1.0440 -0.1716
5 -3.3294 -2.9056 2.4947 -1.4713 1.0843 -0.1537
6 -3.3526 -2.9272 2.4281 -1.4945 1.0611 -0.1752
7 -3.4102 -2.946 2.5954 -1.4021 1.1535 -0.1941
8 -3.5637 -2.9781 2.3785 -1.4956 1.0601 -0.2261
9 -3.5858 -3.0125 2.6021 -1.3677 1.1879 -0.2605
10 -4.1491 -3.0404 2.7695 -1.271 1.2846 -0.2884
11 -4.6651 -3.1421 2.3626 -1.4269 1.1287 -0.3902
12 -6.9744 -3.2361 4.6162 -0.2563 2.2993 -0.4841
13 -13.3578 -3.2129 4.1711 -0.4897 2.0659 -0.4609
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Supplementary Figures
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Figure S-1 Saturation indices (SI) for the reactive solutions with respect to (a) experiment-specific allophanic SRO

HAS (Sluas), (b) amorphous AI(OH)s (SIgmaiom),)- (€) gibbsite (Slgivbsice), and (d) amorphous SiO: (Slgm sio,) plotted
against stabilised pH for all three titration experiments. Organosilicate-derived Si experiment A and the SiO»-derived
Si experiment were sampled after 24 hours, whereas organosilicate-derived experiment B was titrated continuously and
sampled after pH stabilisation (typically within 30 — 45 minutes, Methods). Shaded bands mark the main Si— Al removal
intervals defined in the main text: pH 4.25 — 4.88 for organosilicate-derived Si A, pH 4.04 — 4.72 for organosilicate-
derived Si B, and pH 4.29 — 4.79 for the SiO,-derived Si experiment. Dashed lines mark equilibrium (SI = 0).
Calculations were performed in PHREEQC using the minteq.v4 database at 20 °C (Parkhurst and Appelo, 2013), with
experiment-specific HAS phases defined using the composition-dependent solubility framework of Baldermann ef al.
(2024). Solubility constants for the reference phases are from Hem and Roberson (1967) (amorphous Al(OH)s), Palmer
and Wesolowski (1992) (gibbsite), and Gunnarsson and Arnérsson (2000) (amorphous SiO,). All three experiments
were strongly oversaturated with respect to SRO HAS across the removal intervals, while remaining undersaturated
with respect to amorphous Al(OH)s. The SiO»-derived Si solution remained undersaturated with respect to amorphous
silica throughout, whereas the organosilicate-derived solutions evolved from mild supersaturation toward or below
equilibrium as Si—Al removal progressed.
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