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ABSTRACT

Recent measurements from Mars document X-ray amorphous/nano-crystalline materials in
multiple locations across the planet. However, despite their prevalence, little is known about these
materials or what their presence implies for the history of Mars. The amorphous component of the
martian soil in Gale Crater has an X-ray diffraction pattern that can be partially fit with allophane
(approximately Al>03¢(Si02)13-22(H20)25.3), as well as low-temperature water release consistent with
allophane. The chemical data from Gale Crater suggest that other silicate phases similar to allophane,
such as Fe-substituted allophane (here, approximately (Fe203)0.01(A1203)0.99(Si02)223H20) and
hisingerite (approximately Fe**,Si05(OH)4¢(H20)), may also be present. In order to investigate the
properties of these poorly crystalline components of the martian soil, we synthesized allophane, Fe-
substituted allophane, and hisingerite; characterized the synthetic materials by infrared spectroscopy,
electron microscopy, X-ray diffraction, and evolved gas analysis; and performed dissolution experiments
at acidic, near-neutral, and alkaline conditions in order to determine dissolution kinetics and alteration
phases for these poorly crystalline materials. Our analyses demonstrate that allophane, Fe-allophane, and
hisingerite are appropriate analogs for silicate phases in the martian amorphous soil component. These
poorly crystalline materials dissolve rapidly at all experimental pH conditions, indicating that similar
materials on Mars must have had limited interaction with liquid water since their formation. For
allophane, lograiss = -11.05 — 0.088 x pH; for Fe-allophane, lograiss = -11.09 — 0.091 % pH; and for
hisingerite, lograiss =-11.49 — 0.032 % pH. Additionally, incipient phyllosilicate phases form in hisingerite
and allophane under high pH conditions, but are much more sparse at low pH, which, combined with the
enrichment of Fe expected from weathering, may be a useful tool for examining returned samples of

martian soils for evidence of past aqueous alteration.
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1. Introduction

Recent observations have shown that Mars likely once had abundant water (e.g. Carr, 1996;
Bibring et al., 2006; Vaniman et al., 2014; Grotzinger et al., 2015), widely considered to be a critical
prerequisite for life. However, it is not yet clear how much water was present on Mars or for how long.
Clues to the characteristics and longevity of Mars's ancient aquatic environments may lie in the aqueous
alteration products, including the martian amorphous soil component that has been detected widely on
Mars both from orbit (e.g. Singer, 1985; Milliken et al., 2008; Rampe et al., 2014; Weitz et al., 2014) and
in situ by the Pathfinder, Spirit, and Curiosity rovers (e.g. Morris et al., 2000; Squyres et al., 2008; Bish
et al., 2013). Remote and in situ measurements have identified globally distributed hydrogen associated
with hydrated phases. It has been hypothesized that the source of the observed global hydration is an
amorphous material that contains structural or adsorbed water (Meslin et al., 2013). One such material,
allophane, has been detected from orbit across many regions of Mars (Rampe et al., 2011; Rampe et al.,
2012; Bishop and Rampe, 2016), as well as proposed at Gale Crater, the landing site of the Mars Science
Laboratory rover Curiosity (Bish et al., 2013; Dehouck et al., 2014).

Measurements from the Chemistry and Mineralogy (CheMin) instrument aboard Curiosity
indicate ~15-70 wt% X-ray amorphous material is present in all samples measured to date (e.g. Bish et
al., 2013; Dehouck et al., 2014; Vaniman et al., 2014; Rampe et al., 2017). The X-ray amorphous material
occurs in both scoops of unconsolidated, modern aeolian sediment and in drill tailings from ancient
sandstones and mudstones along the rover traverse (e.g. Blake et al., 2013; Bish et al., 2013; Dehouck et
al., 2014; Sutter et al, 2017). The broad hump in the CheMin X-ray diffraction (XRD) patterns, which
was assigned to amorphous material, has been fit by a combination of allophane, ferrihydrite, and/or
rhyolitic and basaltic glass for samples of modern aeolian sediment (Bish et al., 2013; Achilles et al.,
2017). Plausible chemical composition of the amorphous component for inactive aeolian sediment (i.e.,

soil) was estimated by subtracting the composition of the crystalline component (determined from



CheMin data) from the bulk sample composition, obtained from Curiosity's Alpha Particle X-Ray
Spectrometer (APXS) (Bish et al., 2013; Dehouck et al., 2014). Based on the Fe-rich nature of the
material, hisingerite may be present instead of or in addition to allophane (Bish et al., 2013; Dehouck et
al., 2014).

Allophane (approximately Al2O32(Si02)1.3-2¢(H20)2.5:3) is a poorly ordered aluminosilicate that
forms on Earth from the weathering of volcanic rocks and ash (Wada, 1989). It has short-range atomic
order and forms nano-scale spherules approximately 50 A in diameter, which then aggregate into clumps
(Abidin et al., 2004). These nano-spherules consist of a rolled gibbsite sheet surrounding a silica sheet
(Wada, 1989; Iyoda et al., 2012) and are hollow and porous, giving allophane a large adsorption capacity
and a high surface area (Ohashi et al., 2002; Iyoda et al., 2012). Allophane is found on Earth in moist,
temperate volcanic soils, such as those in Japan, New Zealand, and Sweden (Wada, 1989; Parfitt, 1990,
Gustafsson et al., 1998). In Fe-rich soils, Fe can substitute for some or most of the Al, producing Fe-
substituted allophane or a related mineral known as hisingerite (approximately Fe**,Si,Os(OH)4¢(H20),
Henmi et al., 1980). Like allophane, hisingerite is poorly ordered and tends to form aggregates of hollow,
porous nano-spherules in soils (Ingles and Willoughby, 1967), but the nano-spherules are much larger
(~200 A in diameter as per Shayan, 1984). Although much research has been done on the structure of
allophane (e.g. Ohashi et al., 2002; Montarges-Pelletier et al., 2005; Iyoda et al., 2012; Bishop et al.,
2013), few data exist on its dissolution kinetics (Abidin et al., 2004), and to our knowledge no dissolution
rates have been measured for hisingerite.

By determining the rates and conditions under which analogs for the martian amorphous soil
component persist, dissolve, and form secondary alteration phases, we can place constraints on the
characteristics and longevity of liquid water that was present in Gale Crater after the formation of these
amorphous materials. We performed dissolution experiments of synthetic allophane, Fe-substituted

allophane, and hisingerite at acidic, near-neutral, and alkaline conditions, and have characterized the



materials altered at low and high pH. We show that the dissolution rates of allophane, Fe-allophane, and
hisingerite are much faster than those of crystalline phases with similar compositions, and that the
dissolution rates of all three X-ray amorphous materials show only a small dependence on pH. We also
present indirect evidence for secondary Fe- and Al-rich alteration phases from solution chemistry, and
direct evidence of alteration to phyllosilicate-like phases at high pH from field-emission scanning
transmission electron microscopy (FE-STEM). These results help us interpret the implications of the
presence of these materials in Gale Crater and in other locations on the martian surface, and the possibility

of detecting direct evidence of past aqueous alteration in returned martian samples.



2. Materials and methods
2.1 Synthesis procedures

Hisingerite, Fe-allophane, and allophane were synthesized following the methods of Baker et al.
(2011, 2012). Plastic labware was used for all steps of the synthesis in order to avoid silica contamination
from glass.

Syntheses were carried out using AICl3*6H>O (reagent grade, Alfa Aesar), FeClz*6H,O (ACS
grade, Malinkcrodt), and tetraethyl orthosilicate (=98% purity, Acros Organics). Solutions of 0.1 M AICl;3
and FeCl; were mixed, and tetraethyl orthosilicate (TEOS) was added. At this stage, TEOS is immiscible
with water. While stirring, NaOH was added to the solution with a VWR variable speed ultra low flow
syringe pump (Model 3384) at a rate of 25 mL/hour in order to hydrolyze TEOS and allow silica to bond
with Al and Fe. A solution of NaOH was added until a molar ratio of 3:1 OH" to Al+Fe was achieved in
order to maximize allophane/hisingerite production and minimize the production of other phases (Denaix,
1993). For hisingerite, the molar Fe/Al/Si ratio was 0.5:0.5:1; for Fe-allophane, it was 0.01:0.99:1; and
for allophane, it was 0:1:1. The precursor materials were stirred for one additional hour after addition of
NaOH to ensure thorough mixing. They were then incubated without stirring at room temperature
overnight to stabilize the suspension through colloid formation and proton release (Denaix, 1993;
Montarges-Pelletier, 2005). The precursors were then heated in an oven at 95 °C for seven days to
promote colloid formation. The samples were removed from the oven, cooled, and washed with deionized
water to remove excess ions and alcohol from TEOS. Samples were washed by adding 25-45 mL of 18.2
MQ deionized water, agitating them on a vortex analog mixer, centrifuging at 11,000 rpm for 5 minutes
at 20 °C, and then pipetting off the supernatant. The washing process was repeated until the conductivity
of the supernatant was <20 umhos. The washed products were frozen in a -20 °C freezer for at least 24
hours, and then freeze-dried to create the final solid product. The final products were characterized by

Fourier-transform infrared (FTIR) spectroscopy, scanning electron microscopy/energy dispersive X-ray



spectroscopy (SEM/EDS), field-emission SEM (FE-SEM), X-ray diffraction (XRD), field-emission
scanning transmission electron microscopy (FE-STEM), and evolved gas analysis (EGA) as described in

Section 2.3.

2.2 Characterization
2.2.1 FTIR

FTIR analyses were carried out on a Varian FTS 7000 FTIR spectrometer in the Inorganic
Materials & Nanomaterials lab at UNLV. For all runs, the speed was 2.5 kHz, with 64 scans collected at
a resolution of 4 cm™! over the 4,000-400 cm™ range. For each sample, the sample chamber was run
through an open helium purge for ten minutes, followed by a closed helium purge for another ten minutes
in order to minimize contamination from atmospheric gases. A background spectrum was obtained for
each run, and this background spectrum was used as a correction for all sample spectra in order to remove
absorptions due to CO; and other atmospheric gases. Data for synthetic allophane, Fe-substituted
allophane, and hisingerite were compared with data from Wada (1989), Rampe et al. (2012), and Milliken
et al. (2008), respectively, and contained all of the major features of each phase (see Results Section

3.1.1).

2.2.2 SEM/EDS

Freeze-dried aggregates of unaltered allophane, Fe-allophane, and hisingerite were placed on
carbon tape atop aluminum sample plugs and carbon coated for analysis using a Denton Vacuum DV-
502A carbon coater. SEM and EDS analyses were carried out on a JEOL scanning electron microscope
model JSM-5610 with an Oxford ISIS EDS system in the Electron Microanalysis and Imaging
Laboratory (EMiL) at UNLV. In addition, samples of altered synthetic hisingerite were examined with

SEM under the same conditions to identify potential morphological changes due to dissolution.



Hisingerite exposed to pH ~4 solution for two days and hisingerite exposed to pH ~4 solution for one
month were examined and compared to the unaltered hisingerite. Only hisingerite was examined in this

way because it had the highest potential for forming Fe-rich alteration products.

2.2.3 FE-SEM

In order to reach sufficient magnifications to distinguish the nano-spherules characteristic of
allophane and hisingerite, samples were examined on a JEOL JSM-6700F field-emission SEM with a
magnification range of 500x to 430,000x (5 micrometer to 10 nanometer resolution) in the EMiL at
UNLV. Sample preparation was the same as that for SEM/EDS analyses. A standard voltage of 15 kV
was used, with a working distance of 8.4 + 0.1 mm. Allophane was examined in secondary electron mode,
whereas Fe-allophane and hisingerite were examined in backscatter mode for increased resolution of fine

particles.

2.2.4 FE-STEM

Freeze-dried samples of allophane and hisingerite were gently crushed in an agate mortar and
pestle to break up aggregates, suspended in ethanol, and droplet-deposited on amorphous holey-carbon
films supported on 200 mesh transmission electron microscope (TEM) grids. Transmission electron
microscopy was carried out using a JEOL JEM-2500SE analytical field-emission scanning transmission
electron microscope (FE-STEM) at NASA Johnson Space Center. Both conventional and STEM bright-
field imaging was used in order to identify major morphological features of the grains, such as nano-
spherules. Assessment of features on the crystal structure scale, including those indicative of short- or
long-range crystal order, was made using high-resolution lattice fringe imaging (HRTEM). Major
element composition of grains was assessed by energy-dispersive X-ray spectroscopy (EDS) analyses,

including acquisition of element maps obtained through EDS compositional spectrum imaging.



Both unreacted hisingerite and allophane and hisingerite and allophane reacted at pH = 3 and pH = 10
for up to 181 days (for complete experimental details, including the initial and final pH of each
experiment, as well as the total time the experiment ran, see supplemental material) were examined by
FE-STEM in order to characterize crystallinity, morphology, and to identify alteration features and

secondary phases due to reaction.

2.2.5 XRD

Samples were run on a PANalytical X'Pert Pro MPD 3040 instrument using a traditional spinner
stage at NASA Johnson Space Center. Cu Ka radiation was used for allophane and hisingerite, while Co
Ko radiation was used for Fe-allophane. The scan was conducted at 45 kV, 40 mA, from 2° to 80° 20 with
a step size of 0.02° 20, 100 seconds per step. Before analysis, samples were crushed gently in an agate
mortar and pestle to break up aggregates, but were not sieved. Aluminum sample holders were used for

all samples.

2.2.6 EGA

Evolved gas analysis was conducted in order to compare our synthetic materials with those
measured in Gale Crater by the Sample Analysis at Mars (SAM) instrument on the Curiosity rover to
check the appropriateness of our synthetic materials as martian analogs. EGA was conducted under
conditions similar to those utilized by SAM. The analyses were conducted on a Netzsch STA 449 F1
Jupiter simultaneous thermal analyzer, coupled to a Pfeiffer ThermoStar GSD 320 quadrupole mass
spectrometer at NASA Johnson Space Center. The temperature range was from 40 °C to 1050 °C with a
ramp rate of 35 °C per minute. The carrier gas was helium, with a flow rate of 20 mL per minute, and the
pressure was 30 mbar. Approximately 10 mg of sample was used for each run, and samples were run in

duplicate. No special preparation of samples was conducted for EGA after freeze-drying.



2.2.7 BET surface area and particle size analysis

Approximately 400 mg each of synthetic allophane, Fe-allophane, and hisingerite, sieved to <355
um, was prepared for particle size analysis and determination of Brunauer-Emmett-Teller (BET) specific
surface area (SSA). Particle size analysis was conducted on a Microtrac Bluewave S4640 particle size
analyzer at NASA Johnson Space Center. Samples were dispersed in ethanol and sonicated prior to
analysis. Analyses were run in duplicate to increase accuracy. BET SSA was determined using a
Micromeritics TriStar II 3020 surface area and porosity instrument at NASA Johnson Space Center. N>
was used as the analysis adsorptive. Analyses were conducted in duplicate to allow estimates of
uncertainty.

For allophane, the average BET SSA was 385.7658 + 0.1466 m? g'! and the average particle size
was 170.6 + 2.1 um. For Fe-allophane, the average BET SSA was 350.2424 + 10.6735 m? g'! and the
average particle size was 135.5 + 0.6 um. For hisingerite, the average BET SSA was 507.4815 +0.2155
m? g and the average particle size was 167.8 + 5.8 um. The average BET SSA for each material was
used to normalize the calculated initial dissolution rates to surface area. The complete results of particle

size analyses and BET SSA analyses are given in the supplemental material (Table S4).

2.3 Dissolution experiments

Dissolutions of allophane, Fe-allophane, and hisingerite were carried out at pH =3, 5, 7, and 10.
Suspensions were prepared by adding 0.15 g of sample in acid-washed 250 mL polypropylene bottles
containing 180 mL of 0.01 M NaCl solution. The pH was adjusted with 1.5 M HNO3 or 1 M NaOH. The
suspensions were shaken in a shaker water bath at 25.0 + 0.1 °C at 50 rpm for the entirety of each
experiment. Each experiment was run in duplicate with a blank at each pH condition.

Solution aliquots (10 mL each) were taken periodically based on expected dissolution rates and



preliminary experiments. 8 mL of each sample aliquot was filtered through a 0.2 um filter and acidified
with 1% v/v high purity HNOs. The pH of the solution was measured from the remaining 2 mL of
unfiltered sample aliquot. Experimental conditions for each experiment, including initial and final pH
and total reaction time, are given in Tables S5-S36 in the supplemental material. At the end of the
experiments, the solution was decanted from the dissolution vessels, and the solid material was
centrifuged at 11,000 rpm for 5 minutes, washed twice with deionized water to remove excess NaCl, and

then frozen for at least 24 hours before freeze-drying for analysis by SEM and FE-STEM.

2.3.1 Solution chemistry

Elemental analyses for dissolved Fe, Al, and Si were conducted via flame atomic absorption
spectroscopy on a Thermo Scientific iCE 3000 Series AA Spectrometer. Dissolved Fe was measured
using an air-acetylene flame, and dissolved Al and Si were measured using an air-acetylene-nitrous oxide
flame. Fe samples were treated with CaCOj to reduce interference and Al samples were treated with KCI
to control ionization following the methods of Eaton et al. (2005). Method blanks were also run to check

for possible contamination, and 18.2 MQ deionized water was used as an instrument blank.



3. Results
3.1 Characterization of unreacted materials
3.1.1 FTIR

Infrared spectra obtained with FTIR analyses, shown below in Figure 1, were consistent with
allophane, Fe-allophane, and hisingerite. All samples had bands at 3400 cm™!, 1645 cm™!, 1030 cm!, and
940 cm™!, and weak bands at 825 cm! and 620 cm™. The band positions were close to previously
published results (e.g. Wada, 1989; Montarges-Pelletier et al., 2005; Milliken et al., 2008; Rampe et al.,
2012; Bishop et al., 2013), and varied from the literature values by less than 50 cm™'. Montarges-Pelletier
et al. (2005) showed that peak positions in FTIR spectra of allophanes vary significantly with Si/Al ratio,
which may account for the wide range of values seen in the literature for allophane and hisingerite spectra.

The broad band at 3400 cm™ is due to stretching vibration of H>O molecules. The energy and
short lifetime of the vibrational state is typical for free water, indicating that this band is likely due to
adsorbed water (Wada, 1989; Montarges-Pelletier et al., 2005). The band centered at 1645 cm™ is
assigned to bending vibration of H2O molecules, although this band is much sharper than the stretching
modes from structural and/or adsorbed water (Ohashi et al., 2002, Montarges-Pelletier et al., 2005).
Based on the low intensity of the sharp H2O bending band, compared with the properties of the H.O
stretching band, we conclude that most of the water in our synthetic materials is likely adsorbed rather
than structural. Bands at 1030 cm™ and 940 cm™ are due to Si-O-Al stretching. Bands due to OH and/or
Al-O bending exist at 825 cm™ and 620 cm!, although they are difficult to distinguish in this dataset due

to noise (Bishop et al., 2013).
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Figure 1. FTIR spectra of allophane, Fe-substituted allophane, and hisingerite. The spectra are offset for clarity.

3.1.2 SEM/EDS

In general, unreacted samples examined by SEM consisted of large, smooth grains ~300-600 um
in diameter coated with much smaller (~10-50 pm) flakes of "fluffy" material (Figures S6-S7,
supplemental material). Semi-quantitative EDS analyses yielded mainly Al, Si, and Fe compositions
consistent with synthesis ratios (Table S2, supplemental material). No major compositional differences
were observed between the larger, smooth grains and the smaller, "fluffy" material. Cl was observed in a

few samples, most likely the result of incomplete washing, but was not prevalent.

3.1.3 FE-SEM

FE-SEM analyses of unreacted material also showed that all samples contained large, smooth
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chunks of material as well as small, "fluffy" aggregates (e.g. Figure 2; Figures S10-S12 in supplemental
material). Often the smaller, "fluffy" grains were attached to or associated with the larger, smoother grains.
The "flufty" texture is most likely due to individual allophane or hisingerite nano-spherules. The large,
smooth grains are likely also aggregates of nano-spherules, since EDS analyses (see above) revealed no
significant compositional differences between large and small grains. These aggregates may have been

compacted into more coherent grains by centrifugation during the washing process.

COMPO 15.0kV  X4,000
Figure 2. Synthetic Fe-allophane imaged by FE-SEM. Nano-spherules are distinguishable in the "fluffy" texture of the
aggregate. Similar textures were observed in allophane and hisingerite samples (supplemental material).

3.1.4 FE-STEM
Particles with nano-spherule structures, indicative of allophane and hisingerite, were observed in
the TEM subsamples of the unreacted synthetic samples (Figure 3; Figure S1, supplemental material).

Such nano-spherules have previously been observed in samples of natural allophane (e.g. Wada, 1989;
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Iyoda, 2012) and natural hisingerite (e.g. Eggleton and Tilley, 1998). Our synthetic hisingerite particles
exhibited poorly-developed lattice fringes in some localized regions (Figure 3c), indicative of mid- to
long-range order. However, the majority of hisingerite material was structurally disordered (i.e.,
amorphous) based on HRTEM images analyzed by Fourier-transform image processing. Our synthetic
allophane did not show any lattice fringes, even when exposed to the electron beam for several minutes.
Two different textures were observed in the allophane sample; one "fluffy," likely representing an
aggregate of many individual nano-spherules, and one "smooth." These morphologies are consistent with
those presented by Wada (1989) for natural allophane and Eggleton and Tilley (1998) for natural

hisingerite.
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Figure 3. TEM images of synthetic unaltered hisingerite (a-c) and allophane (d-f). a) An agglomerate of synthetic
hisingerite. b) A closer view of synthetic hisingerite agglomerate in (a). Nano-spherules are visible, especially along the
edges of the agglomerate. ¢) A very high-magnification view of synthetic hisingerite. Lattice fringes (arrows) indicate some
crystalline structure. d) An agglomerate of synthetic allophane. Nano-spherule-like structures are visible along the edges of
the agglomerate. Both the "fluffy" (black arrow) and "smooth" (white arrow) textures are visible. e) A closer view of (d),
showcasing the "fluffy" nano-spherule structures. f) Very high magnification of synthetic allophane. Note the lack of lattice

fringes, indicating no long-range crystal structure

3.1.5 XRD

Synthetic allophane, Fe-allophane, and hisingerite all had similar diffraction patterns with
elevated low background and broad peaks, indicating an abundance of small particles and nano-
crystalline structure, respectively (van der Gaast and Vaars, 1981). Allophane had a prominent peak at
3.1 A d-spacing, with a possible second peak at 7.2 A; Fe-allophane had two peaks at 2.9 and 1.9 A; and
hisingerite had three peaks at 3.2, 2.7, and 1.5 A (Figure S17).

The d-spacings obtained by XRD for synthesized allophane, Fe-allophane, and hisingerite are

consistent with literature values for natural and synthetic allophane and hisingerite (e.g. Yoshinaga and
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Aomine, 1962; Wada and Yoshinaga, 1969; Milliken and Bish, 2014). Mustoe (1966) summarizes the d-
spacings of various natural hisingerite samples, indicating variations in d-spacings of up to 0.3 A, as well
as variability in the number of observed peaks. Therefore, considering the variability in natural samples,

our synthetic materials have XRD patterns consistent with allophane, Fe-allophane, and hisingerite.

3.1.6 EGA

Hisingerite and allophane exhibited mass-18 (i.e., H2O) release at ~130 °C, likely of adsorbed
H>O (Figure S13), consistent with previous laboratory measurements of water release from allophane.
Release of O (mass 32) occurred concurrently with H>O release in all samples (Figure S14), and
therefore is likely a result of fragmentation of released H>O during ionization in the mass spectrometer.
No CO2 (mass 44) or SO; (mass 64) releases were observed from our synthetic materials, consistent with
the absence of carbon and sulfur in the syntheses (Figures S15, S16).

Overall, these observations are consistent with previous measurements for allophane (e.g. Bish
and Duffy, 1990; Rampe et al., 2016). Although we are not aware of any published EGA data for
hisingerite, the observed concordance between allophane and hisingerite samples is consistent with the

expectation that allophane and hisingerite would behave similarly under EGA conditions.

3.2 Dissolution experiments
3.2.1 Solution chemistry

The pH of dissolution experiments with low initial pH rose with time, the pH of the dissolution
experiment with high initial pH decreased with time, and the pH of the near-neutral experiment remained
near-neutral throughout the experiment (Figure 4). For all experiments, an initial rapid change in pH
occurred, which then leveled off to a steady-state value. All experiments reached their steady-state pH

within 18 days after the start of the experiment, and for all experiments except pH 5, hisingerite had the
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lowest steady-state pH.

The initial rapid change in pH corresponded to an initial linear release of silica, which was used
to calculate the dissolution rate (see Section 3.2.2 below). The pH at the final time point of this rapid-
release phase was ~3.23-4.14 for experiments with initial pH = 3, ~5.98-6.47 for experiments with initial
pH =5, ~5.24-7.17 for experiments with initial pH = 7, and ~6.85-8.70 for experiments with initial pH
= 10. The initial and final pH data for the rapid-release phase of dissolution are summarized below in
Table 1. As seen in Figure 4, the final pH of the data used to calculate the rates was usually closer to the

initial pH than to the steady-state pH of the experiment.
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Figure 4. Observed change in solution pH with time for the initial pH = 3 (left) and initial pH = 10 (right) experiments. The
experiments at pH 5 showed similar pH change to those at pH 3, in that the pH of all experiments rose with time until
reaching a steady-state value. The experiments at pH 7 were somewhat similar to those at pH 10, in that the pH of
hisingerite experiments decreased from pH ~7, although the pH of the Fe-allophane experiments remained relatively
constant, and the pH of the allophane experiments increased slightly (data in supplemental material). Balanced chemical
equations (see supplemental material Section S8) explain the observed pH changes.

In all experiments except hisingerite reacted at pH 3, Fe remained below the practical quantitation
limit of the atomic absorption spectrometer (<0.2 ppm Fe) throughout the duration of the experiment.
For hisingerite at pH 3, the concentration of Fe in solution first increased rapidly, then decreased more

slowly (see Figure S23, supplemental material). Likewise, Al was only above the practical quantitation
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limit (1.0 ppm) in the allophane, Fe-allophane, and hisingerite dissolution experiments carried out at pH
3. In these experiments, Al concentration similarly first rose rapidly, and then leveled off or decreased
slowly as the pH approached steady-state (Figure S23).

For all experiments, Si concentrations were above detection at all time points. Si concentrations
initially increased linearly, and then reached a steady concentration of ~0.2-0.5 mM within 18 days. The
linear section of the Si release curve was used to calculate dissolution rates (see Section 3.2.2). During
dissolution of hisingerite, Fe release was always below the ~0.5:1 stoichiometric Fe/Si ratio, while Al
release was initially higher than the ~0.5:1 Al/Si stoichiometric ratio, and then decreased with time to
approximately stoichiometric values (Figure 5). Allophane and Fe-allophane reacted at pH 3 also showed
Al/Si ratios in solution that were initially above stoichiometric values and then decreased to below the
~1:1 stoichiometric value (Figure 5). Solution chemistry for each time point for each experiment is

reported in the supplemental material (Section S9).
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Figure 5. Al/Si ratio (left) and Fe/Si ratio (right) measured from solution in pH 3 experiments versus time. Points where Fe,
Al or Si were below detection are not plotted. ALP Initial, FEA Initial, and HIS Initial indicate the synthesis ratios of the
unaltered allophane, Fe-allophane, and hisingerite, respectively.
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3.2.2 Calculations

Dissolution rates were determined from moles Si released into solution with time. The Si
concentration measured in solution was corrected for volume removed to moles Si released using the
equation:

me = Mm-1) + (T C(t—l))V(t—l) (1)

where m; and m(.1) are the moles Si released at times ¢ and #-1, ¢; and c(.1) are the corresponding
concentrations in mols L', and ¥{..1) is the volume of solution remaining at time -1 (Welch and Ulmann,
2000).

Dissolution of all materials showed an initial linear rapid dissolution phase, followed by a slower
phase that approaches steady conditions (Figure 6). The initial linear part of this curve, generally the
first five to eight points, was fit with a linear regression, where the slope of the line was the silica release

rate in mol s™!. The dissolution rate was calculated using the following equation:

Am/At
Tdiss = XM (2)

where 74iss is the dissolution rate in mol m2 s™!, Am/At is the silica release rate in mol s}, 4 is the average
BET SSA of the material in m? g'!, and M is the total mass of material in the reactor in g (Table 1). One
of the duplicate experiments of Fe-allophane at pH 7 was excluded from the rate calculations due to

anomalous experimental conditions (see supplemental material).
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Figure 6. Typical shape of the Si, Al, and Fe release curves for allophane, Fe-allophane, and hisingerite dissolution (left)
and the linear portion of the silica release curve (right) as exemplified by a hisingerite experiment with initial pH = 3. In
general, hisingerite reached higher final Si, Al, and Fe concentrations than allophane or Fe-allophane. No Al or Fe release
was observed in experiments at pH 5, 7, or 10. Full data sheets for all experiments are given in the supplemental material.

Rate law equations were determined by plotting the log of the dissolution rates from Equation (2)
against the pH of the experiment, and then fitting the points with a linear regression. The resulting rate
law equation was of the form:

log1giss = logkaiss —n X pH
where rq4iss 1s the surface-area normalized dissolution rate, kuiss is the dissolution rate constant, and # is
the reaction order with respect to H". For allophane, lograiss = -11.05 — 0.088 x pH; for Fe-allophane,
lograiss =-11.09 —0.091 x pH; and for hisingerite, lograiss = -11.49 — 0.032 x pH. The pH at the first time
point was considered to be the pH of the experiment, since the majority of dissolution took place at or
near that pH (see Section 3.2.1 and Section S9). The pH dependence for all phases was low; for allophane,
n=0.088 + 0.014; for Fe-allophane, n = 0.091 + 0.026; and for hisingerite, n = 0.032 = 0.0089. The error
is the 1-o standard deviation of n. The pH dependence of allophane and Fe-allophane were within
uncertainty of each other, which is not surprising given the structural and compositional similarity of

these phases. The pH dependence of hisingerite is lower than that of the allophane phases, consistent
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with previous results for amorphous Al- and Fe-phosphates (Tu et al., 2014). Balanced chemical
equations for each pH condition (Section S7) demonstrate the production or uptake of H' ions that explain
these trends. While dissolution was not stoichiometric, the general trends described by the balanced
chemical equations hold true; namely, that the pH dependence of hisingerite dissolution is less than that
of allophane and Fe-allophane dissolution. The difference in pH dependence between the Al-rich and Fe-
rich phases is also supported by the balanced equations for these reactions (supplemental material). The

scatter in the experimental rate data is likely due to the small dependence of silica release rate on pH.
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Figure 7. Average of the dissolution rates (points) and rate laws (lines) for allophane, Fe-allophane, and hisingerite at pH 3,
5,7, and 10. Error bars represent the range of values for the dissolution rates. All experimental data are given in the
supplemental material.
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Table 1. Measured pH at the first time point (¢;), measured pH at the final time point of the data used to calculate the dissolution
rates (), dissolution rates (74iss) and their 1-o standard deviations (Std err) at each experimental pH condition for each material.
The "-1" or "-2" suffix indicates duplicate experiments. Averages of the data are plotted in Fig. 7 with rate laws. Shaded cells
were omitted from the rate law calculation due to anomalous experimental conditions (see supplemental material Table S20).
All solution compositions for each experiment at each time point are given in Supplemental Material (Tables S5-S36).

Material pH3 pHS pH7 pH 10

H at |pH at| rus" rr® | pH at [pH at| rus | Stderr | pH at |pH at| ras | Std err | pH at |pH at| ras | Std err
P P Std e
t | x10] qom2 t tr [x10"| x107 t tr [ x10| x 107 t tr [x10"| x10"

Allophane-1 325 410 |544 |0.509 584 1647 [2.17 |0.144 6.76 [7.17 |2.11 0.245 9.94 870 |1.35 |[0.145
Allophane-2 322 1409 |5.57 (0436 571 1639 |1.92 0.182 6.65 [7.06 |2.28 0.356 990 846 |1.30 |[0.172
Fe-allophane-1 [3.21 |4.04 |5.70 ]0.423 5.59 598 |1.95 0.101 6.38 1640 |1.39 [0.0846 |9.81 [7.80 |1.09 [0.172
Fe-allophane-2 |3.24 [4.14 |5.72 |0.627 5.56 16.05 |1.67 |0.271 6.37 642 |1.00 |[0.610 9.78 [7.60 |1.16 |0.128
Hisingerite-1 3.07 [3.23 |2.17 ]0.0995 533 6.56 (233 [0.103 594 527 [229 [0.158 10.04 6.99 |1.57 [0.150
Hisingerite-2 3.07 [3.35 |3.10 ]0.0676 535 646 |1.77 0.218 6.05 524 |231 0.132 10.03 6.85 |1.50 [0.265
3r4iss and standard error have units of mol m? s!

3.3 Characterization of reacted materials
3.3.1 SEM/EDS

Analyses of hisingerite reacted for two days and hisingerite reacted for one month revealed that
the texture of hisingerite grains tended to become more porous with increasing dissolution time, and the
grains themselves tended to become smaller. Figures S7-S9 (supplemental material) show representative

SEM images of grains of each sample.

3.3.2 FE-STEM

Hisingerite that had been reacted at pH 10 for 2 months showed the formation of small (~2 pm)
linear features within the larger hisingerite aggregates (Figure 8; Figure S3 in supplemental material).
These features were interpreted as the rolled or curled edges of silicate sheets, possibly due to the
inception of conversion to phyllosilicate. Overall, the material was still poorly crystalline, and the linear
features did not demonstrate a higher degree of crystallinity than the surrounding masses, as
demonstrated by their lack of lattice fringes. The linear features were also observed in hisingerite that
was reacted at pH 3 for 6 months, although they were much less prevalent.

Only a few of these linear "edge-curl" features were observed in allophane that had been reacted
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at pH 10 for 2 months (Figure S4, supplemental material). Allophane also maintained the morphological
dichotomy between a "flufty" texture and a "smooth" texture (Figure 8) seen in the unreacted material.
The "smooth" texture was rapidly destroyed by the high-energy STEM beam, while the “fluffy” texture
was more robust, suggesting a higher degree of hydration in the “smooth” material (Figure S5,

supplemental material). This extreme beam-sensitivity was only observed in the altered material, but may

also be true of the unaltered material.

Figure 8. TEM images of synthetic hisingerite (left) and allophane (right), each reacted at ~pH 10 for 2 months. Edge-curl
features were much less prevalent in the allophane sample than in the hisingerite. Left: Arrows indicate linear features that
may represent the curled edges of incipient phyllosilicate-like sheets. Right: The "smooth" morphology is visible on the left

(black arrow), while the "fluffy" morphology is on the right (white arrow).
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4. Discussion
4.1 Comparison of synthetic amorphous materials to Mars

It is important to compare our synthetic materials directly to phases found on the martian surface
to ensure that they are appropriate functional analogs. In the absence of returned samples, these synthetic
analogs can also help us to understand properties of the martian amorphous soil component that cannot
be examined with current remote instrumentation, such as dissolution kinetics, micro-morphology, and
formation of secondary phases.

The contributions from the amorphous component in the XRD patterns obtained from the
Rocknest, Cumberland, John Klein, and Windjana samples, which have been fit with allophane and
basaltic glass, have a broad peak centered around 28° 20 (Dehouck et al., 2014). Synthesized allophane,
Fe-allophane, and hisingerite all have similarly broad peaks, likewise centered around 28° 20,
corresponding to a d-spacing at 2.9-3.2 A (supplemental material Figure S17). Although other phases
are likely present in the martian amorphous soil component, such as basaltic or rhyolitic glass,
ferrihydrite, and amorphous sulfates, our phases are a good fit to the Gale Crater sites, indicating their
relevance to the martian amorphous material. Other poorly crystalline phases, such as ferrihydrite and
opal, have XRD peaks that are inconsistent with the Gale Crater data, with d-spacings that are either too
small (2.58 A for ferrihydrite, e.g. Schwertmann and Cornell, 2000) or too large (3.42-4.03 A for opal,
e.g. Smith, 1998) to fit the observed data from Gale Crater.

Mass-balance calculations performed by Dehouck et al. (2014) provided a range of possible
compositions for the martian amorphous soil component. The range of possible SiO2, AlbO3, and FeOr
contents are summarized below in Table 2, along with the SiO2, Al,Os3, and Fe;Os contents of our
synthetic materials. Vaniman et al. (2014) performed similar calculations to obtain the abundance of
amorphous material in the Rocknest, Cumberland, and John Klein samples, but did not calculate possible

compositions of the amorphous component.
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Table 2. Putative SiO», Al,O3, and FeOr contents, in weight percent, of the martian amorphous soil component, as calculated
by Dehouck et al. (2014), compared with the values for our synthetic allophane, Fe-allophane, and hisingerite. “NA” = None
Added during synthesis.

Oxide (Wt%) Mars amorphous soil | Synthetic allophane | Synthetic Fe- Synthetic hisingerite
component (Dehouck | (this study) allophane (this study) | (this study)
et al., 2014)

SiO, 31.9-37.1 37.08 36.95 31.47

ALO; 2.8-59 62.92 62.7 26.7

FeOr 23.7-27.7 0* 0.98* 41.8%

SO; 11.0-16.1 NA NA NA

NaO 3.6-4.4 NA NA NA

CaO 3.7-54 NA NA NA

P,0s 2.1-3.1 NA NA NA

TiO, 2.1-2.9 NA NA NA

MgO 1.2-4.8 NA NA NA

Cl 1.4-2.0 NA NA NA

Cr0s 1.1-1.6 NA NA NA

MnO 0.9-1.4 NA NA NA

K20 0.8-1.1 NA NA NA

*Calculated as wt% Fe>O3

The compositions calculated by Dehouck et al. (2014) include SO3 (~16%), Na>O (~4.4%), CaO
(~3.7%), and P2Os (~3.1%), along with six other oxides (Table 2). This highlights the fact that the martian
amorphous soil component likely does not consist of a single phase, but is rather a mixture of phases (e.g.
Bish et al., 2014; Achilles et al., 2017). Although the Al contents of our materials are higher than that of
the martian amorphous soil component, this may be due to the presence of other high-silica and high-Fe
phases, such as high silica glasses and iron sulfates, in the martian samples, rather than being the result
of a martian Fe-Al-silicate phase with vastly different elemental ratios.

The EGA data of our synthetic samples (Figures S13-S16), which were dominated by water
release at ~130-150 °C, compared favorably to SAM-EGA data of samples from Gale Crater. SAM data
from the Rocknest, Cumberland, John Klein, and Windjana samples showed a mass-18 H>O release

profile dominated by H>O release around 200-300 °C, likely from hydrated sulfates and clays. However,
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the H,O release from these samples is too broad to be due solely to hydrated sulfates and clays, and
requires contributions from amorphous phases with adsorbed water, such as allophane (Leshin et al.,
2013; Sutter et al., 2017). Sutter et al. (2017) predict contributions from allophane and other amorphous
phases below ~450 °C, with adsorbed water being released below ~200 °C, and Leshin et al. (2013)
attribute water release ~110 °C to allophane.

Based on FTIR spectra (Section 3.1.1), the water in our synthetic samples seems to be primarily
adsorbed, rather than chemically bound in the lattice, which may account for the observed difference.
Therefore, although only a small fraction of the water release from samples at Gale Crater is attributed
to amorphous materials, our samples agree well with that component.

Based on the results of these analyses and current data, our synthetic allophane, Fe-allophane,
and hisingerite are appropriate analogs for the Mars amorphous soil component. XRD analyses indicate
that our synthetic materials have similar d-spacings to the materials found on Mars; their compositions
are consistent with fractions of the martian amorphous soil component; and EGA analyses indicate that
they have water adsorption properties consistent with martian amorphous materials. Therefore, the
properties of our synthetic materials, such as dissolution rates, micromorphology, and secondary products

can be used to help us better understand the amorphous materials that are present on Mars.

4.2 Dissolution rates and rate laws

The dissolution rates measured for allophane, Fe-allophane, and hisingerite are very similar to
each other (within 10%, see Figure 7), and are approximately an order of magnitude faster than
dissolution rates measured for crystalline clay minerals of similar compositions, such as nontronite
(Gainey et al., 2014; Steiner et al., 2016) and kaolinite (Carroll-Webb & Walther, 1990; Huertas et al.,
1999; Cama et al., 2002) (Figure 9). This is consistent with trends observed for other amorphous or

poorly crystalline materials; amorphous Al and Fe phosphates dissolve more rapidly than crystalline Al
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and Fe phosphates (Huffman 1960; Tu et al., 2014), and amorphous silica dissolves more rapidly than
quartz (Liang and Readey, 1987). Therefore, interactions between liquid water and poorly crystalline
silicate phases, such as allophane and hisingerite, release cations and silica into solution more rapidly

than well-crystalline phases with similar compositions.
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Figure 9. Comparison of the log of the dissolution rates of our synthetic allophane, Fe-allophane, and hisingerite (points)
with rate laws for kaolinite (Carroll-Webb and Walther, 1990), nontronite (Gainey et al., 2014), and natural allophane
(Abidin et al., 2004) (lines).

In addition, a very low dependence on H" is observed for all materials (hisingerite, n = 0.032 +
0.0089, Fe-allophane, n = 0.091 + 0.026, and allophane, n = 0.088 £+ 0.014). These dependences are
much lower than for other silicates; for example, for kaolinite, » = 0.78 under acidic conditions (Palandri
and Kharaka, 2004), and for nontronite, n = 0.297 under acidic conditions (Gainey et al., 2016).

The dissolution behavior of these phases—very similar dissolution rates, with very low reaction
orders with respect to H—may be explained by the structures of allophane and hisingerite, described by

Iyoda et al. (2012) and Eggleton and Tilley (1998), respectively. Allophane consists of hollow, porous
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nano-spherules ~5 nm (50 A) in diameter, formed from a rolled SiO4 sheet surrounded by a gibbsite sheet
(Iyoda et al., 2012; Wada, 1989). Gibbsite dissolution has a large reaction order with respect to H' (n =
0.992) (Palandri and Kharaka, 2004). However, dissolution of pure silica phases, such as amorphous
silica or quartz, does not depend on pH under acidic conditions (e.g. Palandri and Kharaka and references
therein). Therefore, if acidic conditions enhance dissolution of the gibbsite phases in allophane, but the
gibbsite layer is a single layer on top of the silica sheet, we would expect dissolution rates based on Si
release rates to be relatively insensitive to pH. These conditions are entirely consistent with our
observations of Al release and dissolution rates based on silica release rates.

In hisingerite, a similar layered nano-spherule structure is observed (Shayan, 1984; Eggleton and
Tilley, 1998). However, the layers occur in multiple concentric sheets, similar to the structure of true
phyllosilicates, and form nano-spherules up to 200 A in diameter (Shayan, 1984). These multiple
concentric layers may reduce the dissolution rate under acidic conditions by protecting inner layers of
Si04 from species in solution. In addition, the balanced reactions for stoichiometric dissolution of these
phases help explain the lower pH dependence of hisingerite than the allophanes.

Release of Fe and Al from our synthetic materials was non-stoichiometric (Figure 5), with all
steady-state ratios below stoichiometric values. This non-stoichiometric dissolution indicates that the
altered material is likely more Al- and Fe-rich than the starting material. Al (and Fe if present) is first
leached rapidly from the gibbsite sheet in the nano-spherules (supplemental material Tables S29-S36),

and then concentrations decrease, consistent with reprecipitation of a secondary phase.

4.4 Secondary phases and altered material
Allophane and hisingerite are generally considered to occur as intermediates in the formation of
more stable phases, such as kaolinite and nontronite (Wada, 1989). The lifetime of allophane in soils

ranges from ~2,000 years in tropical climates (Bleeker and Parfitt, 1984) to >30,000 years in more
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temperate zones, such as central Japan (Nagasawa, 1978). During the weathering process, opaline silica
and Al or Fe complexes alter to allophane and/or hisingerite, which are then converted to imogolite or
halloysite, and then to more mature layer silicates (Wada, 1989). However, despite the studies examining
these large-scale transitions, little work has examined the incipient weathering of poorly crystalline
phases such as allophane and hisingerite. Our work shows that under alkaline conditions, phyllosilicate
precursor phases form rapidly from allophane and hisingerite, on the order of a few months under
laboratory conditions.

FE-STEM analyses of hisingerite reacted for 2 months at pH 10 showed linear "edge-curl"
features that were not present in the unreacted materials (Figure 3, Figure 8; Figures S1-SS,
supplemental material). The alternating layers of silica and aluminum in hisingerite may act as an
incipient phyllosilicate structure and precursor phase to the formation of clay minerals under alkaline
conditions. At low pH, fewer of these linear features were observed. This may be because conditions at
low pH may be less favorable to phyllosilicate formation, or because the samples from pH 3 experiments
examined with FE-STEM were reacted for a longer time than those at pH 10 and enough of the hisingerite
may have dissolved to remove phyllosilicate-like structures.

As described above, allophane and Fe-allophane do not have the same alternating layers of silica
and aluminum as hisingerite (Iyoda et al., 2012), and also show fewer phyllosilicate-like "edge-curl"
features than hisingerite. Because the allophanes contain few incipient phyllosilicate characteristics (e.g.
a tetrahedral Si,0s sheet), they may be less likely to develop phyllosilicate precursor phases when

exposed to alkaline conditions.

4.5 Implications of experiments for Mars
Our dissolution experiments with poorly crystalline allophanes and hisingerite demonstrate rapid

initial dissolution and separation of silica and Fe-rich phases across the range of pH conditions. Silica
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tends to enter solution from allophane, Fe-allophane, and hisingerite, while Fe either rapidly re-
precipitates or does not enter solution at all. FE-STEM analyses of reacted materials show diagnostic
linear features that are not seen in unreacted material, which are more prevalent at alkaline pH than at
acidic pH. In the event that samples containing hisingerite or allophane are returned from Mars, therefore,
it might be possible to observe similar features that indicate interaction with past liquid water (on the
order of months to years). The rapid alteration of poorly crystalline silicate materials could be a useful
tool for examining very short-lived episodes of water-rock interaction; on timescales where more
crystalline materials would show little to no chemical, mineralogical, or morphological change due to
interaction with water, poorly crystalline materials may be significantly altered.

In light of the rapid dissolution rates of allophane, Fe-allophane, and hisingerite, the continued
presence of allophanic materials in returned samples from Mars would indicate that interactions of liquid
water with the amorphous component were limited. Although the dissolution rates of all three materials
are fastest at pH 3, and slower at more alkaline pH conditions, the range between the fastest and slowest
dissolution rates spans less than an order of magnitude. Therefore, allophane or hisingerite on Mars
would have dissolved rapidly if abundant liquid water was present, regardless of the water's pH.

The tendency of silica to enter solution from hisingerite while leaving Fe-containing phases
behind may contribute to the silica-rich deposits (>50 wt% high-Si crystalline and amorphous materials)
found in ancient mudstone and sandstone on the lower slopes of Mt. Sharp in Gale Crater, as well as the
presence of Fe-rich deposits, such as those seen in Vera Rubin Ridge in Gale Crater (Rampe et al., 2017,
Yen et al., 2017). If silica dissolved from hisingerite or other amorphous materials and was transported
away by moving water, it would tend to re-precipitate in areas where the waters pooled, leaving Fe-rich

deposits behind.
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5. Conclusions

The presence of rapidly dissolving, poorly crystalline materials in Gale Crater indicates that
interaction of water with these materials was limited after the X-ray amorphous materials formed. In the
case of more prolonged interactions, we would expect the materials to have dissolved completely.
Dissolution experiments with synthetic allophane, Fe-substituted allophane, and hisingerite in the range
of pH 3-10 indicate rapid initial dissolution, approximately an order of magnitude faster than that of well-
crystalline clay minerals of similar composition. The dissolution rates of all three materials showed little
pH dependence across the experimental pH range. Therefore, the poorly crystalline, allophane-like
materials in Gale Crater would have dissolved rapidly when exposed to liquid water regardless of the
water's pH. Dissolution in Gale Crater would likely have proceeded significantly more slowly than in
our experiments, due to the lower temperature and higher salinity expected for Mars' ancient waters as
well as generally slower dissolution rates in the field than in the laboratory, extending the possible
duration of water-rock interaction at Gale.

Under the experimental conditions studied here, allophane, Fe-allophane, and hisingerite tend to
dissolve non-stoichiometrically, with silica entering solution much more readily than Fe. This behavior
may contribute to silica-rich deposits found in parts of the Murray formation in Gale Crater; silica may
have dissolved out of poorly crystalline materials, been transported to spots where the water pooled, and
subsequently precipitated when concentrations exceeded saturation.

Examinations made with FE-STEM of reacted hisingerite and allophane revealed morphological
changes due to dissolution after only a few months. Such morphological changes may be a useful tool
for examinations of returned martian soil samples combined with the enrichment of Fe expected during
weathering.

Because of the rapid reaction rates of allophane, Fe-allophane, and hisingerite with water,

examination of these materials may be critical to understanding the characteristics of very short-lived
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martian waters. These phases may provide insight into the duration of short-lived liquid water in Gale
Crater by allowing examination of aqueous alteration features at a finer timescale than that provided by
well-crystalline, aqueously altered minerals. With continued investigation and characterization, we may
be able to use the properties of the Mars amorphous soil component to constrain and elucidate the

characteristics of Gale Crater's most recent waters.
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APPENDIX

S1. TEM

Figure S1: Diffraction pattern from an agglomerate of unaltered synthetic hisingerite, obtained during TEM investigations.
Diffuse rings are visible, indicating nanocrystalline structure. Diffractograms were not obtained for synthetic allophane due
to its lack of lattice fringes, indicating no long-range order.
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Figure S2: TEM image of incipient phyllosilicate structure developing from poorly-crystalline hisingerite reacted at pH 3
for 112 days. Some phyllosilicate-like structures, like the one above, were observed.
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Figure S3: TEM image of hisingerite agglomerate grain reacted at pH 10 for 57 days that contains several incipient
phyllosilicate structures. Some grains (e.g. Figure 8) were much richer in incipient phyllosilicate structures than the one
shown here.
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Figure S4: TEM of allophane reacted at pH 10 for 57 days. While incipient phyllosilicate structures were seen in this
sample, they were much less abundant than in hisingerite reacted at pH 10 for the same amount of time.
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Figure S5: TEM image of allophane reacted at pH 10 for 57 days, showcasing the beam-sensitive nature of the "smooth"
material. The image on the left was taken before exposing the material to the high-energy STEM beam. The image on the
right was taken after exposing the material to the STEM beam for less than one minute.

S2. SEM/EDS of unaltered and altered samples
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SEM images of unaltered synthetic allophane (left), Fe-allophane (center), and hisingerite (right). The "fluffy"
texture of the grains is indicative of nanoball structures.

36



Figure S7: SEM of unaltered hisingerite. At this scale, nanoballs (~5 nm in diameter) cannot be discerned; however, the
'fluffy' texture of the grains is indicative of the presence of nanoballs.

Figure S8: SEM of hisingerite reacted in 0.1M NacCl solution at pH ~4 for two days. Although selected grains are smaller
than those in the unaltered hisingerite, overall grain-size distribution did not appear significantly different.
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Figure S9: SEM of hisinger‘te reacted in 0.1M NaCl solution at pH ~4 for one month.

S3. FE-SEM of unaltered samples
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Figure S10: FE-SEM image of synthetic allophane. The "fluffy" texture of this grain indicates that it is an aggregate of
nanoballs, each ~5 nm in diameter.
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Figure S11: Synthetic Fe-allophane examined by FE-SEM. Nanoballs are clearly distinguishable in the "fluffy" texture of
the aggregate.
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Figure S12: An image of synthetic hisingerite obtained with FE-SEM. Nanoballs are distinguishable across the entire
surface of this large aggregate, as well as patches of "smooth" texture. The two textures did not appear to be
compositionally different, as per earlier SEM/EDS analyses.

S4. EGA of unaltered samples
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Figure S13: Mass-18 H>O release from a) synthetic allophane, and b) synthetic hisingerite. The peak around 130-150 °C
agrees well with other literature values for allophane EGA (Bish and Duffy, 1990).
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Figure S14: Mass-32 O, release from a) synthetic allophane, and b) synthetic hisingerite. Because the O, release occurs
concurrently with the H»O release, it is likely that the O, release is due to fragmentation of water in the mass spectrometer.
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Figure S15: Mass-44 CO; release from a) synthetic allophane, and b) synthetic hisingerite. No releases were observed,
indicating no structural or adsorbed COs,.
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Figure S16: Mass-64 SO, release from a) synthetic allophane, and b) synthetic hisingerite. No releases were observed,
consistent with the lack of S-bearing compounds in the synthesis process.
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S5. XRD
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Figure S17: XRD patterns of synthetic allophane, Fe-allophane, and hisingerite. All samples show elevated low background
indicative of small particle sizes. a) Synthetic allophane. A single broad peak, indicative of nanocrystalline structure, is
visible at 3.1 A. There is a possible second d-spacing around 7.2 A. b) Synthetic Fe-allophane. Broad peaks occur at 2.9 A
and 1.9 A. Small, sharp peaks are likely due either to contaminants, such as NaCl from the synthesis process, or to poor
grain-size sorting in the sample. ¢) Synthetic hisingerite. Broad peaks are visible around 3.2 and 1.5 A, with a possible
shoulder at 2.7 A.

S6. Dissolution
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Figure S18. Dissolution rates and rate laws for allophane, Fe-allophane, and hisingerite. Rate data are plotted as open
points, and calculated rate laws are plotted as lines.
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Figure S19. Silica release from allophane, Fe-allophane, and hisingerite duplicates at pH 3.
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Figure S20. Silica release from allophane, Fe-allophane, and hisingerite duplicates at pH 5.
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Figure S21. Silica release from allophane, Fe-allophane, and hisingerite duplicates at pH 8.
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Figure S22. Silica release from allophane, Fe-allophane, and hisingerite duplicates at pH 10.

Tables S4-S27 (Section S9 below) show silica concentration in solution and solution pH for each

experiment at each time point.
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Figure S23. Moles of Fe released into solution with time for hisingerite at pH 3 (left) and moles of Al released into solution
with time for allophane, Fe-allophane, and hisingerite at pH 3 (right).

S7. Balanced chemical equations
S7.1 Allophane at pH 3

(A1L03)(Si02)223H20 + 6H" — 2A1P" + 2H4Si04 + 2H,0

§7.2 Fe-allophane at pH 3

(Fe203)0.01(A1203)0.99(Si02)223H20 + 5.98H" — 1.98A1*" + 0.02Fe(OH)*" + 2H4Si04 + 1.98H>0

S7.3 Hisingerite at pH 3

FeAl(Si205)(OH)4*2H,0 + SH' — AP* + Fe(OH)?* + 2H,Si04 + 2H,0

S7.4 Allophane at pH 5

(A1L03)(Si02)223H20 + 2H,0 + 2H" — 2A1(OH)," + 2H4Si04
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S7.5 Fe-allophane at pH 5
(Fe203)0.01(A1203)0.99(Si02)223H20  + 2.02H,0 + 1.98H" — 1.98A1(OH)," + 0.02Fe(OH)3 +

2H4S104

S7.6 Hisingerite at pH 5

FeAl(Si205)(OH)4+2H,0 + 2H20 + H* — AI(OH)," + Fe(OH)s + 2H4SiO4

S7.7 Allophane at pH 7

(A1203)(S102)223H20 + 4H,0 — 2A1(OH)3 + 2H4S104

S7.9 Fe-allophane at pH 7

(Fe203)0.01(A1203)0.99(S102)2¢3H,0 + 4H2O — 1.98A1(OH)3 + 0.02Fe(OH)3 + 2H4Si04

S7.10 Hisingerite at pH 7

FeAl(Si205)(OH)4+2H>0 + 3H,0 — Al(OH); + Fe(OH)3 + 2H4Si04

S7.11 Allophane at pH 10

(A1203)(S102)223H,0 + 6H,0 — 2A1(OH)4 + 2H3Si04 + 4H"

S7.12 Fe-allophane at pH 10

(Fe203)0.01(A1203)0.99(Si02)223H20 + 6H20 — 1.98A1(OH)4™ + 0.02Fe(OH)4™ + 2H3Si04” + 4H"

S7.13 Hisingerite at pH 10

FeAl(Si20s)(OH)4+2H,0 + 3H20 — Al(OH)4 + Fe(OH)4 + 2H3SiO4 + 4H"
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S8. Supplemental Tables

S8.1 TEM

Table S1. Table of experiments examined by TEM for the presence of alteration products.

Experiment Initial pH Final pH Total Experiment Time
Hisingerite at pH 3 3.01 4.78 181 days

Hisingerite at pH 10 10.36 6.39 57 days

Allophane at pH 10 10.36 8.59 57 days

Allophane at pH 3 (TBD) 3.01 4.35 112 days

S§8.2 SEM/EDS

Table S2. EDS results from selected grains of unaltered synthetic allophane, Fe-allophane, and hisingerite. Values were
obtained by averaging the atomic percentages for each element from either 3 or 4 EDS spectra taken from multiple grains
within each sample. The total values are low due to the presence of a large amount of water in the samples.

Sample ID % Si (avg) % Fe (avg) % Al (avg) % Na (avg) % Cl (avg) % O (avg)
Allophane 11.36 N/A 10.51 4.74 N/A 62.54
Fe-allophane 10.26 N/A 8.71 4.30 N/A 63.66
Hisingerite 2.29 1.43 1.11 0.39 0.39 65.47

Table S3. EDS results from selected grains of unaltered synthetic hisingerite (Hisingerite-0), synthetic hisingerite reacted at
pH ~4 for approximately 2 days (Hisingerite-2d), and synthetic hisingerite reacted at pH ~4 for approximately 4 months
(Hisingerite-4mo). Values were obtained by averaging the atomic percentages for each element from either 2 or 3 EDS
spectra taken from multiple grains within each sample. Decreasing Si, Fe, and Al values and increasing O values may
indicate that the material becomes more hydrous with increasing reaction time. The total values are low due to the presence

of a large amount of water in the samples.
Sample ID Reaction Final % Si % Fe % Al % Na % Cl % O
Time (hours) | pH (avg) (avg) (avg) (avg) (avg) (avg)
Hisingerite-0 0 N/A 2.29 1.43 1.11 0.39 0.39 65.47
Hisingerite-2d 46 5.35 1.32 0.75 0.66 0.53 N/A 66.06
Hisingerite-4mo | 739 6.54 0.85 0.65 0.46 0.46 0.12 66.14

S8.3 BET surface area and particle size analyses

Table S4. Particle size analysis and BET specific surface areas for allophane, Fe-allophane, and hisingerite. Duplicates are
denoted by the "-1" and "-2" suffixes.

Material Mass (mg) Particle Size (um) BET SSA (m?/g)
Allophane-1 408.5 168.5 385.6192
Allophane-2 408.5 172.7 385.9124
Fe-allophane-1 400.8 134.9 410.8675
Fe-allophane-2 400.8 136.0 389.5205
Hisingerite-1 402.0 162.0 507.2660
Hisingerite-2 402.0 173.5 507.6969
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S9. Solution chemistry data sheets

Table SS. Dissolved silica analysis for experiment Al+Si-p3-1

Material: Allophane
Batch ID: Al+Si-p3-1
N/A = no analysis.

Initial pH: 3.01 Solution: 0.01M NaCl
Material mass: 0.1501 g Total Surface Area (BET): 57.8814 m?

Specific Surface Area (BET): 385.6192 m?%/g

Time (sec) pH Volume (mL) Concentration Si (ppm) Moles Si released
0 3.01 180 0
3600 3.25 170 0.623436987 3.99561 x 10°°
10800 3.38 160 1.52098346 9.74798 x 10°°
18000 348 150 2.36682487 1.48678 x 107
86400 4.08 140 5.62654066 3.34381 x 10°
97200 4.10 130 6.06910753 3.58017 x 10
192000 4.28 120 7.75413609 4.42012x 10°
278400 431 110 8.67957306 4.84848 x 107
451200 431 100 9.52142048 520818 x 10
627600 4.34 90 10.028264 5.40669 x 10
969600 4.34 80 11.2719841 5.84952 x 10
1732800 4.42 70 15.0064335 7.04622 x 107
Si Release
7.0x10° 4.0 x 10°
f(x) = 3.14751E-10x + 5.97299E-06
RZ=0.97441
6.0 x 10° 3.5x10°%
S5
- + + + 3.0x 10
g + T 25x10°
S 4.0x10% °
E =
3 I@j = 2.0x10°
[<F]
ﬁ 3.0x 105 a
2 S 15x10°
“ 20x10% @
B
W 1.0 X 10°
1.0 x 105 )y
5.0 x10°% |
b M
0
0 300000 600000 900000 1200000 0- ! ' ' 4
0 20000 40000 60000 80000 100000
Time (seconds)
Time (seconds)
Linear Fit
Analytical uncertainty is 10%.
Regression analysis Std. Error
R Squared 0.97441 N/A
Si release rate 3.15x 101|294 x 10!

Diss. Rate Mineral (Ruiss) 5.44 x 1072 mol m~ 57!
Uncertainty of fit 5.09x 103 mol m? s7!
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Table S6. Dissolved silica analysis for experiment Al+Si-p3-2

Material: Allophane
Batch ID: Al+Si-p3-2
N/A = no analysis.

Initial pH: 3.01 Solution: 0.01M NaCl
Material mass: 0.1499 g Total Surface Area (BET): 57.8043 m?

Specific Surface Area (BET): 385.6192 m?%/g

Time (sec) pH Volume (mL) Concentration Si (ppm) Moles Si released
0 3.01 180 0

3600 325 170 0.654747009 4.19627 x 10
10800 3.38 160 1.40991044 9.03612x 10
18000 3.48 150 2.18204594 1.37098 x 10°
86400 4.08 140 5.81133604 3.43855x 10°
97200 4.10 130 5.97960806 3.52842x 10°
192000 428 120 7.55599737 431421 x 107
278400 431 110 8.37674141 4.69411 x 107
451200 431 100 9.96673489 5.37347x 107
627600 434 90 10.0855904 5.42002 x 10°
969600 434 80 11.2310944 5.82788 x 10°
1732800 4.42 70 14.8543186 6.98894 x 10°

Si Release

7.0x10°

6.0 x 10*

5.0x10%-

4.0x10°

3.0x10%

Si released (moles)

2.0x10°

X
10x10°y

X
0
0 300000 600000

900000 1200000

Time (seconds)

Analytical uncertainty is 10%.

Linear Fit

4.0x10°
3.5x10°%
3.0x 10°
25x10°®
2.0x10°

1.5x10°

Si released (moles)

1.0x10°

5.0x10°

0

f(x) = 3.21880E-10x + 5.41716E-06
R?=0.98197

20000

40000

60000

Time (seconds)

80000 100000

Regression analysis

Std. Error

R Squared

0.98197

N/A

Si release rate

3.22x 10710

2.52x 10!

Diss. Rate Mineral (Raiss) 5.57 x 107 mol m~ 57!

Uncertainty of fit

51

4.36 x 105 mol m? s7!




Table S7. Dissolved silica analysis for experiment 1:99-p3-1

Material: Fe-allophane
Batch ID: 1:99-p3-1
N/A = no analysis..

Initial pH: 3.01 Solution: 0.01M NaCl
Material mass: 0.1503 g Total Surface Area (BET): 52.6414 m’

Specific Surface Area (BET): 350.2424 m?/g

Time (sec) pH Volume (mL) Concentration Si (ppm) Moles Si released
0 3.01 180 0

3600 321 170 0.481400609 3.08530x 10
10800 334 160 1.17056489 7.50215x 10
18000 3.43 150 1.93203735 1.21113 x 109
86400 4.04 140 5.17693949 3.05972x 10°
97200 4.04 130 5.54620028 3.25693 x 10°
192000 427 120 6.68937826 3.82678 x 107
278400 429 110 7.89358568 438417 x 107
451200 435 100 9.34075451 5.00250 x 10°
627600 433 90 9.72676373 5.15369 x 10°
969600 4.36 80 11.100379 5.64277x 107
1732800 435 70 14.5511656 6.74857x 10°

Si Release

7.0x10°

6.0 x 10°

5.0x10%

4.0x10°

3.0x10°

Si released (moles)

2.0x10*

1.0x10°®

0

Linear Fit

|3
| 2
[ 2
0

300000

600000

Time (seconds)

Analytical uncertainty is 10%.

900000

1200000

4.0x10°
f(x) = 2.99941E-10x + 4.21558E-06
R?=0.98370
35x10°
3.0x10%
g 25x10%
o
E
S 20x10°
(7]
3
° 1.5x10%
7] >
1.0 x 10°
5.0x10%-
3
0
0 20000 60000 80000 100000
Time (seconds)
Regression analysis Std. Error
R Squared 0.98370 N/A
Si release rate 3.00x 101 223 x 10"

Diss. Rate Mineral (Raiss) 5.70 x 1072 mol m~ 57!
Uncertainty of fit

52

4.23x 105 mol m? 57!




Table S8. Dissolved silica analysis for experiment 1:99-p3-2

Material: Fe-allophane
Batch ID: 1:99-p3-2
N/A = no analysis.

Initial pH: 3.01 Solution: 0.01M NaCl
Material mass: 0.1502 g Total Surface Area (BET): 52.6064 m”

Specific Surface Area (BET): 350.2424 m?/g

Time (sec) pH Volume (mL) Concentration Si (ppm) Moles Si released
0 3.01 180 0

3600 324 170 0.537692487 3.44607 x 10
10800 3.38 160 1.68774545 1.08168 x 10°
18000 3.48 150 2.30930901 1.45791 x 10°
86400 4.13 140 5.45357418 3.24916 x 107
97200 4.14 130 5.84632969 3.45892x 10°
192000 431 120 7.05799818 4.06291 x 107
278400 432 110 8.20371151 459323 x 107
451200 435 100 9.50206566 5.14798 x 107
627600 435 90 9.89772892 5.30294 x 10°
969600 438 80 11.0138454 5.70034 x 10°
1732800 437 70 14.9179258 6.95140x 10°

Si Release
7.0x10°

Linear Fit

6.0 x 10%

5.0x10%

4.0x10° %
2.0x10%

-
1.0x 1054

<«
0
0 300000

25

3.0x10%

Si released (moles)

600000 900000

Time (seconds)

Analytical uncertainty is 10%.

1200000

4.0 x 10%
f(x) = 3.00818E-10x + 6.18919E-06
R?=0.96523
3.5x10°
3.0x 10%
g 2.5x10%
o
E
S 2.0x10°%
Q
:
T 15x10° <
=
1.0x10%
5.0 x 10
<
0
0 20000 40000 60000 80000 100000
Time (seconds)
Regression analysis Std. Error
R Squared 0.96523 N/A
Si release rate 3.01x101° [330x 10"

Diss. Rate Mineral (Raiss) 5.72 x 1072 mol m 57!
Uncertainty of fit
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6.27 x 107 mol m? s/




Table S9. Dissolved silica analysis for experiment 50:50-p3-1

Material: Hisingerite
Batch ID: 50:50-p3-1
N/A = no analysis.

Initial pH: 3.01 Solution: 0.01M NaCl

Material mass: 0.1496 g Total Surface Area (BET): 75.8870 m?

Specific Surface Area (BET): 507.2660 m?%/g

Time (sec) pH Volume (mL) Concentration Si (ppm) Moles Si released
0 3.01 180 0

3600 3.07 170 0.00156035565 1.00003 x 10
10800 3.08 160 0.394710779 2.52970 x 10
18000 3.07 150 0.534033298 3.37301x 10°
86400 325 140 2.37560797 1.38643 x 10°
97200 323 130 2.87626314 1.65382x 10°
192000 3.38 120 4.51006603 2.46823x 10°
278400 3.46 110 6.09357595 3.20120x 10°
451200 3.63 100 8.7730999 4.34607 x 107
627600 3.73 90 10.017025 4.83326 x 107
969600 3.89 80 11.7869749 5.46346 x 10°
1732800 3.97 70 16.6151543 7.01065 x 107

Si Release

7.0x10%

6.0 x 10%-

5.0x10°%

4.0x10°

Si released (moles)

2.0x10%

1.0x10%-

3.0x10° ?

0 300000

Analytical uncertainty is 10%.

900000 1200000

Time (seconds)

Linear Fit

4.0 x 10%
f(x) = 1.64855E-10x + 1.41314E-07
R?=0.99374
3.5x10°
3.0x 10%
g 2.5x10%
o
E
S 2.0x10°%
Q
:
T 1.5 x 10%
=
1.0x10%
5.0 x 10
0
0 20000 40000 60000 80000 100000
Time (seconds)
Regression analysis Std. Error
R Squared 0.99374 N/A
Si release rate 1.65x 107 |7.55x10"?

Diss. Rate Mineral (Raiss) 2.17 x 1072 mol m™ 57!

Uncertainty of fit

54

9.95x 107" mol m? 57!




Table S10. Dissolved silica analysis for experiment 50:50-p3-2

Material: Hisingerite
Batch ID: 50:50-p3-2
N/A = no analysis..

Initial pH: 3.01 Solution: 0.01M NaCl

Material mass: 0.1503 g Total Surface Area (BET): 76.2421 m?

Specific Surface Area (BET): 507.2660 m?%/g

Time (sec) pH Volume (mL) Concentration Si (ppm) Moles Si released
0 3.01 180 0

3600 3.07 170 0.182102174 1.16709 x 10
10800 3.12 160 0.620425761 3.97631x 10°
18000 3.12 150 0.801653802 5.07327x 10
86400 3.35 140 3.64720654 2.12841x 107
97200 3.35 130 4.08778906 2.36372x 10°
192000 3.54 120 6.60463142 3.61831x 10°
278400 3.64 110 7.58110619 4.07029 x 107
451200 3.81 100 10.1077785 5.14985x 10°
627600 3.88 90 11.151597 5.55867 x 10°
969600 3.96 80 12.6899385 6.10641 x 10°
1732800 4.00 70 17.100256 7.51969 x 107

Si Release

7.0x 105

6.0 x 10°

5.0x10%

4.0x10°

3.0x 105

Si released (moles)

2.0x10%

1.0x10°

oh

0 300000

600000 900000

Time (seconds)

Analytical uncertainty is 10%.

1200000

Linear Fit

4.0 x 10°

f(x) = 2.35586E-10x + 8.50255E-07

R?=0.99857
3.5 x10%

3.0x10°

2.5x10%

2.0x10%

1.5x10°%

Si released (moles)

1.0 x 10°

5.0x 10%

0 20000

40000

60000 80000 100000

Time (seconds)

Regression analysis

Std. Error

R Squared

0.99857 N/A

Si release rate

236x 101 |5.15x 10712

Diss. Rate Mineral (Ruiss) 3.09 x 1072 mol m~ 57!

Uncertainty of fit

55

6.76 x 107" mol m? s




Table S11. Dissolved silica analysis for experiment Al+Si-p5-1

Material: Allophane
Batch ID: Al+Si-p5-1
N/A = no analysis.

Initial pH: 5.04 Solution: 0.01M NaCl

Specific Surface Area (BET): 385.6192 m?%/g

Material mass: 0.1496 g Total Surface Area (BET): 57.766 m>

Time (sec) pH Volume (mL) Concentration Si (ppm) Moles Si released
0 5.04 180 0

3600 5.84 170 0.61379 3.9338 x 10
7200 5.87 160 0.64217 4.1156 x 10
10800 5.90 150 0.77116 4.8964 x 10
14400 6.11 140 0.87969 5.5147 x 10
18000 6.10 130 0.91104 5.6821 x 10
21600 6.32 120 111111 6.6794 x 10
78600 6.50 110 225139 1.1957 x 10°
93600 6.47 100 3.27573 1.6334 x 107
169200 6.56 90 3.25261 1.6244 x 107
262800 6.67 80 3.830064 1.8302 x 107
435600 6.72 70 4.45403 2.0299 x 107
694800 6.89 60 4.82977 2.1370 x 107
1040400 6.85 50 5.64941 23413 x 107

Si Release

5.0 x 105
4.0 x 10%
w 3.0x10°
@
o
E
B s
a 2.0x10
@
[
@ <
1.0 x 10°

H

H'B% ’

0
0 250000 500000 750000 1000000 1250000

Time (seconds)

Analytical uncertainty is 10%.

Linear Fit

25x10°
f(x) = 1.25591E-10x + 3.49903E-06
R?2=0.97428
2.0x10%
M
—~ 15x10°
w
Q@
[=]
E 2
3 1.0x10°
g1
@
]
=
5.0x 10°
O i
0 20000 40000 60000 80000 100000

Time (seconds)

Regression analysis Std. Error
R Squared 0.97428 N/A
Si release rate 1.26x1071% 833 x 102

Diss. Rate Mineral (Raiss) 2.17 x 1072 mol m™ s7!
1.44 x 103 mol m? 57!

Uncertainty of fit

56




Table S12. Dissolved silica analysis for experiment Al+Si-p5-2

Material: Allophane
Batch ID: Al+Si-p5-2
N/A = no analysis.

Initial pH: 5.04 Solution: 0.01M NaCl

Specific Surface Area (BET): 385.6192 m?%/g

Material mass: 0.1501 g Total Surface Area (BET): 57.881 m?

Time (sec) pH Volume (mL) Concentration Si (ppm) Moles Si released
0 5.04 180 0
3600 5.71 170 1.02201 6.5501 x 10°°
7200 577 160 0.69032 4.4242x 10°°
10800 5.80 150 0.71039 4.5457x 10°®
14400 5.94 140 0.88213 5.5241 x10°
18000 6.00 130 0.97530 6.0217 x 10°°
21600 6.00 120 1.21505 7.2168 x 10
78600 6.42 110 2.38875 1.2650 x 10
93600 6.39 100 2.96964 1.5132x10%
169200 6.57 90 3.14124 1.5804 x 10
262800 6.59 80 3.80099 1.8153x 10°
435600 6.76 70 4.63123 2.0816 x 10
694800 6.78 60 4.68390 2.0964 x 107
1040400 6.83 50 5.80981 2.3770 x 107
Si Release Linear Fit
5.0x 10% 25x10%
" f(x) = 1.10923E-10x + 4.32212E-06
R?=0.94879
40x10° “0 %207
. . 1.5x10°
& 30x10 3
o =]
o
12 =
o o 1.0x10°%
g 20x10° % % g
: g F @
= % @ X
0 5.0x 10°
1.0 x 10°
0 ] . ]
0 20000 40000 60000 80000 100000

0
0 250000 500000 750000 1000000 1250000

Time (seconds)

Analytical uncertainty is 10%.

Time (seconds)

Regression analysis Std. Error
R Squared 0.94879 N/A
Si release rate 1.11x 10" [1.05x 10"

Diss. Rate Mineral (Raiss) 1.92 x 107 mol m™ s7!

Uncertainty of fit
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1.82 x 103 mol m? s/




Table S13. Dissolved silica analysis for experiment 1:99-p5-1

Material: Fe-allophane
Batch ID: 1:99-p5-1
N/A = no analysis.

Initial pH: 5.04 Solution: 0.01M NaCl

Specific Surface Area (BET): 350.2424 m?/g

Material mass: 0.1498 g Total Surface Area (BET): 52.466 m>

Time (sec) pH Volume (mL) Concentration Si (ppm) Moles Si released
0 5.04 180 0

3600 5.59 170 0.66661 42723 x 10
7200 5.57 160 0.66922 4.2890 x 10
10800 5.54 150 0.72749 4.6418 x 10
14400 5.71 140 0.93762 5.8398 x 10
18000 5.65 130 1.07461 6.5705 x 10
21600 5.81 120 1.12704 6.8318 x 10
78600 6.05 110 223641 1.1967 x 10°
93600 5.98 100 2.61468 1.3583 x 107
169200 6.13 90 3.05807 1.5320 x 107
262800 6.17 80 3.87508 1.8229 x 107
435600 6.19 70 4.60542 2.0569 x 107
694800 6.26 60 5.63096 2.3490 x 107
1040400 6.37 50 5.86422 2.4072 x 107

Si Release
50x10°]

4.0x10°

3.0x10°

2.0x10°

*

Si released (moles)

1.0x10°

E

0
0

; ¥

250000 500000 750000 1000000 1250000

Time (seconds)

Analytical uncertainty is 10%.

Linear Fit

25x10°
f(x) = 1.02089E-10x + 4.08706E-06
R?=0.98401
2.0x10%
— 15x10%
w
R
o
£
2 10x10°
g L
ko)
[]
@ =
5.0x 10°
O 4
0 20000 40000 60000 80000 100000

Time (seconds)

Regression analysis Std. Error
R Squared 0.98401 N/A
Si release rate 1.02x 101 531 x10"?

Diss. Rate Mineral (Raiss) 1.95 x 1072 mol m™ s7!

Uncertainty of fit

58

1.01 x 103 mol m? s/




Table S14. Dissolved silica analysis for experiment 1:99-p5-2

Material: Fe-allophane
Batch ID: 1:99-p5-2
N/A = no analysis.

Initial pH: 5.04 Solution: 0.01M NaCl

Specific Surface Area (BET): 350.2424 m?/g

Material mass: 0.1499 g Total Surface Area (BET): 52.501 m?

Time (sec) pH Volume (mL) Concentration Si (ppm) Moles Si released
0 5.04 180 0

3600 5.56 170 1.26441 8.1036 x 10
7200 5.55 160 0.77553 49703 x 10
10800 5.49 150 0.75806 4.8646 x 10
14400 5.67 140 0.85282 5.4044 x 10
18000 5.68 130 1.15778 7.0332 x 10
21600 5.72 120 1.14451 6.6971 x 10
78600 6.01 110 2.26313 1.2145x 10°
93600 6.05 100 225757 1.3531 x 107
169200 6.03 90 3.31736 1.6389 x 107
262800 6.11 80 3.67665 1.7669 x 107
435600 6.19 70 4.63010 2.0724 x 107
694800 6.19 60 5.44277 2.3039 x 107
1040400 6.27 50 5.70910 2.3703 x 107

Si Release

5.0 x 10*

4.0 x 10%

3.0x10°

2.0x10%

Si released (moles)

it

1.0x10°

0
0 250000 500000 750000 1000000 1250000

Time (seconds)

Analytical uncertainty is 10%.

Linear Fit

25x10°

f(x) = 8.78251E-11x + 5.15701E-06
R*=0.86355

2.0x10%

1.5x10%

1.0x 10°
<

5.0 x 10% <<J‘

Si released (moles)

0.
0 20000 40000 60000

Time (seconds)

Regression analysis Std. Error
R Squared 0.86355 N/A
Si release rate 8.78 x 107! 1.43x 107!

Diss. Rate Mineral (Raiss) 1.67 x 1072 mol m™ s7!

Uncertainty of fit

59

2.71 x 103 mol m? 57!
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Table S15. Dissolved silica analysis for experiment 50:50-p5-1

Material: Hisingerite
Batch ID: 50:50-p5-1
N/A = no analysis.

Initial pH: 5.04 Solution: 0.01M NaCl

Material mass: 0.1496 g Total Surface Area (BET): 75.887 m?

Specific Surface Area (BET): 507.2660 m?%/g

Time (sec) pH Volume (mL) Concentration Si (ppm) Moles Si released
0 5.04 180 0

3600 5.33 170 0.91638 8.1036 x 10
7200 5.51 160 0.91530 49703 x 10
10800 5.63 150 0.82197 4.8646 x 10
14400 6.01 140 1.04073 5.4044 x 10
18000 5.89 130 1.16415 7.0332 x 10
21600 5.94 120 1.42513 6.6971 x 10
78600 6.47 110 3.36038 1.2145x 10°
93600 6.56 100 430817 1.3531 x 107
169200 6.78 90 5.91635 1.6389 x 107
262800 6.83 80 6.93831 1.7669 x 107
435600 6.95 70 8.41950 2.0724 x 107
694800 6.96 60 9.98684 2.3039 x 107
1040400 7.06 50 10.36728 2.3703 x 107

Si Release
5.0x10° |

4.0 x 10°

3.0x10° + ?

2.0x10% ?

Si released (moles)

1.0x10°%

P

Linear Fit

25x10°

2.0x10%

1.5x10%

1.0x 10°

Si released (moles)

5.0 x 10°

0+
0

0 250000 500000 750000 1000000 1250000

Time (seconds)

Analytical uncertainty is 10%.

f(x) = 1.76504E-10x + 4.31808E-06
R?=0.98842

20000 40000 60000

Time (seconds)

80000 100000

Regression analysis Std. Error
R Squared 0.98842 N/A
Si release rate 1.77x 107 |7.80x 102

Diss. Rate Mineral (Raiss) 2.33 x 107 mol m™ s7!
1.03 x 1073 mol m? 57!

Uncertainty of fit

60




Table S16. Dissolved silica analysis for experiment 50:50-p5-2

Material: Hisingerite
Batch ID: 50:50-p5-2
N/A = no analysis.

Initial pH: 5.04 Solution: 0.01M NaCl

Specific Surface Area (BET): 507.2660 m?%/g

Material mass: 0.1501 g Total Surface Area (BET): 76.141 m?

Time (sec) pH Volume (mL) Concentration Si (ppm) Moles Si released
0 5.04 180 0

3600 5.35 170 0.79987 5.1264 x 10
7200 5.50 160 0.69402 4.4480 x 10
10800 5.51 150 0.64202 4.1332x 10
14400 5.74 140 0.26866 2.0062 x 10
18000 5.85 130 1.02319 6.0360 x 10
21600 593 120 1.28075 7.3199 x 10
78600 6.49 110 2.74231 1.4085 x 10°
93600 6.46 100 3.09740 1.5602 x 107
169200 6.64 90 4.50155 2.1102x 107
262800 6.78 80 5.37456 2.4210x 107
435600 6.87 70 7.10158 29744 x 107
694800 6.96 60 9.28816 3.5973 x 107
1040400 7.06 50 11.57553 41674 x 107

Si Release

5.0 x 10°
4.0 x 10°

ﬁ
$

2.0x10%

Si released (moles)

1.0x10%

¢

0

Linear Fit

25x10°

f(x) = 1.34818E-10x + 3.16864E-06
R?=0.91637

2.0x10%

1.5x10%

1.0x 10°

Si released (moles)

5.0x10% A

A

0+
0

20000 40000 60000 80000 100000

0 250000 500000 750000 1000000 1250000

Time (seconds)

Analytical uncertainty is 10%.

Time (seconds)

Regression analysis Std. Error
R Squared 0.91637 N/A
Si release rate 1.35x 107 |1.66 x 10!

Diss. Rate Mineral (Raiss) 1.77 x 107 mol m™ s7!
2,18 x 1083 mol m 57!

Uncertainty of fit

61




Table S17. Dissolved silica analysis for experiment Al+Si-p8-1

Material: Allophane Initial pH: 6.99 Solution: 0.01M NaCl  Specific Surface Area (BET): 385.6192 m?/g
Batch ID: Al+Si-p8-1 ~ Material mass: 0.1500 g Total Surface Area (BET): 57.8429 m?
N/A = no analysis.

Time (sec) pH Volume (mL) Concentration Si (ppm) Moles Si released
0 6.99 180 0
3600 6.76 170 0.42231 2.70659 x 10°°
14400 7.16 160 0.70033 4.48840 x 10°°
25200 6.95 150 1.34712 8.40337x 10
90000 7.12 140 2.42705 1.45557 x 107
108000 7.17 130 2.69658 1.59952 x 1073
194400 7.22 120 N/A N/A
280800 7.36 110 N/A N/A
8060400 7.20 100 8.20587254 3.50609 x 10
Si Release Linear Fit
7.0x10° | .
85%10% ) = 1.22151E-10x + 3.33726E-06
R? = 0.95851
6.0 x 10° 3.0x10°
5.0 x 10% 25x 10
E g 2.0x10°
S 4.0x 10° g 0x
= H =
) @
@ 3.0x10° @ 15x%10°
1] o
< @
@ s @ 10x10°
2.0x 10 ﬂ M
50x10%
1.0x 105m \Z
‘F — 00 30000 60000 90000 120000
0 2000000 4000000 6000000 8000000
Time (secontls) Time (seconds)
Analytical uncertainty is 10%. Regression analysis Std. Error
R Squared 0.95851 N/A
Si release rate 1.22x101° |1.47x 10"

Diss. Rate Mineral (Russ) 2.11 x 1072 mol m? 57!
Uncertainty of fit 2.45 x 103 mol m? s
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Table S18. Dissolved silica analysis for experiment Al+Si-p8-2

Material: Allophane Initial pH: 6.99 Solution: 0.01M NaCl  Specific Surface Area (BET): 385.6192 m?/g
Batch ID: Al+Si-p8-2  Material mass: 0.1502 g Total Surface Area (BET): 57.9200 m?
N/A = no analysis.

Time (sec) pH Volume (mL) Concentration Si (ppm) Moles Si released
0 6.99 180 0
3600 6.65 170 0.34720 2.22519x 10°°
14400 6.75 160 N/A N/A
25200 6.7 150 1.19857 7.25491 x 10°°
90000 7.01 140 2.76481 1.61776 x 10
108000 7.06 130 2.67765 1.57121 x 10
194400 7.24 120 3.11976 1.79159 x 103
280800 7.2 110 3.86712 2.13752x 103
8060400 7.2 100 7.21570396 3.56825 x 10
Si Release Linear Fit
7.0x10°] .
85x10% fx) = 1.32150E-10x + 2.84953E-06
R?=0.95364
6.0 x 10° 30x10%
5.0 x 10° 25x 10°®
g g 2.0x10°
g 4.0x10° * g OX
ho] el
@ X
@ 3.0x10° @ 15x10° X
@ o
o [
@ 2.0x10° @ 1.0x10*
¥ X
1.0 x 105 5.0x10°
X
i X
9 S % 30000 60000 90000 120000
0 2000000 4000000 6000000 8000000
Time (seconds) Time (seconds)
Analytical uncertainty is 10%. Regression analysis Std. Error
R Squared 0.95364 N/A
Si release rate 1.32x 10 [2.06x 10"

Diss. Rate Mineral (Russ) 2.28 x 107 mol m s7!
Uncertainty of fit 3.56 x 103 mol m s
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Table S19. Dissolved silica analysis for experiment 1:99-p8-1

Material: Fe-allophane
Batch ID: 1:99-p8-1
N/A = no analysis.

Initial pH: 6.99 Solution: 0.01M NaCl

Material mass: 0.1502 g Total Surface Area (BET): 52.6064 m”

Specific Surface Area (BET): 350.2424 m?/g

Time (sec) pH Volume (mL) Concentration Si (ppm) Moles Si released
0 6.99 180 0

3600 6.38 170 0.20628 1.32206 x 10
14400 6.37 160 0.31738 2.03407 x 10
25200 6.37 150 0.56756 3.54841x 10°
90000 6.36 140 1.37401 8.14270 x 10°°
108000 6.4 130 1.49695 8.79925 x 10°¢
194400 6.44 120 1.74751 1.00483 x 10°
280800 6.4 110 2.07447 1.15617 x 107
8060400 6.4 100 6.90833 3.22151x 10°

Si Release
7.0x10%

6.0 x 10°
5.0 x 10°
4.0x10°

3.0x10°

Si released (moles)

2.0x10°

1.0x 1053
&

0

2000000 4000000 6000000

Time (seconds)

Analytical uncertainty is 10%.

8000000

Linear Fit

5
35X 107 ) = 7.30506E-11x + 1.24534E-06
R?=0.98898
3.0x10°%
25x 10%
y
(]
S 2.0x10°%
E
o
@
@ 15x10°
[}
®
@ 10x10°
50x10%
0
0 30000 60000 90000 120000
Time (seconds)
Regression analysis Std. Error
R Squared 0.98898 N/A
Si release rate 7.31x 10" |4.45x 1012

Diss. Rate Mineral (Russ) 1.39 x 107> mol m~ 57!

Uncertainty of fit
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Table S20. Dissolved silica analysis for experiment 1:99-p8-2

**This experiment was omitted from the final dataset due to the anomalous mass, high standard error, and poor R? value.

Material: Fe-allophane
Batch ID: 1:99-p§-2
N/A = no analysis.

Initial pH: 6.99 Solution: 0.01M NaCl

Material mass: 0.0737 g Total Surface Area (BET): 25.8129 m?

Specific Surface Area (BET): 350.2424 m?/g

Time (sec) pH Volume (mL) Concentration Si (ppm) Moles Si released
0 6.99 180 0

3600 6.37 170 0.03077 1.97219 x 107
14400 6.37 160 0.58864 3.77259 x 10
25200 6.4 150 0.29342 1.98567 x 10
90000 6.35 140 0.77023 4.70196 x 10
108000 6.42 130 0.57539 3.66139 x 10
194400 6.41 120 1.07378 6.14575x 10
280800 6.42 110 1.13292 6.41948 x 10
8060400 6.24 100 5.63154 2.56406 x 10°

Si Release
7.0x 105

6.0 x 10°
5.0 x 10%
4.0x10°

3.0x10°

Si released (moles)

2.0x10°

1.0x10°

0

2000000 4000000 6000000

Time (seconds)

Analytical uncertainty is 10%.

8000000

Linear Fit

85X10% f = 2 50288E-11x + 1.61296E-06
R? = 0.47473
3.0x10°%
25x 10°%
m
(4]
S 2.0x10°%
E
el
[
@ 15x10%
o
[]
@ 10x10%
50x10°
" /44’/‘//4
o
0 30000 60000 90000 120000
Time (seconds)
Regression analysis Std. Error
R Squared 0.47473 N/A
Si release rate 259x 10" |1.57x 10

Diss. Rate Mineral (Russ) 1.00 x 1072 mol m? s
6.10x 1073 mol m~ s

Uncertainty of fit
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Table S21. Dissolved silica analysis for experiment 50:50-p8-1

Material: Hisingerite
Batch ID: 50:50-p8-1
N/A = no analysis.

Initial pH: 6.99 Solution: 0.01M NaCl
Material mass: 0.1497 g Total Surface Area (BET): 75.9377 m?

Specific Surface Area (BET): 507.2660 m?%/g

Time (sec) pH Volume (mL) Concentration Si (ppm) Moles Si released
0 6.99 180 0

3600 5.94 170 0.18687 1.19763 x 10
14400 5.70 160 0.90425 5.79531x 10
25200 5.42 150 0.97387 6.21672x 10°
90000 5.24 140 3.00071 1.77634 x 107
108000 527 130 3.48126 2.03300x 10°
194400 5.22 120 4.40980 2.49585x 10°
280800 5.21 110 5.29977 290780 x 10°
8060400 5.00 100 13.36705 6.35467x 107

Si Release
7.0x 105

6.0 x 10°
5.0 x 10°
4.0 x10°

3.0x10°

Si released (moles)

2.0x10°

1.0 x 105
4
oY |

0 2000000 4000000 6000000 8000000

Time (seconds)

Analytical uncertainty is 10%.

Linear Fit

5
35X 10% () = 1.74080E-10x + 1.86300E-06

R?=0.98599
3.0x10°

25x 10°®
2.0x10°

1.5x10°%

Si released (moles)

1.0x10°

5.0x10°

0
0 30000 60000 90000 120000

Time (seconds)

Regression analysis Std. Error
R Squared 0.98599 N/A
Si release rate 1.74x 101 |1.20x 10!

Diss. Rate Mineral (Russ) 2.29 x 107> mol m™ s7!
Uncertainty of fit 1.58 x 107" mol m? s
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Table S22. Dissolved silica analysis for experiment 50:50-p8-2

Material: Hisingerite Initial pH: 6.99 Solution: 0.01M NaCl  Specific Surface Area (BET): 507.2660 m?/g
Batch ID: 50:50-p8-2  Material mass: 0.1499 g Total Surface Area (BET): 76.0392 m?
N/A = no analysis.

Time (sec) pH Volume (mL) Concentration Si (ppm) Moles Si released
0 6.99 180 0
3600 6.05 170 0.27037 1.73277 x 10°°
14400 5.69 160 0.92160 5.90655 x 10°°
25200 5.46 150 1.10247 7.00132x 10°¢
90000 5.24 140 3.05910 1.81480x 107
108000 5.24 130 3.60788 2.10790 x 10
194400 5.19 120 N/A N/A
280800 5.20 110 5.47730 2.84474 x 107
8060400 5.08 100 13.57007 6.30251 x 10°
Si Release Linear Fit
7.0x10%] 35X10% | f0 - 1 75760E-10x + 2.29488E-06
R = 0.99032
6.0 x 10° 3.0x10°
5.0x10° 25 10°
m m
8 S 20x10%
T 40x10° E”
=1 3
@ 3.0x10° ; g 1ox10°
2 ]
= - % 10x10*
0 2.0x mfé '
5.0x10°
1.0x 108
A
0
0“ — 0 30000 60000 90000 120000
0 2000000 4000000 6000000 8000000

Time (seconds)
Time (seconds)

Analytical uncertainty is 10%. Regression analysis Std. Error
R Squared 0.99032 N/A
Si release rate 1.76 x 101 11.00 x 10-"

Diss. Rate Mineral (Russ) 2.31 x 107> mol m~ 57!
Uncertainty of fit 1.32x 10" mol m? s7!
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Table S23. Dissolved silica analysis for experiment Al+Si-p10.3-1

Material: Allophane

Initial pH: 10.36 Solution: 0.01M NaCl Specific Surface Area (BET): 385.6192 m?/g
Batch ID: Al+Si-p10.3-1 Material mass: 0.1504 g Total Surface Area (BET): 57.9971 m?
N/A = no analysis.

Time (sec) pH Volume (mL) Concentration Si (ppm) Moles Si released
0 10.36 180 0
3600 9.94 170 0.13828 8.8625 x 107
10800 9.62 160 0.19394 1.2430 x 10°°
21600 9.39 150 0.57550 3.6884 x 10
86400 8.73 140 1.23329 7.9041 x 10°¢
97200 8.70 130 1.28252 8.2196 x 10
108000 8.00 120 1.34882 8.6446 x 10°
183600 8.02 110 1.59671 1.0233 x 107
356400 8.01 100 2.49581 1.5996 x 107
957300 7.89 90 2.80389 1.7970 x 103
1562100 7.79 80 2.87474 1.8424 x 10°
Si Release Linear Fit
45x10° 1.4x10°
f(x) = 7.81376E-11x + 9.56480E-07
R?=0.96633
1.2 x10%
1.0x10% |
3.0x10° .
7 8
2 © 8.0x10%
£ £
- E
g T @ 6,0 x10°
% e " ®
— 15x10% o "
7] 40x10° v
L
ﬂ 2.0x10°®
M s
0~ ! 00 20000 40000 60000 80000 100000
0 400000 800000 1200000 1600000
) Time (seconds)
Time (seconds)
Analytical uncertainty is 10%. Regression analysis Std. Error
R Squared 0.96633 N/A
Si release rate 7.81x10" |8.42x 10"

Diss. Rate Mineral (Russ) 1.35 x 107 mol m? s7!

Uncertainty of fit
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Table S24. Dissolved silica analysis for experiment Al+Si-p10.3-2

Material: Allophane

N/A = no analysis.

Initial pH: 10.36 Solution: 0.01M NaCl Specific Surface Area (BET): 385.6192 m?/g
Batch ID: Al+Si-p10.3-2 Material mass: 0.1502 g Total Surface Area (BET): 57.9200 m?

Time (sec) pH Volume (mL) Concentration Si (ppm) Moles Si released
0 10.36 180 0
3600 9.90 170 0.18916 1.2123 x 10°¢
10800 9.62 160 0.20052 1.2851 x 10°¢
21600 9.39 150 0.63471 4.0679 x 10°
86400 8.61 140 1.25017 8.0124 x 10
97200 8.46 130 1.27559 8.1753 x 10
108000 7.82 120 1.18912 7.6210 x 10°°
183600 7.95 110 1.63182 1.0458 x 107
356400 8.04 100 2.39583 1.5355x10°
957300 7.60 90 3.09747 1.9852 x 103
1562100 7.76 80 3.15923 2.0248 x 103
Si Release Linear Fit
45x10° 1.4x10°
f(x) = 7.54954E-11x + 1.23483E-06
R? = 0.95037
1.2 x10%
1.0x10% |
3.0x10° .
7 8
2 S 8.0x10°
£ £
o o
g i 9 6.0x10°
3 ) o
€ 15x10% i =
@ D 40x10° b4
X
X 2.0x10°
x X
o= . 0
0 20000 40000 60000 80000 100000
0 400000 800000 1600000
) Time (seconds)
Time (seconds)
Analytical uncertainty is 10%. Regression analysis Std. Error
R Squared 0.95037 N/A
Si release rate 7.55x 10" [9.96x 10

Diss. Rate Mineral (Russ) 1.30 x 1072 mol m? s7!

Uncertainty of fit
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Table S25. Dissolved silica analysis for experiment 1:99-p10.3-1

Material: Fe-allophane
Batch ID: 1:99-p10.3-1
N/A = no analysis.

Initial pH: 10.36 Solution: 0.01M NaCl Specific Surface Area (BET): 350.2424 m?/g
Material mass: 0.1503 g Total Surface Area (BET): 52.6414 m?

Time (sec) pH Volume (mL) Concentration Si (ppm) Moles Si released
0 10.36 180 0
3600 9.81 170 0.11607 7.5308 x 107
10800 9.59 160 0.12619 8.0873 x 107
21600 9.25 150 0.35463 2.8661 x 10°°
86400 7.98 140 0.99220 6.3590 x 10°°
97200 7.80 130 0.89042 5.7067 x 10°°
108000 7.55 120 0.88463 5.6696 x 10°°
183600 7.48 110 1.22009 7.8196 x 10°¢
356400 7.47 100 2.02449 1.2975 x 107
957300 7.32 90 2.52143 1.6160 x 107
1562100 7.18 80 2.58314 1.6555 x 107
Si Release Linear Fit
45x10° 1.4x10°
f(x) = 5.76113E-11x + 7.68449E-07
R?=0.93116
1.2 x10%
1.0x10% |
3.0x10° .
3 g
2 S 8.0x10°
£ £
o o
g 9 6.0x10° > -
2 o
€ 15x10% % =
@ ¥ D 40x10°
|
» 2.0x10°
3
B e
ok ' 00 20000 40000 60000 80000 100000
0 400000 800000 1200000 1600000
) Time (seconds)
Time (seconds)
Analytical uncertainty is 10%. Regression analysis Std. Error
R Squared 0.93116 N/A
Si release rate 576 x 10" 19.04x 10°2

Diss. Rate Mineral (Russ) 1.09 x 1072 mol m? s7!

Uncertainty of fit

70

1.72x 103 mol m? s7!




Table S26. Dissolved silica analysis for experiment 1:99-p10.3-2

Material: Fe-allophane

Initial pH: 10.36 Solution: 0.01M NaCl Specific Surface Area (BET): 350.2424 m?/g
Batch ID: 1:99-p10.3-2 Material mass: 0.1496 g Total Surface Area (BET): 52.3962 m?
N/A = no analysis.

Time (sec) pH Volume (mL) Concentration Si (ppm) Moles Si released
0 10.36 180 0
3600 9.78 170 0.11750 1.3155x 10°
10800 9.49 160 0.27599 1.7688 x 10
21600 9.18 150 0.76731 2.2728 x 10
86400 8.02 140 1.10943 7.1103 x 10°¢
97200 7.60 130 0.98693 6.3252x 10°°
108000 7.48 120 1.05290 6.7480 x 10°°
183600 7.41 110 1.14753 7.3545x 10
356400 7.39 100 2.37914 1.5248 x 107
957300 7.23 90 2.4942 1.5698 x 103
1562100 7.18 80 2.69451 1.7269 x 103
Si Release Linear Fit
45x 109 1.4x10°
f(x) = 6.06172E-11x + 1.09623E-06
R?=0.96459
1.2 x10%
1.0x10°
3.0x10° .
7 8
2 © 8.0x10%
£ £
~ = «
o @ >
9 g 60x10°
% 15x10°% %‘ % g
@ D 40x10°
i]i 2.0x10°®
0‘ ! 00 20000 40000 60000 80000 100000
0 400000 800000 1200000 1600000
) Time (seconds)
Time (seconds)
Analytical uncertainty is 10%. Regression analysis Std. Error
R Squared 0.96459 N/A
Si release rate 6.06x 10" |6.71 x 102

Diss. Rate Mineral (Russ) 1.16 x 1072 mol m? s7!

Uncertainty of fit
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1.28 x 103 mol m? s7!




Table S27. Dissolved silica analysis for experiment 50:50-p10.3-1

Material: Hisingerite

N/A = no analysis.

Initial pH: 10.36 Solution: 0.01M NaCl Specific Surface Area (BET): 507.266 m?*/g
Batch ID: 50:50-p10.3-1 Material mass: 0.1497 g Total Surface Area (BET): 75.9377 m?

Time (sec) pH Volume (mL) Concentration Si (ppm) Moles Si released
0 10.36 180 0
3600 10.04 170 0.20526 1.4484 x 10°°
10800 9.73 160 0.37307 2.3910 x 10°°
21600 9.43 150 0.71901 49177 x 10°®
86400 7.25 140 1.98938 1.2750 x 10
97200 6.99 130 1.88120 1.2057 x 103
108000 7.08 120 1.95460 1.2527 x 103
183600 6.82 110 246158 1.5776 x 10
356400 6.72 100 4.52585 2.9006 x 107
957300 6.58 90 5.22729 3.3502x 103
1562100 6.56 80 5.16958 3.3132x 103
Si Release Linear Fit
45x 109 1.4x10°
f(x) = 1.19103E-10x + 1.48174E-06
R?=0.97330 4
1.2x10%
+ 1.0x10°
3.0x10° 1 .
7 4
2 © 8.0x10%
£ £
o o
9 % 6.0x 10°
% 15x10° ? '?
@ D 40x10°
20x10°®
). 4
¥ ’
T 0 20000 40000 60000 80000 100000
0 400000 800000 1600000
) Time (seconds)
Time (seconds)
Analytical uncertainty is 10%. Regression analysis Std. Error
R Squared 0.97330 N/A
Si release rate 1.19x 101 |1.14x 10"

Uncertainty of fit
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Table S28. Dissolved silica analysis for experiment 50:50-p10.3-2

Material: Hisingerite

Initial pH: 10.36 Solution: 0.01M NaCl Specific Surface Area (BET): 507.266 m?*/g

Batch ID: 50:50-p10.3-2 Material mass: 0.1503 g Total Surface Area (BET): 76.2421 m?
N/A = no analysis.

Time (sec) pH Volume (mL) Concentration Si (ppm) Moles Si released
0 10.36 180 0
3600 10.03 170 0.22600 2.6071 x 107
10800 9.78 160 0.49974 3.2028 x 10
21600 9.42 150 0.12207 4.6082 x 10°®
86400 7.34 140 2.02721 1.2992 x 10
97200 6.85 130 1.66260 1.0656 x 10
108000 6.99 120 1.57180 1.0074 x 10
183600 6.75 110 2.43908 1.5632 x 10
356400 6.66 100 449912 2.8835x 10
957300 6.55 90 5.18363 3.3222x 107
1562100 6.51 80 6.12844 3.9277x 107
Si Release
5 . .
45x10 Linear Fit
5
14x10 f(x) = 1.14470E-10x + 1.31643E-06
R?=0.91452
- 1.2x10%
3.0x 10° A
=z 1.0 x 10%
<@
o —_~
E w
= S 80x10°
3 E
g 3
° 6.0 x 10°
g 15x10° ; § X
0 e
B 40x10°
A
o 2.0x10°
04 .
0 400000 800000 1200000 1600000 0 A

. 0 20000 40000 60000 80000 100000
Time (seconds)

Time (seconds)

Analytical uncertainty is 10%.

Regression analysis Std. Error
R Squared 0.91452 N/A
Si release rate 1.14x 101 |2.02x 10!

Diss. Rate Mineral (Raiss) 1.50 x 107 mol m™ s7!
2.65x 10 mol m 57!

Uncertainty of fit
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Table S29. Dissolved Al analysis for experiment Al+Si-p3-1

Material: Allophane Initial pH: 3.01 Solution: 0.01M NaCl  Specific Surface Area (BET): 385.6192 m?/g
Batch ID: Al+Si-p3-1  Material mass: 0.1501 g Total Surface Area (BET): 57.8814 m?
N/A = no analysis. *Below practical quantitation limit (<1.0 ppm)

Time (sec) pH Volume (mL) Concentration Al (ppm) Moles Al released
0 3.01 180 0
3600 325 170 1.92255 1.28258 x 107
10800 3.38 160 1.75224 1.16896 x 107
18000 3.48 150 0.88649* 6.23482 x 107
86400 4.08 140 4.67470 2.86989 x 107
97200 4.10 130 3.12696 2.00944 x 107
192000 4.28 120 2.51791 1.69342 x 107
278400 431 110 2.63445 1.74957 x 107
451200 431 100 1.78043 1.36975 x 107
627600 434 90 2.21760 1.54798 x 107
969600 434 80 1.90785 1.43318x 107
1732800 4.42 70 1.29105 1.22744 x 1073
Al Release
5.0E-5
M Allophane-1
4.0E-5
A
oS 3.0E-5
E
o
4
% 2.0E-5 )P
= ’H‘ *
< * *
M W
1.0E-5
]
0.0E+0
0 400000 800000 1200000 1600000 2000000

Time (seconds)

Analytical uncertainty is 10%.
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Table S30. Dissolved Al analysis for experiment Al+Si-p3-2

Material: Allophane Initial pH: 3.01 Solution: 0.01M NaCl  Specific Surface Area (BET): 385.6192 m?/g
Batch ID: Al+Si-p3-2  Material mass: 0.1499 g Total Surface Area (BET): 57.8043 m?
N/A = no analysis. *Below practical quantitation limit (<1.0 ppm)

Time (sec) pH Volume (mL) Concentration Al (ppm) Moles Al released
0 3.01 180 0
3600 325 170 1.70567 1.13789x 10°
10800 3.38 160 1.46358 9.76391 x 10
18000 3.48 150 0.88296* 6.10559 x 10°*
86400 4.08 140 442170 2.70903 x 107
97200 4.10 130 2.79917 1.80700 x 10°°
192000 4.28 120 2.16845 1.47974 x 107
278400 431 110 2.47821 1.62899 x 107
451200 431 100 1.45728 1.17493 x 10°
627600 434 90 2.08310 1.43007 x 10°
969600 434 80 1.75398 1.30809 x 10°°
1732800 4.42 70 1.25180 1.14058 x 10
Al Release
5.0E-5
X Allophane-2

4.0E-5
A
oS 3.0E-5
S
o
4
@ 20E5
L X %
< ; X X

X X
1.0E-5
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0.0E+0
0 400000 800000 1200000 1600000 2000000

Time (seconds)

Analytical uncertainty is 10%.
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Table S31. Dissolved Al analysis for experiment 1:99-p3-1

Material: Fe-allophane
Batch ID: 1:99-p3-1

N/A = no analysis. *Below practical quantitation limit (<1.0 ppm)

Initial pH: 3.01 Solution: 0.01M NaCl

Specific Surface Area (BET): 350.2424 m%/g
Material mass: 0.1503 g Total Surface Area (BET): 52.6414 m?

Time (sec) pH Volume (mL) Concentration Al (ppm) Moles Al released
0 3.01 180 0
3600 3.21 170 1.98146 1.32187x 10°
10800 334 160 2.09513 1.39771x 10°
18000 343 150 1.76427 1.18925x 107
86400 4.04 140 5.66020 3.49953 x 107
97200 4.04 130 4.43361 2.81762 x 107
192000 4.27 120 3.25739 2.20731x 107
278400 4.29 110 3.62953 2.38661 x 10
451200 435 100 2.30624 1.79808 x 107
627600 433 90 3.13407 2.13558 x 107
969600 436 80 2.90467 2.05056 x 107
1732800 435 70 2.33121 1.85927 x 107
Al Release
5.0E-5
» Fe-allophane-1

4.0E-5
n %
© 30E5
E
o
L
g 2oes * %
3 " v
R

1.0E-5

0.0E+0

0 400000 800000 1200000 1600000 2000000

Time (seconds)

Analytical uncertainty is 10%.
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Table S32. Dissolved Al analysis for experiment 1:99-p3-2

Material: Fe-allophane
Batch ID: 1:99-p3-2

N/A = no analysis. *Below practical quantitation limit (<1.0 ppm)

Initial pH: 3.01 Solution: 0.01M NaCl

Specific Surface Area (BET): 350.2424 m%/g
Material mass: 0.1502 g Total Surface Area (BET): 52.6064 m”

Time (sec) pH Volume (mL) Concentration Al (ppm) Moles Al released
0 3.01 180 0
3600 324 170 2.04277 1.36278 x 10°
10800 3.38 160 2.50000 1.66781x 10°
18000 3.48 150 2.10593 1.41952 x 107
86400 4.13 140 5.55018 3.46195 x 107
97200 4.14 130 417811 2.69917 x 107
192000 431 120 3.29745 2.24222 x 107
278400 4.32 110 3.43744 2.30967 x 107
451200 4.35 100 3.10266 2.16077 x 107
627600 435 90 2.76524 2.02321x 107
969600 438 80 2.68842 1.99474 x 10°
1732800 437 70 2.15872 1.81806 x 107
Al Release
5.0E-5
< Fe-allophane-2
4.0E-5
g
oS 3.0E-5
E
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: L
S 2085 % « P
E g
1.0E-5
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0 400000 800000 1200000 1600000 2000000

Time (seconds)

Analytical uncertainty is 10%.
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Table S33. Dissolved Al analysis for experiment 50:50-p3-1

Material: Hisingerite Initial pH: 3.01 Solution: 0.01M NaCl  Specific Surface Area (BET): 507.2660 m?/g

Batch ID: 50:50-p3-1 Material mass: 0.1496 g Total Surface Area (BET): 75.8870 m?
N/A = no analysis. *Below practical quantitation limit (<1.0 ppm)

Time (sec) pH Volume (mL) Concentration Al (ppm) Moles Al released
0 3.01 180 0
3600 3.07 170 1.29015 8.60689 x 10
10800 3.08 160 0.22201* 1.48106 x 10
18000 3.07 150 0.50716* 3.27770 x 10°*
86400 325 140 N/A N/A
97200 323 130 2.61974 1.45641 x 10
192000 3.38 120 4.10983 2.22957 x 10°
278400 3.46 110 5.36622 2.83492x 107
451200 3.63 100 6.49740 3.33801x 10°
627600 3.73 90 7.25085 3.64518x 10°
969600 3.89 80 6.37419 3.32027 x 10°
1732800 3.97 70 8.89289 4.16041 x 10°
Al Release
5.0E-5
4.0E-5 %
é 3.0E-5 % %
g !
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Analytical uncertainty is 10%.

78




Table S34. Dissolved Al analysis for experiment 50:50-p3-2

Material: Hisingerite
Batch ID: 50:50-p3-2

N/A = no analysis. *Below practical quantitation limit (<1.0 ppm)

Initial pH: 3.01 Solution: 0.01M NaCl

Specific Surface Area (BET): 507.2660 m?%/g
Material mass: 0.1503 g Total Surface Area (BET): 76.2421 m?

Time (sec) pH Volume (mL) Concentration Al (ppm) Moles Al released
0 3.01 180 0
3600 3.07 170 1.44570 9.64462 x 10
10800 3.12 160 0.63351* 4.22629 x 10%*
18000 3.12 150 1.03564 6.75997 x 10°¢
86400 3.35 140 4.99046 3.02120x 10°
97200 3.35 130 4.00653 2.47419x 10°
192000 3.54 120 4.62576 2.79550 x 107
278400 3.64 110 7.04278 3.96005 x 107
451200 3.81 100 6.90269 3.89774 x 10°
627600 3.88 90 8.03478 4.35928 x 10°°
969600 3.96 80 6.52934 3.80132x 107
1732800 4.00 70 9.05375 4.64337 x 107
Al Release
5.0E-5

w b

3.0E-5 %

2.0E-5

Al released (moles)
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Analytical uncertainty is 10%.
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Table S35. Dissolved Fe analysis for experiment 50:50-p3-1

Material: Hisingerite Initial pH: 3.01 Solution: 0.01M NaCl  Specific Surface Area (BET): 507.2660 m?/g
Batch ID: 50:50-p3-1 Material mass: 0.1496 g Total Surface Area (BET): 75.8879 m’
N/A = no analysis. *Below practical quantitation limit (0.2 ppm Fe)

Time (sec) pH Volume (mL) Concentration Fe (ppm) Moles Fe released
0 3.01 180 0
3600 3.07 170 0.140817598* 4.53884 x 107*
10800 3.08 160 0.122647323* 3.95318 x 107*
18000 3.07 150 0.153659716* 4.89724 x 107*
86400 325 140 0.2727395 8.30896 x 107
97200 323 130 0.296661764 8.95151 x 107
192000 3.38 120 0.409877568 1.17898 x 10
278400 3.46 110 0.44567439 1.26231x 10
451200 3.63 100 0.48634088 1.34969 x 10
627600 3.73 90 0.443861187 1.26602 x 10
969600 3.89 80 0.3453857 1.08968 x 10
1732800 3.97 70 0.240194559 9.20154 x 107
Fe Release
1.6 x 10°

1.4 x10°
1.2x10° +% %
1.0x10° % *

8.0x107

6.0x107

40x 10-7¥

Moles Fe Released
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Time (seconds)

Analytical uncertainty is 10%.
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Table S36. Dissolved Fe analysis for experiment 50:50-p3-2

Material: Hisingerite
Batch ID: 50:50-p3-2

N/A = no analysis. *Below practical quantitation limit (0.2 ppm Fe)

Initial pH: 3.01 Solution: 0.01M NaCl

Specific Surface Area (BET): 507.2660 m?%/g
Material mass: 0.1503 g Total Surface Area (BET): 76.2421 m?

Time (sec) pH Volume (mL) Concentration Fe (ppm) Moles Fe released
0 3.01 180 0
3600 3.07 170 0.113315754* 3.65240 x 107*
10800 3.12 160 0.15801996* 5.09331 x 107*
18000 3.12 150 0.209302962 6.65444 x 107
86400 335 140 0.353962302 1.07990 x 10
97200 335 130 0.353024065 1.07738 x 10
192000 3.54 120 0.425870329 1.26000 x 10
278400 3.64 110 0.43948409 1.29170 x 10°°
451200 3.81 100 0.405464619 1.21859 x 10
627600 3.88 90 0.319258809 1.04879 x 10
969600 3.96 80 0.264877349 9.51412x 107
1732800 4.00 70 0.195920333* 8.40281 x 107*
Fe Release
1.6 x 10°
1.4x10° %
1.2x10%7 + +
B 1.0x10° % %
E |
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