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New experimental data and quantitativemodels show that the 29Si doping experimental technique (Gruber, Zhu,
and others, 2013, GCA) is robust for measuring silicate mineral dissolution rates even while a Si-containing sec-
ondary phase is precipitating. In this study, batch experiments of albite dissolution were conducted under ambi-
ent temperature and pH 3–7.5, some seeded with kaolinite. Initial solutions of various Si concentrations were
doped with 29Si, resulting in a Si isotopic composition highly anomalous to natural Si isotope compositions.
The isotopic contrast and precision of isotope fraction analysis to ±0.0005 to ±0.001 allow detection of the dis-
solution of a minuscule amount of albite in aqueous solutions. Experimental data and quantitative modeling
show Si isotope fractionation during albite dissolution ranged from 30εsol-ab −2.870 to 0.804‰, significant for
Si biogeochemical cycling, but resulting in only b±0.04% errors in rate determination. The simultaneous precip-
itation of secondary phases consumed silica, causing slight changes of Si isotope ratios, but the isotopic fraction-
ation due to secondary phase precipitation is negligible for determining albite dissolution rates. Combination of Si
isotopes and Si concentrations, preciselymeasuredwith the Si isotopedilutionmethod, alloweddetermination of
secondary phase precipitation rates simultaneously. Thismeans that we can nowmeasure rates at circumneutral
pH and near equilibrium conditions, even when secondary precipitates are forming. However, while the isotope
doping method has greatly improved the precision and sensitivity of rate measurements, the accuracy of rate
measurements is still subject to the vagaries of sample preparation and other unknown effects as shown our
data near pH 5.5. When the solution is very close to equilibrium, the backward reaction becomes important
and interpretation of the isotope data would be complicated or impossible.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The isotopic doping technique used in the present paper intro-
duces an enriched rare isotope of a given element to an experimental
solution interacting with a mineral or a suite of minerals that have
normal or natural isotopic compositions (Beck et al., 1992;
Gaillardet, 2008). Monitoring the isotopic compositions of the solu-
tion allows mineral dissolution rates to be determined with the
help of the extreme sensitivity of modern mass spectrometer mea-
surements. Because the precipitation of the isotope into secondary
phases does not significantly change the isotopic ratios of the fluids,
dissolution rates can be measured even when secondary phase pre-
cipitation occurs. Therefore, the method allows measurements of
o Oil Company, Dhahran 31311,
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reaction kinetics near equilibrium. This method has been successful-
ly applied using 39K and 84Sr simultaneously to measure rates of dis-
solution of K-feldspar, biotite, and plagioclase during the
hydrothermal alteration of a granite in conditions close to equilibri-
um (Zuddas et al., 1995; Seimbille et al., 1998). Also, 84Sr/87Sr and
44Ca/42Ca doping was used to measure rates of calcite recrystalliza-
tion and conversion from aragonite to calcite (Beck et al., 1992;
Berndt and Seyfried, 1999). Finally, 29Si and 30Si were used to find al-
bite dissolution rates (Gruber et al., 2013; Gruber et al., 2014; Zhu
et al., 2014).

Although Si isotopes have been measured for over 50 years, the re-
cent advances in high resolution MC-ICP-MS now allow Si isotopes to
be analyzed relatively quickly, with minimal sample preparation and
with a higher precision (Georg et al., 2006). The main advantage of
using Si stable isotopes is that they are part of the silicatemineral struc-
ture. Here, we have utilized stable Si isotopes as a way to overcome the
sensitivity issues by using “Si isotope spikes” in the initial solution in the
batch reactor and by using isotope dilution method to measure the Si
on rates using Si isotope doping, Chem. Geol. (2016), http://dx.doi.org/
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Fig. 1. FEI-SEMmicrographs of albite grains pre (a) and after (b) after 60 day's reaction in
pH ~5 solutions.
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concentrations with much smaller errors than the conventional chemi-
cal analysis.

Feldspars comprise over 50% of the volume of the earth's crust. Es-
tablishing reliable rates for low-temperature feldspar dissolution is es-
sential to quantify many fundamental geological and environmental
processes. Among these are the functional relationship between silicate
weathering and the global climate over geologic time (Berner and
Berner, 1997), controls on surface and groundwater quality, global ele-
mental cycling (Lasaga et al., 1994), the availability of inorganic nutri-
ents in soils (Federer et al., 1989; Likens et al., 1998), impacts of acid
mine drainage, neutralization of acid precipitation in watersheds
(Drever and Clow, 1995), safety of nuclear waste repositories
(Spycher et al., 2003), and geological carbon sequestration (White
et al., 2003).

One outstanding problem of great significance in modern geochem-
istry is the apparent discrepancy between laboratory-measured and
field derived feldspar dissolution rates (Velbel, 1990; Brantley, 1992;
Blum and Stillings, 1995; Drever and Clow, 1995; Zhu, 2005). This dis-
crepancy is significant, up to 2 to 5 orders of magnitude, and can lead
to dramatically different modeling results. Obviously, there are several
ways to frame this apparent discrepancy, as conditions under which
feldspar dissolves in field and laboratory are surely different and we
must take pains to ensure comparing equivalent processes and condi-
tions. However, the resolution of this apparent discrepancy is hampered
by the experimental challenges at ambient temperatures. Silicate reac-
tions at room temperature are slow for experiments near neutral pH
where most reactions occur in nature. In addition, at near equilibrium
conditions, the experimental solutions are often supersaturated with
secondary phases. Their precipitation depletes Si from solution, causing
an apparent lower dissolution rate. New experimental techniques are
needed to overcome these obstacles and resolve the apparent
discrepancy.

In this paper we first present new experimental data on Si isotope
doping and isotopic fractionation during albite dissolution. Then we
evaluate possible interferences on determining the rates, namely
(A) isotopic fractionation during albite dissolution, (B) precipitation of
a Si-containing secondary phase, and (C) Si isotope fractionation during
the precipitation of the secondary phase. Three conceptualmodels were
developed, progressively including above three interferences (termed
Model A, B, C), and these models were applied to the experimental
data. Our results show that all three interferences have negligible effects
on determination of albite dissolution rates, which makes this new ex-
perimental method particularly useful for measuring albite dissolution
rates while a Si-containing secondary phase is precipitating. We further
demonstrate that, togetherwith silicon concentration data—particularly
the more precise silicon concentration data from the isotope dilution
method, the rate of secondary phase precipitation can also be deter-
mined from the isotope data. Finally, based on our experimental data
and the above conceptual models, we predicted optimal experimental
conditions for measuring silicate mineral dissolution over a wide
range of rates.

2. Materials and methods

Part of the isotope doping methodology described below was
described in earlier publications (Gruber et al., 2013; Lu et al., 2013).
For completeness, we repeat some essential details.

2.1. Albite grains preparation

Research grade albite crystals (from Amelia Court House, Virginia,
USA and from Evje, Norway) were purchased from the Ward's Natural
Science Establishment, Inc. The crystals were handpicked, ground with
a clean agate mortar and pestle, and subsequently dry sieved through
clean copper mesh to retain the 53–106 μm fraction. For the freshly
ground material, there were a large number of submicron-to-micron
Please cite this article as: Zhu, C., et al., Measuring silicatemineral dissoluti
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particles that adhered to the surface of large grains. Dissolution of
these ultra-fine particles will result in initially non-linear rates of reac-
tion or parabolic kinetics (Holdren and Berner, 1979; Lu et al., 2013).
To remove these particles, the ground feldspar samplewas ultrasonical-
ly rinsed with ethanol eight times for about 20 min per treatment. The
cleaned feldspar grains were then rinsed with deionized (DI) water
and freeze-dried. They were examined under SEM to observe the parti-
cle morphology, size distribution, and cleaned surface (Fig. 1a). Finally,
the cleaned feldspar samples were kept in an oven at 100 °C overnight
to exclude all possible organic contamination and were then stored in
a desiccator. See below (Section 2.7) for X-ray diffraction analysis of
the samples.

2.2. Kaolinite pre-treatment

Florida kaolinite from Ward's Natural Science Establishment, Inc.
and a sample of Georgia kaolinite were filtered through a 38 μm sieve
using deionizedwater to eliminate any possible coarse grained contam-
inants. The remainingmixtureswere then dried in an oven over night at
100 °C. They were thenmounted in separate titanium 1.5 cm front pack
mounts for X-ray diffraction to determine the purity of the sample. The
analysis revealed the Florida sample to be 88.12% kaolinite and 11.88%
dickite and the Georgia sample to be 82.97% kaolinite and 17.03%
dickite. Based on these results the Florida kaolinite was used in the
experiments.

The treatment of the Florida kaolinite sample in this study followed
the method described in Yang and Steefel (2008). The sample was first
cleaned in order to remove amorphous oxy-hydroxide material before
on rates using Si isotope doping, Chem. Geol. (2016), http://dx.doi.org/
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being used as seed material in the dissolution experiments. The sample
was put into a 50 mL centrifuge tube and topped off with 1 M NaCl at
pH 3. That tubewas then inserted in anultrasonic bath for 10min before
being removed and inserted in the centrifuge for 5 min. After centrifu-
gation, the supernatant was pipetted off and the rinsing process was
repeated until the supernatant reached pH 3. The ultrasonication/
centrifugation process was then performed with deionized water in
order to rinse away the NaCl. This was repeated until the supernatant
pHwas greater than 5. The remaining samplewas then put on a vacuum
filter to facilitate the drying process before being dried in an oven over-
night at 50 °C and stored in a desiccator.

2.3. Dissolution experiments without isotope doping

Except where noted, all chemicals used are analytical grade. 99.00 g
DI water (18.2 MΩ, Millipore) and 1.00 mL 1.00 M KCl stock solution
was added into each wide-mouth polypropylene bottle (4 oz and
125 mL, Fisher Scientific, Pittsburgh, PA, USA). The solution pH was
thereafter measured and adjusted by adding a small amount
(b0.10 mL) of 1.0 N HCl, 0.10 N HCl, 0.01 N HCl, 0.10 N KOH, and/or
0.01 N KOH to a final value of 3.00 (±0.05), 5.00 (±0.05), or 7.00
(±0.05). Additionally, 0.250 (±0.001) g of mineral sample was added
into each bottle to initiate the mineral dissolution. The bottles were
sealed with parafilm in order to limit the potential diffusion of CO2

into the bottle headspace, which would result in CO2 dissolution and
pH decrease. The bottles were agitated at ~22.0 (±0.5) °C on an orbital
shaker (VRN-200, Gemmy Industrial Corporation, Taipei, Taiwan, China;
orModel 2345Q, ThermoScientific) at ~100 rpm.At thepre-determined
sampling interval, bottle solution was poured into a vacuum filter sys-
tem to separate the solids from the solution. The experimental solutions
had only dilute Si elemental concentrations so that solutions were con-
centrated by evaporation to reduce the solution volume by five times.

2.4. Dissolution experiments with isotope doping

Isotope stock solution (1.6 mM 29SiO2) was prepared by dissolving
0.0293 g 29Si-enriched SiO2 powder (0.0004 28Si, 0.9990 29Si, and
0.0006 30Si from Isoflex, San Francisco, CA, USA) with 300 mL 33.3%
KOH solution (150 g KOH dissolved in 300 g DI water) for about one
week and was then stored in a refrigerator at 4.0 °C. The 29Si concentra-
tion in experimental solution was controlled to 40 μM by adding
2.50 mL 1.6 mM 29SiO2 stock solution, 95.65 g (equivalently 95.68 mL)
DI water, 1.22 mL 37% (12.1 N) HCl solution, and 0.600 mL 3 N HCl so-
lution into each wide-mouth polypropylene bottle (4 oz and 125 mL,
Fisher Scientific, Pittsburgh, PA, USA) with the final solution volume
close to ~100mL. The solution pH was thereafter measured and adjust-
ed by adding small amount (b0.50 mL) of 1.0 N HCl or 1.0 N KOH to a
final value of 3.00 (±0.05), 5.00 (±0.05), or 7.00 (±0.05). Additionally,
0.250 (±0.001) g of albite was added into each bottle to initiate the
mineral dissolution. For experiments with kaolinite seeds, 0.001 g kao-
linite was added. The polypropylene bottles were sealed with parafilm
and were agitated at room temperature of 22.5 (±0.5) °C on an orbital
shaker (VRN-200, Gemmy Industrial Corporation, Taipei, Taiwan,
China) at ~100 rpm.

2.5. Sampling of dissolution experiments

At the pre-determined sampling interval, the solution pHwas quick-
ly measured. Then, the solution was poured into a vacuum filter system
(Thermo Scientific, Nalgene, sterile analytical filter) which used a piece
of 0.22 μmnitrocellulosemembrane filter paper (Fisher Scientific, Pitts-
burgh, PA, USA) to separate the solids from the 89.5 g solution. The fil-
tered solution was weighted and mixed with 0.500 mL (equivalently
0.50 g) of 5% HCl solution in a polypropylene wide-mouth bottle (4 oz
and 125 mL, Fisher Scientific, Pittsburgh, PA, USA) in order to make
the solution unsaturated with respect to its secondary phases (such as
Please cite this article as: Zhu, C., et al., Measuring silicatemineral dissoluti
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kaolinite and gibbsite). The solids on the filter paper were thereafter
rinsed with several mL DI water for five times to wash off residual
solution, transferred into a plastic container with a spoon, air-dried
overnight, and then stored in a desiccator. These solid samples were se-
lected for examination under SEM and XRD.

2.6. Sample pre-treatment before isotopic analysis

In order to reduce high concentrations of cations thatmight interfere
with the silicon isotope analysis, all solution samples were pretreated
with cation exchange resin (AG 50W-X8, Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) before Si isotope analysis, following the method of
Georg et al. (Georg et al., 2006). Briefly, 1.8 mL of the cation exchange
resin (resin on column cleaning) was placed in a 10mL Poly-Prep chro-
matography column (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and
was then rinsedwith 6.0mLDIwater, 6.0mL3.0NHCl, 6.0mL6.0NHCl,
4.0 mL 37% HCl, 6.0 mL 6.0 N HCl, 10 mL 3.0 N HCl, and three times of
5.0mLDIwater. The treated resin in the columnwas then further rinsed
with 1.00mL of solution sample. Afterwards, 7.0mL of the solution sam-
ple was loaded into the column and the filtered rated solution was col-
lected in a clean polystyrene 15 mL conical centrifuge tube (Fisher
Scientific, Pittsburgh, PA, USA).

2.7. Mineral characterization

Amelia albite it is a nearly pure end-member albite (e.g., see Harlow
andBrown, 1980; Smith and Brown, 1988;Harouiya andOelkers, 2004).
The reported structure formula is K0.009Na0.974Ca0.007Al1.031Si2.976O8.

The pegmatic Evje albite from Norway was analyzed with electron mi-
croprobe analysis by Knauss and Wolery (1986). The chemical compo-
sition is very pure albite (99%), with SiO2 68.59%, Al2O3 20.30%, Na2O
10.99%, K2O 0.09%. Knauss and Wolery (1986) also carried out powder
X-ray diffraction of the Evje albite and found it only slightly disordered.
They suggested that Helgeson et al. (1978)'s “low albite” is suitable for
thermodynamic calculations.

Our powder X-ray diffraction analyses were carried out using a
Bruker D8 Advance diffractometer, equipped with a Cu anode at 20 kV
and 5 mA, and with a SolX energy-dispersive detector. The scan param-
eters usedwere 2 to 70° 2θ, with a step size of 0.02° 2θ. Starting samples
were ground by hand in an agate mortar and pestle to get sufficient
small particles. These particles were subsequently filled into the cavity
of a titanium sample holder for XRD analysis. Results confirm that the
reported Evje albite contains 95.05% low-albite, 2.94% muscovite and
2.01% quartz.

A Beckman Coulter SA-3100 surface area analyzer was used for the
Brunauer–Emmett–Teller (BET) (Braunauer et al., 1938) surface area
analysis of albite grains before the experiments. The samples were
degassed at 250 °C overnight prior to measurements. The instrument
was calibrated before and during measurements periodically, using Na-
tional Institute of Standards and Technology reference material 1900, a
silicon nitrite powder with surface area of 2.85 m2/g. Multipoint N2 gas
adsorption isothermsweremeasured to obtain BET specific surface area
of for albite (Lu et al., 2013). Multipoint N2 gas adsorption isotherms
were measured to obtain the specific surface area of Evje albite
~0.143 m2/g (±5%) and of Amelia albite of 0.13 m2/g (±5%).

Scanning Electron Microscopy (SEM) was conducted with a Quanta
400 Field Emission Gun (FEG). The Energy Dispersive X-ray Spectrome-
ter (EDS) systemhas an EDAX thinwindow and CDU LEAP detector. The
low energy X-ray detection with FEG provided high spatial resolution
for microanalysis down to ~0.1 μm2 under optimum conditions.

2.8. Measurements of silicon stable isotopes

The Si isotope ratios and compositions were measured using high-
resolution multiple-collector inductively coupled plasma mass spec-
trometry (HR-MC-ICP-MS) at Trent University. The analyses utilized
on rates using Si isotope doping, Chem. Geol. (2016), http://dx.doi.org/
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Table 1
List of symbols and definitions.

Symbols Explanations

[SiO2]t Total dissolved silicon concentration (μM) in
experimental solution sampled after time t
from the start of the experiment

[SiO2]spi Total dissolved silicon concentration (μM) in
spike (stock) solution used for isotopic
dilution analysis of [SiO2]t

[SiO2]t0 Silicon concentration (μM) in initial solution
at t = 0

[SiO2]mix Silicon concentration (μM) in the mixed
solution
(experimental solution + spike, V1 + V2) for
isotope dilution analysis

[28SiO2] 28Si concentration (μM), [28SiO2] =
[SiO2]t ∙28Si, similarly for 29Si, 30Si

n28Si,j Mole of 28Si in the jth mineral, similarly for
n29Si,j and n30Si,j

V1 Volumes (mL) of experimental solution used
for isotope dilution

V2 Volumes (mL) of analytical spike
solution used for isotope dilution

V Volume of solution in dissolution
experiments (~100 mL)

28Sit 28Si fraction (0 to 1.0) in experimental
solution sampled after time t; similarly for
29Sit and 30Sit

28Sispi
28Si fraction (0 to 1.0) in spike (stock)
solution used for isotopic dilution analysis;
similarly for 29Sispi and 30Sispi

28Simix
28Si fraction (0 to 1.0) in the mixed solution
(experimental solution + spike) for isotope
dilution analysis; similarly for 29Simix and 30Simix

28Siab
28Si fraction of albite crystals; similarly for
29Siab and 30Siab

28Sit0 28Si fraction of initial solutions at t = 0;
similarly for 29Sit0 and 30Sit0

rj Rate of dissolution or precipitation of the jth
mineral in mol m−2 s−1

r′j,28 Rate of dissolution or precipitation of the jth
mineral regarding to 28Si in mol L−1 s−1;
similarly for other silicon isotopes

r′j Rate of dissolution or precipitation of the
jth mineral in mol L−1 s−1

r′j = r (mol m−2 s−1)∙SA,j (m2/L)
t Time
Δt Time interval from time t to time t + 1
υab Stoichiometric coefficient of Si in

molecular formula of albite
υkao Stoichiometric coefficient of Si in

secondary mineral precipitate
Ri Isotope ratio in phase A
ΔGr,j Gibbs free energy of reaction for

the jth mineral (J/mol)
K Equilibrium constant
SA,j Reactive surface area of the jth mineral (m2/L)
δ30SiA The δ-notation of silicon isotope

composition in phase A (‰):

δ30SiA ¼ ð RA
RNBS‐28

−1Þ � 1000

similarly for δ29SiA
Δ30SiA–B The difference in δ30Si value

between phases A and B (‰):
Δ30SiA–B = δ30SiA -δ30SiB
Similarly for Δ29SiA–B
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their recently upgraded Thermo Fisher Neptune PLUS. Blank samples
were filled with ultrapure deionized water and were acidified with ul-
trapure HCl.

Naturally occurring silicon has three stable isotopes 28Si (0.92229),
29Si (0.04683) and 30Si (0.03087), where the numbers in parenthesis
represent their natural fractions, respectively. Isotope fractions in the
experimental samples were determined by means of MC-ICP-MS. Sili-
con isotope analyses on MC-ICP-MS require high-mass resolving capa-
bilities to resolve polyatomic species that interfere with the Si mass-
spectrum, especially high abundances of N2 and NO species on masses
28Si and 30Si (Georg et al., 2006). The Thermo Fisher Neptune Plus
MC-ICP-MS is capable of providing resolving power sufficient to resolve
all polyatomic species that interfere with the Si mass-spectrum. Isotope
analyses are typically performed in medium resolution with a resolving
power ofm/Δm = 6000. During mass-spectrometric analyses, all three
Si isotope masses were measured simultaneous to overcome intrinsic
noise associated with the plasma ion-source in order to ensure that iso-
tope ratios are determinedwith a typical precision better than 0.1‰. In-
strumental mass discrimination was corrected by using an Mg isotope
standard as an internal tracer. The certified Mg isotope standard DSM-
3 was added to samples and standards and the three stable isotopes of
Mg (24Mg, 25Mg and 26Mg) were analyzed simultaneously alongside
the Si isotopes. The measured Mg ratios were then normalized to the
certified values to provide a correction factor as a measure of instru-
mental discrimination, which was then applied to the measured Si iso-
tope ratios. The rationale behind this correction method is that isotopes
with similar masses experience similar levels of instrumental mass-
discrimination. Samples (~0.5 ppm Si) were introduced into the plasma
via a self-aspirating micro-concentric PFA nebulizer and an Apex
desolvation device. Silicon backgrounds were corrected for by on-
peak-zero measurements, where a blank solution (2% HNO3) was ana-
lyzed instead of a sample. The blank intensities were then subtracted
from the signals of the subsequent sample analyses. Typical signal in-
tensities for an uptake rate of 0.1 mL/min were approximately 60 V
for a solution containing 1 ppm Si.

The solid material was dissolved in a Si-free medium and samples
were taken at a defined interval. Detailed experimental procedure is de-
scribed in Georg et al. (2006). The measurement results show that the
isotope fractions of 28Si, 29Si, and 30Si in the Amelia albite are 0.9223,
0.0467, and 0.0310, respectively (See Table 1 for symbols). The isotope
fractions of 28Si, 29Si, and 30Si in the Evje albite are 0.9223, 0.0467, and
0.0311, respectively (Table 2).

Silicon isotope data are commonly reported as deviations of 30Si/28Si
and 29Si/28Si from the international standard NBS-28 in parts per mil
(with R30/28 = 30Si/28Si or R29/28 = 29Si/28Si) as follows (Georg et al.,
2009):

δxSi ¼ Rx=28;sample

Rx=28;NBS−28
−1

� �
� 1000 ð1Þ

where x stands for 29 or 30. For the Amelia albite, these values are
δ29Si = −0.110‰ and δ30Si = −0.256‰, respectively (see Table 1 for
symbols).
αA–B Fractionation factor α between
phases A and B
αA–B = RA/RB

30εA–B Enrichment factor ε between phases A
and B; similarly for 29εA–B
30εi–j = 1000 × lnαA–B

α′ab Kinetic fractionation factor (α′) in
the dissolution process

α0
ab ¼ 1

Rab

r0
ab;30

.
r0
ab;28

α′kao Kinetic fractionation factor (α′) in
the precipitation process
2.9. Determination of elemental Si concentrations [SiO2]

For the isotopically doped albite dissolution experiments
(Section 2.4), if there is no isotopic fractionation during albite dissolu-
tion and the amount of secondary Si-containing mineral precipitation
is negligible, the system is a two end-member mixture of albite and ini-
tial aqueous solution. Themeasured isotopic fractions in the experimen-
tal solutions should give us the aqueous concentrations [SiO2] (termed
IX method hereafter).
Please cite this article as: Zhu, C., et al., Measuring silicatemineral dissolution rates using Si isotope doping, Chem. Geol. (2016), http://dx.doi.org/
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Table 1 (continued)

Symbols Explanations

α0
kao ¼ 1

Rsol

r0kao;30
.

r0
kao;28

ε′ab Kinetic fractionation factor (ε′) in the
dissolution process; similarly for ε′kao
εab′=1000lnαab′

κx,kao Fractionation modifier
r0x;kao ¼ κx;kao

xSisolr0kao
Similarly for κx,ab

f Fraction of Si that remains in the
solution f = [SiO2]t/[SiO2]t0

Abbrev
spi Spike
dis Dissolution
ab Albite
pre Precipitate
kao Kaolinite
gbs Gibbsite
aq Aqueous species
qtz Quartz
fsp Feldspar
sol Solution
DSi Dissolved silica
S-T Short-term
L-T Long-term
IX Isotope mixing method
ID Isotope dilution method
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From mass balance consideration for each of the Si isotopes we
calculated the [SiO2] from the following equation

SiO2½ �t ¼
28Sit0−28Siab
28Sit−28Siab

 !
� SiO2½ �t0 ð2Þ

where the subscript of “t0” and “t” denotes the initial experimental
solution, the experimental solution sampled at time t, and “ab” the al-
bite reactant in the experiments, respectively. Similar equations can
be developed for 29Si and 30Si. If [SiO2] calculated from 28Si, 29Si, and
30Si is different, it may indicate fractionation during albite dissolution.
If [SiO2] calculated from isotopic fractions (IX method) is higher than
[SiO2] from Si elemental analysis (e.g., the Mo-blue method and isotope
dilution method), it may indicate precipitation may have occurred dur-
ing the experiment.

The isotope dilution (ID) method was used in this study in order to
measure elemental silicon concentrations. A spike solution with
known elemental Si concentrations and Si isotopic fractions (denoted
with subscript “spi”) was mixed with the experimental solution and
the mixed solution (denoted as “mix”) was analyzed with MC-ICP-MS
again for its Si isotope fractions. The elemental Si concentrations in the
experimental solutions then can be calculated via the following equa-
tions:

SiO2½ �t ¼ V2

V1

� � 28Simix−28Sispi
28Sit−28Simix

 !
SiO2½ �spi ð3aÞ
Table 2
Isotopic fractions for reactants, starting solutions, and spike solutions.

28Si 29Si 30Si δ30Si (‰) δ29Si (‰)

Amelia albite 0.9223 0.0467 0.0310 −0.11 −0.256
Evje albite 0.9223 0.0467 0.0311
Starting solution 0.0004 0.999 0.0006
Spike solution for ID analysis 0.9223 0.0467 0.0310

Please cite this article as: Zhu, C., et al., Measuring silicatemineral dissoluti
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SiO2½ �t ¼ V2

V1

� � 29Simix−29Sispi
29Sit−29Simix

 !
SiO2½ �spi ð3bÞ

SiO2½ �t ¼ V2

V1

� � 30Simix−30Sispi
30Sit−30Simix

 !
SiO2½ �spi ð3cÞ

where [SiO2]t and [SiO2]spi stand for silicon concentrations (μM) in
experimental solution and analytical spike (stock) solution, respec-
tively. V1 and V2 denote volumes (mL) of experimental solution
and analytical spike solution that are used to make the mixed solu-
tion (equal volume in our case), respectively. 28Sit, 29Sit, and 30Sit

stand for fractions of 28Si, 29Si, and 30Si in experimental solution,
28Sispi, 29Sispi, and 30Sispi fractions of 28Si, 29Si, and 30Si in analytical
spike (stock) solution, and 28Simix, 29Simix, and 30Simix fractions of
28Si, 29Si, and 30Si in the mixed solution. The analytical spike solution
was prepared by diluting the purchased 1000 ppm ICP standard sili-
con solution (silicon in 3% HNO3 and trace HF, Fisher Scientific, Pitts-
burgh, PA, USA) using DI water. The resultant analytical spike stock
solution for the ID method was composed of 40 μM silicon with the
isotope fraction of 0.9223 28Si, 0.0467 29Si, and 0.0310 30Si. The
[28SiO2]t, [29SiO2]t, and [30SiO2]t in experimental solutions are calcu-
lated by multiplying the [SiO2]t with the respective fraction of 28Si,
29Si, and 30Si in the solution.

Total concentrations of dissolved Si in solution [SiO2] were also ana-
lyzed with Perkin Elmer Lambda 2S UV–visible spectrophotometer,
using the molybdate blue method (Govett, 1961). The uncertainty in
measured Si was less than ±5% for concentrations above 4 μM. Detec-
tion limits for analyses of Si are less than 0.5 μM.

2.10. Cation analysis

Total cation concentrations of [Na+], [Ca2+], [Mg2+], [Al3+], and
[K+] were analyzed with Inductively Coupled Plasma Quadrupole
Mass Spectrometry (ICP-QMS) Agilent 7700× with the measurement
uncertainty of ±5% or were determined with a Perkins Elmer 5000
flame and graphite furnace AAS. Solution pHs were measured at room
temperature 22.5 (±0.5) °C on a stirred solution using a Semi-Micro
83-01 Orion Ross Combination Electrode. The reported accuracy was
±0.02 pH units (i.e. ±4.5% in H+ activity).

2.11. Calculation of dissolution rates

If the amount of Si-containing secondary mineral precipitation
is negligible in the experiments, the albite dissolution rate, rdis
((mol·ab) m−2 s−1), can be calculated from the following
equation:

rdis ¼
1

SA;abνab

� �
d SiO2½ �t

dt

 !
ð4Þ

where SA,ab denotes the surface area of albite (m2/L) in the reactor
and is usually regarded as a constant when the amount of albite dis-
solved is small in the experiments (e.g., b1–2%). Throughout this
paper, we use BET surface area for SA,ab. νab is stoichiometric coefficient
of silicon in the albite mineral formula.

As described above, the variable [SiO2]tweremeasuredwith two dif-
ferent methods: (a) conventional analytical method (i.e., Mo-blue col-
orimetry); and (b) from the more precise isotope dilution method
(Section 2.9).

If (a) there is no silicon isotopic fractionation during albite dissolu-
tion; (b) the Si isotope fractionation during secondary mineral
precipitation has negligible effects on the isotopic composition of the
experimental solution; and (c) there is only one secondary mineral,
on rates using Si isotope doping, Chem. Geol. (2016), http://dx.doi.org/
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the reaction rates of primarymineral dissolution and secondarymineral
precipitation can be calculated from the following two equations,
respectively:

rdis ¼

29Sit

28Sit

 !
�
d 28Sit � SiO2½ �t
� �

dt
−

d 29Sit � SiO2½ �t
� �

dt

2
4

3
5

29Sit

28Sit

 !
� 28Siab−29Siab

" #
� νab � SA;ab

ð5Þ

rpre ¼
d SiO2½ �t

dt
−νabSA;abrdis

νpreSA;pre
ð6Þ

where rpre denotes rate of secondary mineral precipitation
(molm−2 s−1), νpre stoichiometric coefficient of Si in secondarymineral
precipitate, SA,pre surface area (m2/L) of secondary mineral at time t.
Note that Eq. (6) is valid only when there is one type of secondary
mineral that contains Si.

In Eqs. (5) and (6), the isotopic fraction of experimental solutions is
directly measured from HR-MC-ICP-MS. [SiO2]t is either measured with
the conventional (Mo-blue) method or the isotope dilution method.

2.12. Calculations of mineral saturation indices

Saturation indices ofminerals were calculated with the geochemical
speciation software PHREEQC 2.18.3 (Parkhurst and Appelo, 1999)
using the extended Debye–Hückel equation and the thermodynamic
data set of Zhu and Lu (2009).

3. Si isotope mass balance models

In order to interpret Si isotope experimental data and evaluate the
various complications on rate determination, we developed the follow-
ingmass balancemodels. Specifically, we considered (A) Si isotope frac-
tionation during albite dissolution, (B) precipitation of a Si-containing
secondary phase, and (C) Si isotope fractionation during secondary
phase precipitation.

3.1. Model A: albite dissolution only

See Table 1 for all symbols and notations. Here we assume that in a
batch system, the only reaction is albite dissolution. From any time in-
terval Δt from t to t + 1 when the rate of albite dissolution is constant,
the 28Si fractions in the experimental solutionswill change according to
the mass balance,

SiO2½ �tþ1 ¼ νabr
0t
abΔt þ SiO2½ �t

28SiO2
� �tþ1 ¼ νab

28Siabr0tabΔt þ 28Sit SiO2½ �t

29SiO2
� �tþ1 ¼ νab

29Siabr
0t
abΔt þ 29Sit SiO2½ �t

8>>>><
>>>>:

ð7Þ

28Sitþ1 ¼ νab
28Siabr0tabΔt þ 28Sit SiO2½ �t
νabr0tabΔt þ SiO2½ �t

29Sitþ1 ¼ νab
29Siabr0tabΔt þ 29Sit SiO2½ �t
νabr0tabΔt þ SiO2½ �t :

8>>>>><
>>>>>:

ð8Þ

Similar mass balance equation can be written for 30Si. In the
above equations, the assumptions are that no Si isotope fractionation
occurs during albite dissolution and that no secondary phases
precipitate.

From Eq. (8), if 28Siab, [SiO2]t, and 28Sit are measured, 28Sit + 1 can be
predicted with an assumed r′ab. When an inflection point for 28Si versus
Please cite this article as: Zhu, C., et al., Measuring silicatemineral dissoluti
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t data is observed, a different r′ab value must be used for different time
periods (e.g., 4–20 days and 20–60 days).

Note that this model only needs one [SiO2]t value at the beginning,
e.g., day 4; the rest are predicted. We have two equations for two un-
knowns (r′ab, [SiO2]t) for Eq. (8), but the solutions are not unique. To ob-
tain a unique solution, we need a [SiO2]t value.

If 28Si, 29Si, and 30Si data are fitted simultaneously with the same al-
bite dissolution rate, isotopic fractionation effects on the rate determi-
nation are small. Formal evaluation of the effects of isotope
fractionation on rate determination was conducted using
Eqs. (32)–(34), which are derived below.

3.2. Model B: with secondary phase precipitation

Now we assume there is a “kaolinite” precipitation (or any second-
ary phase with a stoichiometry of Al2Si2). For any time interval from t
to t+ 1 when the rates of albite dissolution and kaolinite precipitation
are constant, the 28Si fractions in the experimental solutionswill change
according to the mass balance.

SiO2½ �tþ1 ¼ νabr
0t
abΔt−νkaor

0t
kao þ SiO2½ �t

28SiO2

h itþ1
¼ ðνab

28Siabr
0t
ab−νkao

28Sitr0kaoÞΔt þ 28Sit SiO2½ �t

29SiO2

h itþ1
¼ ðνab

29Siabr
0t
ab−νkao

29Sitr0tkaoÞΔt þ 29Sit SiO2½ �t

8>>>>><
>>>>>:

ð9Þ

28 Sitþ1 ¼
νab

28Siabr0tab−νkao
28Sitr0tkao

� �
Δt þ 28Sit SiO2½ �t

νabr0tab−νkaor0tkao
� 	

Δt þ SiO2½ �t

29Sitþ1 ¼
νab

29Siabr0tab−νkao
29Sitr0tkao

� �
Δt þ 29Sit SiO2½ �t

νabr0tab−νkaor0tkao
� 	

Δt þ SiO2½ �t

8>>>>>><
>>>>>>:

ð10Þ

In Eqs. (9)–(10), the assumptions are that no Si isotope fractionation
occurs during albite dissolution and that kaolinite precipitation removes
the prevailing Si isotope at time t (no fractionation).

When [SiO2]t is known, Eq. (10) is reduced to a “two equations for
two unknowns” problem. The two unknowns are r′ab and r′kao. If
Model A over-predicted [SiO2]t + 1, we can adjust the value of r′kao to
achieve a match between model-predicted (from Eq. (2)) and experi-
mental [SiO2]t + 1. The r′kao value is further adjusted so that the predict-
ed Al concentration match the experimental data.

It is tempting to use a thirdmass balance equation for 30Si so that we
have three equations and three unknowns. However, this third equation
is not independent because 28Si+ 29Si+ 30Si= 1 at all times.

3.3. Model C: with isotope fractionation

3.3.1. Kinetic fractionation factor
Kinetic fractionation factor during precipitation (denoted asα′kao to

be distinguished from fractionation factor αkao-sol = Rkao/Rsol) used
below is defined (Gruber et al., 2013),

α0
kao;29=28 ¼

r029;kao
.

r028;kao

 !

29

Sisol



28

Sisol

� � ð11Þ

where r′29,kao and r′28,kao are the rates of 29Si and 28Si precipitation
(mol L−1 s−1), which are expressed as

r029;kao ¼
1

νkaoV
dn29Si;kao

dt
ð12Þ
on rates using Si isotope doping, Chem. Geol. (2016), http://dx.doi.org/
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r028;kao ¼
1

νkaoV
dn28Si;kao

dt
ð13Þ

where V is the volume of solution (L), dn29Si,kao/dt is the incorporation
rate (mol/s) of 29Si on the surface of the solid phase, n29Si,kao is the
moles of 29Si in kaolinite phase (mol). Similarly, for d n28Si,kao/dt, and
n28Si,kao.

Fractionation factor during dissolution (denoted asα′ab) can also be
defined in the same way

α0
ab;29=28 ¼

r029;ab
.

r0
28;ab

 !

29

Siab



28
Siab

 ! ð14Þ

where r′29,ab and r′28,ab are the rate of 29Si and 28Si dissolution
(mol L−1 s−1), which are can be expressed as

r029;ab ¼ 1
νabV

dn29Si;ab

dt
ð15Þ

r028;ab ¼ 1
νabV

dn28Si;ab

dt
ð16Þ

where dn29Si,ab/dt is the rate of 29Si released from albite surface into so-
lution (mol s−1), n29Si,ab is the moles of 29Si in albite phase (mol). Sim-
ilarly for dn28Si,ab/dt, and n28Si,ab.

Kinetic fractionation factors between 30Si and 28Si can also be de-
fined in the same way.

3.3.2. Mass balance model with fractionation
We used the same assumptions as in Model B but now take into ac-

count of Si isotope fractionation during “kaolinite” precipitation. From
any time interval from t to t+1, the 28Si and 29Si fractions in the exper-
imental solutions will change according to the mass balance.

SiO2½ �tþ1 ¼ νabr
0t
ab−νkaor

0t
kao

� 	
Δt þ SiO2½ �t

28SiO2

h i
¼ νabr

0t
28;ab−νkaor

0t
28;kao

� �
Δt þ 28Sit SiO2½ �t

29SiO2

h i
¼ νabr

0t
29;ab−νkaor

0t
29;kao

� �
Δt þ 29Sit SiO2½ �t

8>>><
>>>:

ð17Þ

28 Sitþ1 ¼
νabr0t28;ab−νkaor0t28;kao
� �

Δt þ 28Sit SiO2½ �t

νabr0tab−νkaor0tkao
� 	

Δt þ SiO2½ �t

29Sitþ1 ¼
νabr0t29;ab−νkaor0t29;kao
� �

Δt þ 29Sit SiO2½ �t

νabr0tab−νkaor0tkao
� 	

Δt þ SiO2½ �t

8>>>>>><
>>>>>>:

ð18Þ

If fractionation is neglected, rx ,ab′t= xSiabrab′t and rx ,kao′t= xSisolrkao′t
(x = 28 or 29) and Eqs. (17) and (18) reduce to Eqs. (9) and (10) in
Model B. To find the rates of dissolution and precipitation for each
isotope with consideration of fractionation, the following method is
used.

Assume r′28,kao can be expressed with r′kao as a fractionation modifier
κ28,kao.

r028;kao ¼ κ28;kao
28Sisolr

0
kao ð19Þ

Similarly, r′29,kao and r′29,kao can also be expressed as,

r029;kao ¼ κ29;kao
29Sisolr

0
kao ð20Þ

r030;kao ¼ κ30;kao
30Sisolr

0
kao: ð21Þ
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Divide Eqs. (20) and (21) by Eq. (19) and rearrange, we have,

κ29;kao

κ28;kao
¼ r029;kao

r028;kao

28Sisol
29Sisol

¼ α0
kao;29=28 ð22Þ

κ30;kao

κ28;kao
¼ r030;kao

r028;kao

28Sisol
30Sisol

¼ α0
kao;30=28: ð23Þ

The sum of the precipitation rate of all three individual isotopes
must equal the overall rate of precipitation,

r028;kao þ r029;kao þ r030;kao ¼ r0kao: ð24Þ

Substitute Eqs. (19)–(21) to Eq. (24), we have

κ28;kao
28Sisol þ κ29;kao

29Sisol þ κ30;kao
30Sisol ¼ 1: ð25Þ

Rearrange Eqs. (22), (23) and (25), and solve for all three modifiers,
we have

κ28;kao ¼
1

28Sisol þ 29Sisolα0
kao;29=28 þ 30Sisolα0

kao;30=28

ð26Þ

κ29;kao ¼
α0

kao;29=28
28Sisol þ 29Sisolα0

kao;29=28 þ 30Sisolα0
kao;30=28

ð27Þ

κ30;kao ¼
α0

kao;30=28
28Sisol þ 29Sisolα0

kao;29=28 þ 30Sisolα0
kao;30=28

: ð28Þ

Using Eqs. (26)–(28), we can find the precipitation rate of each iso-
tope,

r028;kao ¼
28Sisol

28Sisol þ 29Sisolα0
kao;29=28 þ 30Sisolα0

kao;30=28

r0kao ð29Þ

r029;kao ¼
29Sisolα0

kao;29=28
28Sisol þ 29Sisolα0

kao;29=28 þ 30Sisolα0
kao;30=28

r0kao ð30Þ

r030;kao ¼
30Sisolα0

kao;30=28
28Sisol þ 29Sisolα0

kao;29=28 þ 30Sisolα0
kao;30=28

r0kao: ð31Þ

The dissolution rate of each isotope can also be found in the same
way, and the results can be expressed as Eqs. (32)–(34)

r028;ab ¼
28Siab

28Siab þ 29Siabα0
ab;29=28 þ 30Siabα0

ab;30=28

r0ab ð32Þ

r029;ab ¼
29Siabα0

ab;29=28
28Siab þ 29Siabα0

ab;29=28 þ 30Siabα0
ab;30=28

r0ab ð33Þ

r030;ab ¼
30Siabα0

ab;30=28
28Siab þ 29Siabα0

ab;29=28 þ 30Siabα0
ab;30=28

r0ab: ð34Þ

The above three models (A, B, C) were programmed into an Excel®
spreadsheet and used to evaluate the isotope experimental data. r′ab
wasfirst adjusted until the visually bestmatch for the xSi versus t exper-
imental data was found. The best fit rates were then found with a
MatLab® script using the least squares method.
on rates using Si isotope doping, Chem. Geol. (2016), http://dx.doi.org/
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4. Experimental results

4.1. The Si isotope fractionation during albite dissolution

In order to find out silicon isotope fractionation during albite disso-
lution, we performed no-doping experiments (dissolution of albite
into DI water). See Section 2.3 for experimental details. The results of
these experiments are shown in Table 3 and Figs. 2 and 3.

δ30Sisol and δ29Sisol of the experimental solutions ranged from
−2.976 to 0.694‰ and −1.784 to 0.338‰, respectively, but most
δ30Sisol and δ29Sisol values are lower than δ30Siab and δ29Siab (Fig. 2),
documenting lighter Si isotopes were preferentially released into solu-
tion from albite. The apparent Si isotope enrichment factor (30εsol-ab)
ranged from −2.870 to 0.804‰, and averaged at −0.995 ± 1.161‰,
which is typical for terrestrial surficial systems (Opfergelt and
Delmelle, 2012). These results are consistent with previous findings in
the literature (see compilations in Opfergelt and Delmelle, 2012).

Additionally, the extent of the fractionation appears to depend on
pH and reaction time. Larger fractionation occurred at lower pH. The
30εsol-ab at pH 3 is about 1‰more negative than that at pH 5. With lon-
ger reaction time, the experimental solutions became isotopically heavi-
er as dissolution proceeded (Figs. 2, 3). After ~3000 h of reaction, the
fractionation pattern was reversed. A similar trend with reaction time
was found in dissolution of basalt glass (Ziegler et al., 2005). The reason
for this behavior is unclear but precipitation of secondary phases can re-
sult in a positive δ30Si shift in the solution because of the preferential in-
corporation of 28Si into secondary phases (Ziegler et al., 2005; Opfergelt
and Delmelle, 2012).

Therefore, our experimental data show fractionation of Si isotopes
during albite dissolution, with lighter isotopes preferentially released
from albite. The fractionation is larger than previously realized and
can be significant in understanding silicon biogeochemical cycles. How-
ever, as shown below, the fractionation only has negligible effects on
determining the reaction rates using the isotope doping method.
Fig. 2. δ29Sisol and δ30Sisol of experimental solutions with reaction time. The dashed lines
are values for Amelia albite (δ30Si− 0.11‰ and δ29Si − 0.256‰).
4.2. Si isotope data and dissolution rates

Fig. 1b shows dissolution features of the albite after the experiments.
Figs. 4, 5, and 6 show that themeasured 28Si and 30Si fractions increased
and 29Si decreased rapidly after the initial contact between the albite
powder and aqueous solutions. The changes were much slower after
3–4 days, and developed into monotonic trends all the way to the end
of experiments, up to 270 days later. The analytical precision of isotope
fraction to ±0.0005 to ±0.001 allowed the changes of Si isotopic frac-
tion at all sampling intervals to be easily detected. Below, we will only
discuss reaction rates after 3–4 days. The rapid changes of isotopes be-
tween 0 and 4 days will be described in another contribution. Experi-
mental solution pH and other conditions are presented in Table 4.

At pH 3 (Exp #1-1, Fig. 4), the albite dissolution experiment lasted
270 days. Fractions for all three Si isotopes from day 4 to day
270 were fitted with a single albite dissolution rate of 10–11.75
Table 3
a Fractionation factor (α), δ, Δ and ε bet ween solution samples and albite.

Sample pH Time (h) αsol-ab(29/28) αsol-ab(30/28) δ29Siso

1-0 #6 3 221.0 0.99960 0.99924 −0.65
1-0 #7 3 985.9 0.99851 0.99713 −1.74
1-0 #9B 3 2057.8 0.99925 0.99883 −1.00
2-0 #7 5 938.2 0.99932 0.99825 −0.93
2-0 #8 5 1434.4 0.99940 0.99824 −0.85
2-0 #9B 5 2058.2 1.00013 1.00013 −0.12
3-0 #9B 7 2011.0 0.99980 0.99942 −0.45
3-0 #10 7 3090.5 1.00059 1.00080 0.33

a Symbols are shown in Table 1.
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(1.78 × 10−12) mol m−2 s−1 (red lines in Fig. 4). The surface area
used in the normalization was the BET surface area of the reactant and
we assumed that surface area did not change during the experiments.
In all experiments, the amount of albite dissolved was less than 3%. As
shown in Fig. 1b, an increase of surface area during the experiment is
expected, and the use of a constant surface area here introduces some
errors for rate determination. The predicted Si isotope fractions (the
red lines) were calculated from Model A (see Section 3.1). Dissolution
rates calculated from Eq. (5), based on intervals between two consecu-
tive sampling points, are shown as a function of reaction time (Fig. 7).
l δ30Sisol Δ29Sisol-ab Δ30Sisol-ab 29εsol-ab 30εsol-ab

1 −0.869 −0.395 −0.759 −0.395 −0.759
8 −2.976 −1.492 −2.866 −1.494 −2.870
3 −1.276 −0.747 −1.166 −0.747 −1.167
4 −1.865 −0.678 −1.755 −0.678 −1.756
8 −1.866 −0.602 −1.756 −0.602 −1.758
2 0.024 0.134 0.134 0.134 0.134
7 −0.694 −0.201 −0.584 −0.201 −0.585
8 0.694 0.594 0.804 0.594 0.804

on rates using Si isotope doping, Chem. Geol. (2016), http://dx.doi.org/
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Fig. 3. Apparent 29εsol-ab and 30εsol-ab values from no-doping experiments.

Fig. 4. Si isotope fractions in aqueous solutions from Exp #1-1 (22 °C and pH 3) versus
time. The circles denote MC-ICP-MS measurements. Red lines are the isotope ratios
predicted by the mass balance Model A (albite dissolution only). The blue dashed lines
assume albite dissolution and simultaneous precipitation of a secondary phase with a
stoichiometry of Al2Si2 but no Si isotopic fractionation during precipitation (Model B).
The model for Si isotope fractionation (Model C) overlaps with the blue lines and is not
visible. A single rate value of 10–11.75 mol m−2 s−1 was used in all models from day 4 to
270. The green dotted line corresponding to the right hand Y-axis and shows the
difference between isotope fractions predicted by Model A and B (xSitB–xSitA). (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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Four experiments (Exp #4-1, 5-1, 6-1, and 7-1) were conducted at
pH ~5 with various initial [SiO2]t0 and therefore different saturation
states (Fig. 5), for up to 60 days. The three experiments (Exp #4-1, 5-
1, 6-1) without kaolinite seeds showed a decrease of albite dissolution
rates at ~10 days and the one with kaolinite seeds (Exp #7-1) showed
a decreased rate at ~20 days. Two different albite dissolution rates for
two different time periods appears to be needed to fit this data set.
However, all three Si isotopes were fitted with the same dissolution
rate simultaneously.

Dissolution rates calculated from Eq. (5) are similar to those re-
ported in the literature (Fig. 7). However, our experiments lasted
longer than the times to steady state found in earlier studies
(e.g., Knauss and Wolery, 1986) (Fig. 7b). ΔGr,ab for the experi-
ments were calculated from geochemical modeling (see
Section 2.12) and are plotted against the dissolution rates in
Fig. 8. They range from −67 to −25 kJ/mol and mostly fall in the
range of the “far from equilibrium rate plateau” (Zhu, 2009). The
experimental solutions were consistently undersaturated with re-
spect to kaolinite and gibbsite.

Experiment 3-1 was conducted at pH 7.6, and it lasted 127 days. The
xSit versus twas fitted with one albite dissolution rate and all three iso-
topes were fit simultaneously.
Please cite this article as: Zhu, C., et al., Measuring silicatemineral dissoluti
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4.3. Methods of rate calculations and precisions of rate measurements

Here we compare various methods of utilizing the isotope data to
determine reaction rates and recommend the method of forward
modeling (see Model A, B, and C in Section 3) to retrieve rates from iso-
tope data. The advantages of the forward modeling method over rate
equation method (i.e., Eq. (5)) can be illustrated by using Model A. In
the experiments, the slopes of the 29Sit or 28Sit versus t curves (Figs. 4
and 6) are a function of only two variables: initial Si concentrations
(or [SiO2] at the beginning of any time interval of interest) and albite
on rates using Si isotope doping, Chem. Geol. (2016), http://dx.doi.org/
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Fig. 5. Si isotope fractions versus time for Exp #4-1, Exp #5-1, Exp #6-1, and Exp #7-1. All
experimentswere carried out at 22 °C and pH ~5with initial 29SiO2 concentrations of 4.14,
31.76, 80.49 and 31.87 μM L−1, respectively.

Fig. 6. Si isotope fractions in Exp #7-1 aqueous solutions (22 °C and pH ~5, seeded with
kaolinite) versus time. The red lines are from Model A, which assumes albite dissolution
only. The blue dashed lines are from Model B, which assumes albite dissolution and
simultaneous kaolinite precipitation. The predicted lines from Model C, with Si isotope
fractionation during dissolution and precipitation lies under with the blue lines and
hence not visible. The green dotted line shows the difference between predicted isotope
fractions between Models A and B (xSitB–xSitA). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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dissolution rates. This relationship was demonstrated mathematically
in Section 3.1. For any time interval between t to t + 1, based on mass
balance, we have Eq. (35),

xSitþ1 ¼ νab
xSiabr0tabΔt þ xSit SiO2½ �t
νabr0tabΔt þ SiO2½ �t ð35Þ

where the symbols are explained in Table 1.
In our experiments, the Si isotope compositions of reactant albite

and the solution, and the Si concentrations at time t, [SiO2]t, were mea-
sured. Therefore, there is only one degree of freedom for fitting experi-
mental data with the albite dissolution rate for a time period when the
rate is constant. In other words, a xSi versus t curve completely
Please cite this article as: Zhu, C., et al., Measuring silicatemineral dissoluti
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constrains the albite dissolution rate; a change of rates with time is
reflected by the changes of slopes or tangents. Each xSi versus t curve
presents one equation for one unknown for a given time period. One
does not have much leeway to choose when rates change; choices to
fit the data are very limited.

If [SiO2]t is not precisely known, the albite dissolution rate fitted
from one xSi versus t curve will not result in a match on another xSi ver-
sus t curve. For example, if albite dissolution between 4 and 270 days at
pH3 isfittedwith28Si versus t data (Fig. 4a) but [SiO2] at day 4were not
measured accurately, we would not see a match between the predicted
29Si versus t data on Fig. 4b. In otherwords, the 28Si versus t data and 29Si
versus t data provide two equations for two unknowns for a given time
on rates using Si isotope doping, Chem. Geol. (2016), http://dx.doi.org/
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Table 4
Experimental conditions and results.

Exp
Dur
(days)

pH
Initial [SiO2]
(μM)

SI
ab

SI
kao

SI
gbs

S-T rdis
(mol ab) m−2 s−1

L-T rdis
(mol ab) m−2 s−1

S-T rpre
(mol kao) L−1 s−1

L-T rpre
(mol kao) L−1 s−1

1-1 270.0 3.00–3.15 56.84 −12.3 −6.42 −4.49 1.78 × 10−12 1.78 × 10−12 1.15 × 10−13 6.37 × 10−13

3-1 127.8 7.60 31.50 −4.2 3.08 0.76 – 1.86 × 10−13 – 1.23 × 10−13

4-1 34.0 5.15–5.83 4.14 −10.9 2.44 −1.29 6.92 × 10−13 3.55 × 10−13 3.58 × 10−15 3.58 × 10−15

5-1 30.1 5.32–5.55 31.76 −6.9 0.78 −0.40 1.26 × 10−12 5.01 × 10−13 7.14 × 10−14 7.14 × 10−14

6-1 29.1 5.27–5.55 80.49 −4.4 0.69 −0.91 1.78 × 10−12 6.31 × 10−13 1.13 × 10−13 1.13 × 10−13

7-1 60.0 5.20–5.70 31.87 −4.7 5.23 1.76 1.78 × 10−12 7.94 × 10−13 1.17 × 10−13 1.17 × 10−13

Solid:solution is 0.25:100 g in all experiments; short-term (S-T) for Exp 1-1, 4-1, 5-1, 6-1, and 7-1 are 4–150, 2–10, 1–10, 1–10, and 4–20 days, respectively; long-term (S-T) for Exp 1-1, 3-
1, 4-1, 5-1, 6-1, and 7-1 are 150–270, 60–128, 10–34, 10–30, 10–30, 20–60 days, respectively. SI (saturation indices) represent at the end of experiments. IX stands for elemental Si con-
centrations calculated from isotopic mixing assuming no secondary mineral precipitation. ID stands for isotope dilution method of measuring [SiO2].
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interval. As stated earlier, the mass balance Model A assumes that no
fractionation of Si isotopes and no the precipitation of a Si-containing
secondary phase. If these assumptions were not valid, we would have
seen that the albite dissolution rates fitted with one isotope did not
match the other two isotopes.

Experience from forward mass balance modeling during this study
showed that the xSi versus t experimental data determined albite disso-
lution rates with high precision. This conclusion was confirmed by sen-
sitivity analysis. Using Eq. (35), we calculated 28Sit by varying albite
Fig. 7. (a). Albite dissolution rates for Exp #1-1 (22 °C pH3) versus time compared to rates
calculated from Eq. (5). The red line is based on the best fit rate (10–11.75 mol m−2 s−1)
from of Si isotope fraction data (Fig. 4) from day 4 to day 270. (b) Albite dissolution
rates for experiments Exp #4-1, Exp #5-1, Exp #6-1, and Exp #7-1 (all at 22 °C, pH 5
but with different initial 29Si concentrations) versus time. The symbol * stands for rates
measured by Knauss and Wolery (1986) using dissolved Si concentrations. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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dissolution rates ±5% from the best fit rate of 10–12.10 mol m−2 s−1.
The predicted fraction would be 0.1830 at day 60, 0.0024 larger than
the experimental datum of 0.1806 (Fig. 9a). Varying the rate by ±10%
resulted in N0.0053 or b−0.0073 offset from the experimental value,
meaning that the predicted values would be 0.1806 + 0.0053 =
0.1859, or 0.1806–0.0073=0.1733, respectively (Fig. 9a). Silicate disso-
lution rates determined based on measured Si release rate carry large
errors to n × 100% (Hellmann and Tisserand, 2006; Gruber et al.,
2013). Our experimental data show that the Si isotopedoping technique
is a highly precise way to determine silicate reaction rates.

On the other hand, the use of the rates calculated from Eq. (5) re-
quires the knowledge of d[28SiO2]/dt and d[29SiO2]/dt, which in practice
is Δ[28SiO2]/Δt and Δ[29SiO2]/Δt between two consecutive sampling
steps. The choice of the two consecutive time steps could be arbitrary.
The use of Eq. (5) also requires a knowledge of [SiO2]t for all samples.
The calculated rates carry large uncertainties, up to n × 100% (Gruber
et al., 2013). Furthermore, the effects of isotopic fractionation during al-
bite dissolution and secondary phase precipitation cannot be evaluated.
This practice is not recommended.

4.4. Dissolution rate determinationwhile a secondary phase is precipitating

Herewe show that the albite dissolution rates from our experiments
are valid even while a Si-containing secondary phase was precipitating.
Fig. 8.Albite dissolution rates at pH~5 versusGibbs free energy of reaction. The blue line is
based on a linear rate law. The black dashed linewas calculated using the “Burch rate law”
and the rate parameters from Burch et al. (1993). The black linewas using the “Burch rate
law” and the rate parameters from Hellmann and Tisserand (2006). The solid symbols are
rates based on data taken from 3 to 10 days and the open symbols are rates based on data
taken from 10 to 60 days.

on rates using Si isotope doping, Chem. Geol. (2016), http://dx.doi.org/
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Fig. 9. Sensitivity analysis for the determination of dissolution rates. (a) 28Si fraction expected at day 60based on differences in the rate ranging from−20% to+20% of themeasuredvalue.
The solid line shows the rate measured in Exp #7-1. The vertical error bars represents an analytical uncertainty of ±0.001 (2σ) in isotope fraction. (b) Graph of the change in 28Si fraction
(difference in rates/best fit rate) at day 60 versus the error in determining dissolution rate.
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A common challenge for measuring silicate dissolution rates is avoiding
precipitation of a secondary phase during the experiments. This is par-
ticularly true for experiments in the near equilibrium region, where sol-
ute concentrations are high and for experiments in the circumneutral
pH rangewhere the solubility of secondary phases is low. For our exper-
iments, speciation-solubility modeling, using the thermodynamic data
compiled by Zhu and Lu (2009), showed that the solutions in the exper-
iments at pH 5 #5-1, 6-1, and 7-1 (40–100 μM Si) were supersaturated
with respect to kaolinite while those in the experiment with low initial
[SiO2] (~4 μM Si) were not. The Si and Al concentration data also indi-
cate secondary precipitation for Exp #7-1 (Fig. 10) and Exp #1-1
(Fig. 11).

To evaluate the interference of secondary phase precipitation on our
determination of dissolution rates, we predicted xSi versus t using a sec-
ondmass balance model (Model B, see Section 3.2), which considers si-
multaneous albite dissolution and precipitation of a secondary phase
with a stoichiometry of Al2Si2 per mole solid. In Model B, we assumed
no Si isotope fractionation during precipitation. We also assumed that
the precipitate incorporated the prevailing Si isotopic composition of
experimental solution at the time of precipitation. The broken blue
lines in Figs. 4 and 6 show the modeling results (Model B). The differ-
ences between the blue and red lines are negligible, and the two lines
mostly overlap. The differences between the results from the two
Please cite this article as: Zhu, C., et al., Measuring silicatemineral dissoluti
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models are also plotted as green dotted lines on the second Y-axis on
the right hand side. The figures showed that the errors from neglecting
secondary phase precipitation are cumulative and increasewith time or
with the amount of secondary phase precipitated. For Exp #1-1, the er-
rors for predicted 28Si and 29Si accumulated to ~±0.008 at day 270, and
for Exp #7-1, to ~±0.002 at day 70. These errors exceed analytical un-
certainty for isotopic fractionation of ±0.0005 to ±0.001.

The differences between the two models was due to removal of
SiO2 which changed the Si concentrations used in the next time
step calculation. That caused slightly different Si isotopic ratios for
the aqueous solutions. Precipitation removed more 29Si than 28Si
from solution because of its higher abundance in the doped solution
even though the secondary phases preferentially incorporate lighter
Si isotopes (see below). Neglecting precipitation causes under pre-
diction of 28Si fraction (the blue lines lie slightly above the red line
in Figs. 4a and 6a) and over predicts 29Si (the blue lines lie slightly
under the red line in Figs. 4b and 6b). However, the resulting error
is still small for rate determination. As shown in Section 4.3, for
Exp #7-1, an error of ~±0.0024 at day 60 in isotope fractions
corresponds to error ~5% in albite dissolution rate determination.
Therefore, for Exp #7-1, the error would be b5%. If the amount of
precipitation relative to the Si pool in the aqueous solution is larger,
we expect larger uncertainties.
on rates using Si isotope doping, Chem. Geol. (2016), http://dx.doi.org/
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Fig. 10. (a) SiO2 concentration versus time for Exp #7-1. (b) Al concentration versus time
for Exp #7-1. (c) SiO2 concentration versus time for Exp #4-1. The red lines are predicted
using Model A, which assumes albite dissolution only. The blue broken line is based on
Model B, which assumes that “kaolinite” precipitates while albite dissolves. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 11. (a) SiO2 concentration versus time for Exp 1-1. The red triangles show calculated
from isotopic mixing and the blue squares are [SiO2]t measured using the isotope dilution
method. (b) Al concentrations versus time. The red lines represent the concentrations
predicted by Model A using an albite dissolution rate of 10–11.78 mol m−2 s−1. The blue
broken line represents concentrations calculated using Model B, which assumes albite
dissolution with simultaneous kaolinite precipitation. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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However, we did not ignore secondary phase precipitation in this
study. Model B corrected the possible effects of precipitation on isotopic
compositions of the solution. Below (Section 4.6), we show that the
amount of secondary phase precipitation can be found from the differ-
ence between [SiO2] predicted from isotopemixing and the [SiO2] mea-
sured using the Mo-blue and isotope dilution methods. In conclusion,
the errors from the precipitation of a Si-containing secondary phase
are small, but these errors are eliminated by combining the isotope
and Si concentration data.
Please cite this article as: Zhu, C., et al., Measuring silicatemineral dissoluti
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4.5. Effects of Si isotope fractionation on rate determination

Alteration of the Si isotopic ratios in the solution can also come from
Si isotopic fractionation during dissolution and precipitation. Zhu and
co-workers analyzed the Si isotopes of feldspars and smectite in the Na-
vajo sandstone at Black Mesa, Arizona, USA, and showed Δ30Sifsp-clay of
0.4‰ (Δ30Sifsp-clay = δ30Sifsp − δ30Siclay), with the lighter isotopes pref-
erentially incorporated into clays (Georg et al., 2009). Ziegler et al.
(2005) found fractionation factors 30εsolid-sol = −2‰ for kaolinite in
the field and 30εsolid-sol =−1.8‰ for allophane at 90 °C in experiments.
The 29εsolid-sol can be estimated using Eq. (36)

29εsolid‐sol ¼ β30εsolid‐sol ð36Þ

where β = 0.5092 (Opfergelt and Delmelle, 2012). If similar frac-
tionation occurred in our albite-secondary phase system, it would result
in enrichment of 29Si and 30Si and depletion of 28Si in solution.

We evaluated the possible effects of isotopic fractionation on the xSit

(and hence the measured rates) using Model C which included a frac-
tionation factor ε in the mass balance equations (see Section 3.3). The
exact kinetic fractionation factor α′ in Eq. (11) is difficult to obtain.
Our evaluations below therefore used bounding parameters to see the
potential effects.

The predicted xSi using 29ε′kao-sol = −1.0‰ (30ε′kao-sol = −2‰)
completely overlap with the blue lines (Model B, without fractionation,
on rates using Si isotope doping, Chem. Geol. (2016), http://dx.doi.org/
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Fig. 12. The differences (in fraction, show as green dotted lines) between Models B and C
in (a) 28Sit and (b) 29Sitwith a fractionation factor 29ε′kao=−1‰, using data fromExp#7-
1 (black circles) as an example. The lines for Model B (blue dashed line) and Model C
(orange solid line) overlap with each other for the entire experiment. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 12). The errors due to neglecting isotopic fractionation during
precipitation cumulate with time, but error in 28Sit at day 60 is less
than 0.000003 in the example of Exp #7-1, which is within analytical
uncertainty of ±0.0005–0.001. Increasing 29ε′kao-sol to ±10‰ (30ε′kao-
sol = ± 20‰) led to error in 28Sit at day 60 b 0.00003. This shows that
even with a hypothetical high enrichment factor of 29ε′kao-
sol = ±10‰, there are no discernable effects on rates.

The effects discussed above can be illustrated quantitatively with
either the closed system Rayleigh model:

δ30SiDSi ¼ δ30Siinitial þ 30εkao‐sol ln fð Þ ð37Þ

or the open system steady state model (Opfergelt and Delmelle,
2012),

δ30SiDSi ¼ δ30Siinitial−30εkao‐sol 1− fð Þ ð38Þ

whereDSi stands for the dissolved Si and “initial” stands for t in time
bracket t to t+1. Here, f is the fraction of Si that remains in the solution.
In our batch experiment system, albite dissolution continues adding Si
into solution and the overall Si concentrations increase. At each time
step of one day, f = 0.9994 for Exp #7-1. When f is close to one, both
models predicted that Si isotopic fractionation does not affect the
Please cite this article as: Zhu, C., et al., Measuring silicatemineral dissoluti
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solution isotopic ratios. In general, experiments with secondary phase
precipitation have high Si concentration so f is likely very close to one.

Furthermore, in all our experiments, data for all three isotopes were
consistently fit with the same albite dissolution rates. There is no ob-
served systematic discrepancy among the isotopes. These data provide
strong evidence that isotopic fractionation has little effect on the isoto-
pic ratios of the experimental aqueous solutions.

However, secondary mineral precipitation could occur on the sur-
faces of the dissolving minerals and block reaction sites. Zhu et al.
(2010) found that precipitation of sanidine on the dissolving albite sur-
faces reduced the albite dissolution rates in the experiments by
Alekseyev et al. (1997). Therefore, whether secondary mineral precipi-
tation will interfere with measurements of dissolution rates must be
evaluated as a case by case basis.

As shown in Section 4.1, significant Si isotope fractionation was ob-
served during albite dissolution. Using the largest fractionation factor
found in this study at pH 3, 29εsol-ab = −1.49‰, we calculated
Eqs. (32)–(34) that ignoring isotope fractionation would result in
~0.0001 in model prediction of 29Si for Exp #1-1 at day 270, which is
within analytical uncertainty and corresponds to an error in rate of
b0.05%.

In our experiments, the effects of isotopic fractionation from albite
dissolution and secondary phase precipitation on the solution isotopic
compositions were opposite, which cancel out their effects on rate
determination. As shown before, lighter elements were preferentially
released from albite, but also preferentially incorporated into the
secondary phase.

4.6. Determination of secondary phase precipitation rates

Combining the solution's isotope ratios with the Si concentration
data allows the rate of precipitation of secondary phases to be found
using Eq. (10). Fig. 10 showshow thisworks. For Exp#7-1 silica concen-
trations ([SiO2]) calculated from isotope mixing (IX), assuming no sec-
ondary mineral precipitation (Model A, red line), are higher than the
concentrations calculated from isotope isotope dilution (ID). The solu-
tion in this experiment was supersaturated with respect to kaolinite
and contained kaolinite seed material. Model B, which takes account
of the amount of Si precipitated in a secondary phase with a stoichiom-
etry of Al2Si2 reconciles the differences between elemental Si concentra-
tions measured with ID and IX methods.

The [Al] data provided another constraint for the secondary mineral
precipitation rates, and the Al:Si stoichiometry in the secondary phase.
Although the precipitate was not identified, a precipitate with a stoichi-
ometry of Al2Si2fits both Si andAl concentration datawell. In our exper-
iments, the long-term apparent rate ratio r′ab/r′kao is ~2, indicating the
combined dissolution–precipitation reactions conserve Al. This constant
rate ratios indicates a coupling between dissolution and precipitation
reactions (Zhu, 2009; Zhu et al., 2010). Zhu and co-workers advocated
that coupled reactions are an important reason for the difference be-
tween field and laboratory rates (Zhu, 2005, 2009; Zhu and Lu, 2009;
Zhu et al., 2004, 2006, 2010).

For Exp #4-1, where the solution was undersaturated with respect
to kaolinite, [SiO2] calculated from isotope mixing (IX) was always the
same as [SiO2] calculated from isotope isotope dilution (ID). In this
case Model A successfully predicted [SiO2] for Exp #4-1 from both IX
and ID methods because no secondary precipitate formed.

5. Discussions

5.1. Comparison with albite dissolution rates in the literature

The overarching question is “does the Si isotope doping method ac-
tually work when there is secondary phase precipitating?” For the past
three decades, albite dissolution rates have been measured by numer-
ous scientists with various experimental designs (Blum and Stillings,
on rates using Si isotope doping, Chem. Geol. (2016), http://dx.doi.org/
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Fig. 13. Comparison of albite dissolution rates from the literature with those from this study plotted pH (at ~25 °C). The solid green circles are from short-term experiments (t b 10 days)
and the red open circles are from experiments lasting longer than 10 days. (For interpretation of the references to color in this figure legend, the reader is referred to theweb version of this
article.)
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1995; Gudbrandsson et al., 2014). All previous work was based on the
“conventional method”, measuring the rate of elemental Si release.

Fig. 13 compares the albite dissolution rates in this study to those of
the conventional method over a wide pH range. Significant discrepan-
cies exist among rates measured by different authors. At pH ~5, our
far from equilibrium (Exp #4-1) “short-term rates” of
~1.20 × 10−12 mol m−2 s−1 (3–10 days) are consistent with rates
~1.25 × 10−12 mol m−2 s−1 from Chou and Wollast (1985). Our far
from equilibrium “long-term rates” of 6.5 × 10−13 mol m−2 s−1 (10–
60 days) are twice as slow as those from Chou and Wollast (1985),
but are consistent with those from Knauss and Wolery (1986).

At pH 7.6, our rate is more than one order of magnitude slower than
those from Knauss and Wolery (1986) and Chou and Wollast (1985).
Gudbrandsson et al. (2014) did not measure albite dissolution rates in
this pH range. At pH 3, a wide range of albite dissolution rates spanning
three orders ofmagnitude is found in the literature. Our rate is oneorder
of magnitude slower than those from Chou andWollast (1985) and two
orders of magnitude slower than those of Oelkers and co-workers
(Gudbrandsson et al., 2014).

Numerous explanations have been proposed for the inter-laboratory
discrepancies inmeasured albite rates, including duration, composition,
degree of Al–Si–O order (Zhang and Lüttge, 2009; Fischer et al., 2012),
grain size (Fischer et al., 2012), and sample preparation. Notably, differ-
ences in sample preparation could result in discrepancies in rates of up
to two orders of magnitude (Beig and Lüttge, 2006).

Our experiments, however, were distinguished from previous stud-
ies because of our longer experimental durations. All our experiments
extended to ~30 days. Some lasted to 60 days, 127 days, and 270 days.
The duration of albite dissolution experiments by Gudbrandsson et al.
(2014) lasted for ~3 days or ~10 days, by Knauss and Wolery (1986)
for 25 days, and by Chou andWollast (1985) for ~10 days. In our exper-
iments, we observed that rates stabilize after 3–4 days (Fig. 7) for most
of our experiments.

Long-term rates are difficult tomeasurewith conventional methods.
Knauss and Wolery (1986) reported a “loss of signal” after 25 days for
albite dissolution at 25 °C and pH 5. See Fig. 7b. They regarded their
rate values as the upper limit. In our experiments,we detected reactions
after 270 days. The analytical uncertainty for Si isotope fractions is
±0.0005. In contrast, the Mo-blue method measures the elemental Si
concentrations with an uncertainty of ±4% (Gruber et al., 2013) and
the ICP-OES method ±10% (Gudbrandsson et al., 2014). For our pH 3
experiments, 28Si measured at day 177 is 0.34605 and at day 270 is
0.4099. The difference (0.06385) exceeds the analytical uncertainties
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by two orders of magnitude. For our experiment at pH 5, from day 30
to day 60, 28Si changed from 0.1343 to 0.1806. Therefore, we were
able tomeasurewhat Knauss andWolery (1986) could not using Si con-
centrations based on chemical analysis. At pH 7.6, the reaction is very
slow. From day 84 to day 128, 28Si changed from 0.0708 to 0.0919. In
contrast, Knauss and Wolery (1986) stopped the experiments at day
10 because the analytical uncertainties exceeded the detection in
[SiO2] differences. They were only able to provide an upper limit value.

However, while the isotope doping method has greatly improved
the precision and sensitivity of the rate measurements, the accuracy of
rate determination is still subject to the vagaries of unknown or uncon-
trolled variables. Exp #4-1, 5-1, 6-1, and 7-1 were all conducted at pH
~5.5. The long-term, “far from equilibrium” rates range from
3.55 × 10−13 to 7.94 × 10−13 mol m−2 s−1. As mentioned above, mea-
sured rates in replicate experiments can vary significantly.
5.2. Rates as a function of saturation

The Si isotope doping method can also measure dissolution rates at
near equilibrium conditions because neither the precipitation of a Si-
containing secondary phase nor the Si isotope fractionation during the
secondary precipitation havemeasurable effects on the rate determina-
tion. Some previous studies observed 5 to 50 times of slower Si release
rates in the−35 b ΔGr b 0 kJ/mol near equilibrium region. These slower
ratesmight have been caused by secondary phase precipitation (see de-
tailed discussions in Burch et al., 1993; Hellmann and Tisserand, 2006)
because several secondary phaseswere supersaturated. Careful electron
microscopy did not positively identify secondary phases. The Si isotope
doping method can resolve this problem.

In Fig. 8, two Burch type r−ΔGr curves were drawnwith parameters
from Burch et al. (1993) and Hellmann and Tisserand (2006) and a far
from equilibrium albite dissolution rate of 6.53 × 10−13 mol m−2 s−1. A
transition state theory rate law curve is also shown. The experimental
data points represent long-term rates at pH ~5.5 corresponding to ΔGr

from −62 to −25 kJ/mol. The experiments started with different 29Si
concentrations, but theywere not close enough to equilibrium. Future ex-
periments can start with solutions with higher 29Si concentrations.
Table 5 shows the predicted albite dissolution rates according to these
three rate laws at ΔGr of −5, −10, −15, and −20 kJ/mol. These rates
are significantly different from each other so that we could measure rab
to test these rate laws. Fig. 14a shows that the possible experimental de-
sign in termsof initial [SiO2] in the doped solutions, solid:water ratios, and
on rates using Si isotope doping, Chem. Geol. (2016), http://dx.doi.org/
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Table 5
Predicted albite dissolution rates according to Burch et al. (1993); Hellmann and Tisserand
(2006) and transition state theory rate laws at ΔGr of −5,−10, −15, and −20 kJ/mol.

ΔGr

(kJ/mol)

Predicted albite dissolution rates (mol ab m−2 s−1)

Burch rate law
Hellmann and
Tisserand rate law

Transition state
theory rate law

−5 4.76 × 10−14 1.06 × 10−14 5.68 × 10−13

−10 5.69 × 10−14 2.22 × 10−14 6.42 × 10−13

−15 5.83 × 10−14 6.11 × 10−14 6.52 × 10−13

−20 6.08 × 10−14 1.49 × 10−13 6.53 × 10−13

Fig. 14. Graphic illustration that silicate dissolution experiments with isotope doping can be d
curves show predicted 28Si fractions of experimental solution at day 60, using the basic infor
sizes), and (b) initial [29SiO2]. Mineral dissolution rates are from Brantley (2008) at pH 3. Burc
Chemical Geology 105, 137–162. Hellmann and Tisserand (2006) Dissolution kinetics as a func
Geochim. Cosmochim. Acta 70, 364–383. Knauss and Wolery (1986) Dependence of albite kinet
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initial 29Si/28Si ratio. Fig. 14b shows the predicted xSi versus t and there
are measurable 29Si, 28Si changes even after 60 days of reaction.

However, very close to equilibrium, the backward reaction will be
significant, and that affects the isotope ratios. Liu et al. (2016) used
the isotope dopingmethod andmeasured dissolution and precipitation
rates at equilibrium. As reactions proceeded, 29Si was deposited on
quartz surface and the quartz surface had a Si isotopic composition dif-
ferent from the bulk quartz, rendering the isotope dopingmethod inop-
erable. Either the experimental design or interpretation models need to
be modified or improved before measuring rates very close to equilibri-
um is possible.
esigned by varying solid:water ratio, and initial concentration of doped 29Si solutions. The
mation from Exp #7-1, by varying (a) surface area load (mineral:water ratios and grain
h et al. (1993) Free energy dependence of albite dissolution kinetics at 80 °C and pH 8.8.
tion of the Gibbs free energy of reaction: an experimental study based on albite feldspar.
ics on pH and time at 25 °C and 70 °C. Geochimica et Cosmochimica Acta 50, 2481–2497.
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5.3. Measurement of reaction rates for other silicate minerals and glasses

Results in this study also demonstrate that we now can measure
reaction rates for silicates with a wide range of dissolution rate
values. Silicatemineral dissolution rates vary ~4 orders of magnitude
(Brantley, 2008). We can vary the initial 29Si/28Si, [SiO2]t0, and
solid:water ratio in the reactor (or surface area load) to find the op-
timal conditions for measuring individual silicate mineral. Fig. 14
shows the simulations that used the conditions of Exp #7-1 as the
starting point and predicted the values of 28Sit at day 60. The curves
show the relationship between 28Sit at day 60 and dissolution rates.
Each curve represents a particular surface area load (m2/L). The
steeper the curve, the tighter constraints from the Si isotope fraction
data.

Fig. 14a shows that the predicted 28Si fraction after 60 days change
dramatically. Fig. 14b shows the effects of different initial [SiO2]. Varying
the 29Si/28Si in the doping solution would not increase the sensitivity
much (not shown). For kaolinite with a dissolution rate of
8.7 × 10−15molm−2 s−1 at 25 °C and pH4 (Brantley, 2008)with a spe-
cific surface area of 11.8 m2/g, conditions of initial solution 10–100 μM
SiO2,aq, solid:water ratio of 2–10 g/L would give highly sensitive mea-
surements of rates. Comparing quartz with forsterite dissolution, we
would need lower initial [SiO2] and high surface area load for quartz
and high initial [SiO2] and low surface area load for forsterite. By varying
these conditions, the full range of silicate mineral dissolution rates can
be measured at ambient conditions.
6. Conclusions and remarks

Here we present new experimental data and quantitative model-
ing results to demonstrate that the Si isotope doping method works
well for determining silicate dissolution rates while a Si-containing
secondary phase is precipitating. In 29Si-doped albite dissolution
batch experiments, experimental solution 29Si and 28Si versus time
curves uniquely determined the albite dissolution rates with high
precision. These curves were not significantly affected by Si isotopic
fractionation during albite dissolution, the precipitation of a Si-
containing secondary phase, or the Si isotopic fractionation during
secondary phase precipitation. Combining isotope data with Si con-
centrations determined from the Si isotope dilution method also
gave precipitation rates. Therefore, this method is superior to exper-
iments that measure the release rates using solution analysis. The
isotope doping method is suitable for measuring silicate reaction
rates at ambient temperatures, circumneutral pH, and in the pres-
ence of simultaneous dissolution and precipitation reactions. How-
ever, although the precision and sensitivity has greatly improved
over conventional solution chemistry based methods, the accuracy
of the rate determination, in terms of variation from experiment to
experiment, have a similar pattern to that in literature.

Experimental data and quantitative analysis also demonstrated
the potential of this method for experimental designs that have not
yet been fully explored. Dissolution of a small amount of albite can
be detected using Si isotope doping with analytical uncertainties of
±0.0005–0.001. The albite dissolution rates show dependence on
the saturation of albite. The rate −ΔGr relationships are controver-
sial in the geochemistry community (Oelkers, 2001; Hellmann and
Tisserand, 2006; Arvidson and Luttge, 2010), with regard to
“Burch-type rate law” versus transition state rate laws. Therefore,
the isotope doping method has the potential to measure silicate dis-
solution rates at various saturation states and determine the rate
−ΔGr relationships. However, experiments very close equilibrium
when backward reaction is significant will have 29Si deposited on
the mineral surface and re-dissolved into the solution. This will com-
plicate the interpretation and more innovative experimental design
is necessary.
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