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15 ABSTRACT

16 Knowledge of the rates of dissolution of rock-forming minerals close to equilibrium and their

17  dependence on AG,, the Gibbs free energy of reaction, is essential for describing the temporal and
18  spatial evolution of many environmental and engineering processes involving solid/fluid interactions.
19 Inthe present study we used the isotope-doping method to quantify albite forward and net dissolution
20 rates. Batch experiments were performed at 150, 180°C and pH = 9 at near equilibrium and
21 equilibrium conditions (-25 < AG, < + 8.2 kl/mol) in 2°Si spiked solutions which were undersaturated

22 with the secondary Al-Si solid phases likely to precipitate.

23 The forward dissolution rates normalized to the initial BET surface area were found to decrease
24 continuously and monotonically with increasing time and AG,, achieving values 1.3 to 2.4 orders of
25  magnitude lower at chemical equilibrium than initial far from equilibrium values, with the highest rate
26  decrease for the highest solid to fluid ratio. These rate drops were accompanied by an increase in BET
27  specific surface areas associated with the formation of widespread dissolution features. A decrease of
28  albite forward dissolution rate together with an increase of its BET surface area was also observed as
29  afunction of reaction time at far from equilibrium conditions (AG, < - 65 kJ/mol). These observations
30 areconsistent with a continuous decrease with time and increasing AG;, of albite effective surface area
31 linked to the formation of unreactive negative crystal facets, in addition to etch pits stopping
32  nucleating above a critical value of AG,. Thus, the observed decrease in albite dissolution rate as
33  equilibrium is approached is not linked primarily to the increase in the contribution of the backward
34  reaction but rather to the decrease of the forward reaction rate in conjunction with the decrease in

35 the density of reactive sites at the mineral surface.
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The results of this study show that the characterization of the effective surface area and its
evolution with reaction time and chemical affinity is crucial to deriving robust dissolution rates of well-
crystallized minerals like feldspars. Dissolution experiments in 2°Si spiked solutions of samples with
different history and well-characterized effective surface area and surface morphology should help to

better quantify the rate laws controlling silicate minerals weathering.

Keywords: Albite dissolution/precipitation kinetics; Gibbs free energy; reactive surface area; Silicon

isotopes; Transition State Theory
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1. INTRODUCTION

Knowledge of rock-forming silicate minerals reaction rates and mechanisms in natural
environments from the critical zone to the deeper crust is essential for quantifying mass transfers at
the Earth’s surface and their impact on climate, as well in engineered water-rock systems such as
geothermal energy or mineral sequestration of CO,. Among silicate minerals feldspars are of particular
interest because their weathering exerts a major control on the formation of clay minerals and the
chemistry of natural waters. As a result, feldspars dissolution kinetics has been studied extensively in
the last decades resulting in the generation of a substantial database of dissolution rate constants
covering a large range of temperatures and fluid pH (e. g. Palandri and Kharaka, 2004; Bandstra et al.,
2008; Hefmanska et al., 2022). Most of these data, derived from flow-through experiments and
changes in solution chemistry (mostly Si concentrations), were obtained far from thermodynamic
equilibrium due in part to the difficulty of rigorously quantifying the departure from equilibrium and
the small aqueous concentration changes induced by near-equilibrium feldspar dissolution or
precipitation. However, most alkali feldspar-fluid interactions occurring in natural environments,
especially in the case of albite, proceed close to equilibrium, as demonstrated by the close to one
saturation state of many natural waters with respect to albite (Stefansson et al., 2001) and the
ubiquitous observation of albite local equilibrium weathering regime in field systems (Navarre-Sitchler

& Brantley, 2007; Lebedeva et al., 2010).

The principle of detailed balancing at equilibrium has been often used to extrapolate the far-from-
equilibrium alkali feldspars rate data to near-equilibrium conditions. It states that the overall rate of
any elementary reversible reaction (rnet) can be separated into the contributions from the forward (r+)

and backward (r.) rates and can be related to the reaction Gibbs free energy according to:
e = 7 =1 = 1, (1= 40/T), n

This type of laws, including those taking into account inhibitory/catalytic effects of various aqueous
species, have been incorporated in reactive transport codes to model chemical weathering at different
spatio-temporal scales (e. g., Lasaga et al., 1994; Goddéris et al., 2006, 2010; Maher et al., 2009). A
handful of experiments have measured albite and K-feldspar dissolution rates over a range of Gibbs
free energy values approaching equilibrium conditions (e.g., Burch et al., 1993; Gautier et al., 1994;
Oelkers et al., 1994; Beig and Littge, 2006; Hellmann and Tisserand, 2006; Arvidson and Littge, 2010;
Pollet-Villard et al., 2016a). Comparison of the data collected by different investigators generally

reveal fundamental differences in the dependence of dissolution rates on the distance from
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equilibrium. Gautier et al. (1994) and Oelkers et al. (1994), for instance, observed a simple dependence
of rates on AG; similar to that described by Eq. (1), whereas Burch et al. (1993) and Hellmann &
Tisserand (2006) reported a highly non-linear, sigmoidal dependence characterized by a sharp
decrease of dissolution rates below a critical value of AG,. The latter authors explained this sigmoidal
behavior by dissolution controlled by two parallel reactions: far from equilibrium it is driven by the
nucleation at dislocation outcrops of etch pits that are the source for steps travelling across the crystal
surface (Lasaga and Luttge, 2001); closer to equilibrium, above a critical AG value, etch pits stop
nucleating and dissolution occurs only at pre-existing edges and corners at a much slower pace (cf.

Arvidson and Liittge, 2010).

However, several obstacles make it difficult to compare and interpret the results of available

experiments on feldspar dissolution rate as a function of distance to equilibrium.

a) There is a general agreement that mineral dissolution proceeds via parallel reactions occurring at
‘active sites’ of the crystal surface, which consist of dislocations, edges, microfractures, point defects,
steps and kinks, twin boundaries, etc. (Schott et al., 1989; Lasaga and Liittge, 2001; Higgins et al., 2002;
Arvidson and Littge, 2010; Pollet-Villard et al., 2016b). This concept of selective dissolution at specific
sites raises several difficulties for characterizing i) the effective surface area required for normalizing
dissolution rates, ii) the contribution of the different active sites to dissolution as a function of the
chemical affinity of the overall dissolution reaction, and for comparing the dissolution rates of natural

samples that could exhibit an enormous range of various defects densities.

b) The accurate calculation of the distance to equilibrium in experimental runs is a major challenge
because there are significant uncertainties in the literature values of feldspars thermodynamic
parameters — for example there is a difference of 4 klJ/mol between the values of albite Gibbs free
energy at 25°C reported by Helgeson et al. (1978) and Holland and Powell (2011) — and because
quantification of the actual activity of Al**(aq) or Al(OH)*(aq is difficult. As a result, experimental runs
where chemical affinity values have not been derived from independent determination of the
solubility product of the feldspar used in these runs may be affected by large uncertainties, especially

for |AG| < 10 kJ/mol.

c) Feldspars close-to-equilibrium dissolution/precipitation rates could be extremely slow and, thus,
their accurate determination and break down in terms of forward and backward rates may be very

difficult. To overcome this difficulty, recent studies have applied Si isotope spiking methods to
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decouple forward and backward reactions and quantify the forward dissolution and backward
precipitation rates of quartz and feldspar at equilibrium and near equilibrium conditions (Liu et al.,
2016; Gruber et al., 2014; Zhu et al., 2016). This method allows a mineral sample containing the
naturally abundant 28Si isotope to react in a solution enriched with the rare 2°Si isotope. Dissolution
and precipitation reactions of the reacting mineral can be decoupled because, whereas mineral
dissolution leads to an enrichment of the fluid in 2Si, its precipitation does not noticeably change the
isotopic ratios of the fluid (the fractionation effect during precipitation in a heavily spiked fluid is
negligible). However, in the case of feldspars it proved difficult to perform near-equilibrium runs while
avoiding the precipitation of secondary phases (gibbsite, imogolite, kaolinite; see Zhu et al., 2020) and
thus to distinguish via the measurement of the 28Si/2°Si ratio the precipitation of feldspar from that of
secondary clays. Only runs performed at pH(T) [J9 and T > 150°C appear to prevent noticeable amounts
of secondary phases to precipitate at near equilibrium conditions (Oelkers et al., 1994; Gautier et al.,

1994; Hellmann and Tisserand, 2006).

The goal of the present study is to improve our knowledge of the mechanisms that control albite
dissolution and precipitation kinetics near thermodynamic equilibrium and thus our ability to describe
the weathering rates of this mineral in natural processes. Towards this goal, we performed albite
dissolution and precipitation experiments with and without 2°Si tracer at 150 and 180°C and pH 9 as a
function of the distance from equilibrium. The experiments with the isotope tracer were conducted in
batch reactors in solutions strongly undersaturated with respect to albite and were let run enough
time after the attainment of albite equilibrium to determine this mineral solubility product. Albite
precipitation kinetics was analyzed within the framework of relaxation kinetics in a run where a
solution in equilibrium with albite at 180°C was quickly cooled to 150°C and let relax to a new
equilibrium at this temperature. Albite dissolution experiments without 2°Si isotope tracer were
performed at 150°C, pH = 9 and far from equilibrium conditions (AG: < - 60 kJ/mol) to accurately

guantify the dissolution rate constant of this mineral.

2. MATERIALS AND METHODS

2.1 Albite grains preparation and characterization

Research grade albite crystals (from Bancroft, Ontario, Canada) were purchased from Ward’s

Natural Sciences Establishment, Inc. The crystals were handpicked, ground with a with a ball mill, and
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subsequently dry-sieved through a clean copper mesh to retain the 53-106 um size fraction. There
were many submicron-to-micron particles that adhered to the surface of these freshly ground grains.
The dissolution of these ultra-fine particles may result in initially nonlinear rates of reaction or
parabolic kinetics (Holdren and Berner, 1979; Schott et al., 1981; Lu et al., 2013). To remove these
particles, the ground feldspar grains were ultrasonically cleaned with deionized water and ethanol
eight times for about 5 minutes per treatment. The cleaned albite grains were then dried overnight in
an oven at 50 °C and subsequently kept in a desiccator. Scanning Electron Microscopy (SEM)
photomicrographs of albite surface after ultrasonic cleaning can be seen in Fig. 1. Only few fine

particles can be seen on the mineral surfaces.

The purity of the albite crystals was examined with powder X-ray diffraction (XRD), 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 parameters used were 2 to 70° 23, with a step size of 0.02°29. Starting
samples were ground by hand in an agate mortar and pestle to get sufficiently small particles. These
particles were subsequently filled into a titanium sample holder for XRD analysis. The resulting XRD
pattern is reported in Fig. 2 and corresponds to an ordered albite with small amounts of anorthite (6.4

% wt) and microcline (6.1 % wt), without any other phase detectable.

Scanning Electron Microscopy (SEM) observations of initial non-reacted and reacted albite grains
were performed at the Raimond Castaing Center in Toulouse using a JEOL JSM 7800F coupled with

energy dispersive X-ray (EDX) spectroscopy.

The specific surface area (SSA) of the clean albite powder was measured by 11-point Kr adsorption
analyses according to the BET method using a Quantachrome Autosorb-1. The specific surface area

was found to be equal 0.135 + 0.005 m2.g™. The albite Si isotope composition is reported in Table 1.

2.2 Sj stock solution for isotope tracer experiments

Except where noted, all chemicals used were analytical grade. In order to prepare the 2°Si stock
solution, 2°SiO enriched powder (with isotope abundance of 0.0004 28Si, 0.9990 2°Si, and 0.0006 3°Si
from Isoflex, San Francisco, CA, USA) were dissolved by alkali flux (Georg et al., 2006). Briefly, 0.0488
(+ 0.001) g of 2°SiO, powder and 0.4880 (+ 0.001) g of NaOH were placed in a silver crucible that was
subsequently put into a 730 °C preheated muffle furnace and held for 10 minutes. After cooling to
room temperature, the mixture was dissolved in 500 ml ultrapure water (18.2 MQ, Millipore) and the

solution was then transferred into a clean 500 ml polypropylene bottle. Then, the solution (i.e., 1.6
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mM 29Si0,) was poured into a vacuum filter system (Thermo Scientific, Nalgene, sterile analytical filter)
which used a piece of 0.22 um nitrocellulose membrane filter paper (Fisher Scientific, Pittsburgh, PA,
USA). The filtered stock solution was collected into a new, clean 500 ml polypropylene bottle and

stored in a refrigerator at 4.0 °C.

2.3 Experimental conditions of dissolution and precipitation experiments

with isotope tracer

Albite dissolution/precipitation experiments were performed in a 450 mL titanium batch reactor
at temperatures of 150 and 180°C and at N partial pressure of 15 bar. The solid suspension in the
reactor was stirred at a constant rate with a Parr magnetically driven stirrer and kept at a constant
temperature (+1°C) by a Parr controlled furnace. Fluid samples were taken at predetermined times
during each run to follow the chemical and isotopic evolution of the solution and to check the
achievement of chemical equilibrium between solid and solution. The samples were taken via a
stainless steel valve and a titanium dip-tube equipped at its end with a 10 um titanium frit immersed
in the solution. Before flowing through the sampling valve, the collected fluid was cooled with cold
water via a cooling sleeve mounted along the outer portion of the sampling tube. For each sample
about 10 mL of solution were withdrawn and filtered using PTFE syringe filters with 0.20 um pore size,
whereas the first two ml collected were discarded. Duplicate aliquots were acidified using ultrapure
HNOs 65% for subsequent measurements of Si, Aland Na concentrations, and Si isotopes composition.
Non-acidified aliquots were used for pH measurements, which were performed immediately after

sampling.

In addition, to unambiguously determine albite dissolution rate constant k. at 150°C and pH= 9,
three albite dissolution runs were performed without isotope tracer at far from equilibrium conditions
(- 64 < AG, < - 28 kI/mol) using a 300 ml mixed-flow Ti-reactor (see its description in Gautier et al.,

2001).

The albite precipitation run was performed by perturbing the chemical equilibrium by a sudden
change in temperature and letting the system relax to a new equilibrium. Resulting precipitation data
can be analyzed using the relaxation kinetics approach (see § 2.8). In practice, after reaching the
chemical equilibrium during the dissolution of albite at 180°C, the temperature was decreased to
150°C, resulting in the fluid becoming supersaturated with respect to albite (Q [J110), and provoking

precipitation until new chemical equilibrium was attained.
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The initial solution was prepared by adding [11.5 ml of the 2°SiO> stock solution to 40 ml of ultra-
high purity water pre-equilibrated with SiO; (Si = 67mg.L?) and a small amount of NaOH 1 M to obtain
a solution pH value of 11.6 ([19.2 at 150°C) for a final solution volume of 500 ml. The initial solution
mass used for the experiments at 150 and 180 °C, was [1427 and 409 g, respectively. The initial
concentrations of each constituent, the?Si initial abundance and the mass of albite and aqueous

solution used for each experiment are listed in Table 1.

The list of the experiments conducted at far-from-equilibrium conditions using a mixed-flow

reactor is reported in Table 2 with the corresponding experimental parameters.

2.4 Sample pre-treatment before isotopic analysis

To reduce the interferences from other cations when measuring silicon isotope, all solution
samples were purified by cation exchange chromatography. Details about the chemical procedure are
described in Georg et al. (2006). Briefly, 1.8 ml Bio-Rad AG 50W-X8 resin was placed in a 10-ml Poly-
Prep chromatography column. The resin was rinsed with hydrochloric acid and DI water as follows: 6.0
ml DI water, 6.0 ml 3.0N HCI, 6.0 ml 6.0N HCI, 4.0 ml 37% HCI, 6.0 ml 6.0N HCI, 10 ml 3.0N HCl, and
thrice 5.0 ml DI water. Then 1.0 ml solution sample was added to the column to condition the resin.
Afterward, 7.0 ml of the solution sample was loaded onto the column and the filtered solution was
collected in a clean polystyrene 15-ml conical centrifuge tube (Fisher Scientific, Pittsburgh, PA, USA)

in preparation for isotope analysis.

2.5 Measurements of silicon stable isotopes

The Si isotope ratios were measured using high-resolution multiple-collector inductively coupled
plasma mass spectrometry (HR-MC-ICP-MS, Nu Plasma Il, Wrexham, UK) at Northwest University,
China. Blank samples were filled with ultrapure DI water and acidified with ultrapure HNOs. The Si
isotope ratios were measured using Faraday cups under static mode. Instrumental sensitivity was
M1V ug? g for 28Si in high-resolution mode. The fractions of 28Si, 2°Si, and 3°Si were calculated by the
measured 28Si/2°Si and 22Si/3°Si ratios. The sample solution was introduced into the MC-ICP-MS using
a dry aerosol system (Aridus Il, Cetac, USA) and a 100 pl mint PFA micro-flow nebulizer. Sample
standard bracketing (SSB, Alfa Aesar Si, Stock# 38717, LOT 591543G) was adopted to calibrate the
instrument isotopic bias. The isotopic abundance of every sample was determined by averaging the

three duplicate measurements using the Time-Resolved-Analysis (TRA) method. The relative standard
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deviation (RSD) of the three ratios was used to evaluate the data quality. Only those analyses with RSD

(639Si) <10% were reported; samples with RSD (63°Si) >10 % were re-measured.

2.6 Determination of metals aqueous concentrations and pH

The concentrations of Na, Al and Si were determined using inductively coupled plasma optical
emission spectroscopy (ICP-OES, Horiba Ultima 2). All measurements were carried out in triplicates on
samples diluted in an aqueous 2% HNO3s solution. Uncertainties were estimated from repeated
measurements to be < 2 %. Detection limits were 0.9, 0.45 and 0.71 umol/kg for Na, Al and Si,
respectively. Fluid pH was determined just after sampling using a Metrohm pH microelectrode

calibrated against NIST certified buffers (pH = 4.0, 7.00 and 10.01 at 25 °C).

2.7 Thermodynamic calculations.

Based on the measured concentrations of Si, Al, and Na and pH, the speciation of the aqueous
solutions and their saturation state with respect to albite were calculated using the PHREEQC v3.6.2
software (Parkhurst and Appelo, 2013) with the Carbfix database (Voigt et al., 2018). This database
includes internally consistent stability constants of aqueous Al species allowing a robust evaluation of
the saturation state (QQ) of the fluid with respect to albite and the chemical affinity (A = - AG) of albite

dissolution reaction:
NaAlSisOg + H,0 = Na* + Al(OH)4~ + 3Si02(aq) . (2)

The thermodynamic properties of albite differ significantly due to compositional and structural
variations (Arndrsson and Stefansson, 1999). Using the value of the albite solubility product (log Ksp(25
°C) =-20.12 ) provided by the Carbfix database, which was derived from Helgeson et al. (1978), and
the corresponding analytical expression employed by PHREEQC to calculate its temperature variation,
would result in values of Q <0.1 at steady-state conditions. We thus followed the approach of Gautier
et al. (1994), and, as in our experiments albite long-term (> 30 days) dissolution at 150 and 180°C led
to constant compositions of the solution and values of albite ion activity product (IAP), we assumed
that these steady-state values of albite IAP correspond to the albite solubility product, K5, (Q = 1).
These values were incorporated in the Carbfix thermodynamic database in place of the values deduced

from Helgeson et al., 1978 (see § 3.2).
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2.8 Analysis of albite dissolution/precipitation rate data

Experimental data on mineral dissolution and growth rates are often analyzed using the following

general rate equation (Aagard and Helgeson, 1982; Lasaga, 1998):

Ea n - .
Tnet = koSeexprra, i o g() [1a;'f(AG,), (3)

where 1,,.¢, the overall rate of reaction, is the quantity directly measured , k, stands for a rate
constant, S,, the effective surface area, corresponds to the total area of the sites of different free
energy (point defects, dislocations, pits, twin or grain boundaries, microfractures, edges, ledges...)

exposed to the aqueous phase (Helgeson et al. 1984; Blum & Lasaga, 1987; Schott et al. 1989), E,, is

N+ oH=

H* OH- and g(I) terms describe the dependence of the rate on

the apparent activation energy, the a

fluid pH (H*, OH™ activity) and ionic strength, respectively, and ]‘[a?" accounts for the catalysis or
inhibition of the reaction by the activity of the ith aqueous species (see definition of symbols in Table
3). The last term, where AG,. stands for the Gibbs free energy change for the dissolution or growth
reaction, describes the dependence of the overall rate on the departure from equilibrium. At a given
temperature (150°C), pH (pHrt = 9) and ionic strength of the present study experiments Eq. (3)

simplifies to:

Tnet = kA 1 a?if(AGr) . (4)

where k, stands for albite dissolution rate constant at the temperature and pH of the experiment.
f(AG) must satisfy two conditions: at equilibriumf (AG,) = 0, which guaranties the compatibility of
kinetics with thermodynamics, and f(AG,) = 1 for far from equilibrium dissolution. The exact form
of the function fdepends on the kinetic mechanisms and represents a difficult question to answer. If
a single step controls the reaction rate (Boudart, 1976) or if steady state conditions are met and the
magnitude of AG, for each elementary reaction is not much greater than RT (Nagy et al., 1991), the
following simplified form can be derived from the Transition State Theory (TST, Aagard and Helgeson,

1982, Lasaga, 1998, Schott et al., 2009)
f(AG) = [1 - exp(AG, /oRT)], (5)

where o stands for the Temkin’s stoichiometric number, which is equal to the ratio of the rate of
destruction of the activated complex relative to the overall reaction (it was assumed to equal 3 in the

case of albite). Noting that the net rate of an elementary reversible reaction is the difference between

10



278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

forward and backward reactions rates (r,.; =1, — 1), the combination of Eq. (3-4) with r, =

ki A1 a?" yields the classical relation:
Tnet = T+[1 — exp(AG,/oRT)] . (6)

It should be noted that non-linear rate laws of the form f(AG,) = [1 — exp(AG,./oRT)]" have been

applied both for mineral dissolution and growth occurring at dislocation outcrops (Burch et al., 1993;
Hellmann and Tisserand, 2006; Lasaga and Luttge, 2001; Shiraki and Brantley, 1995; Teng et al., 2000,
2004). Regarding the impact of the ]‘[a?" term, it has been shown that the dissolution of several
aluminosilicate minerals, including albite, was inhibited by agqueous aluminum (Oelkers et al., 1994;
Gautier et al., 1994; Devidal et al., 1997; Carroll and Knauss 2005; Oelkers et al., 2008). In the present
study the impact of Al on albite dissolution rate was described based on the results of Oelkers et al.

(1994) on albite dissolution at pH 9 and 150°C (see Supplementary Information).

The accurate and unambiguous quantification of albite effective surface area Se is very difficult, not
only because the hydrolysis process occurs primarily at selective sites on the mineral surface, but
because these sites autolocate and grow to form etch pits, which implies it is necessary to take into
account the development of the process not only with time but also in space coordinates (Boldyrev,
1979). In the present study, albite dissolution rates were normalized to the BET surface area, which
can be significantly greater than the effective surface area but can be accurately measured (including
as a function of the reaction progress). Dissolution rates reported in this work should be thus

considered as apparent rates.

2.9 Relaxation kinetics analysis of precipitation data

When a system at equilibrium is perturbed by a sudden temperature, pressure or pH change, its
relaxation to a new chemical equilibrium can be described within the framework of relaxation kinetics
originally developed by Eigen and de Maeyer (1963). When the displacement from equilibrium is slight,

the progress of the system towards the new equilibrium can be described by a first order law:

Ce — (Ceq)z = [(Ceq)l - (Ceq)z]- e /" (7)

the derivative of which with respect to time is given by

ac C —(C
% s = - [(Ceq)1—(Ceq)2] —

(8)

T

11
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where (Cpq)1 and (Cq), are the equilibrium concentrations of one of the characteristic chemical
species involved in the reaction before and after the temperature change. C;is the species
concentration at the time t and 7 is a time parameter known as relaxation time. Egs. (7-8) have been
used in particular to quantify the growths of boehmite and gibbsite initiated by pH-jumps (Bénézeth

et al., 2008) or of magnesite initiated by temperature-jumps (Saldi, 2009; Schott et al., 2012).

2.10 Interpretation of Si isotope data

Three main mechanisms, surface exchange, dissolution/precipitation and solid-state volume
diffusion, could be invoked to explain the exchange of stable isotopes between a solid and the fluid at
chemical equilibrium (Schott et al., 1989; Heberling et al.,, 2016; Harrison et al., 2022). Surface
exchange and dissolution/precipitation are likely to participate in the observed exchanges in the
outermost layers of the crystals accessible to the fluid, whereas solid-state diffusion could contribute
to the exchanges occurring deeper in the crystals. Selecting the right rate controlling mechanism
requires in particular to quantify the kinetics of isotope exchange and to express the isotope exchange

controlled by dissolution/precipitation.
2.10.1 Kinetics of isotope exchange between the fluid and the solid

Following the approach taken by earlier workers (e.g., Criss et al., 1987; Johnson et al., 2002;
Stamm et al., 2019), the extent of 23Si/?°Si isotope exchange toward isotope equilibrium can be
described by:

29/285i(t) _29/285i(0)

= 2972851 (eq) — 2 %%51(0) (9)
where 29/2851'(1:) is the fluid 2°Si to 28Si ratio at time t, 29/ZSSi(O) is the value of the same ratio at the
beginning of the experiment (t =0) and 29/ZSLS'L'(eq) its value at isotopic equilibrium. Note that 29/28g;

is equal to f,9/f>g (see fdefinition in Table 3). The 29/28

Si(eq) value was corrected for the change
with time of the fluid volume and albite dissolution at the beginning of the run. Substituting F in the

general rate equation produces:

D = (1= F)", (10)

where k, represents the rate constant with reaction order n. Isotope exchange reactions typically

follow either a first-order (n = 1) or a second-order (n = 2) rate law (Criss et al., 1987; Johnson et al.,
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2002; Welch et al., 2003; Li et al., 2011; Stamm et al., 2019). Integration of Eq. (10) for first-order and
second-order rate laws yields the following linear forms:

In(1—-F) =—kyt forn=1 (11)

F
(1-F)

= k,t forn=2 (12)

Isotope exchange rate constants for the first-order and second-order rate laws can be quantified by
fitting F experimental values to Eq. (11) and Eq. (12), respectively.

2.10.2 Isotope exchange controlled by albite dissolution/precipitation at equilibrium

Assuming that 2°Si/?8Si isotope exchange between the fluid and albite at equilibrium is controlled
by albite forward and backward dissolution reactions (rnet = r+ - r- = 0) and neglecting the isotope
fractionation due to both dissolution and precipitation, the temporal evolution of silica concentration
and silicon isotope concentrations can be described with a set of mass balance equations (Zhu et al.,

2016, 2020):

[Si]H" = (1! — vgpr! )AL + [Si]F
qt+1 ’ ’ :
[ZSSL]H = (vabf28,abr+ - vabfzs,abr—)At + fzs,t[ZSSl]t (13)
[ZQSi]Hl = (vabf29,ab7i - vabf29,abr—’)At + f29,t[295i]t

wherer; and ! stand for albite dissolution and precipitation rate, respectively (see definition in Table
3). For a batch reactor, assuming constant dissolution and precipitation rate constants, Eq. (13) can be
solved analytically:

( _vapri
VapT+—VqapT- VapTh—vapre
Ifzs,t=f28,ab — (fa8,ap — f280) (M—at + 1) abi+ab

’
“Yab"+

VapTs—Vaptl I - r
fos=fosan = (frsan = faoo) (P2t 4 1) rseer

(14)

One obtains two equations for two unknowns (r/ and r’). Steady-state rates can be fitted to
experimental data of fas,tand fa9,t. In practice, fas,rand f29,: are not sensitive to ! unless the percentage
of Si precipitated is large relative to the solution [Si]. This means that the dissolution rate r. can be

measured while Si precipitation occurs (Zhu et al., 2016).

With r’; fixed by the Si isotope ratios, r'- can be derived from the mass balance for [Si] in Eq. (13).
In practice, f2s,:and fograre not independent in the experiments because 3°Si/?8Si are fixed. Similarly,
the mass transfer rate of Al (from solutions to solids) can be calculated from a mass balance equation

for Al similar to that for Si in Eq. (13).
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The mass balance for Si alone cannot distinguish between the reverse reaction (albite
precipitation) and secondary phase precipitation. Considering in addition the mass balance for Al,
however, it is possible checking if the ratio of Al to Si removal from the solution is consistent with

albite precipitation.

3. RESULTS

3.1 SEM examination of solids before and after reaction

SEM micrographs of albite grains were taken before reaction (Fig. 1) and after the experiments
(Fig. 3). The unreacted albite grains present a rather rough surface with various morphologic features
and occasionally small zones enriched in other feldspar-bearing elements, i.e., K, Ca and Ba (see
whitish areas in Fig. 1a), as revealed by EDX spot analyses. EDX analyses are consistent with XRD data
that show the presence of small amounts of anorthite and microcline. Albite post-reaction samples
exhibit widespread dissolution features, consisting of diffuse etch pits and grooves generated by
pervasive dissolution along line defects. Several feldspar grains also display slightly rounded shapes
due to dissolution at corners and edges. Because of the higher fluid volume to solid mass ratio, these
features are more pronounced in the solid recovered after the experiment Ab-02 (Fig. 3c-d) than in
the solid from Ab-01 (Fig. 3a-b). Intense dissolution marks are also apparent on the albite grains
reacted at 180 °C (Ab-03), which underwent precipitation at 150 °C during the second stage of the
experiment (Fig. 3e-f). These albite grains show the presence of small size precipitates (0.5 — 4 um),
which were identified as mixtures of albite and K-feldspar (Fig. 4). Albite grains which underwent short
(8 hours, Ab-06) but very far-from-equilibrium interaction (AG, = -64 kJ/mol) in mixed-flow reactors

also exhibit a significantly altered mineral surface (Fig. 3g-h), with similar dissolution features.

The albite sample recovered at the end of Ab-01 dissolution run showed an important increase
of the BET specific surface area of 110%. Albite grains reacted far from equilibrium (AG,-= - 30 kJ.mol
1) in a mixed-flow reactor exhibited a similar 110 % increase in BET specific surface area (run Ab-05)
after only 26 hours of reaction, whereas a 78% increase was observed after only 8 hours of reaction

(AG,= - 64 ki.mol?, run Ab-06).
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3.2 Reacting solutions elemental data and derived rates of albite

dissolution and precipitation

The results of the albite batch experiments are listed in Table 4 (albite dissolution at 150°C, run
Ab-01), Table 5 (albite dissolution at 150°C, run Ab-02) and Table 6 (albite dissolution at 180°C and
precipitation at 150°C, run Ab-03) together with the Gibbs free energy of the reaction and albite overall
dissolution/precipitation rates calculated from Si release/uptake to/from the solution. Albite
dissolution rates determined via mixed-flow reactor experiments (150°C, pH=9) at far from equilibrium
conditions (-64 < AG, < -28 kJ.mol?) are listed in Table 7.

The concentration changes of Si, Al and Na during the course of albite dissolution at 150 and 180°C
in the batch reactors are plotted in Fig. 5. It can be seen that constant values of concentrations and of
albite ion activity product (IAP) (see Tables 4-6) are achieved in less than 15 days and are maintained
until the end of the runs (up to 41 days). Albite Kspvalues at 150 and 180°C derived in the present study
(Ksp(150) =-16.1+0.2, Ks5(180) = -15.15+0.2) are within the range of values reported by Lu et al. (2022).
During the precipitation run at 150°C a continuous decrease of Si, Al and Na concentrations was
observed with a stoichiometry of elements uptake roughly consistent with albite precipitation (see
Table 6). After [b0 days of reaction, Si, Al and Na concentrations attained a steady-state which
correspond, within the uncertainties, to the value of albite solubility product determined in the
present study (LogKsp(150) = - 16.3).

Albite dissolution rate constant at 150°C and pH 9 determined in this study by mixed-flow reactors
at the dissolution plateau (AGr < -45 kl/mol) is k.= 3.5 + 0.5x10® mol.m2.s%, a value in agreement
with those determined by Oelkers et al. (1994) and Hellmann and Tisserand (2006) with mixed-flow
reactors at the same temperature and pH. Albite initial dissolution rates determined with batch
reactors (see Table 4-5 and Fig 5) are significantly faster (rnet = 1.2x107 and 1.0x107 mol.m.s for run
Ab-01 and Ab-02, respectively) likely because of the rapid dissolution of the small anorthite
component of the solid (cf. Oelkers and Schott, 1995; Gudbrandson et al., 2014) and the presence of
some ultrafine particles and strained crystal areas produced during samples preparation (grinding),
which cannot be totally removed by ultrasonic cleaning (cf. Schott et al., 1981, 1989). For each run the
rate derived from the first sampling, affected by such preferential dissolution, was thus discarded.
Stoichiometric Al release with respect to Si was observed during dissolution, resulting in similar albite
dissolution rates based either on Si or Al release. In Fig. 6 albite overall dissolution rate at 150 and

180°C have been plotted as a function of the Gibbs free energy of the dissolution reaction. With the
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k. value determined in mixed-flow experiments at 150°C and extrapolated to 180°C using the
Arrhenius equation and Eg= 56 kJ/mol (k«1s0°c)= 10x10°® mol.m2.s%), the rates reported in Fig. 6 appear
to follow a simple TST rate law (Eqgs. 5-6) if rate inhibition by aqueous Al is taken into account (see
Appendix 1 in Supplementary Material).

The aqueous concentrations of Si and Al during albite precipitation at 150°C are plotted in Fig. 7
as a function of time. The solid lines in this figure represent a fit of Si and Al concentrations to Eq. (7),
which shows that the relaxation kinetics approach accurately describes the approach to equilibrium
with a value of the relaxation time T equal to 25.4 days. The dependence upon saturation state of the
precipitation rates derived from Eq. (7) for both Si and Al data, and their adherence to the TST rate
law (Eqg. 6) can be assessed with the aid of the Log-Log plot of net rates (rne:) against the degree of
supersaturation expressed by the term (Q/3 — 1). This plot (Fig. 8) shows that the precipitation rates
are consistent with an order of reaction n = 1 (goodness of the fit, r> = 0.978) that is in accord with Eq.
(5). The y-axis intercept of the regression line drawn through the data represents the dissolution rate
constant k. associated to the precipitation reaction (Eq. 4). The derived value of k. is equal to 9.4x10
10 mol.m2.s (Si data) and 8.7x10° mol.m2.s (Al data). The overall rate of albite dissolution and
precipitation at 150°C and pH 9 is plotted in Fig. 9 as a function of the Gibbs free energy of albite
dissociation reaction. A good adherence of experimental data to Eq. (6) can be observed but the value
of the dissolution rate constant k: corresponding to precipitation is about 20 times lower than that for

dissolution.

3.3 Si isotope composition of reacting solutions

The isotope compositions of the experimental solutions are reported in Tables A1-A3. The
temporal evolution of 28Si and 2°Si fractional abundances in solution, f2s and fa9, is shown in Fig. 10.
During the two dissolution runs at 150°C and the dissolution run at 180°C fs increased and f»9
decreased monotonically. More specifically, at the beginning of the dissolution and far from
equilibrium with albite (AG, < [J-7 kJ/mole), fos and fogincreased and decreased sharply, respectively;
as equilibrium was approached (AGr > [J-5kJ/mole), the variations in f2g and f29 decreased considerably
and f values changed only slightly with time once equilibrium with albite was reached (shaded areas
in Fig.10). Interestingly, however, a significantly greater variation of fos and fo9 with time during

equilibrium with albite at 150°C was observed for run Ab-02 compared to run Ab-01.
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During the first 35 days of the precipitation run (between 15 and 50 days of reaction, see Fig. 10e-
f), both f2s and f29 remained almost constant. This f plateau was followed for t > 50 days by a significant
increase of fos and a decrease of f,9, which correspond to a marked decrease of Si (and Al, Na)

concentrations but that tends to fade away at the longest reaction times.
3.3.1 Kinetics of isotope exchange between the fluid and the solid

Dissolution runs. The values of F, the extent of isotope exchange toward isotope equilibrium,
calculated using Eq. (9), are listed in Tables A1-A3 of Appendix A, whereas, assuming a first order rate
law for isotope exchange (Eqg. 11), In(1 — F) has been plotted as a function of time in Fig.11. It can be
seen on this plot that the isotope exchange between albite and the fluid indeed follows a first order
rate law once chemical equilibrium between albite and the fluid has been reached. The very fast rates
of isotope exchanges observed at the beginning of the runs (t < 3 days) correspond to a control of
isotope exchange by the forward albite reaction (dissolution) as demonstrated by the good agreement
between albite net dissolution rate and the calculated rate of isotope exchange. For greater reaction
times (t > 6 days), once chemical equilibrium between albite and the fluid had been achieved, a
constant rate of isotope exchange was observed (constant slope, kex, of the plots In(1 — F) = f(t)). The
values at 150°C of the rate constants of isotope exchange kex, normalized to aqueous Si amount and
albite BET surface, are equal to 7.4x101! mol.m2.s* (run Ab-01) and 7.3x1071° mol.m2.s* (run Ab-02).
For run Ab-02, an increase of kex value from 7.3x1071° to 1.2x10° mol.m2.s™ could be observed after
about 25 days of reaction which corresponded to a slight drop in Si (Al) concentrations (Fig. 11b). At

180°C, once chemical equilibrium is reached, the corresponding value of kexis equal to 1.3x10° mol.m

251,

Precipitation run. The plot of In(1 — F) as a function of time is shown in Fig. 11d. In(1 — F) remained
equal to 0 (0.0025+0.002) during the first 15 days of precipitation but decreased linearly with time at
increasing times to the end of the run (55-77 days of reaction). The corresponding calculated values
of the rate of Si isotope exchange are kex = 1.0 x10712 mol.m2.s for the first 15 days of the reaction
and kex =1.3x10° mol.m2.s* for the last part of the experiment if we exclude the last data point. Note
that the extremely low value calculated for kex during the first 15 days of reaction along the highest
Q values (6 < Q < 10) reflect a negligible albite forward rate (dissolution) compared to its backward
rate (precipitation), as insignificant Si isotope fractionation occurred during Si removal from the

solution (albite precipitation).
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3.3.2 Albite forward dissolution rates r. derived from Si isotope data
3.3.2.1 Analysis of dissolution runs

The rates of albite forward dissolution as well as the rates of Si exchange between the aqueous
fluid and the mineral cannot be derived from a simple mass balance of dissolved Si. To retrieve albite
forward dissolution rate r. and backward precipitation rate r. (assuming Si (and Al) uptake from the
solution corresponds to albite precipitation), Egs. (13-14) were solved simultaneously with the aid of
the Excel solver to obtain the best least-square fit of experimental f2sand f29 values. For this purpose
two different scenario were assumed for the dependence of r: on reaction time and reaction Gibbs
free energy. In the first scenario, a single, constant value of r. (independent of time and of Gibbs free
energy), was assumed in accord with the fit of albite experimental dissolution rates at 150 and 180°C
to Eq. (6). In the second scenario the r,value was allowed to vary continuously with time. The r, values

determined for these two scenarios are summarized in Table 8.

Single r. value. Assuming in accord with Eq. (6), a single, constant, r. value independent of time
and chemical affinity, it was not possible to obtain a good fit of f2gand f29 data to Egs. (13-14) for the
runs performed both at 150 and 180°C. At 150°C (runs Ab-01 and Ab-02), the best fit (R?> = 0.91, Fig.
S1) was obtained for r, = 5x1071° mol.m2.s%, a value two orders of magnitude lower than that
derived from Si (Al) release rates and application of Eq. (6) (r+ = 3.5x10® mol.m2.s%) . At 180°C the
best fit (not shown) was obtained for r. = 7.5x10° mol.m2.s%, a value about two orders of

magnitude lower than that derived from Si release (r- = 10x10® mol.m2.s?).

Variable r. value. This scenario, unlike the first scenario, leads to an excellent fit of Si isotope
data (R? = 1), as a different r. value was determined for successive couples of f2g and f29 data in each
experiment. The match between calculated and measured fzgand f29 values can be seen on Fig. S2. At
150°C, calculated r: continuously decreased with time, reaching after [1162hrs (run Ab-01) and 150 hrs
(run Ab-02) of reaction, values of about 1.5x101° mol.m2.s and 1.5x10° mol.m2.s%, respectively, and
kept roughly constant (r. = 6.5£1.5x10!! and 7.5#1.5x10° mol.m2.s for run Ab-01 and Ab-02,
respectively) after (290 hrs of reaction. These r. values are near 2-3 orders of magnitude slower than
those derived from Si release rates and application of Eq. (6) as shown by the plots as a function of
AG;, of the ry values derived from Si isotope and Si concentrations data (Fig. 12). Also, it can be seen
on Fig.12 that the r; values derived from Si isotope data are close to the corresponding rqe: values
deduced from measured Si concentrations as a function of time. However, assuming that the overall
Sirelease rate (rnet = r+ - r.) is equal to r+, thus that no Si precipitation occurred (r-= 0), leads to a slight
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overestimation of aqueous Si concentrations at near to equilibrium or equilibrium conditions (see Fig.
13). The Si isotopes derived r. values calculated at 180°C vary from 4.1x10°® mol.m2.s! after the first
few hours of reaction to 7.6 £0.8x1071° at equilibrium, whereas the r. value derived from the fit of Si

release rates to Eq. (6) is equal 10x10®8 mol.m2.s2.
3.3.2.2 Analysis of the precipitation run

As for the dissolution runs, if a constant r. value independent of time and reaction affinity is
assumed, then it is not possible to obtain a good fit of f2s and f29 data for precipitation at 150 °C. In
contrast, assuming a continuous variation of r. with time (and thus reaction affinity) allows matching
in a satisfactory way the experimental data (R?= 1), as it can be seen in Fig S3. During the first 240 hrs
of precipitation (and 5.7 < AG, < 8.2 kJ/mol) the calculated r. value was relatively constant and low (r-
010 mol.m™2.s1). As precipitation continued and AG, decreased, r. progressively raised and reached
a value of [11.9x10° mol.m?2.s* after 1125 hrs (147 days) of precipitation (AG, = 1.12 kJ/mol). The
corresponding r+ constant value derived from aqueous Si (and Al) data and application of Eq. (6) is

equal to 9.4x101° mol.m2.s™.

4 DISCUSSION

4.1 Mechanisms controlling Si isotopes evolution during albite
dissolution/precipitation

4.1.1 Far from equilibrium conditions

Dissolution. The rapid increase of aqueous f2s (and decrease of f29) values during the first 6/20
hours of albite dissolution at 150 and 180°C together with the agreement between measured rpe:
values and r: values derived from the fit of f.s/f29 data to Egs. (13-14) prove that the far from
equilibrium (AG; < - 7kJ/mol) Si isotope exchanges between fluid and albite are controlled by albite

dissolution reaction.

Precipitation. Both the rate of isotope exchange (kex = 1.0x107'2 mol.m2.s!) and albite forward
dissolution rate (r~ 010! mol.m2.s?, Table 8) derived from fas/f29 data during the first 15 days of
precipitation (5.7 < AG, < 8.2 kJ/mol) are very small and much slower than albite average backward
precipitation rate (r- 010° mol.m2.s). As a result, since precipitation (Si removal from the solution)
does not induce a measurable change in the Si isotopic composition of the solution, fzs values of the

fluid remain constant. With increasing reaction time (and decreasing AG, values) an increase of fzs
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(with a decrease of f9) is observed following the development of albite forward dissolution reaction

from recently precipitated material (see the discussion below).
4.1.2 Equilibrium or near equilibrium conditions

It is generally acknowledged that three main mechanisms could explain solid-fluid isotope
exchange at chemical equilibrium between the solid and the fluid: surface exchange (i.e. without
element (Si) addition or loss to/from the solid), dissolution/precipitation driven by Ostwald ripening,
and solid diffusion (Géhin et al., 2021; Heberling et al., 2017; Harrison et al., 2022, 2023; Zhang et al.,
2022; Subhas et al., 2017; Bernard et al., 2017).

The results of the present study show a good agreement between the values of the rate constants
of isotope exchange, kex, and the forward/backward (r./r.) dissolution-precipitation rates deduced
from the analysis of Si isotope data using Egs. (11-12) and (13-14). This demonstrates that Si isotope
exchanges between albite and the fluid are controlled by albite dissolution/precipitation. Note that in
all the experiments the determined rates of isotopic exchange at chemical equilibrium are related to
a slight increase of f2g values, consistent with the contribution of albite forward dissolution reaction.
However, r: and r.values at equilibrium deduced from the fit of fos and f,9 data to Egs. (13-14) are
much lower than corresponding r.and r.values deduced from the fit of Si (Al) aqueous concentrations
to Egs. (4-6) and corrected for dissolution inhibition by aqueous Al (Egs. A1-A2 in the supplementary
information). For example, at 150°C, equilibrium r, values generated from isotope data and Egs. (13-
14) are [R50 times (run Ab-01) and 20 times lower (run Ab-02) than r. values derived from Si
concentration data using Egs. (4-6). At 180°C the r. value deduced from isotope data is 80 times lower
than the corresponding value derived from aqueous Si concentrations. The data reported on Fig. 12
show, as already observed at 150°C, a continuous, monotonic, decrease in albite forward dissolution
rate r. with the increase of AG, to 6.5x10'* mol.m2.s* (run Ab 01) and 7.5x10° mol.m2.s* (run Ab
02) compared to r.values predicted by Egs. (4-6) of 3.5x10% (assuming no Al inhibition) and (01.6x10°
& mol.m2.s1 (assuming Al inhibition). It is worth noting the different pathway of rate decrease followed
by the two experiments Ab-01 and Ab-02, both conducted at the same temperature but with a
different solid/water ratio (Fig. 12). Because Ab-01 was conducted with a solid/fluid ratio 3 times
higher than Ab-02, the system reached the thermodynamic equilibrium earlier, with a faster drop of
Inet and r(iso) relative to the r: value deduced from Si concentration data, as observed above. Although
the calculated mass of dissolved albite is approximately the same for the two experiments (0.04 g and

0.03 g for Ab-01 and Ab-02, respectively), the initial surface area exposed to the fluid in Ab-01 was
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three times larger and less affected, during a shorter time, by the far-from equilibrium dissolution
reaction compared to the solid in Ab-02. The latter suffered more pervading effects of the reaction, as
shown by the widespread formation of etch pits and deep trenches on the mineral grains after the
experiment (Fig. 3c-d). The different surface topography developed during the reaction could explain
the different r+iso) pathways observed during the two experiments: non-linear, slightly faster with very
low equilibrium values for Ab-01; linear, spanning a larger AG, range and exhibiting higher values at

equilibrium for Ab-02.

4.2 Insights on albite dissolution/precipitation mechanisms from the Si

isotope-doping method

The analyses of fluid Si/Al concentration and Si isotope data lead to contrasting dependences of

albite dissolution/precipitation rates on time and reaction affinity.

Assuming a constant albite effective surface area during the reaction and taking account of the
inhibitory effect of aqueous Al, it is possible to describe the evolution of Si and Al aqueous
concentrations at 150 and 180 °C until attainment of chemical equilibrium using the classical Eq. (4)
derived from the application of the principle of detailed balancing to a reversible elementary reaction
with a constant k. value and k./k. = Keq. Considering albite precipitation at 150 °C from the
supersaturated solution (Q [110) generated by the applied perturbation method (see § 2.9), the
evolution towards equilibrium of Si/Al aqueous concentration according to Eq. (4) required a fitted k-
value much lower than that derived from the dissolution runs (9.4x10% vs. 3.5x10% mol.m™2.s). This
contrast in ks values implies a discontinuity between the net dissolution and the net precipitation rates

at AG, = 0 and seems to invalidate the principle of detailed balancing (see Fig. 9).

Forward albite dissolution rates r. derived from f,gvalues and application of Egs. (13-14) clearly
show, unlike r: values derived from Si/Al data analyzed using Egs. (4-6), a considerable decrease with
time and the approach of albite-fluid chemical equilibrium. By providing direct access to the forward
dissolution rate, the isotope doping method provides invaluable information on the mechanisms

controlling mineral dissolution as a function of time and distance from equilibrium.

The decrease of albite forward dissolution rate with time and the approach of equilibrium,
demonstrated by Si isotope spiking data, likely reflects a change in the concentration and/or nature
and reactivity of the surface sites controlling dissolution/precipitation as the reaction proceeds and

AG;, values approach 0.
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It has been already advocated in the past that the dependence of dissolution rate on distance
from equilibrium depends on the availability of reactive sites at the mineral surface, such as steps,
point defects, twin or grain boundaries, microfractures, crystal edges and corners (Chernov, 1984;
Liang et al., 1996; Zhang and Nancollas, 1998; Lasaga and Liittge, 2001; Dove et al., 2005; Littge et al.,
2019). The dissolution (growth) of those solid crystals that exhibit a high density of reactive sites
because of their small size, high surface roughness, and, in general, a poor crystallinity, is controlled
by the direct adsorption of reactants to the reactive sites resulting in constant forward dissolution
rates and in a linear dependence of the net rate on the fluid saturation state that could be described
by Eqgs. (4-6). Such linear rate laws have been indeed observed for the dissolution/precipitation
kinetics of boehmite and gibbsite (Bénézeth et al., 2008), hydromagnesite (Gautier, 2012), kaolinite
(Devidal et al., 1997) and in some cases for quartz (Berger et al., 1994; Liu and Zhu, 2016) and feldspars
(Oelkers et al.,, 1994; Gautier et al., 1994) dissolution. In contrast, the dissolution rates of well
crystallized minerals displaying few reactive surface sites can exhibit non-linear dependence on the
saturation state. This results from a lower density of reactive sites at their surface and its decrease
with the reaction progress and/or a shift of the controlling reaction mechanism from defect-assisted
or etch pit-driven dissolution, where the reaction takes place at steps emanating from the dislocation
centres, to simple ion adsorption/detachment at less reactive pre-existing steps and corners (see
Lasaga and Liittge, 2001; Dove et al., 2005; Liittge, 2006). Both processes would lead to an apparent
decrease of the dissolution rate constant. In particular the control of dissolution by etch pits nucleation
at dislocation outcrops can lead to complex and, possibly, irreproducible non-linear rate laws.
According to the BCF theory (Burton et al., 1951), at far from equilibrium conditions (and thus large
negative values of the Gibbs free energy of the dissolution reaction), hollow-cored dislocations
spontaneously open into etch pits and control dissolution. However, as the reaction proceeds towards
equilibrium, hollow cores stop opening into etch pits at a critical value of AG, (and solution saturation
state). This shift from an etch pit-controlled to an etch pit-free and much slower pace dissolution
mechanism at pre-existing edges and corners has been invoked to explain the abrupt decrease of
albite dissolution rate observed at a given value of AG, and the resulting highly non-linear behavior of
its dissolution (Burch et al., 1993; Hellmann and Tisserand, 2006; Arvidson and Luttge, 2010). Note
that because of the large energy spectrum shown by the different defects present at the crystal
surface, the dissolution of crystals with different reaction history may exhibit a large range of pathways
intermediate between those generated by the etch pit and etch pit-free controls (Llttge, 2006;

Arvidson and Liittge, 2010; Fisher et al., 2012; Schott et al., 2012).
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However, the results of the present study, in agreement with previous findings of Gautier et al.
(2001) on quartz, shows a decrease of the concentration of albite reactive sites with time even at far
from equilibrium conditions (AG, < - 30 kJ/mol). The intense etch pit development occurring at albite
surface during only 8 to 24 hrs of dissolution in a mixed-flow reactor at 150°C and pH =9 (see Figs. 3
and S4) is accompanied by a [1100 % increase of albite BET specific surface area and an approximate
25 to 60% decrease in Si outlet concentration thus resulting in a BET surface area-normalized
dissolution rate divided by a factor of [2.3 to 5. The observed decrease of albite dissolution rate is
likely caused by a decrease of albite effective surface area. As already pointed out by Gautier et al.
(2001), Gratz et al. (1991) and Gratz and Bird (1992), the generated etch pit and micro-cracks walls
responsible for the surface area increase (see Fig. 3g-h) can consist of relatively unreactive negative

crystal facets that induce moving steps bunch at their perimeter.

During albite dissolution in the batch reactor of the present study, intense etch pits and micro-
crack formation developed comparable to that observed in mixed-flow reactors far from equilibrium
(see Fig. 3a-h) with a 110% increase of the powder BET specific surface area (run Ab-01). It is thus likely
that the observed apparent decrease of albite forward dissolution rate (and rate constant) observed
in these runs also resulted, at least partly, from a decrease of albite effective surface area driven by
the nucleation of etch pits and micro-cracks at surface defects followed by the formation of unreactive
negative crystals. The monotonic decrease with time (and increasing AG;,) of albite forward dissolution
rate r. derived from f,s data (see Fig. 12) strongly suggests a continuous decrease of the contribution
of etch pits and other reactive sites to dissolution rather than an abrupt switch from an etch pit
controlling mechanism to an etch pit-free controlling mechanism for a critical value of AG;. The switch
from an etch pits/surface defects dissolution control to an etch pits/surface defects-free control can
occur but the large free energy spectrum presented by the different surface defects may prevent to
observe an abrupt drop in r: and rqe: for a given AG; value. Another remarkable result of the present
study is that the plots as a function of the free energy of rse: and r+ derived from Si isotope data are
almost indistinguishable (see Fig. 12). This further confirms that the observed decrease in dissolution
rates as equilibrium is approached is not due to the increase in the contribution of the backward
reaction and r., but mainly to the decrease of r. in conjunction with the decrease in the density of the
most reactive sites yielding with time an increasing control of dissolution by the less reactive steps

generated by etch pits opened during albite early dissolution.
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At the onset of precipitation initiated by the temperature decrease to 150°C during run Ab-03
(Q 010, AG: = 8.1 kl.mol?), the value of the net precipitation rate, rmet, deduced from the evolution of
Si/Al concentrations is equal to 1.2x10° mol.m2.s with a r. value derived from Eq. (5), which assumes
a linear growth mechanism, equal to 9.4x101° mol.m2.s2. However, the corresponding r+ value
deduced from Si isotope data (r+ [0 10! mol.m?2.s?) is near 2 orders of magnitude slower. This,
together with the discontinuity observed in overall dissolution/precipitation rates near equilibrium (-
2 < AG: £ +2 kl.mol?, see Fig. 9) suggests that precipitation was not controlled by the simple
incorporation of growth units at kink sites because of the scarcity of these sites. This is confirmed by
the SEM images of albite grains after reactions showing the presence on their surface of small size
precipitates (0.5 — 4 um) which were identified by EDX spectroscopy as mixtures of albite and K-
feldspar (Fig. 4). Interestingly, as the system relaxed towards equilibrium (with Q <2, AG, < 2.4 kJ.mol
1) and enough solid (likely poorly crystallized) precipitated at albite surface, r. raised to [11x10° mol.m"
2,51 thus reflecting a significant increase of the density of reactive sites for dissolution/growth and a

probable change in the precipitation controlling mechanism.

4.3 Implication for describing the weathering rates of primary silicate

minerals in natural environments

Over the last twenty years, an abundance of literature has been devoted to the discrepancy
between silicate dissolution rates measured in the laboratory and the field and its possible origin (see
White and Brantley, 2003; Maher et al., 2009, and references therein). The causes put forward to
explain this discrepancy include, on the one hand, the difficult quantification in the field of weathering
controlling parameters such as the water flow, the porous media water content, the effective surface
area of each mineral in contact with the reacting fluid, and the precipitation of secondary phases and,
on the other hand, the exact mechanisms controlling mineral dissolution over time (Maher et al., 2009;
Fisher et al., 2012). With regard to the latter, the exact form of the law describing the influence of
chemical affinity on the rate of dissolution has received a great deal of attention, since the alteration
of many silicates, particularly feldspars, occurs close to equilibrium (Maher et al., 2006; Maher et al.,

2009; Goddéris et al., 2010).

The present study, thanks to the decoupling of forward and backward reaction rates by isotope

tracing, shows that another important cause of slow alteration rates in the field may be the time-
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dependent decrease in the density of the most reactive sites on the mineral surface. This leads to a
considerable reduction, over two orders of magnitude, in the forward dissolution rate of albite and
suggests, contrary to general belief, that the main cause of the reduction in overall alteration rate with
reaction progress may be the reduction in the density of active sites on the albite surface and not the
increase in the rate of the backward precipitation reaction. Quantifying in the field the nature, density
and temporal evolution of the sites controlling the dissolution of silicate minerals such as albite
appears to be very challenging, which calls into question the feasibility of a deterministic description

of the alteration of these minerals, as already suggested by Arvidson and Luttge (2010).

5. CONCLUDING REMARKS

Albite dissolution and precipitation rates were measured in 2°Si-rich solutions at 150 and 180°C
(dissolution) and 150°C (precipitation) over a wide range of the Gibbs free energy of reaction AG,,
including equilibrium and near equilibrium conditions. The 2°Si doping method allowed quantification
of the contributions of albite forward dissolution rates and backward precipitation rates to the overall

rate, in particular at equilibrium, when the overall reaction rate is equal to zero.

The major outcome of the present study is that albite forward dissolution rates, r+, normalized to
the initial BET surface area were found to decrease continuously and monotonically with increasing
time and AG,, reaching at chemical equilibrium values about 1.3 to 2.4 orders of magnitude lower than
corresponding initial (far from equilibrium) values depending on the initial solid/fluid ratio. The greater
the solid/fluid ratio, the greater the decrease in the forward velocity at equilibrium. This considerable
decrease in r: values was accompanied by a concomitant increase in albite powder BET surface area
with the formation of widespread dissolution features consisting of diffuse etch pits and grooves
generated by pervasive dissolution along line defects. In contrast, albite net dissolution rate
normalized to the initial BET surface area appeared to follow a classical TST-derived rate law, as
illustrated by the linear dependence of ryer on (QY/3 —1). These two observations suggest that the main
cause of the decrease of albite net dissolution rate as equilibrium is approached is not the increasing
impact of the albite backward precipitation reaction but the decrease of its effective surface area that
induced an important reduction in the values of both r. and r.. The reduction in effective surface area,
which occurred despite a concomitant increase in BET surface area, was likely the result of the
formation of unreactive etch pits behaving as negative crystal facets in addition to the non-opening

into reactive etch pits of dislocations outcropping at the crystal surface for critical values of AG,.
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The evolution with time and reaction affinity of the effective surface area of albite crystals, which
a priori present a small density of high energy sites, defects, and grain boundaries (and thus exhibit a
rather low surface roughness) should be influenced by their history. In the present study, it is likely
that the sample preparation, i.e., grinding, which generates defects at the sample surface, affected
the subsequent evolution with time and AG; of the sample effective surface area. The result is that
albite samples with different histories and, consequently, surface topography, site densities, and
energy distribution of reactive sites, could dissolve at distinctly different rates as a function of time
and departure from equilibrium as proposed by Littge (2006), Arvidson and Liittge (2010), Fisher et
al. (2012), Schott et al., (2012).

Dissolution experiments as a function of the departure from equilibrium in isotope-spiked
solutions, allowing to decoupling of the forward and backward reactions rates, performed with
different solid/fluid ratios and samples with different histories and well-characterized effective surface
area and surface morphology should help to better determine the rate laws controlling the dissolution

of silicate minerals.
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Fig.1. SEM images of the natural albite powder (53-106 um) used for the experimental work. a)
Back-scattered image of unreacted powder showing restricted grain bright areas enriched in K (5-10
wt %), Ba (10-28 wt%) or Ca (1-25 %). b) Details of single albite grains presenting only few fine
particles at their surface.
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Fig. 2. XRD diffraction pattern of the albite sample used for the experimental study with the results
of the Rietveld refinement showing that albite is the main mineral phase (88.2 %), with minor
amounts of Ca in its composition (corresponding to 6.4 % wt of anorthite) and the presence of a

small percentage of microcline (5.4 % wt). The uncertainties of the phase quantification are <
0.08%.
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Fig. 3. SEM microphotographs of albite grains after reaction at pH = 9 and 150 and 180 °C. (a-b)
Low magnification and detail of albite grains after the experiment Ab-0O1 (28 days, 150 °C). (c)
General appearance of albite grains after experiment Ab-02 (41 days, 150 °C). (d) Detail of a grain
surface from experiment Ab-02. (e-f) Albite grains reacted at 180 °C for 15 days and 61 days at 150
°C (expt. Ab-03). (g-h) Albite grains recovered after an 8 hour-long mixed-flow reactor experiment
conducted at 150 °C (Ab-06).
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Fig. 4. SEM microphotographs of secondary precipitates formed on extensively leached albite grains
during the second part of experiment Ab-03 at 150 °C. Geometric relationships and EDX analyses

(b) suggest that the observed crystals are secondary alkali feldspars. Figure (b) is the magnified area
of the small inset reported Fig. 3f.
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Fig. 6. Plots of Albite dissolution rates at pH 9 against the Gibbs free energy of reaction. (a) Run
Ab-01 at 150°C; (b) run Ab-02 at 150°C; (c) run Ab-03 at 180°C. The grey circles and yellow
squares are the experimental rates determined in batch and mixed-flow reactors, respectively; the
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the thermodynamic equilibrium with albite, the reader can refer to the plots of Fig. 12.
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Fig. 12. Comparison of the rates of albite dissolution (rmet) measured during the batch experiments
Ab-01 (a), Ab-02 (b) and Ab-03 (c) with the corresponding forward rate (r.) models determined by
analysis of chemical and isotopic data as a function of the Gibbs free energy of the reaction. Grey
circles represent the rate measurements derived from Si concentration changes (fet); the green dashed
line is the value of the forward rate constant not including the effect of dissolved Al on the rates (Fi(no-
an); the red dashed-dotted line describes the forward rate including the Al inhibitory term (r.xf([Al]));
the two blue solid lines illustrate the distributions of the forward rate values determined by modelling
of Si isotope data (r.(so)). Note that the solid lines are non-linear (a) and linear (b) fits of the calculated
r. values showing that, as equilibrium with respect to albite is approached, backward rates (r.) remain
negligible compared to the forward rates, F+(iso) being very close to the net rates of albite dissolution

(see Table 8). The plot in (d) is a close-up view of the met values of the three experiments in the near-
equilibrium region.
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Table 1. Summary of the starting conditions of the albite batch equilibration experiments conducted in
the present study and albite Si isotope composition.

Expt. #  Temp. Albite Solution pH Na Si [ §i2) Vil
O (&) (&) 25°C) mM mM

Ab-01 150 0.6403 426.0 11.63 469 0.259 0.6857 0.2916 0.0227

Ab-02 150 0.2143 427.1 11.63 475 0.255 0.6839 0.2879 0.0231

Ab-03 180/150  0.2151 408.8 11.62 440 0.622 0.6848 0.2921 0.0231

Albite sample 0.9223  0.0467 0.031




Table 2. List of the albite dissolution experiments conducted with a 300 ml mixed-flow reactor at 150
°C and their starting conditions. d stands for the fluid flow rate through the reactor.

Expt. # Albite mass pH NaOH Si Al d Duration
g (25 °C) mM mM mM  g/min  hrs
Ab-04 0.117 11.39 3.66 0 0 2.8 24.3
Ab-05 0.7207 11.41 3.73 0 0 2.5 26.3
Ab-06 0.1241 11.62 3.77 0 0 8.3 8.0




Table 3. List of symbols and definitions

Symbol Definition

A Chemical affinity of a given reaction, A = - [1Gr (kJ mol™)

AG, Gibbs free energy of a given reaction (kJ mol ')

AGP The standard Gibbs free energy of formation (kJ mol™)

AH°r The standard enthalpy of reaction at temperature 7 (kJ mol ™)

Ksp Solubility product

IAP Ionic activity product

Q Solution saturation state with respect to a solid, [| = IAP/Ky

F — ;i:l(g)__z::::;(?;) fraction of Si isotopic exchange

fs 28Si fractional abundance (0 to 1) in experimental solution
fog = [2851']/([2851'] + [zgSi] + [3051']); fog = m; Ro928 stands for
the isotopic ratio; similarly for f>9 and f30

ks Forward rate constant of albite dissolution in mol (albite) m?s’!

k. Backward rate constant of albite dissolution in mol (albite) m?s!

kex Rate constant of isotope exchange in mol. m2s!

R Gas constant (8.314 J mol! K™)

Inet Net or overall reaction rate in mol (albite) m2s ;7. = 7, — 7-

re Forward rate of feldspar dissolution in mol (feldspar) m?s!

r's Forward rate of albite dissolution in mol (feldspar) L' s!; r', =1, LS,

r- Reverse rate of albite dissolution reaction (precipitation or formation) in mol
(albite) m™? s!; similarly, for r"

v stoichiometric coefficient in the mineral formula of albite

SA Surface area load of feldspar (mZ/L) in the reactor; Sa=sa*m/V, where m denotes

the mass (g) of reactant, V the volume of solution in the reactor, and sa the specific
BET surface area (m?/g). e.g., 0.136m?*/g*1.0g/0.01L for albite




Table 4. Fluid chemical evolution and calculated rates of albite dissolution during the batch
experiment Ab-01 (pH 9, 150 °C). See Table 2 for the starting conditions.

Sample time pH pH Na Si Al ASi/AAl  Log IAP AGr Rates (Si)
days (25°C) (150°C) mM mM mM kJ/mol mol/m?/s
Ab1-00 0.0 11.63 9.22 468 0.26 0.00 - - -
Ab1-01 0.1 11.48 9.09 480 0.67 0.10 42 -17.4 -17.6  1.17 x107
Ab1-02 0.7 - 9.11 497 1.07 0.26 2.5 -16.4 -6.7 1.08x10®
Ab1-03 1.0 11.50 9.13 5.03 1.13 0.28 2.5 -16.3 -3.0 4.29%10
Ab1-04 1.8 11.46 9.10 5.06 121 0.31 2.4 -16.1 -1.5 1.68%x107°
Ab1-05 2.9 - 9.10 5.04 125 0.33 2.7 -16.1 -0.7 7.31x10°10
Ab1-06 4.0 11.44 9.08 5.10 128 0.34 3.8 -16.0 0.0 3.30x10°1°
Ab1-07 6.8 11.37 9.03 531 130 0.34 4.1 -15.8 1.2 1.26x10710
Ab1-08 10.7 11.37 9.03 515 132 0.35 2.3 -15.8 1.4 7.59%107!
Ab1-09 14.7 11.35 9.01 512 133 0.36 1.7 -15.8 1.8 3.90x10!!
Ab1-10 21.7 11.43 9.07 5.13 133 0.36 1.1 -15.9 0.9 8.99%x10°12
Abl-11 27.8 11.32 8.99 517 135 0.37 2.6 -15.7 2.4 4.46x101




Table 5. Fluid chemical evolution and calculated rates of albite dissolution during the batch
experiment Ab-02 (pH 9, 150 °C). See Table 2 for the starting conditions.

Sample time pH pH Na Si Al ASi/AAl  Log IAP AGr Rates (Si)
days (25°C) (150°C) mM mM mM kJ/mol mol/m?/s

ADb2-00 0.0 11.63 9.22 475 0.26 0.00 - - - -

Ab2-01 0.0 11.49 9.09 4778 0.34 0.04 2.1 -18.6 -23.7 1.02x107
Ab2-02 0.8 11.58 9.18 497 0.60 0.16 2.1 -17.5 -14.7 2.04x10°8
Ab2-03 1.1 11.52 9.13 497 0.68 0.20 2.4 -17.1 -8.5 1.18x10°8
Ab2-04 1.8 11.56 9.17 5.01 081 0.24 2.7 -16.9 -7.0 9.77x10°
Ab2-05 2.1 11.54 9.15 5.04 0.86 0.26 34 -16.8 -5.0 8.86x10°
Ab2-06 2.9 11.52 9.14 5.07 093 0.29 2.6 -16.6 -3.7 4.56x10°
Ab2-07 4.0 11.46 9.09 5.12  1.01 0.3l 3.0 -16.3 -1.7 3.14x10°
Ab2-08 6.1 11.44 9.07 5.13  1.07 0.33 3.0 -16.2 -0.4 1.49x10°
Ab2-09 9.0 11.47 9.10 5.15 1.08 0.34 1.3 -16.2 -0.3 2.03x101°
Ab2-10 12.8 11.52 9.14 523 1.13 0.35 12.9 -16.3 -0.7 5.30x101°
Ab2-11 17.1 11.45 9.08 525 1.13 0.34 -0.5 -16.1 0.5 2.40x10!
Ab2-12 22.1 11.52 9.14 523 1.17 0.35 7.5 -16.2 -0.3 3.02x10710
Ab2-13 28.8 11.58 9.19 539 1.10 0.28 1.1 -16.5 -1.7 -4.27x10710
Ab2-14 36.8 11.57 9.19 533 1.08 0.25 0.4 -16.5 2.5 -5.68x10!
Ab2-15 41.1 11.39 9.03 534  1.13 0.25 13.6 -16.2 0.1 4.15%x101°




Table 6. Fluid chemical evolution and calculated rates of albite dissolution/precipitation during the
batch experiment Ab-03 (pH 9, 180 & 150°C). See Table 2 for the starting conditions. Note that the
AG; values and Rates relative to the second part of the experiment (150 °C) refer to the fit of the

relaxation equation to the experimental data for the corresponding time.

Sample time pH pH Na Si Al ASi/AAl  Log IAP AGr Rates (Si)
days (25°C) (T) mM mM mM kJ/mol mol/m?/s
180 °C  Ab3-00 0.0 11.62 9.00 440 0.62 0.00 - - - -
Ab3-01 0.0 11.31 8.87 432 097 0.08 4.4 -16.5 -18.3 3.85x107
Ab3-02 0.2 11.49 8.83 452 123 0.16 32 -16.1 -9.9 7.38%x10°®
Ab3-03 0.9 11.45 8.89 465 148 0.26 2.5 -15.6 -6.3 1.90x108
Ab3-04 1.9 11.37 8.86 4.69 1.60 0.31 2.5 -154 -3.1 6.06x107°
Ab3-05 3.2 11.33 8.82 473 1.67 0.33 32 -15.2 -1.3 2.91x107°
Ab3-06 5.9 11.35 8.82 477 1.72 034 6.1 -15.2 -0.7 8.43x10°10
Ab3-07 9.1 11.33 8.82 466 1.70 0.34 304 -15.2 -0.6 -3.93x10710
Ab3-08 13.1 11.25 8.79 465 1.81 0.35 14.9 -15.1 0.1 1.33x107°
Ab3-09 14.9 11.26 8.77 441 1.86 0.31 -1.1 -15.1 0.6 1.12x107°
150°C  Ab3-10 149 - 877 441 183 030 2.5 153 8.18  -1.20x10?
ADb3-11 15.1 11.28 8.98 469 1.78 0.34 -1.2 -15.3 7.92 -1.16x10°
Ab3-12 15.9 11.3 8.99 448 1.80 0.34 -5.2 -154 7.52 -1.09%10°
Ab3-13 17.1 11.22 8.97 4.67 1.85 0.31 -1.5 -15.3 8.03 -1.00x10°
Ab3-14 19.9 11.24 8.95 457 1.80 0.32 -3.0 -154 7.25 -8.69%10710
Ab3-15 22.9 11.21 8.95 449 1.77 0.30 1.7 -15.5 6.90 -7.47x10710
Ab3-16 26.9 11.25 8.95 442 1.71 0.28 2.9 -15.6 5.74 -6.13x10710
Ab3-17 31.2 11.31 8.98 438 1.55 0.25 4.2 -15.8 4.38 -5.00%1071°
Ab3-18 36.2 11.37 8.99 447 154 0.19 0.1 -15.9 3.01 -3.96x1071°
Ab3-19 41.9 11.33 9.02 453 156 022 0.5 -16.0 2.80 -3.04x10710
Ab3-20 48.1 11.29 8.99 445 1.53 0.21 1.9 -16.0 2.44 -2.29%10710
Ab3-21 55.0 11.28 8.98 439 143 0.18 34 -16.1 1.89 -1.67%1071°
Ab3-22 61.9 11.27 8.96 369 120 0.12 3.8 -16.2 1.12 -1.21x10710
Ab3-23 69.2 11.19 8.92 323 1.19 0.16 -0.2 -16.2 1.14 -8.63x10°1
Ab3-24 76.1 11.23 8.90 303 1.17 0.15 4.3 -16.3 0.25 -6.24x10°1




Table 7. Results of the albite dissolution experiments conducted at 150 °C and at far-from-equilibrium
conditions using a mixed-flow Ti-reactor. Reported element concentrations refer to steady-state
conditions. Note that the dissolution rates are normalized to the initial BET specific surface area.

Expt. # pH Na Al Si ASI/AAl AGr Rates (Al) Rates (Si)
(150°C) mM mM mM kJ/mol  mol.m?2.s’! mol.m?2.s!

Ab-04 8.97 3.67 1.68E-02 4.19E-02 2.5 -45.1 4.88%108 4.06x108

Ab-05 9.00 3.79 5.68E-02 1.46E-01 2.6 27.8 2.40x108 2.05x108

Ab-06 9.08 3.75 4.90E-03 1.18E-02 2.4 -63.8 4.04x108 3.07x10°®




Table 8. Summary of the forward rate (rr) and rate constant (k+) values for the albite
dissolution/precipitation reaction as determined (i) by the measured changes of Si concentration (A[Si])
according to the TST, Egs. (4-6) and (i1) by analysis of Si isotopes (f23-f29) at pH 9 and 150 and 180 °C
for the batch experiments carried out in this study. The table reports the reaction times and the Gibbs
free energy of albite dissolution (AG;y) as a function of which the rate values were determined.

Temp. Expt. # r. k+ time span AGr Rate source R? Model type
°C mol.m?2s?! mol.m?Zs! days kJ/mol
150 All expts. 3.5x108 - 0-41.1 -64t0 0 A[Si] 0.884 TST- r.
All expts - 3.5x10°8 0-41.1 -64t00 A[Si] 0.926 TST-k, w/Al

Ab-01 1.0x10°1° - 0-27.8 -17.6t0 2.4 J28-f29 0.968 single r.
Ab-01 1.3x107 0.1 -17.6 S28-f29 1 variable r,

9.8x10° - 0.7 -6.7

2.5x10° - 1.0 -3.0

1.7x107° - 1.8 -1.5

7.4x10°10 - 2.9 -0.7

3.3x10°1° - 4.0 0.0

1.7x10°1° - 6.8 1.2

9.2x10! - 10.7 1.4

7.5x10°! - 14.7 1.8

7.4x101 - 21.7 0.9

6.0x10! - 27.8 24
Ab-02 5.0x10°1° - 0-41.1 -23.7t0 0.1 J28-f29 0.963 single r,
Ab-02 1.4x107 - 0.0 -23.7 S28-f29 1 variable r,

1.7x10°8 - 0.8 -14.7

1.1x10°8 - 1.1 -8.5

9.0x10° - 1.8 -7.0

8.1x10” - 2.1 -5.0

4.8x107° - 2.9 -3.7

3.2x10° - 4.0 -1.7

1.7x107° - 6.1 -0.4

1.1x10° - 9.0 -0.3

7.1x10°1° - 12.8 -0.7

6.7x10°1° - 17.1 0.5

5.3x10°1° - 22.1 -0.3

8.6x10710 - 28.8 -1.7

1.3x107° - 36.8 -2.5

1.1x107° - 41.1 0.1
Ab-03 9.4x1071° - 14.9-76.1 0to 8.2 A[Si] 0.970 TST- r.
Ab-03 5.0x101° - 14.9-76.1 0to 8.2 J28-f29 0.932 single r.
Ab-03 < 1x101 - 14.9 8.2 Jfr8-f29 1 variable r.

< 1x10M - 15.1 7.9

< 1x10M - 15.9 7.5

<1x10Mt - 17.1 8.0

<1x10Mt - 19.9 7.2

<1x10!t - 229 6.9

<1x10Mt - 26.9 5.7

2.7x10! - 31.2 4.4

1.4x10°1° - 36.2 3.0

8.7x10°! - 419 2.8

1.3x10°1° - 48.1 24

4.4x10°1° - 55.0 1.9



Temp. Expt. # r. k+ time span AGr Rate source R? Model type

°C mol.m?2s?! mol.m?Zs! days kJ/mol
1.9x10° - 61.9 1.1
1.7x10° - 69.2 1.1
4.5x10°10 - 76.1 0.2
180 Ab-03 1.0x107 - 0-14.9 99t 0 A[Si] 0.690 TST- 1.
Ab-03 - 1.0x107 0-14.9 99100 A[Si] 0.812 TST- k. w/Al
Ab-03 1.5x107° - 0-14.9 99t 0 Jfr8-f29 0.906 single r.
Ab-03 5.4x107 - 0.0 183 Frs-fro 1 variable r,
4.1x10°8 - 0.2 -9.9
1.9x108 - 0.9 -6.3
6.3x10° - 1.9 -3.1
2.7x107° - 32 -1.3
1.0x10° - 5.9 -0.7
6.7x10°10 - 9.1 -0.6
7.7x10°10 - 13.1 0.1
8.4x10710 - 14.9 0.6






