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Abstract

Weathering rates of silicate minerals observed in the laboratory are in general up to five orders of magnitude higher than
those inferred from field studies. The differences between experimental conditions in the laboratory and natural conditions in
the field have been thoroughly discussed in previous studies, however, the discrepancy was never fully resolved. It has been
shown in past work that if the field conditions are fully simulated in standard laboratory experiments, it is not possible to
measure the slow rates of mineral dissolution that are observed in the field using standard laboratory experiments. Therefore,
a novel method that uses the change of Si isotopes ratio in spiked solutions is used in the present study to measure weathering
rates of feldspar under close-to-natural conditions.

A single-point batch experiment (SPBE) of albite dissolution was performed in the present study with an “untreated” albite
sample. During the SPBE the dissolution rate was affected by the change of deviation from equilibrium and by the change in
the mineral surface reactivity. In order to quantify the effect of the change in surface reactivity on the measured dissolution
rates, two multi-point batch experiments (MPBE) were conducted. In those experiments, surface reactivity was found to
depend on the amount of dissolved mineral. The decrease in surface reactivity as a function of the amount of dissolved min-
eral may be described using empirical power laws.

Another MPBE was used to measure far-from-equilibrium dissolution rate of albite using a sample that lost most of the
highly reactive sites and highly reactive fine crystal during the initial stage of the experiment. Therefore, the change of its sur-
face reactivity is small over the duration of the laboratory experiment (henceforth, “treated” albite sample). Another SPBE
was conducted to quantify the effect of deviation from equilibrium on albite dissolution rate under close-to-equilibrium using
the “treated” albite sample.

For the first time, albite dissolution rate (or any silicate mineral) is described as a function of deviation from equilibrium
under ambient temperature and circum neutral pH. Even though the new experimental results confirm the extrapolation of high
temperature data, the measured dissolution rates were higher than those from field studies. Introducing a reactivity coefficient
allows for resolving the discrepancy between dissolution rates observed in natural settings as opposed to experimental setups.

Our results indicate that the extensive debate on the gap between dissolution rates determined using laboratory experi-
ments and those using field observations reflects the inability to measure the dissolution rates under typical field conditions,
using standard laboratory experiments.
© 2014 Elsevier Ltd. All rights reserved.

* Corresponding author. Tel.: +972 8 6477 517; fax: +972 8 6472
997.
E-mail address: chengrub@post.bgu.ac.il (C. Gruber).

http://dx.doi.org/10.1016/j.gca.2014.10.013
0016-7037/© 2014 Elsevier Ltd. All rights reserved.


http://dx.doi.org/10.1016/j.gca.2014.10.013
mailto:chengrub@post.bgu.ac.il
http://dx.doi.org/10.1016/j.gca.2014.10.013
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gca.2014.10.013&domain=pdf

C. Gruber et al./ Geochimica et Cosmochimica Acta 147 (2014) 90-106 91

1. INTRODUCTION

Quantification and understanding of mineral weather-
ing have important implications for many environmental
problems, such as the relationship between silicate weath-
ering and global climate over geological timescales
(Berner, 1992), the availability of inorganic nutrients in
soils (Federer et al., 1989; Likens et al., 1998;
Huntington et al., 2000), geological carbon sequestration
(White et al., 2003), global geochemical cycles (Lasaga
et al., 1994), safety of radioactive waste repositories
(Spycher et al., 2003), impacts of acid mines drainage
and neutralization of acid precipitation in watersheds
(Drever and Clow, 1995), release of toxic elements to soils
and to the hydrologic cycle, and the distribution of poros-
ity and permeability in hydrocarbon reservoir rocks
(Morad et al., 2010). Weathering rates of silicate minerals
observed in the laboratory are in general up to five orders
of magnitude higher than those inferred from field studies
(Schnoor, 1990; Stumm, 1992; van Grinsven and van
Riemsdijk, 1992; Anbeek, 1993; Casey et al., 1993;
Velbel, 1993; Blum and Stillings, 1995; White and
Brantley, 1995, 2003; White et al., 1996, 2005, 2008;
Drever, 2003; Zhu et al., 2004; Zhu, 2005; Ganor et al.,
2007; Moore et al., 2012). The many differences between
experimental conditions in the laboratory and natural con-
ditions in the field have been thoroughly discussed in pre-
vious studies (e.g., White and Brantley, 2003; Reeves and
Rothman, 2013, and references therein), but the discrep-
ancy was never fully reconciled.

In short, it was suggested that the differences between
laboratory and field rates result from: (i) efficiency of solu-
tion/mineral contact, (ii) duration of weathering, aging of
surfaces, (iii) presence and depth of defects and etch pits,
(iv) formation of leached layers, (v) surface coatings, (vi)
degree of undersaturation, and solution chemistry in
micro-pores. In contrast to natural weathering, laboratory
experiments are usually conducted under conditions in
which precipitation of secondary phases does not occur.
If the field conditions are fully simulated in standard labo-
ratory experiments, it is not possible to measure the slow
rates of mineral dissolution that are observed in the field
using standard laboratory experiments (Ganor et al.,
2007). In the absence of laboratory data, geochemical mod-
eling may be used to predict the change with time in reac-
tants and products of chemical reactions (Zhu and
Anderson, 2002). Geochemical models use rate laws that
are based on experimental data but are extrapolated to time
scales and conditions that were not tested experimentally.
As these models deal with open systems, they cannot be ver-
ified (Oreskes et al., 1994); they may only be confirmed
under conditions and time scales that typically apply to lab-
oratory experiments.

In order to resolve the gap between laboratory measure-
ments and field estimates of dissolution rates, a novel
method that uses Si isotopes (Gruber et al., 2013) is used
in the present study to measure weathering rates of feldspar
under close-to-natural conditions. The results confirm the
extrapolation of high temperature data and fully resolved

f(AG,) =1—exp (

the gap between laboratory measurements and field
estimates.

1.1. Rate dependency on deviation from equilibrium

Many studies on dissolution kinetics of feldspars, the
most common silicates minerals in earth’s crust, were con-
ducted under conditions (i.e., temperature, pH, and devia-
tion from equilibrium) in which dissolution is relatively
fast (Knauss and Wolery, 1986; Casey et al., 1989, 1993;
Lasaga, 1990; Burch et al., 1993; Blum and Stillings,
1995; Alekseyev et al., 1997; Chen and Brantley, 1997,
Hellmann and Tisserand, 2006). The effect of each environ-
mental variable, derived from such studies, is typically
described using a simple rate law. For example, the depen-
dence of the rate of an elementary reaction on the deviation
from equilibrium is described based on the principle of
detailed balancing or from Transition State Theory (TST)
using the rate law (Rimstidt and Barnes, 1980; Helgeson
et al., 1984; Lasaga, 1998):

Rategss = k(l — exp (%)) (1)

where k is a rate coefficient (mol m > sfl), AG, is Gibbs free
energy of the reaction (kJ mol™!), R is the gas constant and
T is the temperature in Kelvin. The dependence of the rate
of an overall reaction, such as dissolution, is difficult to pre-
dict a priori. In many studies Eq. (1) is generalized to:

n-AG,
RT

(2)

where 7 is a coefficient that is not necessarily equal to one
(Lasaga, 1998). The form of Eq. (2) can be applied to over-
all reactions in a few simple cases that are described by
Lasaga (1998). In all these cases, defects such as disloca-
tions should not control the dissolution kinetics.

Egs. (1) and (2) describe the effect of deviation from
equilibrium on dissolution rate under conditions in which
a single mechanism is dominant throughout the entire range
of AG,. However, there is a major change in the dominant
reaction mechanism between the near-equilibrium and the
far-from-equilibrium regions. This change in mechanism
was attributed to the opening of etch pits once the solution
is sufficiently undersaturated (Lasaga and Blum, 1986;
Burch et al., 1993; Beig and Luttge, 2006).

In the present study the term “far-from-equilibrium” is
used to describe conditions in which dissolution of the etch
pits is the dominant mechanism and the rate is independent
of the degree of saturation. This region in Rate vs. AGr
space is termed the dissolution plateau (Lasaga et al.,
1994). The term “near-to-equilibrium” is used to describe
conditions under which the free energy is not sufficient
for the opening of etch pits and dissolution occurs only
on the bulk mineral surface and not on defects. The term
“closer-to-equilibrium™ is used to describe experiments that
were conducted under the conditions of the transition
between the two dissolution mechanisms.

In order to describe the effect of deviation from equilib-
rium on dissolution rates, the rate law should include the
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contribution of the dissolution of both the etch pits and the
bulk mineral surface. Assuming that dissolution at these
two sites is independent of each other, the overall dissolu-
tion rate will be the sum of the rates of the two mechanisms.

The effect of deviation from equilibrium on albite disso-
lution rate was studied by Burch et al. (1993) at 80 °C, pH
8.8 using a freshly ground Amelia albite and was described
using the equation:

— Gy G\ 145
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where k'; and k', are rate coefficients that depend on the
environmental conditions. In contrast to the rate law of
Eq. (1), this rate law is an empirical rate law, which is not
based on kinetic theory.

Based on defect-generated dissolution stepwaves model,
Lasaga and Luttge (2001) proposed a theoretical formula-
tion that describes the variation of dissolution rate with
the degree of undersaturation:

1 — et
. ) (4)
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where k; is a rate constant (mol m~2 s’l), AG; 1s the
Gibbs free energy that is required to form etch pits
(kJ mol™!), and B is a constant that depends on surface dif-
fusion distance.

Eq. (4) described the dissolution at etch pits. This mech-
anism is the main contributor to dissolution under “far-
from-equilibrium” conditions. Under “near-to-equilib-
rium” conditions, i.e., below the AG. (the energy barrier
that required to open an etch pits (Lasaga and Blum,
1986)), dissolution occurs only on the bulk mineral surface
and not on defects and therefore may be described by TST
(Eq. (1)). The overall dissolution rate law may be described
as the sum of Egs. (1) and (4):
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Eq. (5) is based on the assumption that the overall dissolu-
tion rate is a sum of the two mechanisms of Eqs. (1) and (4).
This assumption is discussed below in Section 4.1. The rate
law of Eq. (5) predicts albite dissolution rates at various
elevated temperatures (80 (Burch et al., 1993), 150
(Hellmann and Tisserand, 2006) and 300 °C (Alekseyev
et al., 1997)) as is demonstrated in Fig. 1.

The rate law of Eq. (5) that describes the effect of devi-
ation from equilibrium may be combined with rate laws
that describe other effects (e.g., temperature) to a general
rate law that describes the dependence of the reaction rate
on the environmental conditions as a product of terms,
assuming that they are independent of each other
(Lasaga, 1995, 1998), e.g., assuming that the effect of devi-
ation from equilibrium on reaction rate of Eq. (5) is temper-
ature independent. The obtained general rate law may be
used to predict the rate under conditions in which the rate
cannot be experimentally determined using standard
methods (Ganor et al., 2007).

1.2. Determination of dissolution rates

The change in concentration of the dissolved mineral’s
products in a batch reactor may be described by the follow-
ing mass balance:
dc; Aq
Ttl = Vj dis 718 - Ryis (6)
where C; is the concentration of component i in the reactor
(mol L™1); 7 is time (s); v; dis 1S the stoichiometric coefficient
of i in the dissolution reaction; Ag; is the surface area (mz);
V is the volume of the batch reactor (L); and Rg;; is the dis-
solution rate (mol m~2s™!). Rearranging Eq. (4) gives:

ac; v

Ryis * Ui gis = 71
dis

™)

Typically, the dissolution rate in a batch experiment is
obtained by measuring the concentration of component i
at different times during the experiment and using Eq. (7).
The hidden assumption in this calculation is that the change
in concentration (AC;) is linear with time during the sam-
pling interval, and therefore the reaction rate may be read-
ily calculated by substituting the average change in
concentration with time (AC;/At) for the time derivative
of the concentration (dC,/dt) in Eq. (7).

If i is removed by precipitation of secondary phases, the
resulting rate is the net rate of the release of i by dissolution
minus its consumption by precipitation. Taking into
account the effect of precipitation of secondary minerals,
Eq. (6) should be rewritten as:

& _ V; dis Adis : Rdis + Ui pre * Apre . Rpre (8)
dt 14

where v; pre is the stoichiometric coefficient of i in the precip-
itation reaction; 4. is the surface area (mz); and Ry; is the
precipitation rate (molm~2s~"). Note that in our formal-
ism, the rate is defined to be negative for precipitation
and positive for dissolution, and hence the precipitation
term is added to the dissolution term.

The net dissolution rate of a silicate mineral may be
obtained by performing batch experiment with initial solu-
tion that contains isotopic spike. The main assumption in
the following calculations is that fractionation during the
dissolution of the primary mineral and precipitation of
the secondary mineral is negligible. While previous studies
(e.g., Douthitt, 1982; De La Rocha et al., 2000; Ziegler
et al., 2005a,b; Georg et al., 2006a, 2007, 2009; Opfergelt
et al., 2011, 2012) showed that fractionation probably
occurs during precipitation, Gruber et al. (2013) demon-
strated that the errors due to this assumption are much
smaller than the uncertainties associated with the determi-
nation of the rate. The dissolution rate may be determined
using mass balance equations that follow the change in iso-
topic composition of the solutions with time (Gruber et al.,
2013):

s\ | d%si _ d¥si
BSi), A A
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Fig. 1. Comparison of albite dissolution rates as function of deviation from equilibrium (AG,) taken from literature data at various
temperatures to the rate law of Eq. (5), where the dots are the experimental data at temperature of: (a) 80 (Burch et al., 1993); (b) 150
(Hellmann and Tisserand, 2006); and (c) 300 °C (Alekseyev et al., 1997). The dashed lines are the predicted dissolution rate of Eq. (5) where k;
and k, equal: (a) 3.05- 107" and 2.73 - 107'> (molm2s™1); (b) 1.00- 10~® and 8.96 - 107" (molm2s~"); (¢) 1.20 - 107 and 1.08 - 10~®
(mol m2 ’l). AGi = —28.5kI mol™' and B=4. Sub- -figure (d) shows the change in the normalized dissolution rate (dissolution rate
divided by the plateau dissolution rate) at 80 (Burch et al., 1993), 150 (Hellmann and Tisserand, 2006) and 300 °C (Alekseyev et al., 1997) with
deviation from equilibrium (AG,). The solid line is a fitting of the rate law of Eq. (5) to the data at 80 °C. In all sub-figures error bars represent
two standard deviations.

2. EXPERIMENTAL METHODS Table 1
Chemical composition Evje albite (Norway).

2.1. Albite sample % Blank Evje Norway

The sample used in this study is the EVJE (Norway) ,SAII? (2)3 8? ?;g
albite from Ward’s Scientific Est. The chemical composi- Fe,0; 0.1 0.03
tion of the albite sample was determined following diges- TiO, 0.01 <0.01
tion with lithium metaborate. Elemental concentrations CaO 0.3 0.52
were determined by Optima-5300 ICP-Atomic-Emission- MgO <0.1 <0.01
Spectrometer and Perkin-Elmer ICP-MS. Each run Na,O 11.2
included repeated determinations of international stan- K>0 0.24
dards (NIM-L, NIM-G). The composition of the EVJE 8Os <0.5
albite sample is NagogoCag 1 Alj 048159705 (chemical ; 20?;1 <05 08 8
analysis of the sample is presented in Table 1). The ’
isotopic composition of the silicon in EVJE albite is
5%°Sings.s = 0.41%, and 53%Sings.s = 1.76%,
(*Si/%Si = 0.05065 and *°Si/?®Si = 0.03368). For further ethanol eight times for about 20 min per treatment. The
details on Si isotopes analyses see Section 2.6. cleaned albite grains were then rinsed with deionized water

The albite was ground with an agate pestle and mortar and freeze-dried. Finally, the sample was kept in an oven at
and then sieved to particle size of 53-106 pum. Because the 105 °C overnight to exclude possible organic (Fu et al.,
grains are often coated with sub-micron sized particles, 2009). In the following sections the term “untreated” albite

the ground albite sample was ultrasonically rinsed with sample refers to the mineral sample after sieving. The term
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“treated” albite sample refers to mineral sample that was
dissolved during a multi-point batch experiment under
far-from-equilibrium conditions until dissolution rate was
constant during a period of 13 days, as is described in
Section 2.3.1.1 below.

2.2. Solutions

Two types of initial solutions were used in the present
study: (a) Al, Na and Si free solutions for the far-from-equi-
librium experiments; and (b) solutions spiked with silicon
isotopes for the closer-to-equilibrium experiments.

Al, Na and Si free solutions were prepared from double
deionized water (DDW) adjusted with trace metal grade
HC14.5% to pH 5. Isotopically enriched solutions were pre-
pared by dissolving two different SiO, powders (from Iso-
flex USA). One powder, which was enriched with 3°Si,
was used in the experiment with the treated albite sample.
A second powder, which was enriched with 28, was used
in the experiment with the untreated albite sample. Both
powders were dissolved with Trace select grade KOH
30%. The pH of the spiked solutions was than reduced
using trace metal grade HCl 4.5%.

2.3. Experimental setting

Two types of experiments were used: “single-point batch
experiments” (several identical reactors, each reactor was
used to determine one data point) and “multi-point batch
experiments” (one reactor was sampled several times).
The two single-point batch experiments were used to mea-
sure closer-to-equilibrium dissolution rates of treated and
untreated albite samples by using spiked solution. One
multi-point batch experiment was used to determine far-
from-equilibrium dissolution rate and two others multi-
point batch experiments were used to determine the change
in surface reactivity. In all multi-point batch experiments
the dissolution rates were derived using standard methods.
List of experiments and conditions are written in Table 2.

2.3.1. Multi-point batch experiments

2.3.1.1. Treated far-from-equilibrium experiment. Untreated
albite sample which was used previously in short, low tem-
perature (/3 °C) experiments (which is not described in the
present study), was collected, filtered and dried, and subse-
quently used in a multi-point batch experiment. In this
experiment, 10.254+0.01 g albite was added to
500.00 + 0.01 g solution. During the entire experiment,
the solution was under far-from-equilibrium conditions
with respect to albite dissolution (AG, < —62.8 kJ mol ™),
i.e., within the dissolution plateau where dissolution rate
is independent of deviation from equilibrium. It was con-
ducted with solutions that initially contained no Al and
no Si, and therefore the rate was determined using the stan-
dard method (Eq. (7)). After each sampling, the albite crys-
tals were separated from most of the solution and a fresh
solution was introduced into the reactor, in order to lower
the concentrations of Al and Si. Therefore, the results are
shown in terms of accumulated amounts of dissolved ele-
ments (Na, Al or Si) and not as concentrations (Table 3).

The dissolution rates were determined during the stage of
constant Si (moles) release rate (starting about 24 h after
the beginning of the experiment, Table 3). After about
13 days, the crystals were separated from the solution using
a vacuum filter system with PVDF 0.22 pm filter papers. In
order to avoid precipitation from the remaining solution
during drying, the solution was removed by rinsing the
wet crystals and the filter with S ml of double deionized
water. Afterwards the treated albite crystals were dried in
a desiccator at room temperature.

2.3.1.2. Far-from-equilibrium surface reactivity experiment.
To determine the effect of surface reactivity, two multi-
point batch experiments (B-1 and B-2) were conducted with
untreated albite sample. The samples that were used in
these experiments, and in the single-point batch experi-
ments that was conducted with untreated albite, were taken
from the same albite batch. 0.5000 & 0.0001 g albite was
added to 200.00 + 0.01 g solution (DDW adjusted with
trace metal grade HCl 4.5% to pH 5). During the entire
experiment, the solution was far-from-equilibrium with
respect to albite dissolution (AG, < —62.8 kJ molfl), ie.,
within the dissolution plateau where dissolution rate is
independent of deviation from equilibrium. The solution
was sampled using a logarithmic time schedule. Periodi-
cally, fresh solution was introduced into the reactor, in
order to keep the experiment within the dissolution plateau.
The experimental results and conditions are listed in
Table 4.

2.3.2. Single-point batch experiments

Two sets of single-point batch experiments were con-
ducted under closer-to-equilibrium conditions. Depending
on the set, 25 or 14 identical bottles were placed together
in a thermostatic bath, and each data point was obtained
by stopping the reaction in one reactor. In each of the
experiments 0.5000 + 0.0001 (g) albite was added to
200.00 £ 0.01 (g) solution in 250 ml Polyethylene bottles
and then placed in a rocking thermostatic water bath held
at a constant temperature of 25 + 0.1 °C. Solution sample
(approximately 5 ml) was taken from the bottle and then fil-
tered with PVDF 0.2 um filter disk into a tube for pH mea-
surement. The rest of the solution was separated from the
solids using a vacuum filter system with PVDF 0.22 pum fil-
ter papers. An approximately 0.5 g trace metal grade HCI
4.5% solution was added to 89.5 g filtered solution to make
the solution under saturated with respect to secondary
phases. The compositions of the experimental solutions
and their isotopic abundances are listed in Tables 5 and 6.

2.4. Bulk elemental concentration measurements

Total concentrations of Al and Si in solution were
analyzed colorimetrically with Perkin Elmer Lambda 2S
UV-visible spectrophotometer, using the Catechol violet
method (Dougan and Wilson, 1974) and Molybdate blue
method (Koroleff, 1976), respectively. The uncertainty in
measured Al and Si was less than +5% for concentrations
above 4 uM. For Al the uncertainty increased to £26%
for measurements at low concentrations of 0.5 pM.
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Table 2

List of experiments and initial conditions.

Experiment Section 2.3.2: Section 2.3.1.2: far- Section 2.3.1.2: far- Section 2.3.1.1: Section 2.3.2:
untreated closer-to- from-equilibrium from-equilibrium treated far-from- treated closer-to-
equilibrium surface reactivity B-1 surface reactivity B-2 equilibrium equilibrium

Type Single-point batch ~ Multi-point batch Multi-point batch Multi-point batch Single-point batch
experiment experiment experiment experiment experiment

Chemical 31.3 uM Na, No Si, Al and Na No Si, Al and Na No Si, Al and Na 32.61 uM Na,

composition of 0.80 uM Al, addition. pH 5 adjusted addition. pH 5 adjusted addition. pH 5 0.38 uM Al,

the initial solution

39.65 uM Si, pH
5.28

by HCI

Use of Si spike Yes No

solution

Type of Si spike ~ Si -

Si initial isotopic  0.23% 28Si, 99.71% —

composition 28, 0.06% *°Si

Type of albite Fresh Fresh

Solution renewal ~ No Yes

Solution renewal  No solution Every 4 samples
interval renewal

by HCl

adjusted by HCI

39.778 uM Si, pH
5.09

No No Yes

_ _ 30Si

- - 0.40% 28Si, 0.05%
28, 99.54% 3°Si

Fresh Fresh Treated

Yes No No

Every 4 samples

No solution renewal

No solution renewal

Table 3
Experimental conditions and results of the far-from-equilibrium experiment with treated albite sample. The uncertainty for the Gibbs free
. 4276
energy 1s = ~159°
Sample Time Amountof Amount of Amountof pH Amountof Dissolution rate Uncertainty AG, albite Reactivity
(h) dissolved dissolved dissolved dissolved (molap m~2s7!) on dissolution (kJmol™!) factor
Si (mol) Al (mol) Na (mol) albite (mol) rate (20) (%)
0 00 0 0 0 486 0
1 1.0 1.59-1077 1.08-1077 3.51-107° 5.67 532-107% 1.95.107'2 123 —69.05 3.82
2 29 219-1077 232-1077 347-107% 500 7.32-107%  1.05-107'2 18 —85.50 2.07
3 69 383-1077 5.65-1077 3.71-100° 492 127-1077 8.38.107"° 21 —80.84 1.64
4 234 8.63-1077 1.68-107° 436-10° 511 287-1077 6.34-107"1 33 —66.69 1.24
5 479 134-107° 266-107° 4.77-107° 517 4.48.1077 537.107" 12 —64.67 1.05
6 724 1.82-100° 327-100° 535.100® 506 6.08-1077 530-10713 12 —66.36 1.04
7 98.7 233-107° 390-107° 567-10° 510 7.76-1077 589.107" 22 —66.38 1.15
8 1217 288-107% 4.59.107° 6.07-107° 5.09 9.62-1077 5.29.107'3 42 —67.59 1.04
9 1454 323-107° 5.00-10° 6.32-107° 5.07 1.07-10° 4.69-107" 27 —70.17 0.92
10 168.1 3.68-107% 544.10° 6.58-107° 504 122.-107° 5.78.10713 16 —70.05 1.13
11 1914 420-107° 5.82-107° 6.89-107° 499 1.40-107° 4.96.107" 40 —71.77 0.97
12 2159 455-107° 6.14-107° 729.107% 501 1.51-107° 4.40.10713 24 —71.51 0.86
13 2403 4.99-107° 6.50-107° 7.52-107° 5.00 1.66-107° 4.89.107' 12 —71.36 0.96
14 2664 545-107° 6.78-107% 7.75-107% 499 181-107° 5.04.107 '3 14 —71.57 0.99
15 289.6 590-10° 7.01-107° 7.98-107% 496 196-107° 5.67-107"3 17 —73.71 1.11
16 3114 638-107° 731-107° 831-107° 493 212-100° 567-107" 12 —75.25 1.11

2.5. Surface area

Detection limits for analyses of Al and Si are less than
0.5 uM. Total Na and Ca were analyzed with Inductively
Coupled Plasma Quadrupole Mass Spectrometer (ICP-
QMS) Agilent 7700x. The concentrations were determined
relative to calibration curves developed with synthetic
multi-element standards that spanned the concentration
range of interest. Lithium and Scandium were added to
samples and standards to serve as the internal standards
for normalization of analytical results. The uncertainty in
measured Na and Ca is +10%.

The pH was measured at experimental temperature on a
stirred aliquot of solution using a semi-micro 83-01 Orion
Ross combination electrode. The reported accuracy is
+0.02 pH units (£4.5% in H" activities), and the precision
is +0.10 pH units at pH =~ 6.

The initial specific surface areas of the albite sample was
measured by the Brunauer-Emmett-Teller (BET) method
(Brunauer et al., 1938), using 5-points of N, adsorption iso-
therms, employing a Micromeritics Gemini II-2375 surface
area analyzer and is equal to 0.330 + 0.039 m*> g~ .

2.6. Silicon isotopes analyses

In order to reduce the concentrations of cations that
might interfere with the isotopic analysis, all solutions were
pretreated using the column method (Georg et al., 2006b)
by filing 1.8 (ml) BIO-RAD AG 50W-X12 cation exchange
resin in BIO-RAD Poly-Prep Chromatography Columns.
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Then, the resin was cleaned by adding the following solu-
tions: (1) 6ml 3N HCL (2) 6ml 6 N HCL; (3) 3ml 10N
HCI; (4) 6 ml 6 N HCI; (5) 6 ml 3N HCI; (6) 3 times 6 ml
DDW. Following cleaning, a sample containing at least
1 pg Si was loaded, followed by 3.6 ml DDW.

Due to logistical reasons, samples from the experiment
with the untreated albite sample were conducted using a
spike solution enriched with *Si and were measured at
Trent University while samples from the experiment with
the treated albite sample were conducted using a spike solu-
tion enriched with *°Si and were measured at Geological
Survey of Israel.

2.6.1. Analyses of the samples from the closer-to-equilibrium
untreated single-point batch experiment

The samples that were enriched in >Si (closer-to-equilib-
rium untreated single-point batch experiment) were ana-
lyzed by MC-ICP-MS (Thermo Fisher NeptunePlus) at
Trent University, Water Quality Centre. To ensure the
interference-free determination of the Si isotope masses,
the instrument was set to operate in medium resolution
(R ~ 4500 taken as dM/M at 5% and 95% peak-height).
The samples were introduced via an ApexQ sample intro-
duction system (Elemental Scientific Inc.) at a flow rate of
about 50 pul min~'. The high-sensitivity (x-skimmer cone)
was used in order to maximize instrument sensitivity
(~30 V ppm~' Si, 10!" ohm resistor). Prior to each sample
a blank solution was measured and the background signals
were subtracted from the subsequent sample measurements.
Both sample and blank measurements consisted of 35 cycles
with an integration time of 8.3 s each. Instrumental mass
bias was corrected for by external normalization using
Mg-standard (DSM-3) as internal standard (Bizzarro
et al.,, 2011) and applying the mass-fractionation factor
obtained from the Mg (fu,) to the Si measurements. The
absolute Si isotope abundances (in %) were then computed
from the mass-bias corrected Si mass ratios. Instrumental
mass-bias is very stable and the long-term variability
(>4 months) is <1%, so that fy;, only shows minute vari-
ability between —1.507 and —1.523.

Sy = CR/) [ In(M /M) (10)

where j =25 or 26, 4R being the ‘certified’ 25/24Mg or
262%4Mg ratio for DSM-3 (Bizzarro et al., 2011) and M
being the absolute mass of j = 25,26-Mg and 24-Mg.

2.6.2. Analyses of the samples from the closer-to-equilibrium
treated single-point batch experiment

The samples that were enriched in *°Si (treated single-
point batch experiment) were analyzed by MC-ICP-MS
(Nu Plasma II, UK) at the Geological Survey of Israel.

The instrument was set to operate in medium resolution
(R ~ 7000 taken as dM/M at 5% and 95% peak-height).
The samples were introduced via a DSN-100 sample intro-
duction system (Nu instruments, UK) at a flow rate of
about 100 plmin~'. The sensitivity achieved was ~
3V ppm~' %Si (for natural isotope composition of Si).
Prior to each sample a blank solution was measured
and the background signals were subtracted from subse-
quent sample measurements. Both sample and blank

measurements consisted of 15 cycles with an integration
time of 10 s each.

To verify the method, sample of Amelia Court House
albite was measured relative to NBS-28. The 8*°Sings.os
(=027 £0.27%,) and 5°Singsog (—0.44 +0.20%,) of
Amelia Court House albite were identical (within
stated precision) to the reported values (6298iNBS_28 =
—0.11%, and &°Sinps.s = —0.256%,) by Gruber et al.
(2013).

Isotopic ratios of Si of all solutions were measured with
a Nu multi-collector inductively coupled plasma mass spec-
trometer (MC-ICP-MS) using standard bracketing method.
The Si isotope standards BGU-30 (0.6121% 28Si, 0.679%
2Si and 99.32% 3°Si) was used as the bracketing standard
for all samples, and provides the zero point reference for
the “delta scale”. Due to the significant difference between
the isotopic composition of the measured samples (more
than 90% °Si) and of the NBS-28 standard (about
92.23% 288i), NBS-28 should not be used as the bracketing
standard. It has been shown (Malinovsky et al., 2003;
Halicz et al., 2008) that concentration of analytes in solu-
tion can influence the measured isotopic ratio. A high differ-
ence in isotopic composition such as in the case of NBS-28
and the samples leads to high difference in the concentra-
tion of the individual isotopes, which causes a variance in
the measures isotopic ratio. The bracketing standard,
BGU-30, was prepared by dissolving SiO, powder enriched
with *°Si (from Isoflex USA) with Trace select grade KOH
30%. The pH of the standard solution was than reduced
using trace metal grade HC1 4.5% to about 5. In order to
constrain precisely the isotopic composition of the
standard, two mixtures were prepared from the standard
solution with silicon ICP standard solution. As the relative
amount of the silicon ICP standard in the mixtures was 95%
and 97.5%, it is possible to measure the isotopic composi-
tion of the mixtures using the NBS-28 as the bracketing
standard. In a similar concept to the isotope dilution
method, it’s possible to use set of mass balance equations
in order to calculate the isotopic composition and concen-
tration of the isotopic enriched standard. The precision
on the isotopic composition and Si concentration between
the two mixtures was better than 0.0013%. To examine
the precision of the analyses, an internal Si isotope stan-
dard, ISTD-30, was measured multiple times during the
analytical session, giving an average 83%SipGu.30 value of
—602.65 + 4%, and 8*°Sipgu.z0 value of —224.28 4 7%,
The uncertainty (20) in measured isotopic ratios using this
method is +0.02%.

2.7. Thermodynamic calculations

Ton activities and degrees of saturation were calculated
with the geochemical speciation software PHREEQC
2.18.3 (Parkhurst and Appelo, 1999) using the extended
Debye—Hiickel equation and Zhu et al. (2010) thermody-
namic data set. The uncertainty in AG, was estimated by
calculating the uncertainty on the IAP (Ion Activity
Product) of albite using Gaussian error propagation
(Barrante, 1974) that is directly influenced by the
uncertainty on the ion concentration measurements.



Table 4

Experimental conditions and results of the reactivity experiment.

Sample Time Si Al Albite Uncertainty in Albite Reactivity|| Sample Time Si Al Albite Albite Uncertainty in Reactivity

(h) (uM)  (uM) dissolution rate  dissolution rate  dissoloved  factor (h) (uM) (M)  dissolution rate  dissoloved  dissolution rate  factor
(molaps ' gad)  (20) (%) (mol) (molaps™' gab)  (mol) (20) (%)

B-10 0  0.000 0 B-20 0 0.000 0

B-11 1 0.145 2201012 45.6 9.68-107°  80.96 B-2 1 1 0244 3.59. 10712 1.62-107% 479 113.07

B-12 30216 6.28-1071 17.9 1.35-107%  23.04 B-22 30347 8.44.1071 2.14-107% 203 26.54

B-13 8 0.333 331-1071 11.7 1.83-107% 12.15 B-23 8 0.514 4.01-107" 278-107% 143 12.63

B-14 27 0.681 2.83-10°% B-2 4 27 0973 3.96-107°

B-15 28 0.164 288101 429 2.82-107%  10.59 B-25 28 0.164 7.58 10713 376107 874 23.85

B-16 30 0.192 2571071 16.3 297-107% 945 B-26 30 0.260 3.88-10713 428-107%  68.7 12.20

B-17 36 0.249 1.90- 10713 3.7 320-107%  6.98 B-27 36 0.296 1.99.10713 443.107% 8.0 6.29

B-18 54 0.444 3.79 107 B-2 8 54 0.526 5.12-107°

B-19 55 0.112 1.12-10°" 80.4 3.76-107°%  4.11 B-29 55 0.145 1.08 10713 5.16-107° 264 4.77

B-1 10 57 0.126 1.99- 10713 1.9 3.84-107%  7.30 B-2 10 56 0.152 1.70 - 10713 520-100% 94 5.37

B-111 62  0.173 1.66- 10713 4.0 403-107% 612 B-2 11 62 0.197 1.91-10713 539.107% 0.5 6.01

B-112 80  0.347 4.55-107% B-2 12 80  0.402 6.01-10°

B-113 123 0.244 1281071 2.1 558-107%  4.69 B-213 | 123 0270 1.36-10713 7.10-107°% 1.6 4.29

B-114 174 0.465 1.19-107 " 2.1 6.70-107%  4.37 B214 | 174 0.49 12610713 831-107% 32 3.96

B-115 226 0.727 1.04-10713 6.7 7.79-107% 381 B-215 | 226 0.771 1.15-10713 9.44.107% 2.1 3.63

B-116 272 0.995 8.54-107° B-216 | 272 1.087 1.03- 1077

B-117 444  0.654 8.63 - 101 3.9 1.13-1077  3.17 B-217 | 444  0.703 9.07 - 10~ 132-1077 1.9 2.85

B-118 603 1.075 7.54 .10 3.5 1361077 2.77 B-218 | 603 1.165 8.34.10 1 1.57-1077 26 2.62

B-119 777 1.602 6.79 - 1071 2.8 1.59-1077  2.49 B-219 | 777 1.765 7.79 - 1071 1.82-1077 14 2.45

B-120 941 2238 1.78 - 1077 B-220 | 941 2542 2.05-1077

B-121 1664 1.759 488107 10.4 256-1007 1.79 B-221 | 1664 2.019 58010~ 297-1077 10.1 1.83

B-122 2719 3245 1.16 3.98-107' 4.0 336-1077 146 B-222 | 2719 3789 128 4.70-107'* 392.1077 48 1.48

B-123 3390 4352 146 3.01-107' 11.6 3791077 1.10 B-223 | 3389 5012 144 3.73.107% 443.1077 6.7 1.18

B-124 4042 5391 1.9 4.07-1077 B-224 | 4042 6353 1.40 4.81-1077

B-125 4707 1.742 070 2.89-10~'% 3.6 4441077 1.06 B-225 | 4707 2.087 1.09 3.21-107™ 520-1007 06 1.01

B-126 5453 2408 096 2.72-107' 481-1077  1.00 B-226 | 5453 2876 0.76 3.18-10°'* 5.63-1077 1.00

901-06 (F107) L1 ©IOV BOIWIYOOWSOD) 32 BOIWIYI0ID) /T2 2 12qnID) )
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Table 5
Experimental conditions and results of the closer-to-equilibrium experiment with the untreated albite crystals. For the Gibbs free energy is = J:(l)gz
Sample Time Si MB* SiIR®  ¥Si/®si  °Si/*8si Al Na pH AG, albite AG, kaolinite AG, gibbsite Dissolution rate Albite 20 dissolution rate
(h) (uM) (uM) (uM) (M) (kJ mol™!) (kJ mol™!) (kJ mol™!) (molm2s7!) dissoloved uncertainty (%)
(mol)
0A 0.0 39.65 39.65 424811  0.25440 080 313 528 —32.25 25.36 —0.67 0
1B 0.25 39.03 40.02 90.198  0.07887 0.97 333 528 -—31.56 26.36 —0.41 8.50- 107" 2.50- 1078 13
2 0.6 38.87 40.06 84.307 0.07625 1.00 343 530 -31.09 26.90 —0.28 3.91-107! 2721078 43
3 0.9 39.39 40.11 76.172  0.07303 1.04 352 522 3222 25.42 —0.67 1.21-107" 3.08-107% 19
4 1.4 39.34 40.16 70.470  0.06776 1.02 359 518 -—32.87 24.46 —0.96 1.08- 1071 3.38.107% 17
SR 2.0 38.98 40.18 67.819  0.06777 1.07 362 523 -31.90 25.79 —0.57 1.26- 1071 3.54.107% 18
6B 2.7 38.92 40.25 61.130  0.06367 1.11 363 525 -=31.45 26.41 —0.41 9.31-107"2 4.00-107% 21
7 3.5 39.42 40.37 52.132  0.06029 1.27 37.0 522 -31.54 26.45 —0.40 6.21-10712 4.81-1078 28
9 5.8 39.78 40.45 47.765  0.05762 133 369 519 -31.94 26.02 —0.51 3.56 - 10712 531-107% 34
10 8.0 39.33 40.48 46.120  0.05685 1.25 37.1 5.16 -—-32.57 25.05 —0.79 2.81-107" 5.53.107% 20
1A 10.5 39.25 40.49 45.336  0.05637 143 37.0 524 -30.90 27.48 —0.16 3.12-10712 5.63-107% 18
12 13.1 38.98 40.61 40.571  0.05412 1.05 37.6 521 -32.11 25.31 —0.72 229-107" 6.37-107% 14
13 17.1 39.31 40.71 36.963  0.05219 1.20 372 528 —30.64 27.47 —0.16 1.90 - 10712 7.06-1078 16
18 48.9 39.74 41.20 25940  0.04626 140 369 524 -—31.83 26.15 —0.51 1.64- 10712 1.04-1077 14
19 66.4 39.71 41.32 24182  0.04567 1.69 37.5 527 -=30.31 28.40 0.03 1.51-10712 1.12-1077 14
21A 100.0  38.48 41.75 19.502  0.04322 1.76 374 540 -29.64 29.29 0.20 1.11-10712 1.40-1077 15
22 112.3 4049 41.83 18.795 0.04275 1.84 373 541 -27.52 32.06 0.70 9341071 1.46-1077 16
24 178.9  40.41 42.30 15.600 0.04104 197 37.0 540 -27.14 32.64 0.79 7.53-107" 1.77- 1077 13
25 228.6  41.21 42.54 14386 0.04049 221 38.0 538 —26.90 33.05 0.85 7.71-1071 1.92-1077 13
26 299.7 4097 42.92 12.739  0.03967 195 374 544 2748 32.10 0.69 7481071 2.18-1077 12
27 3473 41.67 43.28 11.541  0.03905 2.06 37.6 554 -26.37 33.52 0.90 71810713 2.42.1077 13
28 468.1  42.29 43.94 9.7956 0.03812 2.03 37.6 549 -24.39 35.20 1.14 6.68-107"2 2.86-1077 13
29 573.3  43.13 44.41 8.8665 0.03752 2.13 385 5.61 -—-2532 34.67 1.05 4.05-107" 3.17-1077 17
30 740.9  44.58 45.21 7.6142 0.03698 2.34 378 5.63 -—23.37 37.14 1.37 3.71-1071 3.71-1077 12
31 1406.5 44.73 46.74 6.0065 0.03620 2.37 384 @ 5.62 -22.79 37.66 1.41 349.107" 473-1077 13

% Molybdate Blue method.
® Isotope Ratio method.
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Table 6
Experimental conditions and results of the closer-to-equilibrium experiment with the treated albite crystals. For the Gibbs free energy is
_ +1.59
~ —0.56 °
Sample Time Si 298i/28si 98i/28si Al Na pH AG, albite Dissolution rate  Albite 20 dissolution rate
(h) (M) (M)  (uM) (kJ mol_l) (mol m~2 s_l) dissoloved uncertainty(%)
(mol)
0 0 39.778 0.1326 247.7 0.380 32.61 5.09 -37.29 0
1 0.5 39.786 0.1276  236.0 0.280 28.01 4.88 —37.26 7.15-10713 577-1071° 47
2 1.0 39.810 0.1467 208.5 0.281 27.39 486 -37.19 7.16-107"13 2.19-107° 47
3 1.6 39.788  0.1235  233.5 0.285 29.12 4.81 —37.26 5671071 7.06-1071 20
4 3.0 39.822 0.1187 197.2 0.308 27.29 4.77 -37.15 3161071 2.99.107° 18
5 5.8 39.816 0.1199  202.6 0318 29.61 4.74 —37.17 2.44.10713 2.59-107° 16
6 16.6 39.847 0.1092 177.1 0.206 2894 4.79 —-37.08 1.97-1071 4.65-107° 12
7 31.6 39.865 0.0997 164.3 0.344 30.14 4.77 -37.02 1.60-107 "2 5.92.107° 12
8 56.2 39.911 0.1020 139.9 0.339 29.12 4.78 —36.89 1.25-10713 8.99-107° 12
9 96.9 39.948 0.0934 124.8 0.365 31.84 4.82 —-36.79 1.12-10713 1.15-107% 11
10 174.8  40.025 0.0911 102.1 0.326 28.79 4.76 —36.60 9.91.10"1 1.66- 1078 12
11 323.7  40.166 0.0920 76.47 0455 3042 481 —-36.26 7.43.1071 2.61-107% 16
12 576.7  40.369 0.0886 56.19  0.372 29.71 4.83 -35.19 6.99 - 1071 3.97-1078 12
13 1008.6 40.553 0.0749 45.29 4.82 522-1078
3. RESULTS ion concentration measurement. Fig. 2 shows the change

3.1. Closer-to-equilibrium experiment with untreated albite
crystals

Traditional methods use the change in concentration of
the major ions (e.g., Si) that are released from the primary
minerals to calculate dissolution rates. When rates deter-
mined by using traditional methods, the accuracy and pre-
cision of the obtained rates are limited by the absolute
analytical uncertainty on the concentration measurements
(Ganor et al., 2007; Gruber et al., 2013). Therefore, the
major analytical challenge in measuring dissolution rates
of silicate minerals at ambient temperature under closer-
to-equilibrium conditions is to determine a small change
in relatively high concentration. It is important to empha-
size that the challenge is not to measure concentration of
a few micro molars but to measure a change in
concentration that is lower than the uncertainty on the

S0 ® standard method
—— prediction by isotope ratio
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Fig. 2. The change with time in silicon concentration during
untreated closer-to-equilibrium albite dissolution experiment.
Error bars represent relative error of +4% (20). The dashed line
is the prediction of Si concentration based on the change of
2Si/?8Si in solution.

in Si concentration measured by the molybdate blue
method with time during dissolution experiment (Table 5)
of the untreated albite crystals (black dots). During the first
24 days, the measured silicon concentration did not change
within analytical uncertainty. Therefore, it is not possible to
use these data to calculate the change in dissolution rate
during the development of the experiment. In contrast to
the Si concentration measurements, the 2°Si/*®Si ratio
(Fig. 3) change significantly after 15 min, thus making the
derivation of extremely slow dissolution rates possible.
The change in total silicon concentration was calculated
independently using the change in isotope composition
and the concentration analysis (dashed line Fig. 2) and is
in agreement with the measured Si concentrations. The dis-
solution during the experiment was congruent within
uncertainty.

Dissolution rates during the experiment progress were
calculated based on the change in isotopic composition with
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Fig. 3. The change with time in 2°Si/?®Si during the untreated
closer-to-equilibrium albite dissolution closer-to-equilibrium exper-
iment. Error bars are smaller than symbol size (£+0.005%, two
standard deviations). The insert is the same plot with a logarithmic
X axis.
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time using Eq. (9). With time, the dissolution rate decreases
by about 2.5 orders of magnitude (Fig. 4).

3.2. Far-from-equilibrium surface reactivity experiment

In the previous experiment, the dissolution rate of albite
decreases with time due to the decrease in the degree of
undersaturation and due to the decrease in surface reactiv-
ity as more reactive particles and sites are extinct. In order
to quantify the vital effect of the change in surface reactiv-
ity, another series of experiments were conducted with
solutions that initially contain no Al and no Si, and there-
fore the rate may be determined using the standard method.
Periodically, fresh solution was introduced into the reactor
(to replace the sampled solution), in order to lower the con-
centrations of Al and Si (separating lines in Table 4). Due
to the solution refreshments, the dissolution rate is not cal-
culated by the time derivative of the Si concentration but by
the time derivative of the cumulative amount (moles) of dis-
solved albite. As these experiments were conducted under
far-from-equilibrium conditions (i.e., at the dissolution
plateau), the decrease in dissolution rate in these experi-
ments is independent of the degree of saturation, and is
solely attributed to the change in mineral reactivity.
Fig. 5 shows the change in Si concentration with time dur-
ing the first 40 days of experiment B-2. Before the first solu-
tion replenishment, the change in Si concentration is
parabolic due to the initial rapid change in dissolution rate
(circles). After the first solution replenishment, the change
in Si concentration becomes close to linear (squares) and
remains close to linear following the second and the third
refreshments (diamonds and triangles, respectively). During
the course of the experiment, the dissolution rate was
decreased by two orders of magnitude (Table 4). The rate
continues to decrease even after more than half a year.
The relative reactivity factor, defined as the ratio of the
measured dissolution rate (molg~'s™') divided by the

AGr (kJ mol™)
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Fig. 4. The change with time (diamonds, lower x axis) and
deviation from equilibrium (AG,, squares, upper x axis) of
dissolution rates of the untreated closer-to-equilibrium albite
sample. The vertical and horizontal error bars represent two
standard deviation uncertainties on dissolution rate and on AG,
value.
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Fig. 5. The change in Si concentration (uM) with time during the
far-from-equilibrium surface reactivity experiment B-2. Error bars
represent uncertainty of +4% (two standard deviations). (a) The
first 39 days of the experiment; and (b) the entire experiment
duration (227 days). The circles represents the initial dissolution
(before any solution refreshment), squares — after the first solution
refreshment, diamonds — after the second solution refreshment, and
triangles — after the third solution refreshment. The insert is an
enlargement of the first day of each stage.

dissolution rate after 227 days, was calculated for each time
interval of the experiment. Fig. 6 shows the change in reac-
tivity factor as a function of the amount of dissolved albite
during experiments B-1 and B-2. During the initial stage of
dissolution, both experiments show sharp decrease in reac-
tivity with the amount of dissolved albite, while thereafter
much more albite must be dissolved to change the reactiv-
ity. The data of both experiments may be described (lines
in Fig. 6) with the following empirical power law:

R.F.=m x molj} (11)

where m; and m, are empirical parameters that were fitted
to the experimental data and molyay is the amount of dis-
solved albite (moles). The two experiments were fitted with
different fitting parameters (m; = 2.52 - 1076, m, = —0.877
for B-1 and m; =3.01-1077, m, = —1.025 for B-2). As
the same solution was used in the two experiments, we con-
clude that the significant difference in rate indicates that the
two albite sub samples that were used in those experiments
had different initial surface reactivity, even though they
were sampled from the same batch and were prepared
together. It is suggested that the initial surface reactivity
is influenced by small amounts (32.0 and 44.3 nmol during
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Fig. 6. The change in reactivity factor as a function of the amount
of dissolved albite (mol). The squares (far-from-equilibrium surface
reactivity experiment B-2) and triangles (far-from-equilibrium
surface reactivity experiment B-1) are the experimental data. The
dashed lines are curves that are fitted to each experimental data set
using a power law.

the first 36 h of B-1 and B-2, respectively) of very reactive
fine particles, in accordance with the suggestion of
(Holdren and Berner, 1979) that feldspar dissolution in lab-
oratory experiments is initially dominated by dissolution of
ultrafine particles which are produced during grinding of
the sample. Therefore, it is not possible to use any universal
empirical fit of the data in order to differentiate between the
effect of surface reactivity and the effect of deviation from
equilibrium on the dissolution rates that was measured in
the single-point batch experiment with the untreated albite
crystals under closer-to-equilibrium conditions.

3.3. Treated far-from-equilibrium experiment

As the initial surface reactivity is a unique property of
the sub sample and the amount of dissolved mineral, it
would be possible to uniquely relate changes in dissolution
rate to the effect of deviation from equilibrium only after:
(i) decreasing the change in surface reactivity during the
experiment; and (ii) reducing the variety in surface reactiv-
ity within the sample batch. In order to minimize the effect
of change in the mineral surface reactivity on the measured
dissolution rate, another multi-point batch experiment
(Table 3) was conducted under far-from-equilibrium condi-
tions. This experiment had two goals: (i) to prepare a large
batch of sample (=10 g) of treated sample in which the
reactivity will remain constant within the time scale of a
closer-to-equilibrium single-point batch experiment; and
(ii) to measure the far-from-equilibrium dissolution rate
of this batch. In this experiment, after each sampling, the
solution inside the batch was replaced by a fresh solution.
Consequently, the Si, Al and Na concentration were
reduced and solution was kept under far-from-equilibrium
conditions. In this experiment, the reactivity factor
decreased by a factor of about 3.8 during the first day of
the experiment (Table 3). After the first day, the reactivity
factor remains constant within uncertainty for the next
12 days. Fig. 7 shows the measured dissolution rates during
these 12 days as a function of deviation from equilibrium

(AG,). Within the uncertainty on the measured dissolution
rate, all the measured rates representing a constant dissolu-
tion rate of 5.33 - 107! (mol m™2s™!) & 20% (20) for AG,
range values of —64.68 to —75.23 (kJ mol ™).

3.4. Closer-to-equilibrium with treated albite crystals
experiment

After reducing most of the surface reactivity during the
far-from-equilibrium experiment, a single-point batch
experiment with the “treated” crystals was conducted using
spiked solution (enriched with *°Si). As in the experiment
with the untreated albite crystals, the spiked experimental
solution became enriched in 2Si with time due to dissolu-
tion of the albite sample, leading to decrease in the *°Si/**Si
ratio (Table 6). Measuring the dissolution rate by tracking
the change in Si isotope ratio is not compromised by sec-
ondary phase precipitation unlike other methods that
derive reaction rates using concentrations differences over
time (Gruber et al., 2013). Fig. 8 shows the change in disso-
lution rate with time and as a function of deviation from
equilibrium. Two aspects are noteworthy: (1) As this exper-
iment was conducted with treated albite sample, most of the
change in dissolution rate is due to the change in the degree
of undersaturation with respect to albite and therefore the
dissolution rates spanned over about one order of magni-
tude instead of about three as in the experiment with the
untreated crystals sample (Fig. 4); (2) The analytical noise
is lower than that in the experiment with the untreated crys-
tals sample. This observation is explained by the higher
similarity between the albite samples that were introduced
to each reactor in the former, as all crystals were treated
simultaneous. The difference in reactivity of the untreated
samples is also demonstrated in the reactivity experiments
B-1 and B-2.

Although much of the excess reactivity was removed
during treatment, a priory one cannot rule out the possibil-
ity that a further decrease in reactivity occurred during the
experiment. As we showed above (Section 3.2), it is not
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Fig. 7. Dissolution rate of the treated far-from-equilibrium albite
sample as function of deviation from equilibrium AG, under far-
from-equilibrium conditions. The vertical and horizontal error bars
represent two standard deviations uncertainties on dissolution rate
and on AG, value.
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Fig. 8. The change with time (diamonds, lower x axis) and
deviation from equilibrium (AG,, squares, upper x axis) of
dissolution rates of the treated closer-to-equilibrium albite sample.
The vertical and horizontal error bars represent two standard
deviations uncertainties on dissolution rate and on AG, value.

possible to use any universal empirical fit of the data in
order to differentiate between the effect of surface reactivity
and the effect of deviation from equilibrium. Regardless,
one can fit the results of the far-from-equilibrium experi-
ment that was used to treat the sample to Eq. (11), in order
to estimate the change in the reactivity factor during the
closer-to-equilibrium experiment with the treated albite
sample (Fig. 9). The extrapolation of the empirical power
law indicates that during the entire closer-to-equilibrium
experiment the reactivity factor decreased by only 7%.

4. DISCUSSION
4.1. The AG, function

The combined rate low (Eq. (5)) includes the assumption
that the overall dissolution rate is a sum of two different
independent dissolution mechanisms and that the f{AG,)
is a continues function. This assumption contradicts the
suggestion of Luttge (2006) and Arvidson and Luttge
(2010) that the fIlAG,) has discontinuity between the two
dissolution mechanisms and that when one mechanism
operates, the second mechanism is switched off. The discon-
tinuity function was proposed to explain different paths of
the f{AG,) in the transition AG, range between the two
mechanisms that were observed in different experiments
(Beig and Luttge, 2006). The variations of f{AG,)-rate can
be also attributed to other factors such as: (i) the mineral
surface history; (ii) solid/solution ratio; and (iii) the rate
that the etch pits disappear when solution approach equi-
librium or opening when solution deviates from equilibrium
(Beig and Luttge, 20006). It’s important to note there is no
theoretical nor experimental evidence that would indicate
the first mechanism (Eq. (1)) to cease under far-from-equi-
librium conditions’ as the stepwave model describes disso-
lution only at etch pits (Lasaga and Luttge, 2001). This
issue is not yet resolved and is still under discussion. Both
options may be used to predict the dissolution rate and to
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amount of albite dissolved (mol g'])
Fig. 9. The change in reactivity factor as a function of the amount
of dissolved albite (mol g!) of the treated albite sample. The
squares are the data from the treated far-from-equilibrium albite
experiment (see Section 3.3), the dashed curve is fitted to the
experimental data set using a power law (Eq. (11)) and the circle is
the amount of dissolved albite in the end of the treated closer-to-
equilibrium albite experiment. The reactivity factor defined as the
ratio of the measured dissolution rate (mol g~! s™!) divided by the
average dissolution rate of the last six measured rates.

extrapolate the rate coefficients from higher temperature
regimes. Assuming that the mechanism of Eq. (1) is
switched off above AG,,, the predicted value of k; in Eq.
(5) will be 8% higher than k; of the present study that is
based on the assumption that both mechanisms operate
under far-from-equilibrium conditions. This difference is
lower than the uncertainty on the measured dissolution rate
and therefore is negligible. When the AG, of the solution is
under the AG,,;;, under both assumptions the mechanism of
Eq. (4) is shut off and therefore not affecting the predicted
value of k, in Eq. (5).

4.2. The uncertainty on AG_

The only fitted parameter of the model proposed above
is the AG.. Using the high temperature data sets (Burch
et al., 1993; Alekseyev et al, 1997; Hellmann and
Tisserand, 2006), the AG,; was estimated to be in the range
of —20.9 to —30.6 kI mol™". The new experimental data
presented in this study is best fitted with AG.; of
—36 kJ mol™!. The value of AG.; depends on the surface
free energy, type of dislocation in the mineral lattice and
burgers vector (Lasaga and Blum, 1986; Burch et al.,
1993; Lasaga, 1998). These parameters are characteristic
properties (intrinsic) of the mineral sample. As there is
not enough information about these parameters on the
EVIJE Norway albite, it is not possible to a priory calculate
AG,;, for this sample. It is suggested that some of the dif-
ferences in AG,; are due to the different samples used in
the current study (EVJE Norway), while previous studies
used Amelia Court House. Addition of 10% difference to
the mineral surface energy can shift the AG,;; to the value
observed in the present study. Another possible explanation
for the different AG,,; values may be related to differences
in extrinsic properties such as temperature and pH. This
study describes experiments that were conducted under
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neutral-acidic pH (~5), while the experiments in the previ-
ous works were conducted under basic pH (8.8-9.2). All
these possibilities of direct and indirect effects on AG,;, will
be examined in a future study.

4.3. Extrapolation to 25 °C

Fig. 1d shows a compilation of studies of albite dissolu-
tion rate as a function of deviation from equilibrium at
80°C (Burch et al., 1993), 150°C (Hellmann and
Tisserand, 2006) and 300 °C (Alekseyev et al., 1997) and
pH of 8.8, 9.2 and 9, respectively. AG, values were recalcu-
lated in the present study using a consistent thermodynamic
database (Zhu et al., 2010). In order to present the three
data sets on the same plot, the y-axis of the plot is albite dis-
solution rate normalized to the average far-from-equilib-
rium (dissolution plateau) rate. The three experimental
data sets show sharp change in dissolution rate in the range
of —23.02 to —37.68 kJ mol~'. The experimental data at
150 °C have large uncertainties on the measured rates and
the data at 300 °C has only one experimental data at the
dissolution plateau AG, region. Therefore the rate law
(Eq. (5)), which was used to describe the experimental data
of all three data sets (solid line named f(AG,)), was fitted
only to the data at 80 °C. The agreement between the exper-
imental data at 80, 150 and 300 °C may justify the extrap-
olation of this rate law to 25 °C.

Based on literature data of albite dissolution rates
measured under far-from-equilibrium conditions (Blum
and Stillings, 1995) and the above three data sets, the
apparent activation energy was calculated to be
—64.9 + 3.8 kI mol™ . Using this temperature
dependence, the rate coefficients of the 80 °C data (which
is known with relatively small uncertainty) and the
parameters of the fitting of the 80 °C data to the rate
law of Eq. (5), the rate coefficients at 25°C may be

13
predicted to be k; = 5.68-107" téf ' }8_13 molm s,

~14
ky=51-10"" +ig }?)714 molm 2s~! (all uncertainties

are 2s.d.). As the rate is pH independent under approx-
imate neutral pH (Blum and Stillings, 1995), the rate
coefficients k; and k, are expected to be similar in the
pH range of 5-9. While the rate coefficients may be pre-
dicted using the high temperature data, the value of the
Gibbs free energy that is required to form etch pits
(AG4;) cannot be predicted a priory, and therefore was
obtained by fitting the experimental data to be AG . = -
—36 kJ mol~". The solid line in Fig. 10 shows the predic-
tion of the dependence of dissolution rate on deviation
from equilibrium at 25°C and pH ~ 5. The dashed lines
represent an uncertainty envelope of 2 standard devia-
tions on the model’s predicted rates. As mentioned
above, this prediction cannot be confirmed using stan-
dard experimental methods. Nevertheless, geochemical
models are based on similar unconfirmed extrapolations.
The rate data (circles, with error bars of 2s.d, Fig. 10)
are the results of the experiments, which used the treated
albite samples. The dissolution plateau data are based on
the results of the far-from-equilibrium experiment. The
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Fig. 10. The change of treated albite dissolution rate at 25 °C as a
function of Gibbs free energy. The left y-axis is the measured rates
of fresh albite powder. The right y-axis is the predicted rate of
weathered plagioclase. The circles are measured dissolution rates
without adjustments. Error bars represents two standard devia-
tions. The solid line is a prediction of the rate, which is based on
Eq. (5). The rate coefficients are extrapolated from the high
temperature data, while AG,;, is derived by fitting (see text). The
dashed lines represent an envelope of two standard deviation
uncertainties on the predicted dissolution rate.

results shown in Fig. 10 describe for the first time albite
dissolution rate (or any silicate mineral) as a function of
deviation from equilibrium under ambient temperature
and circum neutral pH.

4.4. Resolving the gap between laboratory and field rates of
weathering

While the new experimental results (Fig. 10) were con-
ducted at temperature, pH and degree of saturation, which
are similar to the conditions in nature, the reactivity of the
mineral surface, even at the end of the experiment with the
treated samples, was significantly larger than that of miner-
als under natural weathering conditions. White and
Brantley (2003) conducted a long term experiment (6 years)
in which they examined the change with time in dissolution
rate of a weathered plagioclase from the Panola Granite,
under laboratory far-from-equilibrium conditions, at
25°C. They showed that the dissolution rate initially
decreased with time and thereafter, within less than a year,
was stabilized to be 2.5- 107"  molm?s~'. As the pH,
temperature and the degree of under saturation in White
and Brantley (2003) experiment were similar to those in
the far-from-equilibrium experiment with the treated albite
sample, the difference in dissolution rate can be attributed
to difference in the minerals surface reactivity. At the end
of their experiment, the weathered plagioclase was about
247 times less reactive than the freshly ground albite after
one month of dissolution in the present study. Assuming
that the dependence of dissolution rate on deviation from
equilibrium does not vary with mineral reactivity, and that
the 6-year long experiment of White and Brantley repre-
sents the reactivity in the field, this reactivity factor was
introduced to the rate law (right y-axis in Fig. 10) by divid-
ing k; and k; by 247. The modified rate law predicts that the
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rate of dissolution of feldspar in the field under the condi-
tions of the Panola Granite (AG, = —10.88 kJ mol ™!, based
on measurements of groundwater chemical composition
(White et al., 2001)) is 2.03 - 1071* mol m~2s~!. This value
is in very good agreement with the observed field rate
(White et al., 2001) of 2.5- 107 "*molm~?s~!, confirming
the suggestion of White and Brantley (for further details
see Fig. 11 at White and Brantley (2003)). It is important
to note that the degree of saturation in the field is closer-
to-equilibrium than that during the experiments, and the
agreement is achieved by using a rate law that was con-
firmed in the present study at 25 °C further from equilib-
rium, and is extrapolated to field condition. The
agreement between the confirmed rate law and the field
data indicates that the extensive debate on the gap between
dissolution rates determined using laboratory experiments
and those using field observation reflects the inability to
measure the dissolution rates under typical field conditions,
using standard laboratory experiments (Ganor et al., 2007).
The novel method used in the present study resolves this
debate and confirms the extrapolation of the rate law from
high temperature to ambient conditions.
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