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Abstract

Here we show that the isotope tracer experimental method for kinetic studies, aided by the recent advance and accessibility
of multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS) analysis for non-traditional stable isotopes,
can provide unidirectional dissolution rates at near-equilibrium conditions. For a long time, the only rates available at near-
equilibrium were net reaction rates—dissolution rates minus precipitation rates. This is because the conventional experimental
method of kinetic studies is based on element concentrations and can only provide net rates. The availability of unidirectional
rates allows us to re-examine some fundamental concepts and practices of modeling weathering in geochemistry.

In this study, we used the 29Si isotope tracer to conduct albite and K-feldspar dissolution experiments at near-equilibrium
conditions in near-neutral pH solutions at 50 �C. Results show that the saturation indices (SI) of solutions approached zero
with respect to albite and K-feldspar after �240–360 h (h), but 29Si/28Si ratios of the experimental solutions indicated contin-
ual dissolution for another 720–1440 h. The rates of total Si precipitation were much smaller than the rates of Si dissolution.
The experimental solutions were supersaturated with respect to amorphous Al(OH)3, gibbsite, quartz, allophane, imogolite,
and kaolinite. The SI of the solutions remained constant with respect to these phases while Al concentrations slightly
decreased and Si concentrations slightly increased, indicating the coupled feldspar dissolution and precipitation of secondary
phases, such as albite? amorphous Al(OH)3 + quartz or albite ? solution + Al-Si phase(s), instead of significant albite and
K-feldspar precipitation (the reverse reaction) at 50 �C. Reaction path modeling of the temporal evolution of Si, Al, Na, and
pH revealed that albite dissolution (without significant backward reaction) coupled with the precipitation of a secondary
phase with a Si:Al ratio of �2:1 can successfully match the experimental data.

Given the negligible feldspar precipitation reactions in low-temperature systems (e.g., T < 100 �C), we recommend model-
ing feldspar weathering using unidirectional forward rates together with secondary phase precipitation rates in near-
equilibrium, feldspar-undersaturated systems. This can be accomplished with minor modifications in geochemical modeling
software or input files. The coupled feldspar dissolution with secondary phase precipitation arrests the system in a
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near-equilibrium steady state. Using affinity-based rate equations such the classical linear Transition State Theory rate law or
the Burch empirical relation together with far-from-equilibrium rate data will predict significant feldspar precipitation in solu-
tions undersaturated but close to equilibrium with respect to feldspars, which is unlikely at near ambient temperatures.
� 2019 Elsevier Ltd. All rights reserved.
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Fig. 1. Temperature and pH conditions of near-equilibrium
dissolution experiments for albite and K-feldspar. Solid symbols
denote K-feldspar experiments; open symbols albite experiments.
1. INTRODUCTION

It is generally believed that most reactions in geologic
systems proceed at near-equilibrium conditions because
geological and some environmental processes (e.g., CO2

sequestration and nuclear waste disposal) span a timeframe
from tens of thousands of years to millions of years (e.g.,
White, 1995; Schott et al., 2012). However, traditionally
only far-from-equilibrium silicate reaction rates have been
reliably measured under weathering conditions—that is,
ambient temperature and near-neutral pH—because of
the limitation of the conventional experiment method of
kinetics studies, which relies on temporal changes of Si
and/or Al concentrations.

Although the knowledge of near-equilibrium kinetics in
various natural and engineered water-rock systems is criti-
cal to many societal problems and endeavors, a literature
search found only 27 experimental studies for silicate min-
erals and basalt glass under near-equilibrium conditions in
the last three decades. In contrast, there exist a large num-
ber of dissolution rates at far-from-equilibrium, and various
temperature and pH conditions (See compilations by
Palandri and Kharaka, 2004; Marini, 2007; Brantley
et al., 2008; Marty et al., 2015).

This paucity of rate data under near-equilibrium condi-
tions is mostly due to the conventional experimental meth-
od’s inability to detect slow near-equilibrium reactions and
to account for secondary phase precipitation. This is par-
ticularly true at near-neutral pH conditions, which is the
condition for the majority of natural waters (Drever,
1988; McBride, 1994; Langmuir, 1997). For example, it
is impossible to prepare a near-neutral pH solution that
is near-equilibrium with respect to feldspars but not super-
saturated with a large number of secondary Al-Si phases.
Therefore, previous experiments that studied alkali feld-
spar dissolution rates at near-equilibrium conditions were
performed at a pH near 9 (Fig. 1) where it is possible to
prepare a solution avoiding considerable supersaturation
with respect to common aluminum hydroxides and alumi-
nosilicate phases.

The pioneering and meticulous experimental work to
determine near-equilibrium feldspar reactions using the
conventional experimental method (Burch et al., 1993;
Gautier et al., 1994; Oelkers et al., 1994; Alekseyev et al.,
1997; Berger et al., 2002; Alekseyev et al., 2004; Beig and
Lüttge, 2006; Hellmann and Tisserand, 2006; Zhu et al.,
2010; Pollet-Villard et al., 2016) helped to advance our
understanding of this important geochemical kinetics sub-
ject. However, several competing hypotheses have been
proposed to interpret the generally observed reduced net
dissolution rates near-equilibrium, such as Al inhibition
(Oelkers and Schott, 1995; Schott and Oelkers, 1995),
secondary phase precipitation (Alekseyev et al., 2004),
and different reaction mechanisms at near- and far-from-
equilibrium (Burch et al., 1993; Hellmann and Tisserand,
2006). Some experiments observed a ‘‘rate plateau” at far-
from-equilibrium (Hellmann and Tisserand, 2006) while
others did not (Gautier et al., 1994). New experimental
methods and new types of data must be introduced to
resolve these longstanding controversies.

It has long been recognized that isotopes can provide
unique information to separate the forward from reverse
reactions in biological studies (Melander, 1960; Melander
and Saunders, 1979). In the 1990s, the isotope tracer
method was applied with spikes of 39K and 84Sr for simul-
taneously measuring rates of dissolution of K-feldspar, bio-
tite and plagioclase during the hydrothermal alteration of a
granite in conditions close to equilibrium (Zuddas et al.,
1995; Seimbille et al., 1998), and with 84Sr/87Sr and
44Ca/42Ca spikes for measuring rates of calcite recrystalliza-
tion and conversion from aragonite to calcite (Beck et al.,
1992). Gaillardet (2008) gave an excellent review of this
method and pointed out its potential.

Recently, Si isotopes were successfully applied to mea-
suring the forward dissolution reaction rate of albite at
far-from-equilibrium (Gruber et al., 2014; Zhu et al.,
2016), forward and backward reaction rates of quartz at
equilibrium (Liu et al., 2016), and forward dissolution rates
of kaolinite at near-equilibrium conditions (Gong et al.,
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2019). This method immerses the mineral sample contain-
ing the naturally abundant 28Si isotope in a solution
enriched with the rare 29Si isotope. By monitoring the rate
of change of the solution’s 28Si/29Si ratio, it is possible to
determine the rates of silica transfer from the mineral into
the solution. Si isotope ratios in the solution samples are
measured using high-resolution multiple-collector induc-
tively coupled plasma mass spectrometry (MC-ICP-MS).
Because the precipitation of the isotopes into secondary
phases does not noticeably change the isotopic ratios of
the fluids (the fractionation effect is negligible in heavily
spiked systems), dissolution rates can still be measured
when secondary phase precipitation takes place (Gruber
et al., 2014; Zhu et al., 2016).

On other fronts, the use of the concept of forward and
reverse reaction rates is commonplace in the field of isotope
geochemistry (e.g., Weiss et al., 2013 for an introduction of
isotope concepts). Recently, detailed models have been
developed based on the Transition State Theory (TST) rate
law to describe Ca isotope fractionation and trace metal
partitioning during CaCO3 precipitation (e.g., DePaolo,
2011 and refs therein). While isotope geochemistry-
oriented studies have focused on decoupling equilibrium
and kinetic isotope fractionation effects based on the
assumption that reaction rates are already known, our stud-
ies have aimed at obtaining the reaction rates themselves by
making the isotope fractionation effects negligible in the
experimental systems by overwhelming the system with rare
isotope tracers. Furthermore, the Si isotope tracer method
has also been used for studies of the dissolution mecha-
nisms of silicate glasses (Geisler et al., 2010; Valle et al.,
2010; Geisler et al., 2015; Gin et al., 2015; Verney-Carron
et al., 2017). The combination of these approaches holds
great promise for addressing different aspects of geochemi-
cal kinetics.

In this study, we used the Si isotope tracer method and
conducted albite and K-feldspar dissolution at 50 �C and
near-neutral pH. As opposed to the near-equilibrium exper-
iments using the conventional method (Burch et al., 1993;
Gautier et al., 1994; Oelkers et al., 1994; Alekseyev et al.,
1997; Alekseyev et al., 2004; Beig and Lüttge, 2006;
Hellmann and Tisserand, 2006; Zhu et al., 2010; Pollet-
Villard et al., 2016), this study reports unidirectional for-
ward rates of albite and K-feldspar dissolution at near-
equilibrium conditions.

Below, we first present the experimental data from Si
isotope tracer experiments. The experiments conducted
for this study were performed in the pH range of 6.4–
7.6 using solution compositions that are more representa-
tive of natural solutions. We then speculate as to appro-
priate approaches to modeling silicate weathering
reactions.
2. BACKGROUND OF NEAR-EQUILIBRIUM

KINETICS

Much of the discussion below is common knowledge to
geochemists. However, these topics need to be revisited in
the new light of the availability of unidirectional rates.
2.1. Net reaction rates versus unidirectional rates

See Table 1 for symbols and definitions. For the conve-
nience of discussion, here we follow the convention that
near-equilibrium is defined as the region of DrG/RT > �5
(Burch et al., 1993; Rimstidt, 2014) although this definition
has the flaw that DrG values are related to how large the
chemical formula for the mineral of interest is written.
For the albite dissolution reaction at near-neutral pH,

NaAlSi3O8 þ 8H2O ¢
rþ

r�
Naþ þAlðOHÞ�4 þ 3H4SiO

o
4ðaqÞ

ð1Þ
the rates of albite dissolution by convention are based on Si
flux:

rnet ¼ rþ � r� ¼ 1

m � SA

d½SiO2�
dt

ð2Þ

where r+ and r� denote rates (mol albite m�2 s�1) of the
forward and reverse reactions, respectively. The net reac-
tion rate, rnet, (expressed in mol (ab) m�2 s�1) is also often
called the overall rate. t stands for the stoichiometric coef-
ficient of Si in the silicate mineral of interest, e.g., 3 for
albite. SA (m2/L) stands for the reactive surface area
(Helgeson et al., 1984) or the concentration of the reactive
surface sites (Stumm, 1992). However, in practice, these
properties are currently inaccessible, and SA is approxi-
mated by either the Braunauer-Emmett-Teller (BET) or
geometric surface area (Lasaga, 1998).

Theoretically, when a system approaches equilibrium,
the thermodynamic drive diminishes, and the net reaction
rate decreases. rnet is a function of DrG for an elementary

reaction in accordance with the Principle of Detailed Bal-
ance if the forward and reverse reactions have the same
mechanisms (Ohlin et al., 2009; Liu et al., 2016):

rnet ¼ rþ � r� ¼ rþ 1� eDrG=RT
� � ð3Þ

Fig. 2 shows the relationships between r+, r�, rnet, and
DrG (when all other conditions are the same). If the above
assumptions and relationships hold, r+ should be indepen-
dent of DrG; r� rises exponentially in the near-equilibrium
region; rnet has a ‘‘plateau” at the far-from-equilibrium
region but decreases exponentially when the experimental
solutions approach equilibrium with respect to albite. In
the very near-equilibrium region (e.g., DrG > �RT, e.g.,
Nagy et al., 1991), rates decrease linearly with DrG, and
thus this rate equation is sometimes called the ‘‘linear rate
equation” (Burch et al., 1993). It should be noted that a
relation similar to Eq. (3) is derived from Transition State
Theory (Eyring, 1935) for an elementary reaction,

rnet = rþð1� eDrG=rRT ) where r; the Temkin’s stoichiometric
number, is equal to the ratio of the rate of destruction of
the activated complex—the high energy ground state spe-
cies formed from reactants and in equilibrium to them—
to the overall reaction rate.

At equilibrium, r+ = r�, and rnet = 0. In the far-from-
equilibrium region, the reverse reaction is negligible (see
Fig. 2, DrG < �5RT). Hence,

rnet � rþ ð4aÞ



Table 1
List of symbols and definitions.

Symbol Definition

DrGj Gibbs free energy of the jth reaction (kJ/mol)
DfG

o The standard Gibbs free energy of formation (kJ mol�1)
DrH

o
T The standard enthalpy of reaction at temperature T (kJ mol�1)

DfH
o
T The standard enthalpy of formation at temperature T (kJ mol�1)

f28
28Si fractional abundance (0 to 1) in experimental solution f 28 ¼ 28Si

� �
= 28Si
� �þ 29Si

� �þ 30Si
� �� �

; f 28 ¼ 1
1þR29=28þR30=28

; R29/28

stands for the isotopic ratio; similarly for f29 and f30
k+ Apparent forward rate constant of albite dissolution in mol (feldspar) m�2 s�1

k� Apparent reverse rate constant of albite dissolution in mol (feldspar) m�2 s�1

K Equilibrium constant
R Gas constant (8.314 J mol�1 K�1)
rnet r± Net or overall reaction rate in mol (feldspar) m�2 s�1;rnet ¼ rþ � r�
r
�
net Apparent net rate in mol (feldspar) m�2 s�1.r

�
net ¼ rþ � r� � r2nd

r+ Forward rate of feldspar dissolution in mol (feldspar) m�2 s�1

r0+ Forward rate of feldspar dissolution in mol (feldspar) L�1 s�1; r0þ ¼ rþ � SA
r� Reverse rate of feldspar dissolution reaction (precipitation or formation) in mol (ab) m�2 s�1; similarly, for r’�
r2nd Precipitation rate of secondary mineral in mol (Si) m�2 s�1; similarly, for r’2nd
r’pre r’pre = mr’�+r’2nd, defined as ‘‘precipitation rate” in mol L�1 s�1

r’pre,Si The total Si precipitation rate (mol Si L�1 s�1)
r’pre,Al The total Al precipitation rate (mol Al L�1 s�1)
SA Surface area load of feldspar (m2/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 surface area (m2/g). e.g., 0.143 m2/g*1.0 g/0.01L for albite
ST

o The standard molar entropy at temperature T (J mol�1 K�1)
T Temperature (K)
t Time (s)
Dt Time interval from time t to time t + 1
V The volume of the solution in a reactor (L)
[X] Total concentration of element or species X
[X]t Total concentration of element or species X at time t

mab The stoichiometric coefficient in molecular formula of albite
mpre The stoichiometric coefficient of the secondary precipitation phase

Abbrev*
ab Albite
anl Analcime
am Amorphous
aq Aqueous species
kfs K-feldspar
kln kaolinite
pre Precipitation
SI Saturation index

* Mineral abbreviations follow Siivola and Schmid (2007).
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However, in the near-equilibrium region, the reverse
reaction is no longer negligible. The net dissolution rate is
related to DrG as shown in Eq. (3) and the blue dashed line
in Fig. 2. The conventional experimental method, based on
[Si] and occasionally [Al], measures

rnet ¼ rþ � r� ð4bÞ
This method cannot measure r+ or r�. Therefore, all the

near-equilibrium dissolution rates available in the geochem-
ical literature are rnet. The effects of the diminishing thermo-
dynamic drive as the system approaches to equilibrium is
expressed as reduced dissolution rates.

When a Si-containing secondary phase precipitates, the
conventional experimental method actually measures the

apparent net rate (r
�
net) rather than the ‘‘true” net rate (rnet):

r
�
net ¼ rþ � r� � r2nd ð4cÞ
where r2nd denotes the rates of Si-containing secondary
phase(s) such as kaolinite, allophane, and amorphous silica,

and r
�
netthe apparent net rate. Therefore, all near-

equilibrium rate data available in the literature are actually

r
�
net, unless it could be verified that no Si-bearing secondary

phase was precipitated.
Great care was taken in previous studies to verify possi-

ble secondary phase precipitation or the absence of it, but it
was a challenge. The amount of material precipitated is
small, usually too small for X-ray diffraction detection.
Al/Si stoichiometry (i.e., 1:3 for albite dissolution) was
commonly used for justifying the absence of precipitation
of secondary phases, but was not always observed. The
uncertainties of Si and Al analyses are large relative to their
incremental changes. SEM was used to examine the reac-
tion products, and usually found some precipitates (e.g.,
Burch et al., 1993; Hellmann and Tisserand, 2006), but



Fig. 2. A schematic graph to illustrate the relationships among net
rate (rnet), forward dissolution rate (r+), and reverse rate (r�) as
described by Eq. (3) for an elementary reaction that obeys the
Principle of Detailed Balance at equilibrium as well as at far-from-
equilibrium. For rates in the discussion, all other conditions (pH,
T, solution chemistry) are the same.
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the amount of precipitates was deemed to be too small to
affect calculated rates significantly. This interpretation
was not universally accepted. For example, Alekseyev
et al. (2004) asserted that the 1–2 orders of magnitude
reduced dissolution rates near-equilibrium in Burch et al.
(1993) were due to precipitation of secondary phases.

What is presented above can be called the ‘‘net rate
paradigm.” Because unidirectional rates r+ and r� were
previously not available, the only recourse available to geo-
chemists was to seek functional relationships between the
net rate (rnet) and Gibbs free energy of the reaction
rnet = f(DrG). However, in Eq. (3), the DrG is the Gibbs free
energy for the overall reaction, for example, R1. The form

of f(DrG) = 1� eDrG=rRT
� �

is only theoretically valid for an

elementary reaction as the PDB demands. In order to use
this form, it is generally assumed in the geochemical litera-
ture that there are numerous elementary reactions for the
overall reaction such as Reaction (1), but only one elemen-
tary reaction is the rate-limiting step. Therefore, DrG

overall is
equal to DrG

e (Nagy et al., 1991), where the superscript ‘‘e”
denotes the elementary reaction.

Nagy et al. (1991) gave a detailed discussion of the con-
ditions that must be met for the relationship f(DrG)

= 1� eDrG=rRT
� �

is applicable. To illustrate further the strin-

gent conditions that must be met for this simplification,
they used an example of two elementary reactions. From
their examples, it is apparent that it is unlikely that the
required conditions can be met for multi-oxide mineral dis-
solution reactions. Most geochemical kinetics papers also
heeded similar words of caution for the use of Eq. (3) for
overall reactions.

However, a number of experiments near-equilibrium
have shown that the actual relationship between rnet and
DrG deviates from Eq. (3). For feldspar dissolution, net
rates are reduced at much more negative DrG values than
those predicted by Eq. (3) (further toward left in Fig. 2)
while the measured rates close to equilibrium are signifi-
cantly slower than what Eq. (3) predicts.

Oelkers et al. (1994) and Gautier et al. (1994) explained
these reduced dissolution rates within the framework of
TST by the formation of aluminum-free precursor com-
plexes controlling feldspars dissolution reaction or, in other
words, by Al inhibition of dissolution.

Burch et al. (1993) used an empirical parallel rate law
below to interpret their experiments of albite dissolution
at 80 �C and pH 8.8,

rnet ¼ k1 1� enDrG=RT
� �m1

� �þ k2 1� eDrG=RT
� �m2

� � ð5Þ
where k1 and k2 denote the rate constants in units of mol
m�2 s�1, and n, m1, and m2 are empirical parameters fitted
from experimental data (Zhu, 2009). Eq. (5) suggests two
parallel mechanisms that operate separately under far-
from-equilibrium and near-equilibrium conditions, respec-
tively (Burch et al., 1993; Hellmann and Tisserand, 2006).
Far from equilibrium, dissolution is driven by the nucle-
ation at dislocation outcrops of etch pits that are the source
of steps across the surface. Closer to equilibrium, below a
critical Gibbs free energy value, DGcrit, etch pits stop nucle-
ating and dissolution occurs only at pre-existing edges and
corners at a much lower rate. The validity of Eq. (5) has
been disputed by Lüttge (2006), who did not find a contin-
uous function of DrG, but instead found two Eq. (3) vari-
ants below and above the DrGcrit value.

It also must be noted that the majority of rate data com-
pilations available in the literature are for far-from-
equilibrium rates (e.g., Eq. (4a)). For example, Palandri
and Kharaka (2004) compiled a database of essentially
far-from-equilibrium rates. These rates must be extrapo-
lated to near-equilibrium in order to model geochemical
systems properly because geochemical reactions in natural
systems mostly proceed at near-equilibrium conditions,
given the long time span of most geological processes. Par-
ing these rates with the relationship f(DrG)

= 1� eDrG=rRT
� �

or its variants to get the near-equilibrium

rate implicitly assumes that Eq. (3) for an elementary reac-
tion is also valid for the overall reaction, and, within the
TST approach, that the stoichiometry of the activated com-
plex is the same as that of the dissolving mineral. Further-
more, in models of using this approach, a reduced
dissolution rate implies feldspar precipitation in undersatu-
rated solutions near-equilibrium. This paradigm, however,
can change with the availability of unidirectional rates, as
shown in this study.

2.2. A new type of feldspar reaction rates

Si isotope tracer experiments provide unidirectional rates
of feldspar dissolution (r+). r+ is constant across solution
saturation states (see the r+ line in Fig. 2) if the reaction
mechanisms do not change. These rates were calculated
from 29Si/28Si ratios only (Zhu et al., 2016). Precipitation
of Si-bearing secondary phases consumes Si, but changes
the 29Si/28Si ratios negligibly in experimental solutions,
making this method applicable when secondary phases pre-
cipitate, such as in near-neutral pH solutions.
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For a batch reactor system, considering both primary
mineral dissolution and secondary phase precipitation, the
temporal evolution of silica concentration and silicon iso-
tope concentrations can be described with a set of mass bal-
ance equations (isotope fractionation due to both
dissolution and precipitation has been neglected, Zhu
et al., 2016):

Si½ �tþ1 ¼ ðmr0þ � r0pre;SiÞDt þ Si½ �t
28Si½ �tþ1 ¼ mf 28;klnr

0
þ � f 28;tr

0
pre;Si

� �
Dt þ f 28;t Si½ �t

29Si½ �tþ1 ¼ mf 28;klnr
0
þ � f 29;tr

0
pre;Si

� �
Dt þ f 29;t Si½ �t

8>>><
>>>:

ð6Þ

where r’ and r’pre are defined in Table 1. For a batch reactor
with constant dissolution and precipitation rates, Eq. (5) is
solvable analytically,

f 28;t ¼ f 28;ab � f 28;ab � f 28;t0

� � mabr0þ�r0pre;Si
Si½ �t0 t þ 1

� � �mabr
0
þ

mabr
0
þ�r0

pre;Si

f 29;t ¼ f 29;ab � f 29;ab � f 29;t0

� � mabr0þ�r0pre;Si
Si½ �t0 t þ 1

� � �mabr
0
þ

mabr
0
þ�r0

pre;Si

8>>><
>>>:

ð7Þ
We now have two equations for two unknowns (r+ and

r’pre,Si). With the aid of Excel� solver, steady-state rates can
be fitted to experimental data of f28,t and f29,t. In practice,
f28,t and f29,t are not sensitive to r’pre,Si unless the percent-
age 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’pre, Si can be
derived from the mass balance for [Si] in Eq. (5); in practice,
f28,t and f29 are not independent in the experiments because
30Si/28Si 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. (5).

The mass balance alone cannot distinguish between the
reverse reaction (feldspar precipitation) and secondary
phase precipitation. Consequently, r’pre,Si and r’pre,Al stand
for the rates of removal of Si and Al from solution (mol
L�1 s�1) as combined results of all precipitation reactions
that occur in the system. These rates (and the mass) can
be, however, precisely known.

The isotope tracer experiments provide a different kind
of rate data—unidirectional dissolution rates, r+, indepen-
dent of DrG. With r+ available, it becomes clear that the
reduced rnet from the f (DrG) relationship implies the precip-
itation of feldspars at the near-equilibrium conditions. It is
discussed below that these unidirectional rates can be used
in models of weathering systems in which the reverse reac-
tions of precipitation are negligible for feldspars.
3. MATERIALS AND METHODS

3.1. Feldspar grains preparation

Research grade albite crystals (from Amelia Court
House, Virginia, USA) were purchased from Ward’s Natu-
ral Sciences Establishment, Inc. The crystals were hand-
picked, ground with a clean tungsten carbide mortar and
pestle, and subsequently dry-sieved through a clean copper
mesh to retain the 53–106 lm fraction. For the freshly
ground materials, there were many submicron-to-micron
particles that adhered to the surface of large grains. The dis-
solution of these ultra-fine particles may result in initially
nonlinear rates of reaction or parabolic kinetics (Holdren
and Berner, 1979; Lu et al., 2013). To remove these parti-
cles, the ground feldspar sample was ultrasonically rinsed
with ethanol eight times for about 20 minutes per treat-
ment. The cleaned albite grains were then air-dried over-
night and subsequently saved in a desiccator.

Pink perthitic specimen (from Madawaska, Ontario,
Canada) was also purchased from Ward’s Natural Sciences
Establishments, Inc. The crystals were handpicked, ground
with a clean tungsten carbide mortar and pestle, and subse-
quently dry-sieved through a clean copper mesh to retain
the 53–106 lm fraction. Similarly, the freshly ground pow-
ders were first ultrasonically rinsed with ethanol eight times
for 20 minutes per treatment to remove submicron-to-
micron sized particles. Then the powders were exchanged
in molten KCl (K-feldspar: KCl = 1:30, weight ratio) at
900 �C for 48 h in Pt crucibles in a muffle furnace to prepare
a sodium-free K-feldspar (pure microcline). After the
exchange reaction, these samples were again ultrasonicated
and rinsed with ethanol three times for 10 minutes per treat-
ment. The samples were stored in a desiccator.

3.2. Mineral characterization

The purity of the albite and treated perthite were exam-
ined 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 detec-
tor. The scan parameters used were 2–70�2h, with a step size
of 0.02�2h. Starting samples were ground by hand in an
agate mortar and pestle to get sufficient small particles.
These particles were subsequently filled into a titanium
sample holder for XRD analysis. The albite sample was
made up of 95.05% low albite, 2.94% muscovite, and
2.01% quartz. The mineral composition of annealed,
sodium-free K-feldspar, was 90.74% maximum microcline,
0.58% albite, 1.69% quartz, and 6.99% muscovite.

A Beckman Coulter SA-3100 surface area analyzer was
used for the BET (Braunauer et al., 1938) surface area anal-
ysis of albite and K-feldspar grains before the experiments.
The samples were degassed at 250 �C overnight prior to
measurements. The instrument was calibrated before and
periodically during measurements, using the National Insti-
tute of Standards and Technology reference material 1900,
a silicon nitride powder with a surface area of 2.85 m2/g.
Multipoint N2 gas adsorption isotherms were measured to
obtain BET-specific surface area of samples (Lu et al.,
2013). The specific surface area of albite was 0.143 m2/g
and the surface area of annealed K-feldspar was
0.201 m2/g, with an analytical error within ± 10%.

Scanning Electron Microscopy (SEM) was conducted
with a Quanta 400 Field Emission Gun (FEG). The Energy
Dispersive X-ray Spectrometer (EDS) system has an EDAX
thin window and CDU LEAP detector. The low energy
X-ray detection with FEG provided high spatial resolution



Fig. 3. Field emission gun-SEM micrographs: (A) unreacted albite grains; (B) unreacted, KCl-exchanged microcline grains; (C) albite after
1440 h of reaction (N-4); and (D) K-feldspar grains after 720 h of reaction (K-5). Amorphous precipitates were present on both albite and K-
feldspar surfaces.
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for microanalysis down to �0.1 lm2 under optimum condi-
tions. SEM images are shown in Fig. 3.

3.3. 29Si stock solution for isotope tracer experiments

Except where noted, all chemicals used were analytical
grade. In order to prepare the 29Si stock solution, 29SiO2

enriched powder (with isotope abundance of 0.0004 28Si,
0.9990 29Si, and 0.0006 30Si from Isoflex, San Francisco,
CA, USA) were dissolved by alkali flux (Georg et al.,
2006). Briefly, 0.0488 (±0.001) g of 29SiO2 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 DI water
(18.2 MO, Millipore) and the solution was then transferred
into a clean 500-ml polypropylene bottle. Then, the solution
(i.e., 1.6 mM 29SiO2) was poured into a vacuum filter sys-
tem (Thermo Scientific, Nalgene, sterile analytical filter)
which used a piece of 0.22-mm nitrocellulose membrane fil-
ter paper (Fisher Scientific, Pittsburgh, PA, USA). The fil-
tered stock solution was collected into a new, clean 500-ml
polypropylene bottle and stored in a refrigerator at 4.0 �C.
3.4. Dissolution experiments with isotope tracer

The initial solution was prepared by dissolving a certain
amount of KNO3, Al(NO3)3·9H2O and NaNO3 into DI
water in each wide-mouth polypropylene bottle, and adding
29SiO2 stock solution, with a final solution volume of
�250 mL. The amounts of KNO3, NaNO3, Al(NO3)3·9H2O,
29SiO2 stock solution, and DI water were recorded. The
concentrations of each constituent in each experiment are
listed in Table 2. The pH of the initial solution was
thereafter measured and adjusted by adding a small amount
of HNO3 or NaOH at 50 �C to pH � 6–7. The solution
was subsequently filtered with 0.22-mm nitrocellulose
membrane filter paper to remove possible precipitates.
Additionally, 1.000 (±0.001) g of albite and purified
K-feldspar and 10 g (i.e., �10 mL) initial solution with
different pH were mixed in a 30-mL polypropylene bottle
to initiate mineral dissolution. Overall, several polypropy-
lene bottles were prepared for each group of batch
experiments. The polypropylene bottles were sealed with
plastic wrap and heated to 50 ± 0.5 �C in a water bath
(VWR General Purpose Water Bath) for the duration of
the experiment.
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3.5. Sampling of dissolution experiments

At pre-determined sampling intervals, the solution was
poured into a vacuum filter system (Thermo Scientific, Nal-
gene, sterile analytical filter) that used a piece of 0.22 mm
nitrocellulose membrane filter paper (Fisher Scientific,
Pittsburgh, PA, USA) to filter the solution. The filtered
solution was divided into three equal fractions (�3 ml each)
for Si isotope analysis, Si concentration determination, and
cation analysis. The pH of the solution was measured at
room temperature—22.5 (±0.5) �C—with the Si concentra-
tion fraction determined immediately after sample collec-
tion using an OrionTM 8102BNUWP ROSS UltraTM pH
Electrode. The reported accuracy was ±0.02 pH units (i.e.
±4.5% in H+ activity). In order to make the solution unsat-
urated with respect to its secondary phases (e.g., kaolinite,
gibbsite, imogolite, allophane, amorphous SiO2 and Al
(OH)3), the solution for cation analysis was acidified with
1–2 drops of 12 N HCl solution.

3.6. Sample pre-treatment before isotopic analysis

To reduce the disturbance from other cations when mea-
suring silicon isotope, all solution samples were purified by
cation exchange chromatography. Details about the chem-
ical procedure are described in Georg et al. (2006). Briefly,
1.8 mL Bio-Rad AG 50 W-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 3.0 N HCl, 6.0 mL 6.0 N HCl, 4.0 mL
37% HCl, 6.0 mL 6.0 N HCl, 10 mL 3.0 N 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 fil-
tered solution was collected in a clean polystyrene 15-ml
conical centrifuge tube (Fisher Scientific, Pittsburgh, PA,
USA) in preparation for isotope analysis.

3.7. 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 II,
Wrexham, UK) at Northwest University, China. Blank
samples were filled with ultrapure DI water and acidified
with ultrapure HNO3. The Si isotope ratios were measured
using Faraday cups under static mode. Instrumental sensi-
tivity was �11 V lg�1 g�1 for 28Si in high-resolution mode.
The fractions of 28Si, 29Si, and 30Si were calculated by the
measured 28Si/29Si and 28Si/30Si ratios. The sample solution
was introduced into MC-ICP-MS using a dry aerosol sys-
tem (Aridus II, Cetac, USA) and a 100 lL min�1 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 abun-
dance of every sample was determined by averaging the
three duplicate measurements using the Time-Resolved-
Analysis (TRA) method. The relative standard deviation
(RSD) of the three ratios was used to evaluate the data
quality. Only those analyses with RSD (d30Si) < 10% were
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reported; samples with RSD (d30Si) > 10 % were re-
measured.

3.8. Determination of Si and cation concentrations

Total dissolved Si concentrations (i.e., [Si]) were ana-
lyzed with Perkin Elmer Lambda 2S UV–visible spec-
trophotometer, using the molybdate blue method (Govett,
1961). The uncertainty in measured Si was less than ±5%
for concentrations above 4 mM. Detection limits for analy-
ses of Si were less than 0.05 ppm (or 2 mM). Total cation
concentrations of Na+, Al3+, and K+ were analyzed with
inductively coupled plasma–quadrupole mass spectrometry
(ICP-QMS) Agilent 7700x with a measurement uncertainty
of ±5%. The detection limit for analyses of Al was about
10 ppb.

3.9. Calculations of mineral saturation indices (SI)

Based on the measured concentrations of Si, Al, Na and
K, and pH, SI for albite and K-feldspar were calculated with
the aid of the software PHREEQC 3.5.0 (Parkhurst and
Appelo, 2013). In situ pH was calculated following the
method of Zhu and Lu (2009). An internally consistent data-
set of equilibrium constants for relevant mineral and aque-
ous species at 50 �C was constructed using SUPCRTBL
(Zimmer et al., 2016). Equilibrium constants (log K) for
selected reactions are shown in Table 3. The thermodynamic
properties of K-feldspar differ significantly due to composi-
tional and structural variations (Arnórsson and Stefánsson,
1999). Using the value of Df G

o for K-feldspar from Holland
and Powell (2011) would result in an SI of �+2.0. We
Table 3
Equilibrium constants of relevant chemical reactions.

Species Reaction

Aqueous Species

OH� H2O = OH� + H+

Al(OH)2+ H2O + Al3+ = Al(OH)2+ + H+

Al(OH)2
+ 2H2O + Al3+ = Al(OH)2

+ + 2H
Al(OH)3

o 3H2O + Al3+ = Al(OH)3
o + 3H

Al(OH)4
� 4H2O + Al3+ = Al(OH)4

� + 4H
NaAl(OH)4

o 4H2O + Na+ + Al3+ = NaAl(O
AlH3SiO4

2+ Al3+ + SiO2
o + 2H2O = AlH3S

NaOHo Na+ + H2O = NaOHo + H+

HSiO3
� SiO2

o + H2O = HSiO3
� + H+

NaHSiO3
o SiO2

o + H2O + Na+ = NaHSiO

Mineral Phase

Albite Al3+ + Na+ + 2H2O + 3SiO2
o =

Microcline Al3+ + K+ + 2H2O + 3SiO2
o =

Kaolinite 2Al3+ + 5H2O + 2SiO2
o = Kao

Quartz SiO2
o = Quartz

Gibbsite Al3+ + 3H2O = Gibbsite + 3H
SiO2(am) SiO2

o = SiO2(am)
Al(OH)3(am) Al3+ + 3H2O = Al(OH)3(am) +
Imogolite 2Al3+ + 5H2O + SiO2

o = Imog
Allophane(1.26) 2Al3+ + 5.63H2O + 1.59SiO2

o =
Allophane(1.64) 2Al3+ + 5.5H2O + 1.22SiO2

o =
Allophane(2.02) 2Al3+ + 5.53H2O + 1SiO2

o = A
Analcime Al3+ + Na+ + 3H2O + 2SiO2

o

followed the practice of Gautier et al. (1994) and
Alekseyev et al. (2004), and calculated an effectiveQ/K from
the solution composition of long-term experiments and set
the SI = 0 for analysis. The re-setting of SI of 0 for
K-feldspar does not suggest true equilibrium with
K-feldspar in our experiments; it is for the convenience of
discussing dissolution at the steady-state, presumably
near-equilibrium with respect to K-feldspar. For amor-
phous SiO2 and Al(OH)3, the log Ks were taken from
Stefansson (2001). For allophane and imogolite, the ther-
modynamic properties were calculated based on the experi-
mental data in Su and Harsh (1994; 1998). The Gibbs free
energy at standard state for those species was adjusted to
ensure the internal consistency with other species.

4. RESULTS

4.1. SEM, XRD, and Transmission Electron Microscope

(TEM) examination of solid reactants and products

SEM micrographs of albite were taken from the series
before reaction (Fig. 3A) and after 1440 h of reaction
(Fig. 3C). A small amount of secondary precipitation was
observed on samples after 1440 h of reaction. SEM images
of annealed K-feldspar before and after 720 h of reaction
are shown in Fig. 3B and D, respectively. After interacting
with an aqueous solution for 720 h, the surface of the
annealed K-feldspar was covered with amorphous
precipitates.

Multiple attempts were made to collect small particles of
secondary phases following specialized procedures to iden-
tify the secondary phases with XRD (Huifang Xu, personal
Log K at 50 �C

�13.271
�4.222

+ �9.379
+ �14.964
+ �20.435
H)4

o + 4H+ �20.310
iO4

2+ + H+ �1.597
�13.464
�9.483

3
o + H+ �7.923

Albite + 4H+ �1.735
Microcline + 4H+ �0.188
linite + 6H+ 0.626

3.445
+ �6.334

2.535
3H+ �8.339

olite + 6H+ �8.329
Allophane(1.26) + 6H+ �6.677
Allophane(1.64) + 6H+ �8.187
llophane(2.02) + 6H+ �9.387
= Analcime + 4H+ �5.950
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communication). However, XRD patterns showed only
feldspar peaks. Attempts were also made to identify the sec-
ondary phases with TEM (Hiromi Konishi, Personal com-
munication). The results were not conclusive.

However, the amounts of Si and Al precipitated were
quantified in these isotope tracer experiments (see below).
For example, the total precipitated Si in Experiment N-4
was �5 lmol from Day 15 to Day 60. If we assume that
the precipitated Si all went into amorphous kaolinite, the
precipitated secondary phase is only 0.06 wt% of the solids
in the reactors. Such small amounts could not be detected
with XRD, but are significant to rate calculations. Appar-
ently, isotope ratios are more sensitive detectors of sec-
ondary phase precipitation in near-equilibrium
experiments than XRD and SEM.

4.2. Si isotopes and solution composition

All analyses below refer to the steady-state phase of the
experiments. These are Day 15–60 for albite experiments
and Day 10–30 for K-feldspar experiments. The ‘‘hiatus”
of the initial phase of the experiments was not used in rate
analysis.

The chemical compositions of the experimental solu-
tions are shown in Table 4. The temporal evolution of Si
isotope fractional abundances is shown in Fig. 4. During
the entire period of these experiments, the 28Si fraction of
the solution (f28) increased and the 29Si fraction (f29)
decreased monotonically. Si concentration data are shown
in Fig. 5 and all show a monotonic increase over time.
The albite and K-feldspar experiments are in the pH range
of 6.34–7.56 (neutral pH at 50 �C is 6.64). All data are pro-
vided in the Electronic Annex as well as at Indiana Univer-
sity’s institutional data repository IUSchorlarWorks at
https://doi.org/10.5967/v1mc-0736.

Calculated SI for albite were at constant values of near-
zero after 240 h of reaction and for K-feldspar a near-
constant value of +1.94 after 360 h, which was opera-
tionally re-set to zero in Section 3.9 (Figs. 6 and 7). At SI
of near-zero (see the assumptions in Section 3.9), feldspar
dissolution continued throughout the experiment (albite
for 1440 h and K-feldspar for 720 h). Si concentrations
increased except for K-7. Al concentration decreased. The
Na and K concentrations increased (Fig. 8).

The aqueous solutions in both albite and K-feldspar
experiments were supersaturated with respect to gibbsite,
amorphous Al(OH)3, kaolinite, allophane, and imogolite
(Figs. 6 and 7). The two albite experimental solutions have
SI near-zero for quartz. The SI values for the secondary
minerals were also constant, starting at 360 h and remain-
ing constant for 720 h of K-feldspar reaction and 1440 h
of albite. On activity-activity diagrams (not shown), all data
points fell within the kaolinite stability field. Notably, the
albite experimental solutions fell on the lines at equilibrium
with quartz and amorphous Al(OH)3. All experimental
solutions were undersaturated with respect to amorphous
silica (Fig. 9).

Eq. (7) was used to find the steady-state feldspar disso-
lution and Si precipitation rates from the Si isotope (f28
and f29) (Fig. 4). The best-fitted values, calculated with a

https://doi.org/10.5967/v1mc-0736


Fig. 4. Temporal evolution of Si isotope fractions in experimental solutions. Symbols represent experimental data. Analytical uncertainties
for isotope fraction (f28 and f29) are less than ±0.001(2r), which is smaller than the symbols. Red and blue lines are calculated from Eq. (7)
assuming without and with Si precipitation, respectively. The shaded area identifies conditions where the feldspar saturation indices remained
constant over time (i.e. a steady-state condition).
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Fig. 5. Temporal evolution of Si concentrations. Symbols represent experimental data. [Si] analytical uncertainties are about ±5%. Red solid
lines are Si concentrations predicted from feldspar dissolution rates fitted in Fig. 4 assuming no Si precipitation and using Eq. (5) with
r’pre, Si = 0. Blue dotted lines represent the best fit of r’pre, Si that considers Si precipitation using Eq. (5). The difference between the two lines
gives the Si precipitation flux. Data points marked with a black x were not included in rate calculations. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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solver in Excel�, are given in Tables 5a and 5b. Si and Al
precipitation rates were calculated from the differences
between predicted Si concentrations based on the dissolu-
tion rates (fixed by isotope ratios) and the experimentally
observed Si and Al concentrations (Fig. 5). Because the ini-
tial solution was �100% 29Si and dissolution of feldspar
only adds 29Si into the solutions, [29Si] should increase over
time; a decrease in [29Si] indicates Si precipitation, which
was observed in these experiments. As demonstrated in
Zhu et al. (2016), Si precipitation reduces the total Si con-
centration but does not noticeably change Si isotope ratios.
This allows unidirectional dissolution rates to be measured
even when Si is precipitating. This is demonstrated again in
Fig. 4, which shows that the predicted isotope fraction evo-
lution curves calculated with dissolution only coincide with
those calculated with dissolution plus Si precipitation.

5. DISCUSSION

5.1. Contextualizing rates from isotope tracer experiments

The rates obtained in this study are unidirectional disso-
lution rates, r+, and not net rates, rnet. This sets them apart
from previously measured near-equilibrium rates in the



Fig. 6. Temporal evolution of saturation indices (SI = log (Q/K)) of (a) albite, (b) imogolite, (c) allophane, (d) kaolinite, (e) quartz, (f)
gibbsite, (g) amorphous SiO2, and (h) amorphous Al(OH)3 during albite dissolution experiments. The SI of the solutions was nearly constant
after 15 days (grey region).
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literature, which are all net rates. A significant amount of Si
precipitated in our near-neutral pH experiments as the
experimental solutions were supersaturated with respect
to many secondary phases. However, the experimental
results demonstrate that the isotope tracer method worked
well, as the precipitation of Si-bearing phases changed little
of the Si isotope ratios (Fig. 4). Under this circumstance,
the conventional method that relies on [Si] would have
failed. For example, if the [Si] were used to retrieve the
albite dissolution rate for Experiment N-4, an artifact of



Fig. 7. Temporal evolution of saturation indices (SI = log (Q/K)) of (a) K-feldspar, (b) imogolite, (c) allophane, (d) kaolinite, (e) quartz, (f)
gibbsite, (g) amorphous SiO2, and (h) amorphous Al(OH)3 during the K-feldspar dissolution experiments. The SI of solutions was nearly
constant after 10 days (grey region).
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a factor of 1/3 less would be introduced because of Si pre-
cipitation. Fig. 10 compares the unidirectional dissolution

rate, r+, with the apparent net rates, r
�
net. Note that the

‘‘true” dissolution rates were consistent while the apparent
dissolution rates varied from experiment to experiment
because the precipitation of the secondary phase was more
random.

There is a relatively large amount of experimental data
on feldspar dissolution kinetics in the literature and they
have been reviewed extensively (Blum and Stillings, 1995;



Fig. 8. Temporal evolution of Na+ (a) and K+ (b) concentrations.
Symbols represent experimental data. Lines are concentrations
predicted from rates fitted in Fig. 4 using Si isotope ratios; they are
not fitted to the experimental data. The outliers of [K+] data are
represented with different symbols but the same color. Data from
experiment K-9 show no trends.

Fig. 9. Solubility diagram for possible aluminosilicate secondary phases.
boundary of Na-bearing analcime, the average Na concentration (710.6 l
Xs denote albite experiments; solids symbol K-feldspar experiments.
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Palandri and Kharaka, 2004; Marini, 2007; Brantley, 2008;
Marty et al., 2015). The unidirectional dissolution rates
from this study would be comparable to the far-from-
equilibrium dissolution rates in the literature if reaction
mechanisms do not change from far-from-equilibrium to
near-equilibrium. At 50 �C, there are no experimental data
available for albite at near-neutral pH (Palandri and
Kharaka, 2004). Our r+ values are 1.5 log units lower than
the values calculated from the rate equation recommended
by Palandri and Kharaka (2004). Chou and Wollast (1984)
measured at 25 �C albite dissolution rates far-from-
equilibrium at pH < 6 and >8. Palandri and Kharaka
(2004) used their experimental data to regress the pH
dependence. With the necessary temperature and pH
extrapolation using the parameters recommended by
Palandri and Kharaka (2004), our r+ values are also 1.5
log units lower than those of Chou and Wollast (1984).
For K-feldspar, much less experimental data are available
in the literature and the quality of data is of concern. There
are no experimental data available near-neutral pH at 50 �C
or lower temperature. Our r+ values are 0.5 log units lower
than the value calculated from the rate equation recom-
mended by Palandri and Kharaka (2004).

There are insufficient experimental data to explain why
the r+ values obtained from near-equilibrium conditions
in this study are slower than r+ values at far-from-
equilibrium conditions in the literature. However, this dif-
ference may result from a switch of feldspar dissolution
from a non-etch pit to an etch pit controlled mechanism
at a critical departure from equilibrium (Lasaga and
Blum, 1986; Burch et al., 1993; Dove et al., 2005; Lüttge,
2006; Brantley, 2008; Arvidson and Luttge, 2010; Gruber
et al., 2014). A second explanation could be, within TST,
a control of dissolution by an Al-free precursor complex
Lines represent phase solubility boundaries. To plot the solubility
mol/L) in N-4 and N-5 experiment samples was used. Crosses and



Table 5a
Calculated rates for albite experiments.

N-4 N-5

Albite forward reaction rate, r+ (mol albite m�2 s�1) 2.62 � 10�13 3.17 � 10�13

Albite forward reaction rate, r0+ (mol Si L�1 s�1) 1.13 � 10�11 1.53 � 10�11

Si precipitation rate, r0pre,Si (mol Si L�1 s�1) 9.14 � 10�12 9.79 � 10�12

Al precipitation rate, r0pre,Al 4.27 � 10�12 5.26 � 10�12

Table 5b
Calculated rates for K-feldspar experiments.

K-5 K-7 K-9

Kfs forward reaction rate, r+ (mol feldspar m�2 s�1) 5.97 � 10�13 6.52 � 10�13 4.67 � 10�13

Kfs forward reaction rate, r0+ (mol Si L�1 s�1) 3.60 � 10�11 3.91 � 10�11 2.81 � 10�11

Si precipitation rate, r0pre,Si (mol Si L�1 s�1) 2.18 � 10�11 3.80 � 10�11 5.95 � 10�12

Fig. 10. Comparison of unidirectional dissolution rates derived
from Si isotope ratios and apparent net dissolution rates from Si
concentrations [Si]. The Si flux is the difference between Si release
from feldspar dissolution and Si uptake by secondary phase
precipitation. The Si isotope ratios in the experimental solutions
changed only negligibly due to Si precipitation.
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(Al inhibition effect) (Oelkers et al., 1994; Gautier et al.,
1994). Future experiments should cover a range of depar-
ture from equilibrium under similar experimental condi-
tions to make a better comparison.

Although our SI calculated for albite are near-zero, a
numerical value near-zero can result from artifacts of ther-
modynamic data uncertainty and potential Al colloids in
experimental solutions. A large range of DfG

o values for
albite have been proposed (Arnórsson and Stefánsson,
1999). The DfG

o value we chose for speciation modeling
from Holland and Powell (2011) was retrieved from high-
temperature phase equilibrium data; it has not been tested
whether it is consistent with the aqueous species thermody-
namic database in SUPCRTBL. However, using thermody-
namic databases that attempted to be internally consistent
with solubility data (Tutolo et al., 2014; Miron et al.,
2016) did not significantly change the calculated SI for
albite. The Tutolo et al. (2014) thermodynamic database
gave the average DrG /RT for albite at steady-state as
�0.20 (0.54 kJ/mol). The Miron et al. (2016) thermody-
namic database provided an average DrG/RT at a steady-
state of �0.89 (�2.39 kJ/mol).
For K-feldspars, the structure and compositions of sam-
ples used for thermodynamic measurements vary to a larger
degree than those for albite (Arnórsson and Stefánsson,
1999) and recommended Df G

ovalues differ by 20 kJ/mol.
As noted in Section 3.9, speciation calculations showed
supersaturation with an SI of +1.94, but K-feldspar was
dissolving significantly. This is likely an artifact of DfG

o

value variation of different K-feldspar samples. Our exper-
imental data from K-feldspar experiments also showed
more scattering than the albite experiments.

In the experiments, we used 0.22 lm filters to separate
solids from aqueous solutions, but Al colloids, if present,
could pass the filter in our samples. Speciation calculations
in Fig. 9 give some estimates. Our albite experimental solu-
tions were supersaturated with respect to Al(OH)3(am). If
the ‘‘true” dissolved [Al] were controlled by Al(OH)3(am),
[Al] should be �0.5 log units lower ([Al] change from
�101 lM to 100.5 lM). The SI of albite would change from
0 to –0.5. DrG/RT would be �1.15, still within the range of
the near-equilibrium region (see Fig. 2). However, if dis-
solved [Al] were controlled by gibbsite, [Al] should be
�2.5 log units lower and DrG/RT would be �5.6. For K-
feldspar experiments, Al concentrations were close to amor-
phous Al(OH)3 solubility (Fig. 9).

What is important in the experimental data is that the SI
stayed constant for feldspars and secondary phases over a
long time, signaling coupled primary mineral dissolution
and secondary mineral precipitation in the experimental
systems (Steefel and van Cappellen, 1990; Lasaga et al.,
1994; Lasaga, 1998; Zhu et al., 2004; Ganor et al., 2007;
Maher et al., 2009; Zhu et al., 2010). An analysis of the
characteristics of such coupled systems was given by
Lasaga (1998) for a hypothetical system. Zhu (2009) and
Zhu et al. (2010) used reaction path modeling with full
kinetic treatments of feldspar dissolution and secondary
phase precipitation and interpreted their own experimental
results and those from Alekseyev et al. (1997). In this study,
similar reaction path modeling was carried out to quantita-
tively interpret the batch experiment data. Only forward
feldspar dissolution was allowed in the model, but this
was coupled with the precipitation of a phase with Si:Al
ratio of �2:1.
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The results reiterate what has been learned about cou-
pled reaction systems in previous studies (cited above).
Slower precipitation of secondary phase(s) relative to the
dissolution of the primary mineral led the system to a
quasi-steady state. At the quasi-steady state, the ratios for
dissolution and precipitation rates are fixed when the rates
are expressed in units of mol s�1 kgw�1, and the dissolution
reaction proceeds at a fixed DrG. Some parameters were
constant or changed slightly (e.g., [Al] and [Si]); others
changed significantly (e.g., [Na]). The system was not at
equilibrium and could not reach equilibrium because the
coupled reactions ‘‘arrested” the system at a fixed SI or
DrG level. The exact level of arrested DrG depends on the
ratios of r´+,ab/r´pre,Si.

5.2. Artifacts of isotope exchange?

Could the measured slow dissolution rates from isotope
tracer experiments be experimental artifacts? Isotope
exchange, loosely defined here as the attachment and
detachment of Si isotope atoms from feldspar surfaces
without a net gain of Si in the solution, would artificially
inflate the f28 and lead to apparent dissolution rates higher
than the ‘‘true rates”. Here the true rates are defined as the
destruction of mineral structure that results in the release of
Si atoms from mineral into solution. The possible effects of
isotope exchange on rate determination are the change of
isotope composition on the feldspar surface. The increase
of 29Si and decrease of 28Si on feldspar surfaces resulting
from ‘‘isotope exchange” will lead to artificially inflated
rates if the Si isotope abundances of pristine feldspars are
used for rate calculations (i.e., f28,ab, f29,ab in Eqs. (5) and
(6)).

For example, if we assume that all 29Si removed from
the solution in the first five days of the experiment in N-5
are deposited on the albite surface, the albite surface would
have 28Si, 29Si, and 30Si fractional abundances of 0.8539,
0.1174, and 0.0287, respectively. Using this modified sur-
face composition, a 16% faster rate would be derived.
Therefore, isotope exchange cannot explain the apparent
slow dissolution rates measured using isotope tracers at
near-equilibrium and near-neutral pH experiments.

5.3. Did feldspar form in our experiments?

Did the reverse reaction occur in our experiments at
50 �C? The Si isotope method itself cannot distinguish
reverse reaction from secondary phase precipitation. How-
ever, a possible indicator is Na concentrations. In Fig. 8,
the lines are [Na+] predicted from albite dissolution with
rates fixed by Si isotope ratios (Fig. 4), without any
adjustments. In other words, if significant albite and K-
feldspar precipitation (reverse reaction) had occurred, we
would see Na+ and K+ consumption and a much slower
increase of [Na+] and [K+] with time at steady state.
Therefore, the good agreement between predicted and
measured alkali aqueous concentrations suggests that the
reverse reaction of feldspar precipitation in the near-
equilibrium, undersaturated solutions is insignificant at
this temperature.
In low-temperature systems (e.g., <100 �C), the energetic
barriers for the nucleation and precipitation of allophane,
imogolite, and other amorphous and poorly crystalline
phases are much lower than that for the reverse reaction
of feldspar formation. Although authigenic feldspars can
form at low temperatures during burial diagenesis, it
appears that their growth is slow and requires silica concen-
trations that are near amorphous silica saturation (Kastner
and Siever, 1979). This suggests that, unless the silica con-
centrations are unusually high, feldspar precipitation, and
therefore equilibration, would take a very long time at
low temperatures. In our experiments, Si concentrations
and Al/Si ratios were far below amorphous silica saturation
and feldspar stoichiometry, respectively.

5.4. Implications for geochemical modeling of weathering

The lack of significant reverse reaction in the near-
equilibrium solutions found in this study has significant
implications for geochemical modeling of weathering.
Because experimental near-equilibrium rates are not avail-
able at weathering conditions, ambient temperature rates
have been extrapolated from experimental data at
hydrothermal temperatures. These extrapolations inherited
the rnet = f(DrG) relationships that were established at high
temperatures under which feldspar precipitation occurred.

For example, a common practice, due to a lack of alter-
natives—and that includes our own work—is to extrapolate
the Burch type rate equation by Hellmann and Tisserand
(2006) from 150 �C to 25 �C by calculating the rate con-
stants k1 and k2 values at 25 �C through the apparent acti-
vation energies but the extrapolation retained the Burch
type rnet = f(DrG) relationship established at 150 �C
(Ganor et al., 2007; Yang and Steefel, 2008; Maher et al.,
2009; Zhang et al., 2016). Fig. 11 deconstructs the Burch
type rate equation (Eq. (5)) using the values of parameters
listed in the figure caption. This equation, especially its first
term, predicts high values of the backward reaction rate
(r�) far away from equilibrium (i. e. r� = r+/2 for DrG �
� 40 kJ/mol). This occurs because the f(DrG) function in
the first term of Eq. (5) implicitly accounts for the interrup-
tion of dissolution at etch pits by the development of the
backward reaction which evidently is not the mechanism
that stops etch pits nucleation.

Most geological systems are close to equilibrium. For
example, White et al. (2001) studied the granite regolith
in Georgia, USA. They found that soil and ground waters
are close to equilibrium with respect to K-feldspar (DrG

from –0.6 kJ/mol to 0) and albite (DrG from �16.8 to
�5.6 kJ/mol). Therefore, weathering models using far-
from-equilibrium rate constants from compilations such
as that of Palandri and Kharaka (2004) together with the
Burch relation (Eq. (5)) or the classical TST rate law (Eq.
(3)) simulate feldspar precipitation (an important backward
reaction) for such soil water and groundwater systems.

In short, typically for reaction path and coupled reactive
transport modeling, the model systems reach near-
equilibrium within a short period of time. Using the
rnet = f(DrG) relationship from high-temperature experi-
ments or by incorporating Eq. (3), we were modeling the



Fig. 11. A graph to illustrate the relationships among net rate
(rnet), forward dissolution rate (r+), and reverse rate (r�) as
described in the Burch type rate equation proposed by Hellmann
and Tisserand (2006). k1 in Eqn (5) of 1.02 � 10�8 mol s�1 m�2

measured at 150 �C was extrapolated to 25 �C via the Arrhenius
equation using an apparent activation energy of 71 kJ/mol recom-
mended for basic pH by Palandri and Kharaka (2004). The
parameters that describe the rnet = f(DrG) relationship at 150 �C
was retained: n = 7.98 � 10�5; m1 = 3.81; m2 = 1.17. assumes
significant feldspar precipitation (backward reaction). Applying
this relationship to ambient temperature geochemical models
predicts feldspar precipitation at these low temperatures.
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reverse reactions of feldspar weathering at ambient temper-
atures, sometimes unknowingly.

5.5. A possible way forward for geochemical modeling of

weathering

We recommend a different approach to model low-
temperature and weathering systems (e.g., T < 100 �C).
We should abandon the reliance on the rnet = f(DrG) rela-
tionship to extrapolate from far-from-equilibrium to near-
equilibrium rates. This study shows that the reverse reac-
tion was negligible at low temperatures, which indicates
that rnet = f(DrG) relationships cannot be established exper-
imentally at low temperatures.

Instead, we should use the newly available unidirectional
forward rates at near-equilibrium, near-neutral pH condi-
tions. Feldspar dissolution can be modeled by using the for-
ward rate, r+, in feldspar-undersaturated but close-to-
equilibrium solutions as an irreversible reaction:

rþ ¼ kþSA if DrG < 0 ð8Þ
Here, k+ is measured under near-equilibrium conditions.

(k+ values for feldspars and other silicates can be measured
with the Si isotope tracer method at 25 �C or 4 �C). Table 6
below shows the recommended k+ values for albite and K-
feldspar.

When Eq. (8) is coupled with secondary phase precipita-
tion, the system will be arrested in a near-equilibrium
region and the distance of departure from equilibrium
determined by the slow precipitation rates of secondary
phases (Steefel and van Cappellen, 1990; Zhu, 2009).
Modelers have often found it necessary to disallow feldspar
precipitation to simulate weathering systems when feldspar
is supersaturated in soil waters (Godderis et al., 2010). This
practice should be extended to the undersaturated region
near-equilibrium.

For modeling secondary mineral growth, a separate
equation from dissolution is recommended (Pham et al.,
2011; Schott et al., 2012), for example, the BCF equation
for net precipitation:

rnet ¼ kBCF ð1� XÞ2 if DrG < 0 ð9Þ
where X is the solution saturation state with respect to the
secondary phase of interest. These equations can be easily
implemented with minor modifications of geochemical
modeling software or input files.

Solving Eqs. (8) and (9) together, even without an affin-
ity term in Eqs. (8), the system of coupled dissolution and
precipitation reactions will not go to equilibrium with
respect to feldspars. Instead, the system will stay very close
to equilibrium. Feldspar will continue to dissolve, and the
secondary phase continues to precipitate until all feldspars
in the system are exhausted.

For high temperature systems such as those described by
Burch et al. (1993), Oelkers et al. (1994), Gautier et al.,
(1994), Alekseyev et al. (1997), Hellmann and Tisserand
(2006), and Zhu et al. (2010), reverse reactions that form
feldspars are possible, and an affinity term should be
included in the rate law.



Table 6
Recommended forward reaction rate constants for modeling low-temperature systems in circumneutral pH.

50 �C 25 oCa 4 oCb

Kfs forward reaction rate, k+(mol feldspar m�2 s�1) 5.72 � 10�13 1.75 � 10�13 5.47 � 10�14

Albite forward reaction rate, k+(mol feldspar m�2 s�1) 2.70 � 10�13 3.04 � 10�14 3.58 � 10�15

a Extrapolated via the Arrhenius equation using an apparent activation energy of 38 kJ/mol recommended for neutral pH by Palandri and
Kharaka (2004).
b Extrapolated via the Arrhenius equation using an apparent activation energy of 70 kJ/mol recommended for neutral pH by Palandri and

Kharaka (2004).
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The greatest challenge remains that the experimentally
measured feldspar dissolution rates are orders of magnitude
faster than those estimated from field systems (Paces, 1973;
Velbel, 1985; White and Brantley, 2003; Zhu et al., 2004;
Zhu, 2005). Extrapolated from 50 to 4 �C using an apparent
activation energy of 70 kJ/mol from Palandri and Kharaka
(2004), the albite unidirectional dissolution rate is on the
order of 10�15 mol s�1 m�2, which is close to some field
rates. These are laboratory determined rates on crushed
and ground feldspar samples. It is possible that rates con-
tinue to decrease with reaction time (White and Brantley,
2003).

6. CONCLUSIONS

Here we used the Si isotope tracer method for albite and
K-feldspar hydrolysis experiments at 50 �C and pH 6.35–
7.31 (neutral pH at 50 �C is about 6.6). The isotope tracer
method allowed us to decouple the dissolution and precip-
itation rates in the near-equilibrium region. Unidirectional
feldspar dissolution rates were obtained from isotope
ratios. The decoupling revealed that the reverse reaction
of feldspar formation does not occur at any significant rate
at 50 �C. Instead, secondary Al-Si phases precipitated. The
precipitation of secondary phases is coupled with feldspar
dissolution and the coupled reactions keep the feldspar-
water system ‘‘arrested” in systems in a steady-state very
close to equilibrium for a long time.

These results of this study suggest that the establishment
of overall rates of feldspar dissolution as a function of the
departure from equilibrium (rnet = f(DrG) is not possible
at near ambient temperature, given that the reverse reaction
of feldspar dissolution—feldspar precipitation—is insignifi-
cant compared to the precipitation of Al-Si secondary
phases. While such a relationship is desirable for extrapo-
lating rates from far-from-equilibrium to near-equilibrium
conditions, applying rnet = f(DrG established at high tem-
peratures, where feldspar precipitation can occur within
laboratory experiment time, to ambient temperatures for
modeling weathering is problematic. It would calculate
feldspar precipitation in most soil and ground water sys-
tems, in which the aqueous solutions are near-equilibrium
to but undersaturated with respect to feldspars. This is
equivalent to saying that part of the soil is turning back
to granite.

Given this situation, we recommend the use of unidirec-
tional dissolution rates (r+), measured at conditions similar
to natural systems (e.g., ambient temperature, near-
equilibrium, near-neutral pH), and model feldspar weather-
ing as irreversible reactions. These rates can be obtained
from Si isotope tracer experiments. Coupling the forward
rate equation with the precipitation of secondary phase pre-
cipitation can be implemented by minor modifications of
geochemical modeling software or input files.
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