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Abstract—The present study compares the dissolution rates of plagioclase, microcline and biotite/chlorite from a
bulk granite to the dissolution rates of the same minerals in mineral-rich fractions that were separated from the
granite sample. The dissolution rate of plagioclase is enhanced with time as a result of exposure of its surface sites
due to the removal of an iron oxide coating. Removal of the iron coating was slower in the experiment with the bulk
granite than in the mineral-rich fractions due to a higher Fe concentration from biotite dissolution. As a result, the
increase in plagioclase dissolution rate was initially slower in the experiment with the bulk granite. The measured
steady state dissolution rates of both plagioclase (6.2 � 1.2 � 10�11 mol g�1 s�1) and microcline (1.6 � 0.3
� 10�11 mol g�1 s�1) were the same in experiments conducted with the plagioclase-rich fraction, the alkali
feldspar-rich fraction and the bulk granite.

Based on the observed release rates of the major elements, we suggest that the biotite/chlorite-rich fraction
dissolved non-congruently under near-equilibrium conditions. In contrast, the biotite and chlorite within the
bulk granite sample dissolved congruently under far from equilibrium conditions. These differences result
from variations in the degree of saturation of the solutions with respect to both the dissolving biotite/chlorite
and to nontronite, which probably was precipitating during dissolution of the biotite and chlorite-rich fraction.
Following drying of the bulk granite, the dissolution rate of biotite was significantly enhanced, whereas the
dissolution rate of plagioclase decreased.

The presence of coatings, wetting and drying cycles and near equilibrium conditions all significantly affect
mineral dissolution rates in the field in comparison to the dissolution rate of fully wetted clean minerals under
far from equilibrium laboratory conditions. To bridge the gap between the field and the laboratory mineral
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dissolution rates, these effects on dissolution rate should be further studied. Copyright © 2005 Elsevier Ltd
1. INTRODUCTION

Weathering rates of silicate minerals observed in the labo-
ratory are in general up to three 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; Drever, 2003; White and Brantley,
2003). The many differences between experimental conditions
in the laboratory and natural conditions in the field have been
thoroughly discussed in previous studies (e.g., White and
Brantley, 2003), and thus will not be repeated here. One of
these differences is that most dissolution experiments are con-
ducted using a single mineral, whereas most silicate rocks are
composed of several major minerals. To contribute to under-
standing differences between the field and the laboratory, the
present study compares the dissolution rates of plagioclase,
microcline, and biotite/chlorite from a bulk sample of the Elat
Granite to the dissolution rates of the same minerals in single
mineral-rich fractions that were separated from the same gran-
ite sample. All the experiments were conducted in the same
laboratory, using the same laboratory procedures, and at the
same pH and temperature.

Most dissolution experiments use very pure and clean sam-
* Author to whom correspondence should be addressed (ganor@
bgumail.bgu.ac.il).
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ples, usually from pegmatites, hydrothermal veins, or even
synthetic minerals. Rock samples, in contrast, contain in addi-
tion to the major minerals, traces of other minerals as well as
amorphous phases. These trace minerals may be inclusions
inside the major minerals or coatings on the mineral surfaces.
For the present study, we chose a hydrothermally altered gran-
ite sample. As a result of the hydrothermal activity the major
minerals have been partly altered and coated by secondary
minerals. Mineral samples that are stained red due to iron oxide
coatings are usually regarded as inappropriate for dissolution
experiments. However, such coatings, which are a feature of
many rock samples, may influence the dissolution rate of the
coated minerals. (e.g., Mogollon et al., 1996; Nugent et al.,
1998; Hodson, 2003; Metz et al., 2005).

In contrast to many field situations, in which the dissolving
minerals are exposed to cycles of wetting and drying, mineral
surfaces are constantly in contact with solutions throughout a
typical dissolution experiment. In the present study the disso-
lution experiment with the bulk granite was stopped after
1200 h, the sample was kept dry for 50 d, and then the
experiment was resumed. As will be shown below, drying had
an important effect on the dissolution rate when the experiment
was resumed.

The major element, trace element and isotopic compositions
of the output solutions of all the experiments were analyzed.
The present paper focuses on the results of the major element

analyses. The changes in the trace element and isotopic com-
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positions during the dissolution of the bulk granite and the
mineral-rich fractions are discussed in Erel et al. (2004).

2. MATERIALS AND METHODS

The rock used for the dissolution experiments, the Elat Granite from
the Nahal Shlomo pluton (Israel), is a medium- to coarse- grained
granite. The mineralogy of the granite was initially characterized using
polarized light microscopy. Polished thin sections of the Elat Granite
were carbon-coated and constituent minerals were chemically analyzed
using a JEOL JXA-8600 electron microprobe. The uncertainties of the
measured oxide concentrations were better than � 5% for concentra-
tions above 40 wt%. The uncertainty increases to � 15 and 20% for
measurements at lower concentrations of 10 wt% and 5 wt%, respec-
tively.

Rock samples were initially crushed in a jaw crusher and then in a
disk mill, and the samples were sieved to isolate the 150–250 �m size
fraction. Four mineral fractions: plagioclase-rich, alkali feldspar-rich,
biotite � chlorite-rich, and quartz-rich were separated by utilizing
contrasts in the densities and magnetic properties of the various min-
erals. After separation, the bulk granite and the mineral-rich fractions
were further ground to 75–150 �m diameter grain size. Aliquots from
the bulk granite and the plagioclase- and alkali feldspar-rich fractions
were digested with concentrated HF and HNO3 for trace element and
isotopic analyses and fused with Li-metaborate and dissolved in dilute
HNO3 for major element analysis. Details of the procedure can be
found in Erel et al. (2004).

Dissolution experiments with the bulk granite and with the plagioclase-,
the alkali feldspar- and the biotite/chlorite-rich fractions were carried out
using flow-through reactors, at flow rate of 0.017 mL min�1, pH 1 and a
temperature of 25°C, using ultrapure dilute HNO3 as the input solution.
Approximately 3 g of the 75–150 �m size fraction were introduced into
the reactor, and dissolution experiments were run for a few thousand hours.
The experiment with the bulk granite was halted after 1220 h, the crushed
granite was taken out of the cell, dried at 50°C for �50 d, and then the
experiment was resumed. The mineral-rich fractions were not dried during
the course of the experiments. At �1500 h after the beginning of the
experiment with the biotite/chlorite-rich fraction the flow was stopped for
2 d, due to a problem with the inlet tubing, and then resumed. Details of
the experimental set-up can be found in Erel et al. (2004).

Al, Si, Mg, Ca, K, Fe, Na, Ti and Mn concentrations in the output
solutions were measured by Inductively Coupled Plasma Atomic Emis-
sion Spectroscopy (ICP-AES, Perkin-Elmer 3000). The uncertainty in
ICP-AES measurements was better than � 5%. The pH was measured
at 25°C on an unstirred aliquot of solution using a WTW combination
electrode, with a reported accuracy of � 0.01 pH units.

3. CALCULATIONS

The release rate (mol s�1) of an element, j, in a well-mixed flow-
through experiment is obtained from the expression:

Ratej �
dCj,out

dt
· V � q�Cj,out � Cj,inp� (1)

where Cj,inp and Cj,out are the concentration of component j in the input
and the output solutions (mol m�3), t is time (s), V is the volume of the
cell (m3) and q is the fluid volume flux through the system (m3 s�1).

The input solutions in the experiments contained only pure dilute
HNO3 and therefore Eqn. 1 becomes

Ratej �
dCj,out

dt
· V � q · Cj,out (2)

The time derivative of the concentration (dC/dt) in Eqn. 2 was
approximated by the change in concentration with time (�C/�t) at
each point of time, i, which was calculated from the slope of the

concentration vs. time between the previous point (i � 1) and the
following point (i � 1), i.e.,
dCj,out

dt
�

�Cj,out

�t
�

3 · �Ci�1 · ti�1 � Ci · ti � Ci�1 · ti�1�
� �Ci�1 � Ci � Ci�1� · �ti�1 � ti � ti�1�

3 · �ti�1
2 � ti

2 � ti�1
2 � � �ti�1 � ti � ti�1�2 (3)

At steady state, the composition of the output solution reaches a
constant value [(dCj,out/dt) � 0], and therefore the steady state rate
(Ratej,ss) was calculated by

Ratej,ss � q · Cj,out (4)

Achievement of steady state was defined as a series of samples in
which the concentrations of the major elements were constant, where
constancy was defined as output concentrations that differed by less
than � 10%. The error in the calculated rates (�Rate) is estimated
using the Gaussian error propagation method (Barrante, 1974) from the
equation

�Rate � ��
i
��Rate

�xi
�2

��xi
2��1⁄2

(5)

where �xi is the estimated uncertainty in the measurements of the
quantity xi. For most of the experiments, the errors in the calculated
elemental release rates usually ranged from 4 to 10%. The exceptions
were stages in which the experimental conditions were unstable, usu-
ally due to fluctuations in flow rate, where the error may have been
significantly larger.

4. RESULTS

4.1. Chemistry of Bulk Granite and the Mineral-Rich
Fractions

In the present study we used a granite sample for which there
is evidence of alteration by hydrothermal fluids shortly after
crystallization of the granite. The feldspars in this sample have
been partly replaced by sericite and stained red due to iron
oxide coatings; the biotite has been partly transformed to chlo-
rite. Alteration products occur both on the mineral surfaces and
within microscopic cracks that cut through the grains. The
granite contains two different compositions of plagioclase: a
free plagioclase with a composition of oligoclase (Table 1) and
plagioclase exsolution lamellae within the perthitic alkali feld-
spar. The perthitic alkali feldspar has irregular vein patch
perthite texture, the constituents of which are composed of an
almost pure end member albite and microcline. Due to its
complex perthitic texture, it is not possible to determine the
relative percentage of the microcline and the albite in the alkali
feldspar using the electron microprobe measurements. Biotite
occurs in euhedral flakes and elongated aggregates. Due to the
strong alteration of the sample used in the present study,
electron microprobe analyses of the formerly pure biotite grains
are intermediate between fresh biotite and chlorite. Therefore,
the average biotite composition of an unaltered rock that was
sampled from the same outcrop is reported in Table 1. The
average composition of the chlorite that replaces the biotite was
determined from the microprobe analysis to be (Fe7.12Mn0.14

Ti0.03Mg1.8Al2.72)(Si5.47 Al2.53)O20(OH)16. As a result of the
heterogeneity of the sample, it is not possible to use the results
of the electron microprobe analyses to estimate the degree of
chloritization of the biotite. This and the relative abundances of
the other minerals are discussed in section 5.1 below.

Owing to the relatively large grain size of the mineral separates,
many grains were composed of more than one mineral and so the
fractions were not pure. The plagioclase-rich fraction contained a

significant amount of perthitic alkali feldspar and some quartz.
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609Dissolution kinetics of a granite and its minerals
The alkali feldspar-rich fraction contained some oligoclase and
quartz. The biotite-rich fraction was composed mostly of biotite,
which was partly replaced by chlorite. Table 2 shows the chemical
composition of the bulk granite, the plagioclase-rich fraction and
the alkali feldspar-rich fractions.

4.2. Dissolution Experiments

The variations of Al, Si, Na, K, Mg, Fe and Ca concentra-
tions in the dissolution experiments with time are shown in
Figure 1. Initially, the concentrations of some of the elements
in each mineral-rich fraction increased with time, until they
approached steady state (Figs. 1a,c,e). The concentrations of
other elements generally decreased with time (Figs. 1b,d,f).
The variations of the different elements with time in the bulk
granite experiment (Figs. 1g,h) show greater fluctuations. In
general, the concentrations of Si and Na increased with time,
whereas those of Fe, Mg and K decreased with time.

5. DISCUSSION

5.1. Chemical and Mineralogical Composition of the Bulk
Granite and the Mineral-Rich Fractions

To interpret the results of the dissolution experiments it is
essential to determine the mineralogical composition of the
bulk granite and the mineral separates. The altered sample that
was used in the present study was initially studied using stan-
dard petrographic techniques. However, a petrographic analysis
of a granite (or other coarse grain rock) is not a precise method
for the following reasons: 1) a thin section does not represent
the composition of a coarse grain rock; 2) it is hard to accu-
rately estimate the concentration of minerals that are less abun-
dant, such as biotite, or the degree of chloritization; and 3) one
can not estimate the relative amount of plagioclase and K-
feldspar in the perthitic alkali feldspar. The common practice in
petrological studies is to use the chemical analysis of the rock
and its constituent minerals to calculate a normative mineral-
ogical composition. This procedure is straight-forward for fresh
granite that contains only quartz, plagioclase, K-feldspars and
biotite. However, as the altered sample also contains perthitic
alkali feldspar and chlorite, the calculated normative mineral-
ogy is not unique. Therefore, we used the composition of

Table 2. Chemical composition (wt%) of Elat Granite and the min-
eral-rich fractions.

Plagioclase
rich

fraction

Alkali
feldspar–rich

fraction
Bulk

granite

SiO2 66 65 76
Al2O3 20 19 14
FeO 0.22 0.11 1.6
TiO2 0.01 0.01 0.12
CaO 1.62 0.29 0.96
MgO 0.03 0.01 0.20
MnO 0.01 0.01 0.03
Na2O 7.4 3.3 4.0
K2O 2.5 10 3.4
P2O5 0.04 0.02 0.06
Sum 97 99 101
unaltered Elat Granite samples, taken from the same locality asO
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the sample used in the present study, to constrain the calculated
mineralogy. The unaltered samples show some variation in
their chemical composition and modal mineralogical composi-
tion (Eyal et al., in press). As a first approximation we assume
that the mineralogical composition of the hydrothermally al-
tered Elat Granite is similar to that of unaltered granite with a
similar chemical composition (Table 3). The major difference
between the altered and unaltered samples is that the biotite in
the altered rock is chloritized. In addition, the altered granite
contains small amounts of sericite, clays and iron oxides. To
estimate the amount of biotite and chlorite, as well as to
determine the percentages of albite and microcline in the per-
thitic alkali feldspar, we use the chemical composition of the
rock, which is given in Table 2.

The amount of biotite and chlorite is estimated based on the
concentration of Mg in the bulk granite and the chemical
composition of the biotite and the chlorite. Using the two
alternate assumptions that all the Mg is either in chlorite or in
biotite, the estimated percentages of these minerals range from
3.8 to 5.3%, respectively. Due to the large uncertainty associ-
ated with the electron microprobe determination of the mineral

Fig. 1. Plot illustrating the variation of Al, Si, Na, K, Mg
of the alkali feldspar-rich fraction (a and b), plagioclase-r
and the bulk granite sample (g and h).
composition, the error in the above estimation is 15%–20%.
The degree of chloritization may be estimated using the Ti
concentration, as transformation of 2 mol of biotite to 1 mol of
chlorite involves a significant decrease in the concentration of
Ti, whereas the concentrations of Mg and Fe remain approxi-
mately constant (Table 1). Assuming that the Ti released during
the transformation did not precipitate in secondary minerals,
the concentration of Ti in the bulk granite was used to estimate
the amount of biotite as 4.2%. The excess Mg was thereafter
used to estimate the amount of chlorite (0.8%). Using this
estimation the degree of chloritization is 15%. Taking into
account an uncertainty of 20% in the estimation of Ti concen-
tration of the biotite, the degree of chloritization is estimated to
be between 0 to 30%. This range of values represents the
minimum degree of chloritization, as it is possible that some of
the Ti precipitated during the alteration.

The composition of the perthitic alkali feldspar in the bulk
granite was calculated as follows. The amounts of Si, Al, Ca,
Na and K in oligoclase (Na0.76K0.03Ca0.13Al1.14Si2.88O8) were
calculated assuming that the rock contained 27% oligoclase, as
was observed for the unaltered sample. The excess sodium was
used to calculate the percentage of end-member albite (in

d Ca with time in the flow-through dissolution experiment
tion (c and d), biotite and chlorite-rich fraction (e and f)
, Fe an
perthitic alkali feldspar) in the sample (13.5%). The potassium
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that was not used for the biotite and the oligoclase was used to
calculate the percentage of end-member microcline (in perthitic
alkali feldspar) in the sample (17.0%). The calculated total
percentage of perthitic alkali feldspar (30.5%) is the same as
the estimated amount of perthitic alkali feldspar in the unal-
tered sample (Table 3). The amount of quartz in the sample was
estimated by assigning to quartz all the silicon that remains
after constructing the biotite, the chlorite, the perthitic alkali
feldspar and the oligoclase. The percentage of apatite (as
Ca5(PO4)3(OH)) was estimated based on the phosphate con-
centration. After these calculations a small unexplained amount
of Fe, Ca and Al remained. The excess iron probably represents
precipitation of secondary iron oxide (0.1%), and the Ca and Al
(with some of the Si that was assigned as quartz) represent
precipitation of secondary clay and some calcite. Alternatively,
these small amounts of Ca and Al may be the result of accu-
mulated uncertainties. The errors associated with the above
determinations are in the range of 10%–20% of the estimated
values. These errors are similar to the variability in the norma-
tive composition of unaltered Elat granites that were sampled
from the same outcrop (Eyal et al., 2005).

The relative amounts of oligoclase in the plagioclase-rich

Fig. 1.
and the alkali feldspar-rich fractions were estimated assuming
Table 3. Mineralogical composition (wt%) of Elat Granite and the
mineral-rich fractions.

Unaltered
Eilat

Granite
Bulk

granite

Plagioclase
rich

fraction

Alkali
feldspar–rich

fraction

Quartz 37.5 37.3 6.7 6.5
Oligoclase 27 27 60 11
Albite in

perthitic
alkali
feldspar nda 13.5 19 20

Microcline in
perthitic
alkali
feldspar nd 17 13.4 59

Total perthite 30.5 30.5 32.4 79
Biotite 4.8 4.2 �1 �0.5
Chlorite none 0.8
Apatite nd 0.2 �0.1 �0.1
Sourceb 2 1 1 1

a nd � not determined.
b
 Sources: 1, present study (see section 5.1); 2, normative calcula-

tion; 3, Eyal et al., in press.
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that all the Ca is in oligoclase. The amounts of albite and
microcline in perthitic alkali feldspar and the amount of quartz
were estimated by applying the same method that was used to
construct the composition of the bulk granite. The results of the
calculations are shown in Table 3. The calculated microcline /
albite ratio of the perthitic alkali feldspar in the bulk granite
(1.3) is intermediate between that of the plagioclase-rich frac-
tion (0.7) and the alkali feldspar-rich fraction (3.0). These
differences in compositions are expected as microcline / albite
ratio is not constant in the perthitic alkali feldspar grains, and
during gravimetric mineral separation the plagioclase-rich frac-
tion would be enriched with grains that contain more albite,
whereas the alkali feldspar-rich fraction would be enriched
with grains that contain more microcline.

5.2. The Release Rate of Major Elements from the
Plagioclase- and Alkali Feldspar-Rich Fractions

Based on the changes in concentrations with time (Fig. 1),
the instantaneous release rate of the different elements in each
of the experiments was calculated using Eqn. 2. The release
rates of Na and K from the plagioclase-rich and the alkali
feldspar-rich fractions (Fig. 2a) are used to estimate the change
in dissolution rate of oligoclase, albite and microcline with
time. The calculations are based on the following assumptions:
1) The dissolution of the three feldspars is stoichiometric. 2)
The dissolution rates of the oligoclase and the albitic phase in
the perthitic alkali feldspar are the same. Although the disso-
lution of Ca-feldspar is faster than that of Na-feldspar, this
assumption is reasonable as the difference between the disso-
lution rate of end member albite and An20 is less than the
uncertainty (Blum and Stillings, 1995). 3) The release of Na
and K in the plagioclase-rich and the alkali feldspar-rich frac-
tions are solely due to the dissolution of oligoclase and perthitic
alkali feldspar, and therefore:

RateNa � Rateplag · �oligo
Na · moligo � Rateplag · �ab

Na · mab (6)

RateK � Rateplag · �oligo
K · moligo � Ratemicro · �micro

K · mmicro (7)

where Rateplag is the dissolution rate (mol g�1 s�1) of the
oligoclase and albite and Ratemicro is that of the microcline,
� j

i is the stoichiometric coefficient of element i in mineral j
(Table 1) and mj (g) is the mass of mineral j in the fraction.
The common practice in experimental kinetics is to normal-
ize the dissolution rate to the total surface area of the pure
mineral, which is measured by the Brunauer-Emmett-Teller
(BET) method, (Brunauer et al., 1938). In the present study
we could not measure the surface area of an individual
mineral in the mixtures and therefore we normalized the
dissolution rates by the mass of the minerals. The dissolution
rates of the plagioclase and microcline were calculated by
rearranging Eqns. 6 and 7, respectively:

Rateplag �
RateNa

��oligo
Na · moligo � �ab

Na · mab�
(8)

Ratemicro �
RateK � Rateplag · �oligo

K · moligo

�micro
K · mmicro

(9)
The initial mass of the dissolving minerals in each fraction was
calculated from the product of the starting mass of the fraction
and the estimated percentage of the mineral in the fraction
(Table 3). Following each stage (i.e., the time between the
replacements of two sequential output bottles), the remaining
mass of each mineral was updated based on its dissolution rate
and the duration of the stage. As not all the samples were
analyzed, missing values were interpolated assuming linear
change with time between the previous and the following
sample.

The calculated plagioclase and microcline dissolution rates dur-
ing the experiments were determined independently for the disso-
lution experiments of the plagioclase-rich and the alkali feldspar-
rich fractions (Fig. 2b). There is an excellent agreement between
the two independent estimates of the dissolution rates. As the
release rates of Na and K and the percentage of the minerals in the

Fig. 2. (a) The release rates of Na and K with time in the dissolution
experiments of the plagioclase-rich and the alkali feldspar-rich frac-
tions. The release rates of both elements were different in the two
experiments. (b) Dissolution rates of plagioclase and microcline, which
were calculated based on the release rates of Na and K, are highly
consistent during the course of the two experiments (see section 5.2).
fractions were determined independently for the plagioclase-rich
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and the alkali feldspar-rich fractions, the strong agreement be-
tween the estimates of the change in dissolution rates with time
supports both the obtained dissolution rates and the estimates of
the mineralogical compositions of the fractions. Based on the
results of the two experiments, the steady state dissolution rates of
plagioclase and microcline are estimated to be 6.2 � 1.2
� 10�11 mol g�1 s�1 and 1.6 � 	0.3 � 10�11 mol g�1 s�1,
respectively.

Chou and Wollast (1984) measured the dissolution rate of albite
in pH 1.2 to 5.1. Extrapolating the rate data of Chou and Wollast
(1984) to pH 1 yields an albite dissolution rate of 1 � 10�10 mol
m�2 s�1. For microcline, Schweda (1989) reported a dissolution
rate of 3 � 10�11 mol m�2 s�1 at pH 1. To compare the present
study rates to those reported in the literature, we calculated the
average geometric surface area of the feldspars using a spherical
geometry and a density of 2.65 g/cm3, to be 0.02 m2 g�1. The
obtained dissolution rates for plagioclase (3 � 10�9 mol m�2 s�1)
and microcline (8 � 10�10 mol m�2 s�1) are 31 and 27 times
faster than the respective literature rates. However, this compari-
son is problematic as Chou and Wollast (1984) and Schweda
(1989) normalized their rates to BET surface area, which due to
surface roughness is typically much larger than geometric surface
area. According to White and Brantley (2003) the surface rough-
ness of feldspar ranges between 5 and few hundreds, and it is in
average 9.2 and 8.4 for plagioclase and K-feldspar, respectively.
Recalculating our rates using these average values yields dissolu-
tion rates of 3.3 � 10�10 and 9.5 � 10�11 mol m�2 s�1 for
plagioclase and microcline, respectively. These rates are �3 times
faster than rates reported in the literature. This difference in rates
may be explained by high roughness of the minerals used in the
present study due to the presence of many microcracks.

Using the obtained changes in the dissolution rates of pla-
gioclase and microcline with time, the release rates (Ratei) of
any element, i, which composes these minerals, may be pre-
dicted using the equation:

Ratei � Rateplag · �oligo
i · moligo � Rateplag · �ab

i · mab

� Ratemicro · �micro
i · mmicro (10)

Figure 3 compares the measured release rates of Al, Si and Ca
during the experiment to the predicted values that were calcu-
lated using Eqn. 10. For Al and Si there is a good agreement
between the predictions and the actual release rates throughout
the duration of the experiments (Figs. 3a,b). This good agree-
ment is an additional support for the estimations of the disso-
lution rates. The release rate of Ca, in contrast to that of K, Na,
Al and Si, was initially rapid but it decreased with time.
Towards the end of the experiments the release rate of Ca was
equal within error to the release rate predicted based on the
dissolution rate of the plagioclase and the stoichiometry of Ca
in plagioclase (Fig. 3c). The initially rapid release of Ca is
probably the result of release from other rapidly dissolving
minerals such as calcite and apatite as well as from exchange-
able sites in clays. The role of calcite in the chemical weath-
ering of granitoid rocks was discussed in previous studies (e.g.,
White et al., 1999, and references therein), and is further

discussed in Erel et al. (2004).
Fig. 3. Comparison of the measured release rates of (a) Al, (b) Si and
(c) Ca during the course of the dissolution experiments of the plagio-
clase- and the alkali feldspar-rich fractions, with the predicted values
that were calculated based on the dissolution rates of plagioclase and

microcline assuming stoichiometric dissolution (see section 5.2).
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5.3. The Effect of Iron Coating on the Dissolution Rate of
Plagioclase

In both the plagioclase-rich fraction and the alkali feldspar-
rich fraction the concentrations of the major elements increase
with time (Figs. 1a,c). This increase is interpreted as the result
of a significant enhancement with time of the plagioclase
dissolution rate (Fig. 2b). It is interesting to note that the
increase in plagioclase dissolution with time was also accom-
panied by changes in the 206Pb/207Pb ratio released during the
dissolution of these fractions (Erel et al., 2004). Such an en-
hancement in rate is not typical of laboratory dissolution ex-
periments. In most cases mineral dissolution rates decrease
with time as a result of the extinction of highly reactive fine
particles (e.g., Helgeson et al., 1984) and of the decrease in the
ratio of reactive to unreactive sites (e.g., Gautier et al., 2001).
We suggest that the increase in plagioclase dissolution rate
observed in the present study is explained by progressive
exposure of plagioclase surface sites due to the removal of iron
oxide coatings. These coatings appear both on the external
surface of the grains and in microscopic cracks that cut through
the grains. As a result, many of the new surfaces that were
formed by grinding are also coated. Most of the iron was
released to solution during the first 2000 h of the experiments
(Figs. 1b,d), and thereafter the plagioclase dissolution rate
approached a steady state (Fig. 2b). Note that only part of the
iron in the sample was dissolved during the first 2000 of the
experiment. However, the observation that the release rate of
iron after this period was slow indicates that the rest of the iron
is in microscopic cracks that were not exposed to solution.
Alternatively, the increase of plagioclase dissolution rates may
be explained by an increase in the surface roughness of the
plagioclase due to its dissolution. As we did not determine the
reactive surface area of the plagioclase, we can not reject this
possibility. However, as will be shown below there is a strong
linear relation between the dissolution of the exposed iron
coating and the increase in the plagioclase dissolution rate, and
therefore it seems more reasonable that the enhancement in
dissolution rate is the result of the removal of the iron oxide
coating.

To determine the effect of the iron coatings on the plagio-
clase dissolution rate, we first estimated the change in abun-
dance of iron coatings on external surfaces of plagioclase in
each of the experiments. As the experiment using the alkali
feldspar-rich-fraction was longer than that with plagioclase-
rich fraction, we did not use the data from the last 1000 h of the
former experiment. The amount of iron that was released dur-
ing this period was minimal (Fig. 1b) and therefore, the result
of the calculation is not influenced by excluding these data. In
the calculation we assume that all of the iron that was released
during each experiment (47 and 17 �mol in the experiment
with plagioclase-rich and alkali feldspar-rich fractions, respec-
tively) was from coatings that were evenly distributed on the
external surfaces of the oligoclase and on the albitic phase in
the perthitic alkali feldspar. Therefore, the initial amount of
iron coating was 19 and 16 �mol/g of oligoclase and albite in
the plagioclase-rich and alkali feldspar-rich fractions, respec-
tively. The similarity in the estimated amount of iron coating on
oligoclase and albite in the two fractions supports the assump-

tion that the iron coating is mainly associated with the oligo-
clase and the albite. The amount of remaining iron coating
during each experiment was calculated by subtracting the
amount of iron released with time from the initial amount. As
not all of the samples were analyzed, missing values were
interpolated assuming linear change with time between the
previous and the following sample. Figure 4 shows that the
plagioclase dissolution rate increases almost linearly (R2 of
0.94 and 0.90 in the experiment with the plagioclase- and the
alkali feldspars-rich fractions, respectively) as a result of the
removal of the iron coating. Again, there is a very good
agreement between the two experiments.

5.4. The Release Rates of Major Elements from the
Biotite and Chlorite-Rich Fraction

In contrast to the plagioclase- and alkali feldspar-rich frac-
tions, dissolution of the biotite and chlorite-rich fraction is
clearly non-congruent. Figure 5 compares the ratio of the
release rates of different elements to their molar ratio in the
biotite and chlorite. Although some of the ratios are interme-
diate between the stoichiometric ratios of the chlorite and those
of the biotite, they cannot reflect a combined effect of congru-
ent dissolution of biotite and chlorite, as they do not represent
the same mixing ratio. For example, the Al/Si and Fe/Si ratios
(Figs. 5a,b) reflect the dominance of biotite dissolution whereas
K/Si and Mn/Si (Figs. 5c,d) reflect the dominance of chlorite
dissolution. Other release ratios (e.g., Mg/Si and Mg/Fe) are
significantly higher than the stoichiometric ratios of both the
biotite and the chlorite (Figs. 5e,f). Non-stoichiometric disso-
lution of chlorite and biotite is commonly observed in disso-
lution experiments (e.g., Afifi et al., 1985; Acker and Bricker,
1992; Malmstrom and Banwart, 1997; Taylor et al., 2000;
Brandt et al., 2003), and may reflect several processes: 1)
dissolution of a third phase; 2) selective dissolution of different
elements from the biotite and / or the chlorite surfaces; and 3)
precipitation of one or more secondary phases. The observation
that the Mg/Fe ratio at steady state is above 0.6 (higher than
that of both the biotite and the chlorite; Fig. 5f) rules out the

Fig. 4. The effect of iron coating on plagioclase dissolution
rate.
first possibility, as the system does not contain any phase with
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Mg/Fe ratio 	0.6. The observation that dissolution remains
incongruent throughout the experiment (2400 h), indicates that
the long-term non-stoichiometric dissolution is not a result of
selective dissolution.

We suggest that the release rate of the different elements in
the biotite and chlorite-rich fraction is controlled by the disso-
lution of biotite and chlorite and precipitation of nontronite
(X0.3Fe2(Si,Al)4O10(OH)2 · n(H2O), where X is a cation in an
interlayer site). Precipitation of clay associated with biotite
dissolution was also observed in the granite dissolution exper-

Fig. 5. Comparison of the ratio of the release rates of (a
during the course of the dissolution of the biotite and chl
biotite and chlorite (horizontal lines).
iments of Afifi et al. (1985). Saturation indexes (SI) calculated
using the EQ3NR code (Wolery, 1992) indicate that throughout
the dissolution experiment of the biotite and chlorite-rich frac-
tion, the solution was saturated or supersaturated with respect
to nontronite and several SiO2 phases (quartz, chalcedony,
amorphous silica, tridmite, cristobalite and coesite). The obser-
vation that the solution is saturated with respect to a specific
phase is an indication that the phase may have been precipi-
tated, but does not prove that it was actually precipitated.
Unfortunately, it is not possible to identify small amounts of
nontronite using XRD. Supporting evidence for the precipita-

; (b) Fe/Si; (c) K/Si; (d) Mn/Si; (e) Mg/Si; and (f) Mg/Fe
h fraction (closed circles) to the stoichiometric ratios of
) Al/Si
orite-ric
tion of nontronite comes from a mass-balance calculation. The
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calculation was based on the assumptions that the biotite and /
or the chlorite dissolved congruently and that all of the Mg
remained in solution, i.e., that the secondary phases did not
contain any Mg. The rate of precipitation of Si, Al, Fe and K
(P_Ratei, mol element s�1) was calculated from the equation:

P _ Ratei � RateMg�FracBio · �Bio
i ⁄ �Bio

Mg

� �1 � FracBio� · �Chl
i ⁄ �Chl

Mg� � Ratei (11)

where Ratei is the release rate (mol s�1) of an element i that
was calculated using Eqn. 2,�j

i is the stoichiometric coefficient
of element i in mineral j (Table 1) and FracBio is the fraction of
the release rate of Mg that is a result of biotite dissolution.
Precipitation rates of Si, Al, Fe and K were calculated for two
end-member cases, the first in which only biotite is dissolved
(FracBio � 1) and the second in which only chlorite is dis-
solved (FracBio � 0). The average Al/Si, Fe/Si and K/Si ratios
for the case in which biotite controls the dissolution rate are
0.58 � 0.02, 0.64 � 0.03 and 0.50 � 0.05, respectively (the �
represents the standard deviation of the average). For the sec-
ond case, the average Al/Si and Fe/Si ratios are 1.5 � 0.3 and
2.5 � 0.5, respectively. The composition of the octahedral and
tetrahedral sites of possible precipitated phases were calculated
from the average Al/Si and Fe/Si ratios using a general formula
of a dioctahedral smectite XxY2Z4O10(OH)2, where Y is an
octahedral site, Z is a tetrahedral site, and X is an interlayer site.
For the case in which biotite controls the dissolution rate, the
resulting composition is X1.3(Fe1.7Al0.3)(Si2.7Al1.3)O10(OH)2,
which is an intermediate composition on the nontronite-beid-
ellite solid solution (85% nontronite). For the case in which
chlorite controls the dissolution rate, the calculated composi-
tion of the precipitated phase is X3(Fe2)(Si1.2Al1.8Fe1.0)O10

(OH)2. Although Fe�3 may occupy the tetrahedral site in
nontronite (Gaines et al., 1997), the small amount of Si in the
tetrahedral site and the resulting large amount of interlayer
cations (3) make the precipitation of such a phase less reason-
able. Based on both thermodynamic and mass balance calcu-
lations, we propose that the best explanation for the non-
congruent dissolution of the biotite and chlorite-rich fraction is
dissolution of (mainly) biotite and precipitation of nontronite.
This explanation is in accordance with the values of 87Sr/86Sr
released during the dissolution of the biotite and chlorite-rich
fraction which indicate a preferential dissolution of the inter-
layer sites relative to the framework sites (Erel et al., 2004).
This is because of the fact that 87Sr/86Sr values should reflect
only the dissolution of biotite and are not sensitive to the
precipitation of any secondary phase.

The amount of biotite that was dissolved during the experi-
ment was calculated based on the amount of Mg that was
released to the solution, assuming that the fraction is composed
solely of biotite. As not all the samples were analyzed, missing
values were interpolated assuming linear change with time
between the previous and the subsequent samples. According to
this calculation more than 85% of the biotite was dissolved
during the experiments. A similar calculation assuming that the
fraction is composed solely of chlorite indicates a loss of more
than 60% of the chlorite. As the (non steady-state) release rate
of Mg remains approximately constant despite the significant
loss of the dissolving mineral, we suggest that dissolution of the

biotite/chlorite-rich fraction occurred under near-equilibrium
conditions with respect to the dissolving phase (mostly biotite),
and therefore the release rate of Mg remained constant although
the amount of available surface area decreased with time. As
we do not know the relative amounts of biotite and chlorite in
the biotite and chlorite-rich fraction, nor the proportion of Mg
that is derived from biotite, it is not possible to determine the
actual dissolution rate of biotite and chlorite. As a first approx-
imation it is possible to calculate the rate for two end-member
cases, one in which the sample is composed solely of biotite
and the other in which it is composed of chlorite. The change
with time of biotite and chlorite dissolution rate for these case
studies is shown in Figure 6. Due to the uncertainty in the initial
amount of the biotite, the relative uncertainty in the amount of
biotite that is left in the system increases as most of the biotite
is dissolved. After �2000 h this uncertainty is of the order of
the estimated value. Therefore, only the rates calculated during
the first 1500 h are used for the comparison with the bulk
granite experiment.

5.5. Comparison of the Release Rate of the Major
Elements from the Bulk Granite to the Dissolution
Rates of Its Constituent Minerals

The release rates of the major elements during the dissolu-
tion of the bulk granite are controlled by the dissolution rate of
plagioclase (Na, Al and Si), microcline (K, Al and Si) and
biotite /chlorite (Mg, Fe, K, Al and Si). The release rates of Mg
and Na are controlled by the dissolution rate of biotite and
plagioclase, respectively, and therefore the relative release rate
of these two elements (Fig. 7a) can be used to examine the
relative dissolution rate of biotite and plagioclase during the
dissolution of granite. Initially, biotite/chlorite dissolution
dominates, but with time, a transition from biotite � chlorite-
dominance to plagioclase control on the release of elements
from the granite is observed. As a result of the drying, the rate
of biotite dissolution increased significantly (the release rate of

Fig. 6. The change with time of biotite and chlorite dissolution rate
during the dissolution of the biotite and chlorite-rich fraction, which
was calculated assuming that the sample is composed solely of biotite
or chlorite, respectively (see section 5.4).
Mg was almost doubled) while that of plagioclase decreased
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(the release rate of Na reduced to half), and biotite dissolution
dominated again. Thereafter, the transition to plagioclase dom-
inance recurred, until the biotite and chlorite had dissolved
completely. These stages in the granite dissolution were also
documented by changes in the 206Pb/207Pb and 87Sr/86Sr ratios
(Erel et al., 2004).

In contrast to the non-stoichiometric dissolution of the bi-
otite/chlorite-rich fraction (Fig. 5), the release of major ele-
ments within the tetrahedral and octahedral sites of biotite and
chlorite (Al, Si Mg and Fe) indicates that these minerals dis-
solved stoichiometrically during the dissolution of the bulk

Fig. 7. Comparison of the ratio of the release rates of (a
(f) Mg/K during the dissolution of the bulk granite (clos
(horizontal lines).
granite. The ratio of the release rate of Mg/Fe from the bulk
granite is equal to the stoichiometric ratio of the biotite and
chlorite (Fig. 7b). Similarly, the ratios of the release rate of
Al/Si and Mg/Si are equal to the stoichiometric ratio of the
biotite and chlorite during the periods in which the dissolution
of these minerals is dominant (the first few hundreds of hours
of the experiments and following the resumption of the exper-
iment after the drying period, (Figs. 7c,d). Both Al/Si and
Mg/Si ratios show that dissolution of chlorite makes a greater
contribution (i.e., higher ratios) at the onset of the experiment.

In common with Mg, the release of K from the bulk granite
(Fig. 1h) is initially rapid and it decreases with time. Following

g � Na); (b) Mg/Fe; (c) Al/Si; (d) Mg/Si; (e) K/Si; and
es) to the stoichiometric ratio in its constituent minerals
) Mg/(M
ed circl
the drying period, the K concentration increases and then
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decreases again. Both the initial decrease in K concentration
and the decrease following the drying period are at a greater
rate than the parallel decrease in Mg concentration (Fig. 1h).
We suggest that the faster decrease in K concentration indicates
that the release rate of ions from interlayer sites in biotite is
faster than that from the tetrahedral and octahedral sites that
build the biotite framework. This suggestion is also supported
by fast changes in 87Sr/86Sr ratios (Erel et al., 2004). The
observations that the release ratio of Mg/K is always higher and
K/Si is always lower than the stoichiometric ratios of biotite
(Figs. 7e,f) are explained by the high contribution of chlorite
during the initial period of dissolution in which the K is
released from the interlayer of the biotite.

The change with time in the mass of biotite in the bulk
granite was calculated based on the amount of Mg that was
released to the solution, assuming that the sample contained no
chlorite and that the original percentage of biotite in the bulk
granite was 5.3 � 1 (see section 5.1 above). In contrast to the
observations in the biotite/chlorite-rich fraction, the release rate
of Mg from the bulk granite decreased linearly with the esti-
mated decrease in the biotite mass, except following the drying
interval. A similar trend was obtained when we calculated the
remaining mass of chlorite, assuming that the bulk granite
contained no biotite. The concentrations of the major elements
during the dissolution of the bulk granite were relatively low,
and the dissolution of biotite (and/or chlorite) from the bulk
granite occurred under far from equilibrium conditions, and
therefore the release rate of the magnesium is proportional to
the amount of biotite and chlorite available for dissolution.

Figure 8a compares the calculated biotite dissolution rate in
the bulk granite dissolution experiment to that in the dissolution
experiment of the biotite/chlorite-rich fraction. During the first
600 h of the experiments the dissolution rate of biotite in the
experiment with the biotite/chlorite-rich fraction is significantly
slower than that in the bulk granite. The observed slower biotite
dissolution rate in the former experiment supports our sugges-
tion that the dissolution of the biotite/chlorite-rich fraction
occurred under near-equilibrium conditions with respect to the
dissolving phase. As the experiments progress, the uncertainty
of the calculated dissolution rates becomes larger than the
calculated differences due to the increase in the relative uncer-
tainty of the estimation of the biotite mass.

The release rate of Na and K at steady state was calculated
using Eqn. 4. The masses of oligoclase, albite and microcline in
the bulk granite at steady state were calculated based on the
amounts of Na and K that were released to the solution, using
a method similar to the one used to calculate the changes in
mass in the plagioclase- and alkali feldspar-rich fractions. As
some of the K is released from biotite, the release of K was
neglected in samples that had a ratio of Mg/(Na � Mg) higher
than 0.6. According to this calculation the final mass of the
oligoclase and albite was reduced to 89%, and that of micro-
cline to 96%, of their original estimated mass. The dissolution
rates of plagioclase and microcline at steady state were calcu-
lated from the above estimations of the release rate of Na and
K and the final mass of the minerals using Eqns. 8 and 9,
respectively. The obtained steady state dissolution rates of
plagioclase (6.6 � 1.3 � 10�11 mol g�1 s�1) and microcline
(1.9 � 0.4 � 10�11 mol g�1 s�1) show excellent agreement

with the average steady state rates obtained from the plagio-
Fig. 8. Comparison of the calculated dissolution rates of (a) biotite,
(b) plagioclase and (c) microcline during the dissolution of the bulk
granite to those rates during the experiments with the mineral-rich
fractions.
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clase- and alkali feldspar-rich fractions (6.2 � 1.2 � 10�11 and
1.6 � 0.3 � 10�11 mol g�1 s�1, for plagioclase and micro-
cline, respectively). The dissolution rate of microcline was
calculated only for samples that show small effects of biotite
dissolution (e.g., Mg/(Na � Mg) � 0.6). Figures 8b and c
compare the calculated plagioclase and microcline dissolution
rates in the bulk granite dissolution experiment to those rates in
the dissolution experiment of the plagioclase- and alkali
feldspar-rich fractions. Until the drying period, there is a very
good agreement between the three estimates of the microcline
dissolution rate. In contrast, the dissolution rates of plagioclase
in the experiment with the plagioclase- and the alkali feldspar-
rich fraction are significantly faster than that in the bulk granite.
As we showed above, the dissolution rate of the plagioclase is
initially inhibited by the Fe coating. As a result of biotite
dissolution, the iron concentration in solution during the first
1000 h of the experiment with the bulk granite (Fig. 1g) was
about an order of magnitude higher than that in the experiment
with the plagioclase-rich fraction (Fig. 1d). We suggest that the
dissolution rate of the iron coating in the bulk granite experi-
ment was slower due to the higher Fe concentration, and as a
result the increase in plagioclase dissolution rate was initially
slower.

5.6. Implications of the Present Study to the Comparison
between Dissolution Rate in the Laboratory and in
the Field

The amount of biotite and chlorite in the biotite/chlorite-rich
fraction was �20 times higher than that in the bulk granite
experiment. As a result, concentrations of major elements were
higher in the former experiment, and the solution became
supersaturated with respect to a secondary mineral (nontronite)
and close to equilibrium with respect to biotite (and or chlorite)
dissolution. Consequently, the biotite/chlorite-rich fraction dis-
solved slower than the biotite and chlorite in the bulk granite
and did so non-stoichiometrically. The instantaneous water/
rock ratio in the field is limited by porosity and is orders of
magnitude lower than that in any well-mixed flow-through or
batch experiment. The fluid flow rate in the field is also much
slower than in typical laboratory experiments. As a result,
weathering in the field tends to be incongruent and to take place
under near-equilibrium conditions. By contrast, most labora-
tory experiments are designed to achieve far from equilibrium
conditions and to avoid precipitation of secondary minerals
(e.g., Casey et al., 1993).

Neglecting the precipitation of secondary minerals would
lead to incorrect estimates of the degree of saturation. The
degree of saturation in the experiment with the biotite/chlorite-
rich fraction was controlled by the balance between the in-
crease in element concentrations due to the dissolution of the
biotite and the decrease in concentrations due to the nontronite
precipitation. If the dissolution of the biotite was congruent, the
concentrations of Fe, Si and Al would be higher, and the biotite
dissolution would be slower as a result of the increase in the
degree of saturation. This conclusion is in agreement with those
of Murakami et al. (1998) that the near equilibrium dissolution
rate of anorthite is enhanced by precipitation of secondary
minerals. Likewise, the degree of saturation in the field is a

result of the balance between the dissolution of the primary
minerals and the precipitation of the secondary minerals. In the
absence of such precipitation, the dissolution of the primary
minerals would be even slower than observed.

The behavior of plagioclase in the present study has exem-
plified the importance of coatings in minerals on dissolution
kinetics. The rate of plagioclase dissolution increased with time
by more than an order of magnitude due to the removal of the
iron coating. Thermodynamic calculations using the EQ3NR
code (Wolery, 1992) indicate that solutions in the present study
were under-saturated with respect to iron oxides, leading to
dissolution of the iron coatings. As iron was also released from
biotite in the bulk granite experiment, the dissolution of the iron
oxide coatings was closer to equilibrium, and therefore slower
in the bulk granite experiment than in those using mineral-rich
fractions. Thus, the increase in plagioclase dissolution rates
was slower in the bulk granite experiment. In the field solutions
may be oversaturated with Fe, as was observed by Murakami et
al. (2003), and dissolution of iron-coated minerals would be
strongly inhibited. Under such conditions, the amount of coat-
ing on plagioclase surfaces may even increase with time, al-
though Murakami et al. (2003) observed that iron oxides
mainly precipitate on the edges of biotite crystals.

Hodson (2003) precipitated an amorphous iron rich-coating
on anorthite, and showed that this precipitate did not inhibit or
slow the dissolution of the anorthite. He concluded that porous
coatings on minerals in nature do not inhibit the dissolution of
the coated minerals. In contrast to the artificial iron precipitate
of Hodson (2003), the natural iron coating of the feldspar in the
present study seems to inhibit mineral dissolution. Interest-
ingly, our observations agree with unpublished data of Hodson
that a naturally coated sample dissolved at a slower rate than an
uncoated sample (Hodson, 2003). The different behavior of
natural and artificial coating is not surprising and as Hodson
(2003) noted, coatings on grains are highly varied both com-
positionally and morphologically. Inhibition of mineral disso-
lution due to surface coatings has also been observed in other
studies (Mogollon et al., 1996; Nugent et al., 1998; Ganor et al.,
1999; Metz et al., 2005). Our suggestion that the differences
between laboratory and field dissolution rates may be at least
partly attributed to mineral coatings is in agreement with the
study of Nugent et al. (1998). Additional dissolution experi-
ments with “dirty” naturally coated mineral samples are re-
quired to quantify the effect of coatings on the dissolution of
minerals in the field.

The effect of drying on dissolution rates of the major min-
erals is intriguing. Whereas the dissolution of biotite is signif-
icantly enhanced, the dissolution rate of plagioclase decreased
after drying. Before drying, the solution contained �200 �M
Fe. Precipitation of this iron on plagioclase surfaces may ex-
plain the slow rate of plagioclase dissolution during the subse-
quent dissolution stage. Enhancement of biotite dissolution
rates following drying may reflect Fe oxidation during the
drying period, which may have caused exfoliation of the edges
of the biotite sheets as has been observed in weathered biotite
from soils (e.g., Turpault and Trotignon, 1994; Murakami et al.,
2003). An alternative explanation for the increase in biotite
dissolution rate may be differential expansion of the different
minerals (or of the same mineral in different directions) during
drying at 50°C, which may improve the flow between the

biotite grains and the bulk solution. This may increase the



620 J. Ganor et al.
degree of undersaturation near grain edges, and therefore en-
hance the biotite dissolution rate. The observations of the
present study are insufficient to elucidate all the consequences
of drying. As daily and seasonal cycles of wetting and drying
are frequent natural phenomenon, further studies of the effect
of drying are essential for understanding mineral dissolution in
the field, and for comparing them to results obtained in fully-
wetted laboratory dissolution experiments.

6. SUMMARY AND CONCLUSIONS

Plagioclase and microcline dissolved stoichiometrically dur-
ing the dissolution of the bulk granite and the mineral separates.
The measured steady state dissolution rates of both the plagio-
clase and microcline were within error the same in all of these
experiments. The dissolution of the plagioclase was initially
inhibited by an iron oxide coating on grain surfaces. The
plagioclase dissolution rate increased almost linearly with the
inferred decrease of iron coating on its surface. Due to biotite
dissolution, iron concentration in solution in the bulk granite
experiment was significantly higher than that in the experi-
ments using the plagioclase- and the alkali feldspar-rich frac-
tions. As a result, removal of iron coatings from grains within
the bulk granite was slower, and consequently the rate of
increase in the plagioclase dissolution rate was also slower. We
suggest that such coatings may strongly inhibit dissolution rates
in the field, especially under conditions in which dissolution of
iron-bearing minerals increases iron concentration and conse-
quently decreases the solubility of the coating.

In contrast to the dissolution of plagioclase and the perthitic
alkali feldspar, dissolution of the biotite/chlorite in the bulk
granite was significantly different than that in the biotite/chlo-
rite-rich fraction. Whereas the biotite/chlorite-rich fraction dis-
solved incongruently under near-equilibrium conditions, biotite
and chlorite within the bulk granite sample dissolved congru-
ently under far from equilibrium conditions. These differences
result from variations in the degree of saturation of the solu-
tions with respect to both the dissolving biotite/chlorite and to
the nontronite, which probably was precipitating during the
dissolution of the biotite and chlorite-rich fraction. The two
experiments were different in the water/biotite ratio, which led
to differences in solution composition and saturation state. In
contrast to most laboratory experiments, water/rock ratios in
most soils and regoliths are very low, and as a result mineral
dissolution in the field is typically non-congruent, and occurs
under near equilibrium conditions.

The present study has demonstrated significant differences
between dissolution rates of plagioclase and biotite/chlorite in
the bulk Elat Granite and the dissolution rates of the constituent
minerals in mineral-rich fractions, which were separated from
the same granite sample. In the case of biotite, differences
between the bulk granite experiment and the mineral-rich frac-
tion were a result of differences in the abundance of the
dissolving mineral. In the case of plagioclase, the presence of
biotite in the granite affected the solution composition, inhib-
iting the dissolution of the iron oxide coatings and slowing the
plagioclase dissolution. Both the presence of coatings and the
near equilibrium conditions significantly reduce mineral disso-
lution rates in the field in comparison to the dissolution rate of

clean minerals under far from equilibrium laboratory condi-
tions. This conclusion is in agreement with White and Brantley
(2003), who pointed out that the slower dissolution rate in the
field compared to laboratory experiments is a result of both
extrinsic differences (e.g., differences in saturation state) and
intrinsic differences (e.g., surface coating).

Following the drying of the bulk granite the dissolution of
biotite was significantly enhanced, whereas the dissolution rate
of plagioclase was decreased. The observations of the present
study demonstrate that to fully bridge the gap between the field
and the laboratory mineral dissolution rates, both the effects of
mineral coatings on dissolution rates and the effect of wetting
and drying cycles should be further studied. More experiments
are also required to study the effect of saturation state on
mineral dissolution under different experimental conditions.
The results of laboratory experiments should eventually be
integrated into a full rate law for the dissolution reaction
describing the combined effect of all environmental parame-
ters.
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