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50 av. F.D. Roosevelt, 1050 Brussels, Belgium

Received 9 July 2013; accepted in revised form 1 December 2013; Available online 11 December 2013
Abstract

The chemical composition and charge of the biotite near-surface, in contact with NaCl bearing aqueous solutions at 25 �C
from pH 1 to 12, have been derived via zeta potential measurements and potentiometric titrations performed for 20 and
60 min in batch reactors. Zeta potential measurements yielded an isoelectric point of pH 3.0 (±0.2) and batch potentiometric
titrations yielded a pH of immersion of 9.66 (S.D. 0.24). From batch potentiometric titrations we determined both the proton
consumption and the metal release from the biotite surface as a function of pH. Potassium removal from the near-surface of
biotite is only slightly dependent on pH with a minimum of �6 atoms nm�2 removed at the immersion pH, corresponding to
an average depletion depth of �1.5 nm. In contrast, the release of Mg, Al and Fe is strongly pH-dependent as those metals are
preferentially removed from the biotite surface at pH less than 9 (Mg) and 4 (Al, Fe). The average depletion depth of Mg, Al,
and Fe increases with decreasing pH, reaching on average �2 nm at pH �1. The removal of K, Mg, Al, and Fe is not charge
conservative, resulting in a relative negative charge in the biotite near-surface. Taken together, our results indicate that the
composition of the biotite surface varies dramatically as a function of pH. At basic conditions, the biotite near-surface is
K depleted and likely hydrogen enriched. At near-neutral conditions, the biotite near-surface is comprised of only the Si
and Al tetrahedral, and the Fe(II) octahedral framework, following the removal of both alkali metals and Mg. Finally, at
acidic conditions, the biotite near-surface is comprised exclusively of a remnant Si, O and H framework. The results of these
experiments give an indication of the composition and charge of the biotite surface in the natural environment, following con-
tact with water, for example in the vadose zone, and can help us understand weathering reactions in these systems.
Crown copyright � 2013 Published by Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Mineral surface composition and charge are often linked to
mineral reactivity and adsorption properties (e.g. Pokrovsky
et al., 1999; Sverjensky, 2004). Among the most significant
minerals in the subsurface, in terms of controlling the chem-
ical composition and evolution of surface waters, are the
phyllosilicates (including clays). This is due to their large
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surface areas and high ion-exchange capacity (Sposito,
1984; Davis and Kent, 1990; Drever, 1997; Bowser and
Jones, 2002). Several recent studies reported that due to me-
tal exchange reactions, the composition of the near-surface
of multi-oxide minerals depends strongly on the composition
of its surrounding aqueous phase (e.g. Pokrovsky and
Schott, 2000; Chaı̈rat et al., 2007; Oelkers et al., 2009). In
an attempt to extend these concepts to phyllosilicates, we
have performed a series of batch potentiometric titration
experiments and electrokinetic measurements on biotite sur-
faces as a function of aqueous solution pH from 1 to 12. The
purpose of this paper is to report the results of these experi-
ments aimed towards the improved understanding of how
sevier Ltd. All rights reserved.
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the surface compositions of phyllosilicate minerals are influ-
enced by the aqueous phase composition.

Mineral surface chemistry has often been linked to dis-
solution rates (Morel and Hering, 1993). Early studies at-
tempted to correlate mineral surface charge to the
concentration of surface-sites, determined via potentiomet-
ric titrations as a function of pH (e.g. Furrer and Stumm,
1986; Brady and Walther, 1990; Pokrovsky and Schott,
2004). This approach has subsequently been questioned
by observations that in addition to proton absorption and
desorption a large number of reactions influence proton
consumption during potentiometric titrations (e.g. Oelkers
et al., 2009). Furthermore, dissolution rates of a wide range
of minerals can depend on the activity of aqueous metals
present in solution (e.g. Gautier et al., 1994; Oelkers
et al., 1994; Devidal et al., 1997; Gislason and Oelkers,
2003; Wolff-Boenisch et al., 2004; Carroll and Knauss,
2005; Saldi et al., 2007). A further motivation of this study
is therefore to characterise the reactions controlling the sur-
face chemistry of a reference phyllosilicate, biotite, to im-
prove our understanding of the overall dissolution
mechanism of this widespread family of minerals.

A further motivation for a quantitative understanding of the
surface properties and dissolution behaviour of phyllosilicates
is due to their significance as a nutrient source in the terrestrial
environment. A number of studies have reported on the crucial
role of micro-organisms in weathering primary minerals and
acquiring key nutrients (e.g. Leyval and Berthelin, 1991; Drever
and Stillings, 1997; Wallander and Wickman, 1999; Adeyemi
and Gadd, 2005; Buss et al., 2007; Gadd, 2007; Lian et al.,
2008; Smits et al. 2012). Several studies focussed on biotite
weathering and metal acquisition by bacteria (e.g. Balland
et al., 2010) and fungi (e.g. Balogh-Brunstad et al., 2008;
Bonneville et al., 2009, 2011). Remarkably, for fungi, the
weathering process is a combination of mechanical forcing
of the biotite near-surface and several chemical alteration
pathways. These studies also demonstrated that the near-
surface properties of biotite are crucial in controlling the ini-
tiation of weathering processes. Yet, how the chemistry of
the biotite near-surface influences both nutrient availability
and the mechanism of micro-organism nutrient acquisition
is still unknown.

In this study, we have assessed the degree to which the
biotite near-surface chemistry is influenced by the composi-
tion of its surrounding aqueous phase. We have done this
through a series of batch potentiometric experiments at
25 �C and between pH 1 and 12, which were also compli-
mented through electrokinetic measurements. Titration re-
sults were interpreted to (i) evaluate the main
contributing reaction types occurring at the biotite surface
and (ii) determine how the composition of the biotite sur-
face varies as a function of pH.

2. EXPERIMENTAL METHODS

2.1. Mineral sample

The biotite used in this study originated from the Graså-
sen feldspar quarry, Moen, Arendal, Aust-Agder, Norway
(sourced from Agder Naturmuseum, Kristiansand). A large
piece (�600 g) was broken into chunks and all visible inclu-
sions were removed. For the chemical characterisation, a
polished block of the biotite was imaged using a field emis-
sion gun scanning electron microscope (FEG-SEM, FEI
Quanta 650 equipped with an Oxford X-Max silicon drift
detector, SDD and operated at 20 kV). The biotite, along
with inclusions and areas of alteration, was imaged and
characterised using backscattered electron emission (BSE)
and energy-dispersive X-ray spectroscopy (EDX). The bulk
chemical composition of the biotite was characterised by
electron microprobe analysis (EMPA, Jeol JXA-8230 run-
ning with a tungsten source at 15 kV and 15 nA) using
the average of 15 point measurements (

P
oxide

weight > 99%) and O10(OH)2 formula units. The electron
microprobe analysis of the Grasåsen biotite yielded the fol-
lowing chemical composition (K0.913 Na0.011 Ca0.0002)
(Mg1.436 Mn0.004 Fe(II)

1.098 Cr(II)
0.0004)(Al1.312 Ti(IV)

0.184

Si(IV)
2.832)(OH)2(O)10.

The remaining biotite was crushed using a ball mill, jaw
crusher, and agate disk mill, removing visible inclusions
throughout. The <53 lm size fraction was separated and
further crushed for use in the batch potentiometric and
electrokinetic measurements. Crushed biotite grains were
imaged using FEG-SEM and grains were observed to be be-
tween sub-micron and 10 lm in size (Fig. S-1). The specific
surface area (s) of this crushed biotite fraction was mea-
sured via an 11 point krypton adsorption isotherm that
was run from 0.046 to 0.30 p/po (equilibrium pressure/satu-
ration pressure) at 77 K, on a Quantachrome AUTO-
SORB-1. Samples were degassed with Kr at 120 �C for
23 h before analysis and the surface area was calculated
using the BET method (Brunauer et al., 1938) based on
an assumed cross section of absorbed Kr of 0.205 nm2.
The specific surface area of the Grasåsen biotite was calcu-
lated to be 13.43 m2 g�1. The average metal site density at
the biotite surface was estimated to be 10 nm�2 using VES-
TA (Momma and Izumi, 2011) for visualising the biotite
structure as presented by Brigatti et al. (2000). The crushed
biotite was also analysed by X-ray fluorescence (XRF, In-
nov-x X-5000) at 10 kV and X-ray diffraction (XRD, Bru-
ker D8) with a scan range from 5� to 75� 2h and a step
size of 0.009� 2h, to give an indication of any impurities
within the crushed fraction. Reitveld refinement of XRD
patterns by Topas software version 4.2 (copyright 1999–
2009 Bruker AXS) indicated the presence of 3.7 wt.%
(±0.5%) calcite, supported by 1.36 wt.% calcium (�3.4%
calcite) as measured by XRF. Apart from the presence of
calcium, XRF analysis provided a composition consistent
with the biotite stoichiometry determined by EMPA.

2.2. Batch potentiometric titrations

A total of 65 time limited, biotite-bearing batch experi-
ments were performed at 25 �C which, when taken together,
represent a potentiometric titration series, as previously de-
scribed by Pokrovsky et al. (1999) and Oelkers et al. (2009).
In brief, 20 g/L of biotite was equilibrated while stirred in a
polypropylene reactor with a NaCl electrolyte of known io-
nic strength (I) for at least 12 h under a N2 atmosphere (5.0
grade). Batch reactions were performed by mixing �7 ml
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aliquots of this pre-equilibrated biotite suspension with a
known quantity of analytical grade HCl or NaOH in
15 ml polypropylene vials. Experiments were conducted un-
der a N2 atmosphere, for either 20 or 60 min and were sha-
ken constantly at 140 rpm, with additional manual shaking
every 10 min. At the end of each titration experiment, the
pH in each vial was measured using a Metrohm 713 pH
Meter, calibrated with certified reference buffer solutions
of pH 4.005, 6.866, and 9.183 (CertiPUR, Merck) at 25 �C.

After pH measurement, the fluid from each batch exper-
iment was filtered through 0.2 lm cellulose acetate Sarto-
rius Minisart filters (and stored at 4 �C analysis. The
concentrations of Na, Mg, Al, K, Ca, Ti, Cr, Mn, and Fe
in the filtered reactor fluids were determined by inductively
coupled plasma mass spectrometry (ICP-MS, Thermo Agi-
lent 1700C; maximum analytical uncertainty ± 5%) while
aqueous silicon, Si, was determined using the colorimetric
molybdate blue method (Bran & Luebbe AutoAnalyzer 3,
maximum analytical uncertainty ± 3.5%).

A control titration series was obtained through other-
wise identical experiments using biotite-free fluids, i.e., from
the pre-equilibrated biotite suspension filtered through a
0.2 lm cellulose acetate Nalgene filter unit. The control
titration series was performed to determine a baseline for
data interpretation.

Full details of all biotite-bearing and biotite-free batch
titration experiments can be found in Tables A-1 and A-
2, respectively, in Appendix A. Details include mineral sus-
pension concentration, fluid ionic strength, experiment
time, suspension volume, and titrant concentration at the
start of the experiment (t = 0); and, pH and fluid composi-
tion at the end of each titration.

2.3. Electrokinetic measurements

The electrophoretic mobility of the biotite powder was
measured at 25 �C using a Zetaphoremetre IV, model
Z3000 microelectrophoremeter with a dielectric constant
of 80 ± 1 V. For each measurement, biotite powder was
added to individually prepared aqueous NaCl or HCl solu-
tions (I = 10�1 to 10�3 M) with pH from 1 to 12 and mea-
sured within 5 min by electrophoresis. As in the batch
titrations, the pH range for electrophoretic measurements
was attained through the addition of analytical grade HCl
or NaOH. The pH of each fluid sample was measured exter-
nally during electrophoresis. Measured electrophoretic
mobilities were converted to f potentials using the Smolu-
chowski equation (Hunter, 1989) and are presented in
Table A-3 in Appendix A, along with the details of solution
compositions used for electrophoretic measurement.

3. THEORETICAL BACKGROUND

This study builds from our current understanding of the
mineral–fluid interface (c.f. Parks, 1965, 1967, 1990; Davis
and Kent, 1990; Sposito 1998; Pokrovsky and Schott,
2000; Oelkers et al., 2009; Brown and Calas, 2012). A large
number of terms are necessary to describe these interfaces,
and their definitions can be ambiguous, thus, we briefly re-
view some of these here.
The zero point of charge (pHZPC) is the pH value where,
regardless of source, the net charge at the surface of a mate-
rial is zero.

There are three primary methods for determining the
pHZPC of minerals. (1) The isoelectric point (pHIEP), as
determined by electrokinetic measurements, indicates the
pH at which there is no net charge at the hydrodynamic
shear-plane of a particle in solution; and therefore, the
point at which there is no movement of particles in an elec-
tric field (note that ions can adsorb to the mineral surface
and hence contribute to the charge at the hydrodynamic
shear-plane and, therefore, to pHIEP). (2) Acid–base poten-
tiometric titrations of a mineral yield the point of zero net
proton charge (pHZNPC), the point at which the concentra-
tions of H+ and OH� ions consumed by a surface are equal,
therefore giving the surface a net neutral charge. This is
synonymous with the pH of an aqueous solution in equilib-
rium with a mineral, when no titrant has been added, also
referred to in this study as the immersion pH (pHimm). (3)
The common intersection point of acid–base titration
curves at two or more ionic strengths yields the point of
zero salt effect (pHPSZE).

When there is no internal net charge on the mineral and
in the absence of ions for adsorption, other than H+ and
OH�, pHIEP = pHZNPC = pHPZSE = pHZPC (Sposito,
2004). However, in a large number of cases pHIEP -
– pHPZSE (c.f. Sverjensky, 2004) and in such cases the
pHIEP determined at low ionic strengths (e.g. 0.001–
0.01 M) may be more representative of pHZPC (Sverjensky,
1994). Furthermore, to accurately model the mineral sur-
face, both the surface composition and the electrochemical
state must be considered. Both these parameters can be
determined via potentiometric titrations by quantifying
proton consumption at both the mineral surface and in
all other proton-consuming reactions. These in turn can
all be determined from accurate pH measurements in com-
bination with aqueous analysis of the dissolved species pres-
ent during the titration.

In this study, the total amount of protons consumed,
normalised to mineral surface area, ( Hþtot

� �
, atoms nm�2)

during timed batch titration experiment was derived from
the difference between the calculated proton concentration
in each reactor at the start of each titration ([H+]t=0,
mol kg�1) and the concentration of protons determined
from the measured pH of the aqueous suspension, after
its interaction with biotite powder ([H+]t=t, mol kg�1).
The value of [H+]t=0 was calculated using:

½Hþ�t¼0 ¼
ðmaMaÞ þ ðmeMeÞð Þ
ðMa þMeÞ

ð1Þ

where ma and me (mol kg�1) correspond to the concentra-
tion of protons in the added titrant and the mineral–electro-
lyte suspension, respectively, while Ma and Me (kg)
designate the masses of these fluids. Proton concentration
at the end of each experiment [H+]t=t was calculated from
the measured pH, such that

½Hþ�t¼t ¼
10�pH

cHþ

� �
� 10�ð� logðKH2OÞ�pHÞ

cOH�

 !
ð2Þ
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where ci designates the activity coefficient of the ith aqueous
species, calculated using the Davies equation (Davies,
1962), and KH2O stands for the water ionisation constant
(10�14; IUPAC, 2006). Combining Eqs. (1) and (2) leads
to Hþtot

� �
which can be represented as (adapted from

Oelkers et al., 2009):

Hþtot

� �
¼ ½Hþ�t ¼ 0� ½Hþ�t¼t

� � N

Ms1018

� �
ð3Þ

where N designates Avogadro’s number (6.02 � 1023), M
(kg) the mass of mineral powder, and s (m2 kg�1) the biotite
powder specific surface area. The quantity of protons con-
sumed due to the presence of biotite ( Hþs

� �
, atoms nm�2)

was calculated by subtracting from Hþtot

� �
the protons con-

sumed in an equivalent biotite-free titration at each corre-
sponding pH ( Hþ0

� �
, atoms nm�2)

Hþs
� �

¼ Hþtot

� �
� Hþ0
� �

ð4Þ

where Hþ0
� �

, for a given pH, was interpolated from a regres-
sion of the biotite-free titration curve (after an immersion
period of 12 h, see Section 2.2).

During each batch titration, protons were consumed or
produced by reactions occurring either in the aqueous solu-
tion ( Hþsol

� �
) or through incorporation into/onto mineral

surfaces ( Hþsurf

� �
), such that:

Hþs
� �

¼ Hþsol

� �
þ Hþsurf

� �
ð5Þ

During the titration, three proton related, aqueous solu-
tion-based reactions occur (Eq. (6)): (i) biotite dissolution,
Hþdis

� �
, (ii) calcite dissolution Hþcarb

� �
and (iii) hydrolysis of

aqueous cations, Hþhy

h i
, such that Hþsol

� �
can be written as:

Hþsol

� �
¼ Hþdis

� �
þ Hþcarb

� �
þ Hþhy

h i
ð6Þ

Similarly, two reactions can incorporate protons onto or
into the mineral surface (Eq. (7)): (i) metal exchange reac-
tions, Hþex

� �
, and (ii) proton adsorption, Hþad

� �
and therefore

Hþsurf

� �
can be written as:

Hþsurf

� �
¼ Hþex

� �
þ Hþad

� �
ð7Þ

Combining Eqs. (5)–(7) allow formulation of the following
expression for the total number of protons consumed via
aqueous solution-based and mineral surface reactions (Eq.
(8)):

Hþs
� �

¼ Hþdis

� �
þ Hþcarb

� �
þ Hþhy

h i
þ Hþex

� �
þ Hþad

� �
ð8Þ

Details on these five proton-related reactions are pre-
sented below with representative worked examples outlined
in Appendix B.

3.1. Biotite dissolution reactions

In this study, biotite dissolution was assumed to be stoi-
chiometric and consistent with Si release, thus the dissolu-
tion reaction can be represented as:
X
i

ðniziÞHþ þ
X

i

Mið Þni
SiO

2þ
X

i

ni zi
2ð Þ

¼
X

i

ðniM
zi
i Þ þ SiO2ðaqÞ þ

X
i

nizi

2

� 	
H2O ð9Þ

where ni refers to the stoichiometric coefficient of metal Mi

in the biotite formula, normalised to one Si, and zi the
charge of the Mith free ion in aqueous solution. Through
the dissolution of one biotite molecule

P
iðniziÞ protons

are consumed. Therefore, the number of protons consumed
by dissolution, Hþdis

� �
, is proportional to the number of Si

atoms released to the fluid, so that:

Hþdis

� �
¼
X

i

ðniziÞ½Sis� ð10Þ

where [Sis] (atoms nm�2) is the surface area normalised
number of Si atoms released into aqueous solution during
the titration.

3.2. Calcite dissolution reactions

The quantitative XRD analyses of our starting material
revealed the presence of 3.7 wt.% calcite. The release of
1 mol of Ca from calcite dissolution is accompanied by
the release of 1 mol of CO3

2�. The released CO3
2� is present

in solution as either CO3
2�, HCO3

� or H2CO3, depending
on pH, with the latter two species consuming 1 and 2 pro-
tons respectively. In a CO2 free system, the total carbonate
concentration [carbonates] (atoms nm�2) is equal to the cal-
cium concentration released from calcite dissolution
[Cacarb,s] (atoms nm�2). This can be calculated from:

½carbonates� ¼ ½Cacarb;s� ¼ ½Cas� � nCa½Sis� ð11Þ

where, [Cas] represents the surface area normalised total
calcium concentration, nCa[Sis] represents the contribution
of Ca released from biotite dissolution. The concentrations
of the carbonate species are calculated using the PHRE-
EQC 3 computer code (Parkhurst and Appelo, 2013) and
proton consumption by calcite dissolution Hþcarb

� �
based on:

Hþcarb

� �
¼ ½H2CO3� � 2ð Þ þ HCO�3

� �
ð12Þ

where, [H2CO3] and ½HCO3
�� represent the concentrations

of carbonic acid and bicarbonate in aqueous solution,
respectively.

3.3. Aqueous hydrolysis

The hydrolysis of aqueous metals in aqueous solution
can be written as:

Mzþ
i þ nHH2O ¼MiOHðzi�nHÞ

nH
þ nHHþ ð13Þ

where nH is the stoichiometric coefficient. In addition,
above pH 9, silicic acid dissociates following:

SiO2 þ 2H2O ¼ H3SiO�4 þHþ ð14Þ

and therefore the net proton change induced by hydrolysis,
normalised to mineral surface area, can be written:
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Hþhy

h i
¼ NðMaþMeÞ

Ms1018

� �
�
X

nHm
MiOH

ðzinHÞþ
nH

� �
�mH3SiO�4

� �
ð15Þ

Hþhy

h i
(atoms nm�2) is calculated by combining Eq. (13)

with speciation calculations performed using the PHRE-
EQC 3 computer code (Parkhurst and Appelo, 2013).

3.4. Metal-proton exchange reactions

In addition to stoichiometric dissolution of biotite, a
fraction of total dissolved metals can be attributed to me-
tal–proton exchange reactions. The amount of dissolved
metals solubilised via exchange reactions can be calculated
as:

½Mi;ex� ¼ ½Mi;s� � ni½Sis� ð16Þ

where [Mi,ex] (atoms nm�2) represents the number of Mi

atoms exchanged from biotite during each batch titration
experiment and [Mi,s] (atoms nm�2) represents the number
of Mi atoms released to aqueous solution, normalised to
the measured biotite surface area, while ni[Sis] represents
the concentration of the ith element ascribed to stoichiom-
etric dissolution. Metal exchange from a surface can coin-
cide with proton consumption:

> Mi þ nMi;ex Hþ ¼Mziþ
i þ > H

ðnMi;ex
�ziÞþ

nMi;ex
ð17Þ

where >Mi and > H
ðnMi;ex

�ziÞþ
nMi;ex

stand for a mineral surface
site filled with a metal or proton respectively, and nMi;ex de-
notes the number of protons consumed by the mineral sur-
face for the exchange of one Mi atom. Therefore, the total
number of protons that could be consumed by all exchange
reactions ð½Hþex�Þ, if charge is conserved, is equal to:

Hþex

� �
¼
X

i

nMi;ex

� �
Mi;ex½ � ð18Þ

Reaction (17) allows for the replacement of Mi with more
or less protons than is necessary for charge balance. A num-
ber of previous studies have concluded that charge balance
is not always retained during metal–proton exchange reac-
tions. For example, Oelkers et al. (2009) reported that 3.8
protons are consumed by the removal of each Mg from for-
sterite, 3.1 to 3.3 protons are consumed by the removal of
each Mg or Ca from diopside or enstatite, and 1.4 protons
are consumed by the removal of Ca from wollastonite. Yet,
such a non-conservation of charge is not necessarily true for
all metal exchange reactions, and for example, albite disso-
lution has been interpreted to proceed via charge conserva-
tion with respect to Al exchange (Oelkers et al., 2009). This
aspect is discussed in more detail below.

3.5. Surface adsorption

The last aspect of proton consumption that needs to be
considered is the adsorption and desorption of protons
from hydroxyl surface sites, following the generic reactions:

> MiOH0 þHþ ¼> MiOHþ2 ð19Þ

and
> MiOH0 ¼> MiO
� þHþ ð20Þ

The proportion of these reactions to the total proton con-
sumption ð½Hþad�Þ can be calculated using Eq. (8), after first
calculating the contributions from dissolution, hydrolysis
and metal–proton exchange processes. Eqs. (1)–(20) are
used below to interpret proton consumption by reactions
occurring at the biotite surface during batch titration reac-
tions. Results are discussed in terms of atoms nm�2, allow-
ing ready comparison to literature data on mineral surface
reactive site density.

4. RESULTS

Results show that the concentration of protons con-
sumed by biotite, during the titration series, increases with
decreasing pH. The minimum proton consumption occurs
at pH �10, consistent with the immersion pH (pHimm).
The total amount of metals released from dissolution and
metal–proton exchange reactions increases with decreasing
pH. Electrokinetic measurements performed over 3 orders
of magnitude of ionic strength yielded an isoelectric point
at pH �3. These results will be presented in detail below.

4.1. Batch potentiometric titrations

4.1.1. Proton consumption

Total proton consumption during the 65 biotite-bear-
ing batch experiments performed in this study is shown
in Fig. 1. It can be seen that proton consumption during
the 20 min titration series are identical, within uncer-
tainty, to the corresponding proton consumption during
the 60 min titrations (Fig. 1A). The pH values of the bio-
tite suspension after the immersion period (pHimm, also
depicted in Fig. 1A) yield an average of 9.66 (S.D.
0.24; n = 7). The batch titration series from biotite-bear-
ing and biotite-free experiments yield two distinct func-
tions and are presented on a plot of log[H+]t=0 against
pH in Fig. 1B. The results shown in Fig. 1B appear to
be independent of the fluid ionic strength (e.g., NaCl
concentration). In all cases, the pH of the biotite-free ser-
ies is lower than the corresponding pH in the biotite-
bearing reactors, indicating that fluid–biotite interaction
consumed protons during the titrations. At a given pH,
the difference between these two curves corresponds to
Hþs
� �

, as defined in Eq. (4), and calculated using the cu-
bic regression of the biotite-free titration results shown in
Fig. 1B.

The number of protons consumed by all reactions occur-
ring in the presence of the biotite, Hþs

� �
, dramatically

changes with pH (Fig. 2). At pH �1, this value exceeds
100 atoms nm�2, and decreases to zero at the immersion
pH (pHimm). The Hþsol

� �
and Hþsurf

� �
values shown in

Fig. 2 were calculated using Eqs. (6) and (7) and correspond
to the number of protons consumed via dissolution and me-
tal hydrolysis, and metal–proton exchange and adsorption,
respectively. It should be noted that Hþsol

� �
is similar to

Hþs
� �

above pH �3, meaning that the contribution of
Hþsurf

� �
is approximately 0 in this region.



Fig. 1. Concentration of protons in the batch titration reactors at
time zero ([H+]t=0, atoms nm�2) against final measured pH (t = 20
or 60 min) at 25 �C and I of 0.01 or 0.001 M. Note the difference in
y-axis of the plots with (A) linear, and (B) logarithmic. Values of 0
[H+]t=0 in (A) indicate the immersion pH (pHimm), shown more
clearly in the inset graph. Note also the two distinct curves in (B),
the lower curve represents data from biotite free titrations ( Hþ0

� �
)

and is fitted with a cubic regression resulting in the formula given.
The difference between the two curves in (B) is the value of Hþs

� �
as

calculated in Eq. (4). The uncertainty of each data point yields
error bars within the symbol (±4.5% for [H+]t=0 and ±0.002 pH).

Fig. 2. Number of protons consumed by Hþs
� �

, Hþsol

� �
and Hþsurf

� �
(atoms nm�2) plotted as a function of pH. Error bars represent a
15% [H+] and 0.002 pH unit uncertainties. The dashed lines
correspond to the pHIEP and pHimm for the Grasåsen biotite, as
determined in this study.
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4.1.2. Dissolution dependent and independent metal release

The surface area and biotite-stoichiometry normalised
concentration of metal Mi removed from the biotite near-
surface during the timed batch titrations ([Mi,s,b], Fig. 3),
decreases with increasing pH. From 16 to 6 atoms nm�2

of potassium is removed from the biotite surface from pH
1 to 12 respectively (Fig. 3A). Approximately 6 atoms nm�2

of K are released immediately at the start of the titration as
indicated by the value of K released at pHimm. The release
of magnesium, iron, aluminium, and silicon (Fig. 3A and
B), systematically increases with decreasing pH, with silicon
being released least from the biotite near-surface when nor-
malised to the solid phase composition. Consistent with the
theoretical formalism described above (Section 3.1, Eqs. (9)
and (10)), Si release is attributed solely to biotite dissolu-
tion, while the release of the other metals is attributed to
a combination of dissolution and metal–proton exchange
reactions. The concentrations of several minor and trace
metals released from the biotite near-surface during batch
titrations are listed in Table A-1 along with the concentra-
tion of the background electrolyte (NaCl, see Na) which is
also presented in the inset of Fig. 3B. It is worth noting that
the high concentrations of Ca found in the aqueous solu-
tions is consistent with the dissolution of approximately
3.2 ± 0.5 wt.% calcite, comparable to the 3.4–3.7 wt.% cal-
cite present in the biotite powder, as determined by XRF
and XRD.

The release of metals from the biotite near-surface by ex-
change reactions ([Mi,ex]) is also highly pH dependent
(Fig. 4). Using Fig. 4 we can highlight a number of impor-
tant observations. First, by definition, a metal exchange,
[Mi,ex], value of 0 atoms nm�2 indicates stoichiometric dis-
solution, while [Mi,ex] > 1 indicates preferential release
and [Mi,ex] < 1 indicates preferential retention (Fig. 4). Re-
sults show that at the pH of immersion (pHimm, 9.66)
�6 K atoms nm�2 are released. As the stoichiometric re-
lease of K from dissolution (based on the average Si con-
centration at pHimm) is 0.16 atoms nm�2, at the
immersion pH, �97% of the K in solution is a result of me-
tal–proton exchange. With decreasing pH, [Kex] increases
systematically, attaining a maximum value of approxi-
mately 10 atoms nm�2 at pH 1, where dissolution contrib-
utes only �38% of dissolved K in the fluid. In contrast,
[Mgex], [Feex], and [Alex] are close to 0 atoms nm�2 at the
pHimm. With decreasing pH, [Mgex], [Feex], and [Alex] in-
crease steadily with decreasing pH when pH is less than
�9, �4 and �4, respectively, reaching between 6 to
10 atoms nm�2 at pH �1. Furthermore, [Feex] and [Alex]
are both negative at pH between 4 and 8, while [Mgex] is
negative at the most alkaline pH values (>10.5). This sug-
gests that at these conditions, these metals are preferentially
retained by the biotite surfaces.

4.2. Electrokinetic measurements

The f potential values of the ground biotite particles in
aqueous solutions of ionic strength from 0.001 to 0.1 M



Fig. 3. Quantity of metals released from the biotite surface during
batch titrations, normalised to mineral surface area present in the
reactor and mineral stoichiometry, ([Mi,s,b], atoms nm�2) plotted as
a function of pH for; (A) [Ks,b], [Mgs,b] and [Sis,b], and (B) [Fesb],
[Als,b] and [Sis,b]. The concentration the background electrolyte
(Na, corrected for NaOH addition, es L�1 � 10�3) is plotted as a
function of pH in the inset of B. Error bars represent uncertainty of
15% [Mi,s,b], [Na] and 0.002 pH units.

Fig. 4. Quantity of metals exchanged from the biotite surface,
normalised to surface area, ([Mi,ex], atoms nm�2, Eq.) as a function
of pH. The solid line where [Mi,ex] = 0 indicates stoichiometric
biotite dissolution. Error bars represent an uncertainty of 15% in
[Mi,ex] and 0.002 pH units.

Fig. 5. Zeta potential (mV) at five ionic strengths plotted against
pH. The dashed line corresponds to the pH where zeta
potential = 0, pHIEP. Error bars represent 2 standard deviations
of each zeta potential and 0.2 pH units.
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NaCl converge at zero f potential (Fig. 5). The point of zero
f potential is the isoelectric point (pHIEP) and occurs at pH
3.02. The pHIEP of biotite in this study is listed in Table 1
together with the values of pHIEP of other comparable min-
erals from literature. The full list of electrophoretic mobil-
ities measured, and corresponding f potentials can be
found in Table A-3 in Appendix A.

5. DISCUSSION

5.1. Non-stoichiometric metal release and charge

conservation

The degree to which metal exchange reactions are charge
balanced by protons can be assessed with the aid of Fig. 6.
For charge balance, the sum of equivalence of the released
metals (concentration of exchanged metals multiplied by
corresponding charge) should correspond to the number
of protons consumed by surface reactions Hþsurf

� �
, indicated
by the y = x line. Charge balance can occur either by H+

incorporation into the structure Hþex

� �
or H+ adsorption

onto the mineral surface, both of which are accounted for
in Hþsurf

� �
. As can be seen in Fig. 6, the relationship between

total equivalence and Hþsurf

� �
is far from 1:1. As there is a

proton consumption deficit, it appears that metals are re-
moved from the biotite structure without significant charge
conservation.

The non-conservation of charge due to metal release is
supported by the pHIEP value of 3.02 obtained for this bio-
tite. This value is lower than the calculated pHZPC and
pHZNPC (see Section 5.3 for details) and can be explained
by the observed metal release. If metals are released without
a compensating incorporation of protons, the surface be-
comes increasingly negative. The combination of a rela-
tively negative near-surface and the tendency of the



Table 1
pH of various zero points of charge determined in this study unless
otherwise stated.

Mineral pHimm pHIEP pHzpc

a-SiO2 – 1.3a, 2.0b 2.91c, 2.3–3.8d

MgO – 12.4e 12.24c

a-Fe2O3 – 5.4–6.9e 6d

IVAl2O3 – 6.8f 8.5–9d

Muscovite – 0.95a 6.6c

Phlogopite – – 8c

Biotite – 0.41a, 2.6g 6.5h, 6–7i

Grasåsen Biotite (this study) 9.66 3.02 4.12j, 7.50k

a Cases (1967).
b James and Healy (1972).
c Sverjensky (1994).
d Kosmulski (2009).
e Parks (1965).
f Parks (1967).
g Rath and Subramanian (1997).
h Alonso (2003, as cited by Filby et al., 2008).
i Alonso et al. (2009).
j Calculated from component single oxide pHIEP values using Eq.

(22).
k pHZNPC calculated correcting for H+ consumed during immer-

sion by dissolution and hydrolysis reactions, non stoichiometric K
release, and carbonate equilibiria.

Fig. 6. Plot of Hþsurf

� �
(atoms nm�2) against the sum of equivalence

for exchanged metals,R ½Mi;ex� � zMið Þ, excluding Kex. Error bars
15% uncertainty in the calculation of both Hþsurf

� �
and the sum of

equivalence.

Fig. 7. Proton consumption as a function of pH for (A) Hþsol

� �
reactions and, (B) Hþsurf

� �
reactions. ½Hþsol� reactions in (A) include

dissolution reactions ( Hþdis

� �
and Hþcarb

� �
) and aqueous metal

hydrolysis Hþhy

h i
. Hþsurf

� �
reactions in (B) include metal exchange

reactions ( Hþex

� �
) and proton adsorption ( Hþad

� �
). Error bars

represent 15% uncertainty in [H+] and 0.002 pH unit uncertainty.
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surface to become Si–O rich, causes the isoelectric point
(pHIEP) to be at a lower pH than that which would be esti-
mated from a sum of oxide mineral pHZPC and pHZNPC

values.
At pH < pHIEP (pH < �3) Hþsurf

� �
increases significantly

(Fig. 2). This can be attributed to the consumption of pro-
tons by adsorption onto the biotite surface. Consistent with
the non-conservation of charge of metal release, the remain-
ing consumption of protons by surface reactions Hþsurf

� �
corresponds to proton adsorption. In this pH region, where
the surface of biotite is predominantly Si, the adsorption of
H+ forms partly detached silanol groups.
The relative contributions of proton consumption are
presented in Fig. 7. Dissolution reactions, Hþdis

� �
and

Hþcarb

� �
dominate proton consumption (Fig. 7A). The con-

tribution from metal hydrolysis Hþhy

h i
is negligible at all

pH, because at low pH, metals in solution are present as
single ions and at high pH, the aqueous concentration of
dissolved metals is too low to contribute significantly. As
mentioned above, Hþex

� �
and Hþad

� �
are relatively insignifi-

cant at pH > 3 (Fig. 7B).

5.2. Biotite surface composition as a function of pH

The results summarised above provide insight on how
the surface chemistry of biotite varies as a function of the
pH of the adjacent fluid. An understanding of the degree
to which the biotite near-surface is altered by interaction
with the adjacent fluid phase is aided by the calculation
of the average bulk depletion depth of the major constitu-
ent metals ðDepMi

Þ.

DepMi
¼ ½Mi;ex�

nbMi

qbiotite

mbiotite
� N

1021

� 	 ð21Þ
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The average bulk depth of metal Mi depletion ðDepMi
Þ is

calculated by dividing [Mi,ex] by the average density of me-
tal atoms Mi in the biotite structure (atoms nm�3), where
nbMi represents the stoichiometric coefficient of the Mith
metal in the bulk biotite, qbiotite (g cm�3) signifies the biotite
density (3.09, average from webmineral.com) and mbiotite

(g mol�1) the molecular mass of biotite (450.15 g mol�1,
for the Grasåsen biotite). DepMi

is calculated assuming that
there is an abrupt change between the near-surface that is
affected by the metal exchange reactions (i.e. a metal-free
zone) and the bulk, non metal exchanged, mineral. The
average depletion depth of each metal is illustrated as a
function of pH in Fig. 8.

As can be seen in Fig. 8, potassium is calculated to be
totally removed from biotite to a depth of �1.5 nm at
pHimm. The DepK due to the titration alone can be calcu-
lated by subtracting the value of DepK at pHimm. Charge
balance constraints suggest that this K removal is accompa-
nied by the incorporation of compensating positive ions
into the biotite. This compensating positive charge can be
partially attributed to the incorporation of H+ into the
interlayer sites, as demonstrated by the values of pHimm

ranging from pH 9.2 to 10 (Table A-1). However, a 1:1
charge compensation would require 10�3 protons, far
exceeding the observed increase in pH from a theoretical
pH 7 (computed due to the absence of CO2) to pHimm. This,
therefore, leaves two possibilities, either (1) the charge is
compensated by a different mono or divalent cation, or
(2) K+ release is not completely charge conservative. Tak-
ing the first option, it is possible that Na from the back-
ground electrolyte could substitute in the structure for K.
If Na for K substitution was responsible for a complete
charge compensation then it could be expected that Na con-
centrations would change substantially from the original
concentration during the immersion period. The degree to
which this happens can be assessed through Fig. 3B and
Table A-1. As the concentration of Na does not signifi-
cantly change with pH it is more feasible that the release
of K+ is non-charge conservative.
Fig. 8. Average bulk depth of depletion of exchanged metals from
the dissolution surface as a function of pH. Depletion depth was
calculated using Eq. (21). Error bars represent a 15% uncertainty in
calculated depth and 0.002 pH uncertainty.
In contrast, DepMg from the biotite surface increases
continuously with decreasing pH. Similar to the behaviour
of the magnesium in diopside and fosterite (Oelkers et al.,
2009), magnesium in biotite is preferentially retained by
the mineral at pH > 10, and increasingly depleted at
pH < 8. Notably, the average magnesium depletion depth
at neutral conditions ranges from 0.2 to 0.5 nm. As the con-
centration of Mg in the biotite structure is 5.9 atoms nm�3

(Eq. (21)), the depletion depth results (Fig. 8) suggest that 1
to 3 atoms nm�2 of Mg would have been removed from the
biotite surface at the pH of most natural waters. This deple-
tion corresponds to 20–50% Mg removal from the first unit
cell of biotite.

The behaviour of DepAl and DepFe exhibit similar vari-
ations with pH at the biotite surface (Fig. 8). Both metals
are present in the mineral in close-to-stoichiometric quanti-
ties at pH greater than 8. Al and Fe are preferentially re-
tained by the solid phase from pH 4 to 8 and removed to
an increasing depth with decreasing pH when pH < 4. This
preferential retention of Fe and Al by the solid phase at pH
4 to 8, and Mg above pH 10, may originate from either sec-
ondary phase precipitation or preferential retention by the
biotite. The former possibility is supported by the calcu-
lated saturation state of the fluid phase during the titrations
(Fig. 9). Between pH 4 and 11, aluminium and iron oxy-
hydroxides are both supersaturated in the fluid phase while
some Mg-rich clays are supersaturated in the fluid phases of
the titrations performed at pH > 9. Comparing the dis-
solved concentrations of Al and Fe at pH (4–8) to that
found at the pHimm indicates precipitation. It is therefore
likely that Al and Fe oxy-hydroxides formed in these exper-
iments on the biotite surfaces.These values of DepMi

are
calculated assuming an isotropic biotite structure. Phyllosil-
icates are, however, highly anisotropic. The actual metal
depletion depth (DepMi

) in biotite is likely to be highly het-
erogeneous due to the nature of the biotite surfaces (e.g.,
edges vs. basal surfaces). Turpault and Trotignon (1994)
and Hodson (2006) have shown biotite edge surfaces are
Fig. 9. A plot of saturation index of possible secondary phases in
the titration experiments, as a function of pH. Phases include,
Quartz (SiO2), Sepiolite (Mg2Si3O7�5OH�3H2O), Kaolinite (Al2Si2-

O5(OH)4), Gibbsite (Al(OH)3) and Goethite (FeOOH). Saturation
indicies were calculated using PHREEQC 3 (Parkhurst and
Appelo, 2013).
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between 36 and 240 times more reactive than the [001] ba-
sal. This phenomena suggests that depletion in the current
study is likely far greater at the edges than at the basal sur-
faces. For example, if we assume that the edges comprise
5% of the total geometric surface area (e.g. Bonneville
et al., 2011), and the edge:basal surface reactivity ratio is
71:1 (Hodson, 2006), we can calculate the relative depletion
depths at the edge and basal surfaces. Note the assumption
that edge surfaces are 5% of the total surface area may be a
conservative estimate as this ratio increases with decreasing
particle size. In the case of potassium, such a calculation
presents depletion depths between 30 to 40 nm at the edges
and up to 0.5 nm at the basal surface (Fig. S-2).

Taken together, these observations demonstrate that the
biotite surface composition depends strongly on fluid pH.
At basic conditions (pH > 8), biotite surfaces contain
approximately stoichiometric proportions of Mg, Fe, Al
and Si, but K seems to be completely depleted to a bulk
average depth of 1.5 nm. At neutral conditions (pH 4 to
8), biotite surfaces are Fe and Al enriched and Mg and K
poor, relative to Si. At acid conditions (pH < 4), the biotite
surfaces contain partly detached silanol groups, >Si–OH0,
following the removal of most of the univalent, divalent
and trivalent metals. Additionally, at very low pH (<2)
the bulk average metal depletion depth appears to increase
dramatically (from 0.5 to 1.5 nm) with decreasing pH. Sheet
silicates have been observed to preferentially dissolve paral-
lel to the basal plane at low pH, promoting the removal of
metals from deep within the mineral structure (Kaviratna
and Pinnavaia, 1994; Turpault and Trotignon, 1994;
Bickmore et al., 2001, 2003; Saldi et al., 2007). Saldi et al.
(2007) presented photomicrographs displaying the fanning
out of talc edges, exposing an increased reactive surface
area. Such a mechanism could be responsible for the in-
creased metal release from biotite we observe below pH 2
(Figs. 3, 4 and 8).

5.3. Biotite surface chemistry and charge

The results described above indicate that the surface
composition of biotite differs significantly from the bulk,
implying that the adsorption properties of biotite and phyl-
losilicates in general, likely differ significantly from predic-
tions made solely from the bulk mineral compositions.
For example, the pHZPC is commonly used to discuss sur-
face charge. Although this has not been directly determined
in this study, a number of approaches can be used to esti-
mate pHZPC. For example, Parks (1967) suggested that
the surface charge of multi oxide minerals can be estimated
from the weighted sum of the constituent oxides, as used by
Jara et al. (2005),

pHZPC ¼
X

i

pHIEP;iXi ð22Þ

where Xi corresponds to the mole fraction of the ith oxide
and pHIEP,i refers to the isoelectric point of the ith oxide.
Using this approach, the pHZPC for biotite can be estimated
to be 4.12 (Table 1). In contrast, the measured pHIEP for
biotite is 3.02, a value which is likely influenced by the ob-
served metal depletion. Note the presence of calcite has
little effect on the pHIEP as it appears to have completely
dissolved at pH < 4.

The biotite pHimm value observed in this study (9.66), is
vastly different from the measured pHIEP (3.02) and calcu-
lated pHZPC (4.12). In a number of past studies, pHimm has
been assumed to equal pHZNPC (e.g. Amrhein and Suarez,
1988; Blum and Lasaga, 1991). The value of pHimm is likely
to not be influenced greatly by the presence of calcite as
very little calcite dissolution occurred during the immersion
period due to the high fluid pH. As discussed in Section 5.2,
a pHimm of 9.66 for biotite can be attributed to the partial
charge conservation of K release during the immersion per-
iod. By subtracting from [H+]t=0 the net number of protons
consumed by the sum of this exchange reaction, the disso-
lution of both biotite and calcite, and metal hydrolysis,
we have calculated a pHZNPC for biotite of 7.50, compara-
ble to reported pHZPC values for biotite 6.5 (Alonso, 2003
(as cited in Filby et al., 2008)) and 6–7 (Alonso et al.,
2009), muscovite 6.6, and phlogopite 8 (Sverjensky, 1994),
as summarised in Table 1.

However comparable our values for the various points
of zero charge of biotite are to literature data, it is clear that
the sole use of the ZPC, IEP, ZNPC or immersion pH to
infer the surface charge of biotite at a given pH could pro-
vide an ambiguous picture of biotite surface chemistry. As
previously proposed in Oelkers et al. (2009), accurate mod-
elling the surfaces of complex multi-oxide silicates, e.g.
phyllosilicates, requires the consideration of a changing sur-
face composition as a function of the surrounding fluid
chemistry.

5.4. Implications of biotite surface chemistry for dissolution

kinetics as a function of aqueous solution composition

The dissolution mechanism of minerals has often been
related to the chemical composition of the surface and the
reactions occurring at the mineral–fluid interface (e.g.
Furrer and Stumm, 1986; Brady and Walther, 1990). For
the case of biotite, dissolution rates as a function of pH
are similar to that of other aluminosilicates, in that they de-
crease with increasing pH in acidic conditions (i.e. up to pH
7) and increase thereafter with increasing pH (Lin and
Clemency, 1981a,b; Acker and Bricker, 1992; Turpault
and Trotignon, 1994; Kalinowski and Schweda, 1995;
Malmström et al., 1996, 1997; Brandt et al., 2003;
Balogh-Brunstad et al., 2008; Balland et al., 2010; Haward
et al., 2011; Cappelli et al., 2013; Voinot et al., 2013). As the
pH of minimum biotite dissolution rate (�pH 7) differs
from both pHIEP (3.02) and pHimm (9.66), it is clear that
the biotite dissolution rates are not directly related to pro-
ton consumption at the surface. In contrast, the biotite sur-
face reactivity appears to be dominated by non-charge
conservative metal release, shown above to alter the surface
composition of biotite as a function of pH. Such metal re-
lease involves the breaking of metal–oxygen bonds, both at
the biotite surface and at a varying depth within the min-
eral, with a shift towards a relatively negatively charged
biotite near-surface. The breaking of such bonds and the
charge imbalance would weaken the biotite structure near
the fluid interface, facilitating the mineral’s eventual
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dissolution. As such, it seems likely that such metal release
reactions are critical in controlling, biotite dissolution rates,
consistent with the dissolution pathways of a wide variety
of other multi-oxide silicates (e.g. Gautier et al., 1994; Oel-
kers et al., 1994; Devidal et al., 1997; Gislason and Oelkers,
2003; Wolff-Boenisch et al., 2004; Carroll and Knauss,
2005; Saldi et al., 2007).

5.5. Implications for nutrient availability and bio-acquisition

As described above, a K depleted zone exists at all pH,
extending to a bulk average depth of 2.5 nm, though this
occurs primarily at the edges of the mineral grains
(Fig. S-2). Indeed, the depletion depth of K at the edges
of biotite grain varies from 25 up to 40 nm from a pH 1
to 11.5 while the K depletion on the basal planes barely ex-
ceeds a maximum of 0.5 nm at pH 1. This potassium deple-
tion zone formed upon contact with water during the
immersion period and this depth appears to be time inde-
pendent for at least 60 min.

In a previous study (Bonneville et al., 2011), we have
shown that the biotite basal plane can also be depleted in
K and other elements such Al, Fe and Mg due to mycorrhi-
zal alteration. Upon direct contact with the biotite surface,
fungal hypha can mobilise K up to a depth of 20 nm for a
pH range of 4.6–5.8 in the hypha near-environment. For
the same pH range, the present study in an abiotic, water-
saturated system shows that the basal plane K mobilisation
is much more restricted, approximately 20 times less. This
observation highlights the effectiveness of fungi to remove
potassium from the biotite interlayer through a combina-
tion of the mechanical and chemical alteration pathways
of the biotite in direct contact with hyphae. This alteration,
or ‘bio-fracking’, comes in 4 forms: (i) forcing the crystallo-
graphic lattice of phyllosilicates (Bonneville et al., 2009), (ii)
the creation of channels at the basal surface (Gazzè et al.,
2012), (iii) the secretion of a biolayer up to 35 nm in thick-
ness (Saccone et al., 2012) and, (iv) acidification of the hy-
phae near-environment at the biotite surface (Bonneville
et al., 2011).

6. CONCLUSION

A combined approach of electrokinetic measurements,
potentiometric batch titrations, and aqueous solution
chemistry analyses have provided insight into the interac-
tion of protons with the biotite surface. In brief, our results
demonstrate the complex and variable nature of the biotite
surface as a function aqueous fluid composition. Indeed,
the ZPC, IEP, and immersion pH have vastly different val-
ues for biotite and therefore the sole use of zero points of
charge provide an inaccurate depiction of biotite surface
chemistry. Our study emphasises the need to consider the
variable composition of the multi-oxide surface as a func-
tion of pH to accurately model the surface chemistry of
those minerals and understand their chemical reactivity.
The processes occurring at the biotite near-surface observed
in this study help us to understand and interpret weathering
reactions in microorganism dominated natural systems.
The results of this study will be also be used further to
aid the interpretation of biotite dissolution kinetics in our
next study.

ACKNOWLEDGEMENTS

Funding from the UK Natural Environment Research Coun-
cil Weathering Science Consortium (NE/C004566/1) is gratefully
acknowledged. The authors would like to thank Oleg S. Pokrov-
sky for his support in experiment design and useful discussion
during this study. Further thanks go to Caroline L. Peacock,
Jörgen Rosenqvist, Simon Bottrell, Cindy Lockwood and Amy
Atkins who provided helpful comments on this manuscript.
Alain Castillo, Carole Causserand, Aurélie Lanzanova, Lesley
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