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Abstract

Although microorganisms seem to play an important role in the alteration processes of basaltic glasses in solution, the
elementary mechanisms involved remain unclear in particular with regard to the role of organic ligands excreted by the cells.
Two glasses, one with Fe and one without Fe were synthesized to model basaltic glass compositions. Fe in the glass was
mostly Fe(III) for enhancing interaction with siderophores, yet with small but significant amounts of Fe(II) (between 10%
and 30% of iron). The prepared samples were submitted to abiotic alteration experiments in buffered (pH 6.4) diluted solu-
tions of metal-specific ligands, namely oxalic acid (OA, 10 mM), desferrioxamine (DFA, 1 mM) or 2,20-bipyridyl (BPI,
1 mM). Element release from the glass into the solution after short term alteration (maximum 1 week) was measured by
ICP-OES, and normalized mass losses and relative release ratios (with respect to Si) were evaluated for each element in each
experimental condition. The presence of organic ligands had a significant effect on the dissolution of both glasses. Trivalent
metals chelators (OA, DFA) impacted on the release of Fe3+ and Al3+, and thus on the global dissolution of both glasses,
enhancing all release rates and dissolution stoichiometry (release rates were increased up to 7 times for Al or Fe). As expected,
the mostly divalent metal chelator BPI interacted preferentially with Ca2+, Mg2+ and Fe2+. This study thus allows to highlight
the central roles of iron and aluminium in interaction with some organic ligands in the alteration processes of basaltic glasses.
It thus provides a step toward understanding the biological contribution of this fundamental geological process.
� 2015 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Alteration mechanisms of glasses constitute a major area
of interest in many research fields. In an environmental
http://dx.doi.org/10.1016/j.gca.2015.04.025

0016-7037/� 2015 Elsevier Ltd. All rights reserved.

⇑ Corresponding authors at: Laboratoire Géomatériaux & Envi-
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context, studies about nuclear glass weathering have been
largely reported in the literature. Short-term alteration
experiments have been designed to determine initial dissolu-
tion rates (Luckscheiter and Nesovic, 2004; Fournier et al.,
2014) while residual dissolution rates have been calculated
for very long-term alteration experiments (Curti et al.,
2006; Libourel et al., 2011; Gin et al., 2012, 2013, 2014).
These short and long-term dissolution kinetics were investi-
gated with respect to parameters such as temperature and
pH (Pierce et al., 2008) and glass elemental composition
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(Gin et al., 2012), and they have been coupled to studies of the
alteration gel (Rebiscoul et al., 2005; Jollivet et al., 2008; Gin
et al., 2015; Hellmann et al., 2015) or of secondary phases
(Pelegrin et al., 2010). These experiments were performed in
pure water, water enriched in elements from the glass
(Luckscheiter and Nesovic, 2004; Thien et al., 2012) and in
salt solutions (Godon et al., 1988; Abdelouas et al., 1993).
The stability and dissolution behavior of bioglass, designed
to form chemical bonds with living tissues (Souza et al.,
2013), is of interest to the medical field. Glass alteration is
also a crucial issue in the field of cultural heritage, especially
with respect to the restoration and conservation of stained
glass windows (see, for example Silvestri et al., 2005;
Warkinson et al., 2005; Cagno et al., 2011; Gentaz, 2011;
Schalm et al., 2010; Sterpenich, 2011; Lombardo et al.,
2013). Finally, in a geological context, igneous rock alter-
ation processes and especially basaltic glass-fluid interactions
have been examined, as they provide knowledge about the
major biogeochemical cycles of the Earth (Fliegel et al.,
2012; Knowles et al., 2013). For example, glass weathering
plays a central role in geological sequestration of CO2

(Knauss et al., 2005) and contributes to the cycling of ele-
ments such as calcium, magnesium, silicon, iron and also
oxygen in soils, rivers, lakes and oceans (Gislason et al.,
2009). Basaltic glasses are also considered to be analogues
of some nuclear glasses (Crovisier et al., 2003; Parruzot
et al., 2015) and by extension, of archaeological glasses
(Verney-Carron et al., 2008; Michelin et al., 2013).

The dissolution mechanisms of silicate glasses in solu-
tion have been extensively documented in the literature
(Techer et al., 2000; Oelkers, 2001; Stroncik and
Schmincke, 2002; Crovisier et al., 2003; Verney-Carron
et al., 2008; Fournier et al., 2014). However, few studies
have investigated this alteration under the action of
microorganisms (Drewello and Weissmann, 1997;
Gorbushina and Palinska, 1999; Gallien et al., 2001;
Aouad et al., 2006; Stockmann et al., 2012; Shen et al.,
2014) despite their well known interaction with mineral sur-
faces in general (Hutchens, 2009). Microorganisms have
been shown to either enhance or inhibit dissolution of most
minerals by a variety of mechanisms, especially through a
direct impact of bacteria attached to the glass surface
(Hutchens, 2009) and also by considering the possible effect
of microbial metabolites excreted by the cells (Ullman et al.,
1996). An example of this is siderophores, which are
excreted in response to iron deficiency by different biologi-
cal sources such as bacteria or fungi, in soils and in oceans.
They have been shown to target and acquire specifically
iron from iron-containing minerals and to mediate metal
transport and re-absorption into the cell (Kalinowski
et al., 2000b; Kraemer, 2004; Wolff Boenish and Traina,
2007). As a consequence, they have been described as cat-
alytic agents of the dissolution of those minerals. A consid-
erable number of studies have described this ligand-
controlled dissolution as a surface controlled process to
which an empirical rate law can be applied:

Rt ¼ RH þ RL ð1Þ

where Rt is the overall dissolution rate, RH the proton-pro-
moted rate and RL a ligand-promoted term (Furrer and
Stumm, 1986; Welch and Ullmann, 1993; Drever and
Stillings, 1997; Stillings et al., 1998; Rosenberg and
Maurice, 2003; Cama and Ganor, 2006).

Iron is a micronutrient that is essential for a range of
crucial enzymatic processes in most organisms. In most
environments iron deficiency is triggered by low iron
bioavailability. To overcome this limitation, microorgan-
isms and especially bacteria are known to sequester iron
using organic molecules (Kraemer, 2004). Most sidero-
phores are Fe3+-ligands, but they are most of the time able
to bind ions other than Fe3+ and notably divalent cations
(Hernlem et al., 1996; Braud et al., 2009; Brandel et al.,
2012). Although considerable research has been carried
out to examine the processes and products of abiotic basal-
tic glass weathering, little work has been done to quantita-
tively understand their weathering process in the presence
of bacteria and organic bioproducts (Staudigel, 1995).

In this work, the impact of siderophores on the alter-
ation of two synthetic basaltic glasses was investigated as
a first step towards the understanding of natural systems.
Three iron chelators, namely oxalic acid (OA), desferriox-
amine (DFA) and 2,20-bipyridyl (BPI) were chosen on the
basis of their respective affinity with iron in its Fe(II)
and/or Fe(III) oxidation states. The effect of OA on mineral
dissolution has been reported in the literature (Furrer and
Stumm, 1986; Zinder et al., 1986; Welch and Ullman,
1992; Stillings et al., 1995; Drever and Stillings, 1997;
Oelkers and Gislason, 2001; Cheah et al., 2003; Wang
et al., 2005; Olsen and Rimstidt, 2008; Martinez-
Luevanos et al., 2011). OA can be complexed with both fer-
ric and ferrous ions but its affinity with trivalent metal
cations is stronger. DFA is an hexadendate siderophore
produced by the soil bacterial strain Streptomyces pilosus,

in which three hydroxamate groups, each acting as a biden-
tate ligand, contribute to the specific ligation of Fe3+ and
therefore to the formation of very stable 1:1 complexes with
aqueous Fe(III) (Kraemer et al., 1999; Liermann et al.,
2000; Elandalloussi, 2003). By contrast, BPI is a bidendate
chelator that predominantly binds aqueous Fe(II). Three
molecules of BPI are necessary to coordinate with one Fe
atom. While the impact of DFA on dissolution of mineral
phases has been widely investigated in studies which illus-
trate the synergistic effect that the molecule has on dissolu-
tion (Watteau and Berthelin, 1994; Kraemer et al., 1999;
Liermann et al., 2000; Cocozza et al., 2001; Cheah et al.,
2003; Wolff-Boenisch, 2007), the interactions between 2,20-
bipyridyl and minerals have been the goal of only a few
studies mainly focusing on the adsorption process of BPI
on solids surfaces (Coluccia et al., 1978; Ferreiro et al.,
1983).

The use of Fe-specific chelators implies that we are
focussing on the solvation of Fe and its possible impact
on the global dissolution of the glass. In this regard, two
different glasses (with and without Fe) were prepared using
a simplified basaltic glass composition. Experiments were
performed to evaluate the significance of the ligand-pro-
moted dissolution and to determine the effect of three
organic ligands, namely OA, DFA and BPI, on basaltic
glass dissolution mechanisms at pH 6.4 and 25 �C.
Experimental conditions were chosen to ensure a negligible
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effect of proton-promoted dissolution. Siderophore concen-
trations were deliberately chosen to be higher than the con-
centrations usually found in nature, in order to mimic
localized microenvironments found at the interfacial region
between bacteria and silicate materials. Their respective val-
ues were chosen on the base of mineral dissolution studies
involving OA (Stillings et al., 1995; Cheah et al., 2003)
and DFA (Hersman et al., 1995). Oxalic acid concentra-
tions were chosen to be higher than those of the other iron
chelators considering the relative abundance of organic
acids in natural environment with respect to siderophores.

2. MATERIAL AND METHODS

2.1. Glass materials

Two glass compositions were studied (Table 1). The first
was prepared according to a simplified typical Mid Oceanic
Ridge Basalt (MORB) composition (GERM, 2000) and the
second (HAPLO) is an iron-free glass of close composition
except that iron has been replaced by magnesium.

Samples were prepared from powdered oxides and car-
bonates (SiO2, Al2O3, Fe2O3, CaCO3, MgCO3, Na2CO3,
TiO2, K2CO3). The starting materials were dried overnight
at 100 �C, weighed, mixed in an agate mortar, and placed in
a platinum crucible. Glass preparation took place in a high-
temperature furnace Carbolite HTF 1700. To start the
decarbonation of the mixture, the temperature was main-
tained at 600 �C for 45 min. Then the temperature was
increased up to 1500 �C and kept for 1 h to homogenize
the melt. The bottom of the crucible was then poured into
water to quench the silicate melt into a glass. The resulting
glass was then coarsely ground and placed into the crucible.
The temperature was increased up to 1630 �C and main-
tained for 1 h in order to pour the melted glass in a graphite
cylindrical crucible at ambient temperature. The cylindrical
piece of glass obtained was annealed overnight at 600 �C.
This temperature was chosen according to Differential
Scanning Calorimetry measurements performed on a
SETARAM labSys EVO-1600 (temperature range 30–
1550 �C, increase in temperature of 10 �C.min�1 under
reconstituted air). Glass-transition temperatures were equal
to 676 �C and 735 �C for MORB and HAPLO glasses,
respectively. The prepared glasses were then ground into
powder and the 100–200 lm size fraction was selected.
This fraction was cleaned using washing by sedimentation
Table 1
Nominal composition of samples.

MORB (wt.%) HAPLO (wt.%)

SiO2 48.6 51.6
Al2O3 15.7 16.7
FeO 12.5 0.0
CaO 11.1 11.8
MgO 7.7 15.2
Na2O 2.7 2.9
TiO2 1.4 1.5
K2O 0.2 0.3
in acetone to remove fine particles and then sterilized for
10–15 min at 200 �C.

X-ray Diffraction (XRD) confirmed that the synthesized
solids were purely amorphous. The XRD data were col-
lected from 2.5 to 120� 2h using a Brucker D8 XRD diffrac-
tometer. X-ray absorption at the Fe K-edge was used to
confirm that iron oxidation state was not changing between
the different steps of sample preparation (before and after
annealing, before and after sterilization). Measurements
were performed on the LUCIA beamline (SOLEIL syn-
chrotron). All the spectra were similar implying that the
redox ratio did not vary during processing. The obtained
spectra were characteristic of a glass mainly containing
Fe(III). Fe(II) content can be estimated to 10 to 30 at.%
of total iron.

The specific surface area of the samples was measured
on 5.3 g of glass powder (100–200 lm size fraction) using
nitrogen adsorption and application of the Brunauer-
Emmett-Teller (BET) method (Brunauer et al., 1938).
Measured values are 0.040 ± 0.0 m2/g for the MORB and
0.038 ± 0.01 m2/g for the HAPLO glass. For comparison,
the geometric surface was evaluated to 0.16 m2/g consider-
ing that the powder was made of spheres whose diameter
ranged between 100 and 200 lm.

2.2. Dissolution experiments

Dissolution experiments were performed in highly
diluted conditions to prevent saturation effects and back-re-
actions on the dissolution rates. For the experiments, splits
of basaltic glass (0.1 g) were immersed in 40 mL of liquid
medium contained within 50 mL sterile polypropylene
flasks. The calculated surface to volume (S/V) ratios are
100 m�1 and 95 m�1 for the MORB and HAPLO samples,
respectively. To assess the reproducibility of the results, two
sets of experiments (from glass synthesis to alteration) were
successively performed.

The liquid medium was prepared with 1 L of Ultrapure
water (UPW) (Electrical Resistivity 18.2 MO) mixed with
1 mM NaHCO3 pH buffer and 30.8 lL HNO3 65% in order
to maintain a pH of 6.4. Aliquots were measured from each
tube after the experiments with an Ag/AgCl type electrode
to control the stability of the pH, and the remainder of each
sample was kept for analysis. OA, DFA (Alfa Aesar) or BPI
(Alfa Aesar) were added to achieve initial concentrations of
10 mM for OA, 1 mM for DFA and BPI, respectively. The
OA solution was prepared by mixing 0.1 L solution of
100 mM OA with 0.80 g of NaOH in order to maintain a
pH of 6.4. The solution was then diluted 10 times with
UPW and mixed with 1 mM NaHCO3 and 30.8 lL
HNO3 65% to maintain this pH during experiments.
Controls without organic molecules added, labeled UPW,
were also monitored. The suspensions were continuously
shaken on an agitation table at 160 rpm and 25 �C for dura-
tions ranging from 8 h to 7 days.

Sampling was performed after 0.3, 1, 2, 4, 7 days for the
UPW and OA solutions and after 0.3, 1, 2, 2.8, 5, 7 days for
the DFA and BPI solutions respectively, by filtering the
content of each flask with 0.2 lm cellulose-acetate syringe
filters.



Table 2
Concentrations (in lg/L) of elements released from the MORB glass into oxalic acid (OA), desferrioxamine (DFA), 2,20-bipyridyl (BPI) and ultrapure water (UPW) solutions. Sample time varies
between 8 h (H) to 7 d (D). (1) and (2) correspond to both sets of experiments. Standard deviations correspond to analytical absolute errors on concentrations for a specific area of 0.04 g/m2.

Sample time Si Al Fe Ca Mg

(1) (2) (1) (2) (1) (2) (1) (2) (1) (2)

OA 8H 26.1 ± 2.6 32.2 ± 2.6 13.6 ± 0.3 17.5 ± 0.3 36.2 ± 3.0 42.3 ± 3.0 22.5 ± 8.0 25.7 ± 8.0 35.9 ± 3.6 25.5 ± 3.6
1D 82.0 ± 1.2 92.2 ± 1.2 31.5 ± 0.3 29.2 ± 0.3 52.5 ± 0.9 57.9 ± 0.9 41.5 ± 8.0 49.9 ± 8.0 44.7 ± 3.6 42.0 ± 3.6
2D 120.1 ± 1.7 84.5 ± 1.2 63.4 ± 1.0 21.1 ± 0.3 88.7 ± 0.9 43.9 ± 0.9 88.1 ± 10.7 64.9 ± 10.7 53.6 ± 2.3 40.3 ± 3.6
3D 158.1 ± 1.7 155.8 ± 1.7 56.3 ± 1.0 59.6 ± 2.5 70.9 ± 0.9 81.3 ± 0.9 62.6 ± 10.7 53.5 ± 10.7 57.4 ± 2.3 62.6 ± 2.3
4D 179.4 ± 1.7 191.7 ± 1.7 73.6 ± 1.0 72.4 ± 1.0 92.1 ± 0.9 104.1 ± 0.9 33.0 ± 8.0 36.7 ± 8.0 63.3 ± 2.3 72.5 ± 2.3
7D 351.0 ± 1.7 292.6 ± 2.0 150.0 ± 1.8 106.2 ± 1.0 152.1 ± 0.9 141.6 ± 0.9 49.4 ± 8.0 48.1 ± 8.4 104.5 ± 3.6 97.6 ± 2.3

DFA 8H 29.1 ± 2.6 32.9 ± 2.6 2.7 ± 0.3 10.9 ± 0.3 29.8 ± 3.0 28.1 ± 3.0 46.2 ± 8.0 57.0 ± 10.7 34.9 ± 3.6 37.0 ± 3.6
1D 54.2 ± 1.2 59.1 ± 1.2 27.3 ± 0.3 32.3 ± 0.3 58.2 ± 0.9 57.1 ± 0.9 75.5 ± 10.7 105.4 ± 8.2 49.4 ± 3.6 52.3 ± 2.3
2D 97.9 ± 1.2 68.6 ± 1.2 55.6 ± 1.0 45.5 ± 0.3 90.8 ± 0.9 110.2 ± 0.9 116.5 ± 8.2 108.5 ± 8.2 70.2 ± 2.3 60.0 ± 2.3
2.7D 143.4 ± 1.7 132.0 ± 1.7 70.0 ± 1.0 67.6 ± 1.0 109.8 ± 0.9 107.0 ± 0.9 136.8 ± 8.2 133.2 ± 8.2 78.7 ± 2.3 81.0 ± 2.3
5D 245.6 ± 2.0 203.3 ± 2.0 110.7 ± 1.8 96.3 ± 1.0 152.2 ± 0.9 153.3 ± 0.9 178.5 ± 8.2 224.8 ± 8.2 102.6 ± 3.6 103.3 ± 3.6
7D 296.5 ± 2.0 315.3 ± 1.7 125.7 ± 1.8 139.0 ± 1.8 182.1 ± 0.9 200.9 ± 2.0 206.4 ± 8.2 263.0 ± 8.2 113.5 ± 3.6 136.1 ± 3.6

BPI 8H 37.7 ± 2.6 26.8 ± 2.6 0.3 ± 0.3 0.4 ± 0.3 10.1 ± 3.0 4.7 ± 3.0 45.6 ± 8.0 24.0 ± 8.0 47.7 ± 3.6 41.7 ± 3.6
1D 50.9 ± 1.2 68.4 ± 1.2 0.0 ± 0.3 7.8 ± 0.3 12.5 ± 3.0 7.9 ± 3.0 71.6 ± 10.7 90.4 ± 10.7 58.6 ± 2.3 65.1 ± 2.3
2D 93.4 ± 1.2 85.7 ± 1.2 7.6 ± 0.3 8.2 ± 0.3 20.5 ± 3.0 12.6 ± 3.0 118.0 ± 8.2 125.3 ± 8.2 76.1 ± 2.3 78.5 ± 2.3
2.7D 113.6 ± 1.7 107.0 ± 1.7 12.5 ± 0.3 10.4 ± 0.3 23.2 ± 3.0 21.4 ± 3.0 135.3 ± 8.2 151.9 ± 8.2 84.1 ± 2.3 87.9 ± 2.3
5D 180.8 ± 1.7 150.2 ± 1.7 27.4 ± 0.3 15.2 ± 0.3 30.5 ± 3.0 40.4 ± 3.0 171.0 ± 8.2 171.8 ± 8.2 97.9 ± 2.3 96.0 ± 2.3
7D 157.9 ± 1.7 165.6 ± 1.7 22.2 ± 0.3 12.8 ± 0.3 36.5 ± 3.0 54.4 ± 0.9 123.5 ± 8.2 190.3 ± 8.2 84.1 ± 2.3 99.5 ± 2.3

UPW 8H 9.5 ± 2.6 2.3 ± 2.6 1.3 ± 0.3 0.08 ± 0.3 0.0 0.0 20.2 ± 8.0 21.6 ± 8.0 19.6 ± 3.6 21.3 ± 3.6
1D 23.2 ± 2.6 39.3 ± 2.6 0.9 ± 0.3 1.4 ± 0.3 0.0 0.0 36.6 ± 8.0 32.4 ± 8.0 23.9 ± 3.6 29.6 ± 3.6
2D 35.7 ± 2.6 50.7 ± 1.2 3.2 ± 0.3 1.9 ± 0.3 0.0 0.0 55.9 ± 10.7 58.7 ± 10.7 28.2 ± 3.6 26.2 ± 3.6
3D 54.5 ± 1.2 81.6 ± 1.2 19.2 ± 0.3 29.8 ± 0.3 0.0 0.0 46.6 ± 8.0 78.5 ± 10.7 31.8 ± 3.6 32.5 ± 3.6
4D 66.3 ± 1.2 73.8 ± 1.2 8.6 ± 0.3 27.0 ± 0.3 0.0 0.0 65.6 ± 10.7 62.9 ± 10.7 34.9 ± 3.6 34.0 ± 3.6
7D 84.7 ± 1.2 102.9 ± 1.7 29.2 ± 0.3 37.6 ± 0.3 0.0 0.0 75.8 ± 10.7 77.6 ± 10.7 32.5 ± 3.6 41.8 ± 3.6
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The amounts of dissolved Si, Al, Fe, Ca and Mg in each
sample were analyzed using a Perkin Elmer Optima 8300
ion coupled plasma optical emission spectrometer (ICP-
OES). Ti and K concentrations in solution were not ana-
lyzed because of their low concentration in the solid. Na
was also exempted from ICP-OES analysis because it was
present in the buffer solution at a concentration of 1 mM.
Si, Al, Fe, Ca and Mg ICP standard solutions were pre-
pared by dissolving a commercial multielement solution
(Merck Chemicals) in UPW. Both alteration solutions and
standards were acidified with 1% HNO3 prior to analysis.
Each analysis consisted in the average of three successive
measurements.

For each element i and at each dissolution time, the nor-
malized mass loss NLi from the glass into the solution was
calculated using Eq. (2). Considering a linear regression, the
initial slope of the curve was calculated in order to evaluate
the initial rate of dissolution ri as given in Eq. (3):

NLi ¼
½i�

S=V � xi
ð2Þ

ri ¼
dNLi

dt
¼ d½i�

S=V � xi � dt
ð3Þ

where [i] is the concentration (mg.L�1) of the element i in
solution, S the surface of the glass powder in contact with
the fluid, V the volume of solution and xi the mass percent-
age of the element i in the glass. The variations of V and S

were considered as negligible and were not taken into
account in the calculations.

Dissolution stoichiometry was assessed by the use of the
Relative Release Ratio that quantifies the relative release of
one element X from the glass with respect to Si (Holdren
and Spyer, 1985):

RRRX=Si ¼
ðX=SiÞsolution

ðX=SiÞsolid

ð4Þ

When RRRX/Si = 1, dissolution is stoichiometric for
each element X relative to Si. When RRRX/Si is greater than
1, element X is preferentially released with respect to Si; in
contrast at values lower than 1 Si is released preferentially
to element X.
2.3. Uncertainty calculations

Experimental specific surface measurements depend on
the quantity of the sample, which is determined by the
experimental device. Due to the granulometry of the pow-
ders (100–200 lm), measured specific surface areas are
small. In consequence the absolute error on the specific area
value is high and will not be taken into account for the rep-
resentation of the error bars on the graphs.

For a specific surface area value (0.04 m2 g�1 in this
work), analytical absolute errors on elemental concentra-
tions were determined for each element (Si, Al, Fe, Ca,
Mg) by analyzing several dilutions (10 ppb, 50 ppb,
100 ppb, 200 ppb, 500 ppb and 1 ppm) of a multielement
solution. Five measurements were performed for each dilu-
tion and each element and dispersion was evaluated for a
certain range of concentration by calculating the standard
deviation (SD). The analytical absolute error on concentra-
tions was considered as ±2SD to ensure a confidence inter-
val of 96%.

For a given specific surface, and considering the varia-
tions of V and glass composition as negligible, the relative
errors on NL are thus equal to relative errors on
concentrations.

3. RESULTS

Basaltic glass dissolution kinetics were monitored at
pH = pKA(H2CO3/HCO3

�) = 6.4 to minimize proton pro-
moted dissolution and to enhance the effect of organic
ligands (Welch and Ullman, 1992; Furrer and Stumm,
1986). No relevant change in pH occurred in the UPW,
OA or DFA solutions and pH values all ranged between
6.40 and 6.83. The pH monitoring of BPI solutions gave
values ranging from 7.02 to 7.28.

The concentrations of the elements released from the
MORB and HAPLO glasses into the solution are given in
the Tables 2 and 3, respectively, for both sets of experiments.

Si concentrations (<1 mg/L) in all solutions after 7 d of
the experiments are much lower than the calculated concen-
tration of Si in a solution in equilibrium with amorphous
silica (54 mg/L) or quartz (5 mg/L) (Gunnarson and
Arnorsson, 2000). This attests to the far-from-equilibrium
conditions of the dissolution reaction despite the rate model
considered (Grambow, 1985; Daux et al., 1997; Oelkers and
Gislason, 2001). However, affinity effects on the release rate
cannot completely be excluded in such experiments (S. Gin,
personnal communication).

3.1. Normalized mass loss profiles

Normalized mass losses (NLs) for Si, Al, Fe, Ca and Mg
during alteration experiments in the UPW, OA, DFA and
BPI solutions are plotted as a function of time in Fig. 1
for the MORB composition and in Fig. 2 for the HAPLO
composition.

In most cases, NL values increase with time whatever
the cation, the organic ligand and the glass composition
considered. The increase appears to be linear during the
first 2–3 d indicating a constant rate of dissolution. NL pro-
files are similar for MORB and HAPLO glasses.

For each element, the highest NL after 7 d of dissolution
are systematically observed in the OA and DFA dissolution
profiles. In the DFA solution, a progressive decrease in slopes
is observed. When dissolution occurs in the presence of oxa-
late, a discontinuity is noticed on Al and Fe mass loss profiles
after 2 d (MORB duplicates set 1, HAPLO duplicates set 1),
1 d (MORB duplicates set 2) and 3 d (HAPLO duplicates set
2). Despite these changes of slope, NL values continue to
increase until the end of the dissolution experiments. These
discontinuities in Al and Fe NLs may be due to local precip-
itation of secondary mineral phases. As alteration layers are
very thin (ranging from a few tens to a few hundred ang-
stroms, according to calculations made on the basis of the
solution chemistry) such secondary phases would not be
detected by Scanning Electron Microscopy (Chou and
Wollast, 1984). Transmission electron microscopy on



Table 3
Concentrations (in lg/L) of elements released from the HAPLO glass into oxalic acid (OA), desferrioxamine (DFA), 2,20-bipyridyl (BPI) and
ultrapure water (UPW) solutions. Sample time varies between 8 h (H) to 7 d (D). (1) and (2) correspond to both sets of experiments. Standard
deviations correspond to analytical absolute errors on concentrations for a specific area of 0.04 g/m2.

Sample time Si Al Ca Mg

(1) (2) (1) (2) (1) (2) (1) (2)

OA 8H 24.1 ± 2.6 31.3 ± 2.6 22.1 ± 0.3 19.4 ± 0.3 25.3 ± 8.0 20.6 ± 8.0 61.4 ± 2.3 41.8 ± 3.6
1D 49.7 ± 2.6 60.1 ± 1.2 41.0 ± 0.3 38.4 ± 0.3 47.1 ± 8.0 50.9 ± 10.7 85.4 ± 2.3 69.8 ± 2.3
2D 102.5 ± 1.7 189.7 ± 1.7 68.0 ± 1.0 116.8 ± 1.8 79.2 ± 10.7 95.0 ± 10.7 125.1 ± 3.6 178.0 ± 3.6
3D 175.4 ± 1.7 121.4 ± 1.7 107.3 ± 1.8 67.9 ± 1.0 113.1 ± 8.2 116.7 ± 8.2 164.6 ± 3.6 110.8 ± 3.6
4D 183.6 ± 1.7 132.7 ± 1.7 96.4 ± 1.0 70.9 ± 1.0 124.8 ± 8.2 126.5 ± 8.2 158.0 ± 3.6 110.0 ± 3.6
7D 355.0 ± 1.7 436.6 ± 1.7 179.1 ± 1.8 200.5 ± 1.8 138.9 ± 8.2 151.0 ± 8.2 240.7 ± 6.7 262.4 ± 6.7

DFA 8H 15.0 ± 2.6 19.8 ± 2.6 4.9 ± 0.3 7.9 ± 0.3 25.3 ± 8.0 11.3 ± 8.0 45.1 ± 3.6 46.2 ± 3.6
1D 31.1 ± 2.6 31.1 ± 2.6 24.8 ± 0.3 18.7 ± 0.3 47.6 ± 8.0 57.8 ± 10.7 71.1 ± 2.3 64.0 ± 2.3
2D 61.8 ± 1.2 52.7 ± 1.2 45.6 ± 0.3 37.9 ± 0.3 68.4 ± 10.7 62.1 ± 10.7 93.4 ± 2.3 82.2 ± 2.3
2.7D 88.0 ± 1.2 – 57.7 ± 1.0 – – – 106.0 ± 3.6 –
5D 169.8 ± 1.7 150.6 ± 1.7 87.3 ± 1.0 83.0 ± 1.0 – 126.5 ± 8.2 136.0 ± 3.6 139.2 ± 3.6
7D 202.4 ± 1.7 169.0 ± 1.7 96.9 ± 1.0 91.0 ± 1.0 118.0 ± 8.2 123.8 ± 8.2 145.3 ± 3.6 184.5 ± 3.6

BPI 8H 17.9 ± 2.6 26.2 ± 2.6 2.2 ± 0.3 3.4 ± 0.3 21.1 ± 8.0 25.4 ± 8.0 51.8 ± 2.3 46.8 ± 3.6
1D 28.7 ± 2.6 35.3 ± 2.6 2.7 ± 0.3 2.6 ± 0.3 33.9 ± 8.0 38.8 ± 8.0 65.5 ± 2.3 53.2 ± 2.3
2D 46.8 ± 2.6 63.1 ± 1.2 6.7 ± 0.3 8.1 ± 0.3 46.1 ± 8.0 44.1 ± 8.0 80.2 ± 2.3 75.9 ± 2.3
2.7D 67.3 ± 1.2 70.0 ± 1.2 15.8 ± 0.3 14.1 ± 0.3 49.3 ± 8.0 47.8 ± 8.0 88.1 ± 2.3 73.6 ± 2.3
5D 126.6 ± 1.7 96.1 ± 1.2 38.0 ± 0.3 17.3 ± 0.3 66.6 ± 10.7 52.9 ± 10.7 106.8 ± 3.6 96.5 ± 2.3
7D 107.8 ± 1.7 115.5 ± 1.7 23.3 ± 0.3 18.8 ± 0.3 58.7 ± 10.7 56.0 ± 10.7 102.2 ± 3.6 100.8 ± 3.6

UPW 8H 21.2 ± 2.6 11.1 ± 2.6 2.1 ± 0.3 0.1 ± 0.3 9.2 ± 8.0 10.3 ± 8.0 34.0 ± 3.6 36.6 ± 3.6
1D 31.4 ± 2.6 34.5 ± 2.6 1.5 ± 0.3 6.9 ± 0.3 21.0 ± 8.0 25.5 ± 8.0 47.0 ± 3.6 54.0 ± 2.3
2D 49.2 ± 2.6 49.7 ± 2.6 2.3 ± 0.3 7.12 ± 0.3 35.4 ± 8.0 47.5 ± 8.0 67.9 ± 2.3 60.3 ± 2.3
3D 64.4 ± 1.2 68.6 ± 1.2 3.8 ± 0.3 15.3 ± 0.3 – 58.4 ± 10.7 75.9 ± 2.3 70.8 ± 2.3
4D 88.5 ± 1.2 63.6 ± 1.2 11.4 ± 0.3 15.1 ± 0.3 – 63.3 ± 10.7 85.2 ± 2.3 80.1 ± 2.3
7D 152.9 ± 1.7 107.4 ± 1.7 26.8 ± 0.3 28.2 ± 0.3 68.7 ± 10.7 75.5 ± 10.7 140.3 ± 3.6 134.9 ± 3.6
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focused ion beam thin sections will be performed in a separate
study. Similarly, in the presence of OA, the NLs(Ca) increase
only during the first 2 d, then decrease. This is also character-
istic of precipitation, in agreement with Welch and Ullmann
(1992) who observed that oxalate could induce the formation
of Ca-oxalate precipitates.

The lowest NL values for each elements are those
recorded for the UPW and BPI solutions after 7 d. In the
UPW solution, Fe is systematically below the detection
limit (2 lg/L); this is assumed to be related either to its
non-release or to its reprecipitation in insoluble phases.
While a slight decrease is observed in the UPW dissolution
profiles slopes after 3 or 4 d, a significant decline of element
release is more clearly observed when dissolution occurs in
the presence of BPI. In this case, the slope at the end of the
experiment is systematically negative for the first set of
MORB replicates and for the HAPLO glass.

The similarity of the results from the two sets of exper-
iments attests to the reproducibility of the involved mecha-
nisms. Considering the closeness of the NL values for
similar conditions and time compared with the absolute
error for the specific area, the data obtained for the repli-
cate experiments are averaged from this point forward.

3.2. Initial dissolution rates

Initial dissolution rates were calculated for all glass com-
positions in all alteration solutions and are shown in
Table 4. The Si dissolution rate of MORB glass in solution
without ligands is of the same order of magnitude as that
determined by Gislason and Oelkers (2003) (0.1 mg m�2

d�1) at pH = 6.75 and 30 �C. This value is also consistent
with that determined by Stockmann et al. (2012)
(0.04 mg m�2 d�1) and Galeczka et al. (2014) (0.6 mg m�2

d�1) at pH 6.4, 25 �C and pH 6.7, 22 �C, respectively.
However, it should be noted that there are significant differ-
ences between the numerous dissolution rates values of
basaltic glasses reported in the literature, mainly because
of the difficulties in characterizing the reactive surface area,
and of the various combinations of experimental parame-
ters (pH, temperature, solution chemistry. . .) (Daux et al.,
1997; Techer et al., 2000; Wolff-Boenish, 2011).

NL profiles (Figs. 1 and 2) reveal similarities in between
the dissolution agents. OA and DFA appear to have similar
impacts on dissolution despite the glass used. BPI has a
moderate impact on dissolution and is similar to that of
UPW for the Al and Fe dissolution profiles. The calculation
of dissolution rates values allows to slightly nuance those
results, notably from one glass composition (MORB) to
another (HAPLO). As a consequence, MORB and
HAPLO dissolution rates are described separately and plot-
ted in Fig. 3.

For the MORB glass, OA and DFA have comparable
effects on initial dissolution rates, causing increases in the
rates calculated for free-ligand solutions by at least four
times. Dissolution in the presence of OA and DFA is



Fig. 1. Normalized mass-loss (NL) profiles of Si, Al, Ca, Mg and Fe during experiments performed on MORB glass at 25 �C and pH 6.4 in
the presence of oxalic acid (OA), desferrioxamine (DFA), 2,20-bibyridyl (BPI) or in ultrapure water (UPW) only. Full and empty symbols
represent the first (1) and second (2) sets of experiments, respectively. For each NL value, the absolute error is calculated from the technical
relative error in concentration.
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Fig. 2. Normalized mass-loss (NL) profiles of Si, Al, Ca and Mg during experiments performed on HAPLO glass at 25 �C and pH 6.4 in the
presence of oxalic acid (OA), desferrioxamine (DFA), 2,20-bibyridyl 0(BPI) or in ultrapure water (UPW) only. Full and empty symbols
represent the first (1) and second (2) sets of experiments, respectively. For each NL value, the absolute error is calculated from the technical
relative error in concentration.

Table 4
Si, Al, Fe, Ca and Mg initial dissolution rates calculated for each experimental conditions using the average of the first 4 NL values for sets (1)
and (2) of experiments. Error bars bar are equal to ±2SD.

Dissolution rates (mg m�2 d�1)

Si Al Fe Ca Mg

MORB UPW 0.5 ± 0.1 0.5 ± 0.1 0 1.0 ± 0.6 0.9 ± 0.0
BPI 1.5 ± 0.1 0.6 ± 0.1 0.9 ± 0.1 5.5 ± 0.2 3.7 ± 0.1
OA 2.0 ± 0.0 3.6 ± 0.1 3.6 ± 0.0 5.0 ± 0.0 2.3 ± 0.4
DFA 2.1 ± 0.1 3.4 ± 0.2 3.8 ± 0.1 4.9 ± 0.4 4.1 ± 0.1

HAPLO UPW 0.8 ± 0.0 0.4 ± 0.1 – 1.0 ± 0.4 1.5 ± 0.1
BPI 0.9 ± 0.0 0.6 ± 0.0 – 1.4 ± 0.2 1.7 ± 0.1
OA 2.0 ± 0.1 3.6 ± 0.3 – 3.6 ± 0.3 4.2 ± 0.2
DFA 1.3 ± 0.0 2.5 ± 0.2 – 2.9 ± 0.0 2.7 ± 0.2
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characterized by a fast initial release of Ca and Mg (in most
cases >4.0 mg m�2 d�1) but also of Fe and Al (around
3.5 mg m�2 d�1) in solution. In these media, Si is character-
ized by the slowest initial dissolution rates



Fig. 3. Initial dissolution rates of MORB (a) and HAPLO (b) glasses in ultrapure water (UPW), 2,20-bipyridyl (BPI), desferrioxamine (DFA)
and oxalic acid (OA) solutions, calculated using the average of NL values for sets (1) and (2) of experiments. Error bars bar are equal to
±2SD.
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(2.0 mg m�2 d�1). Considering the experimental error on
Mg release rate in OA solution, this element appears to
be released more rapidly in the presence of DFA. Initial dis-
solution rates of MORB glass in BPI solutions are more
comparable to those calculated in solutions without
ligands. Al and Fe initial releases are slow and are very sim-
ilar for the experiments with UPW and BPI solutions.
However, Ca and Mg are released quickly (up to
5.5 mg m�2 d�1) from the silicate network in the presence
of BPI, while rates approach 1.0 mg m�2 d�1 in solutions
without ligands.

Initial dissolution rates of HAPLO glass in the presence
of BPI are all equivalent to those calculated for UPW solu-
tions. In these experiments Ca and Mg are released the
most rapidly, even though their dissolution rates do not
exceed 1.7 mg m�2 d�1. Si and Al are characterized by slow
dissolution rates which do not reach 1.0 mg m�2 d�1. In
contrast, the calculated dissolution rates of HAPLO glasses
in the presence of OA and DFA are slightly different, as the
rates calculated for the experiments with the DFA solutions
are systematically lower than those obtained for the OA
experiments. For both DFA and OA, Mg, Ca and Al are
released the most rapidly (around 3.5 mg m�2 d�1 for OA
and 2.5 mg m�2 d�1for DFA) whereas Si is released the
most slowly.
Table 5
Relative Release Ratios of Al, Fe, Ca and Mg by respect with Si calculate
for sets (1) and (2) of experiments. Standard deviations are equal to ±2S

RRRAl/Si

MORB UPW 1.0 ± 0.3
BPI 0.5 ± 0.1
OA 1.8 ± 0.1
DFA 1.6 ± 0.0

HAPLO UPW 0.5 ± 0.1
BPI 0.7 ± 0.0
OA 1.8 ± 0.1
DFA 2.0 ± 0.2
One significant difference between MORB and HAPLO
glass dissolution is the release of Mg in the presence of OA.
Mg release rates are enhanced when the glass does not con-
tain any iron.

3.3. Stoichiometry

The dissolution is non stoichiometric for both glasses
regardless of the presence or absence of organic ligands
(Table 5, Fig. 4).

Very similar values of RRRX/Si are calculated for the
MORB glass in the presence of OA and DFA.
Dissolution in those conditions is non stoichiometric for
all elements with respect to Si, as it is characterized by a
preferential release of Ca (>2) and also of Mg, Fe and Al
(>1.5). In contrast, dissolution in the UPW and BPI solu-
tions is characterized by a preferential release of Si with
respect to Al and Fe. However, Ca and Mg are both pref-
erentially released with respect to Si. A significant preferen-
tial release of Ca and Mg is recorded in the presence of BPI
(>3.5).

HAPLO glass dissolution experiments in UPW and BPI
solutions are characterized by similar RRRX/Si. Si is prefer-
entially released with respect to Al while Ca and Mg are
preferentially released with respect to Si. In the presence
d for each experimental conditions, using the average of NL values
D.

RRRFe/Si RRRCa/Si RRRMg/Si

Tends to 0 1.9 ± 0.1 1.8 ± 0.2
0.9 ± 0.1 5.4 ± 0.3 3.6 ± 0.3
1.8 ± 0.0 2.5 ± 0.0 1.2 ± 0.2
1.8 ± 0.1 2.3 ± 0.0 1.9 ± 0.2

– 1.2 ± 0.5 1.8 ± 0.1
– 1.7 ± 0.3 2.0 ± 0.1
– 1.8 ± 0.1 2.2 ± 0.0
– 2.2 ± 0.0 2.2 ± 0.1



Fig. 4. Non-stoichiometric ratios calculated for MORB (a) and HAPLO (b) glasses in UPW, BPI, DFA and OA solutions using the average
of NL values for sets (1) and (2) of experiments. Error bars bar are equal to ±2SD. The line materializes a stoichiometric release between Si
and the considered elements.

Table 6
(1:1) Complex formation constants of oxalate, desferrioxamine and
2,20-bipyridyl with major elements from the glass.

OA DFA BPI

Al3+ 107.1 a 1024.1 c –
Fe3+ 108 a 1030.6 c –
Fe2+ 104.7 a 109.0 c 1017.5 d

Ca2+ 103.0 a 102.6 c 10�0.05 d

Mg2+ 103.4 b 102.8 e 100.32 d

a Cama and Ganor, 2006.
b Grases et al., 1989.
c Kraemer, 2004.
d Capone et al., 1985.
e Farkas et al., 1999.
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of BPI, the high values of RRRCa/Si and RRRMg/Si obtained
for the MORB glass are not observed for the HAPLO com-
position and approach non-stoichiometric ratios values cal-
culated in UPW. Very similar values of RRRX/Si are
calculated for the HAPLO glass in the presence of OA
and DFA as Al, Ca and Mg are all preferentially released
with respect to Si, and their respective ratios all approach 2.

In summary, calculated initial dissolution rates of
MORB and HAPLO glasses in UPW (Table 4) show high
Mg and Ca and low Al and Si release. This is in good agree-
ment with the mechanism proposed by Oelkers (2001) in
which the first step of basaltic glass dissolution in acidic
water is the fast and almost complete removal of divalent
cations such as Ca or Mg. Dissolution rates in the presence
of organic molecules differ from those in the presence of
UPW demonstrating the impact of the ligands on the alter-
ation process.

4. DISCUSSION

4.1. Effect of solution on the basaltic glass dissolution

4.1.1. Effect of ligands

One major difference between dissolution profiles in
non-ligand and ligand-bearing solutions is the preferential
release of trivalent cations of the glass with respect to Si
in the presence of OA and DFA, and an enhanced relative
release of divalent species in the presence of BPI (Fig. 4a).
This effect is particularly significant for Fe dissolution pro-
files in the presence of OA or DFA. In experiments without
ligands, iron was not detectable (the detection limit of Fe
was evaluated as 2 ppb). However, in presence of trivalent
cation-complexing ligands (OA and DFA), Fe was present
in sufficient amounts to be detected and was systematically
released preferentially to Si. A similar behavior of iron was
observed in hornblende dissolution experiments in the pres-
ence or absence of DFA (Kalinowski et al., 2000a).

This can be explained by the fact that OA-Fe3+ and
DFA-Fe3+ form stable aqueous complexes. More generally,
organic ligands that have the strongest equilibrium con-
stants are more effective in enhancing corresponding disso-
lution rates (Fig. 3a). This is in good agreement with
previous dissolution studies with multioxides (Schott
et al., in Oelkers and Schott, 2009) or bunsenite (Ludwig
et al., 1995), granite and basaltic glass (Hausrath et al.,
2009). This correlation is notably verified considering the
release of elements from the glass in the presence of either
DFA and OA or BPI. DFA and OA, which can form the
most stable and the strongest complexes with Fe3+ and
Al3+, are extremely efficient in promoting MORB dissolu-
tion. In contrast, the experiments with BPI, which does
not have affinity for Fe3+ or Al3+, and in general with triva-
lent cations, exhibit cation releases similar to those with
UPW.

Despite contrasting complexation constants, the DFA,
OA and BPI experiments exhibit similar Ca and Mg release
rates (Table 4, MORB). In contrast, the RRRs calculated
for the BPI experiments are different from those for the
OA and DFA experiments (Table 5). In the presence of
DFA and OA, the enhancement of Ca and Mg release cor-
relates with the release of Si, suggesting that both Ca and
Mg release results from the dissolution of the silicate net-
work. By contrast, while BPI has a slightly smaller impact
on Si release by comparison with DFA and OA, Ca and
Mg release in this solution is greatly increased (Table 5).
For the BPI experiments, Ca and Mg extraction from the
glass network may be driven by an interaction between
these elements and the BPI molecules. This interpretation
is not supported by values of the complex formation con-
stants (Table 6) but it is supported by the highest pH values
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in the BPI experiments, which suggests that a chemisorp-
tion reaction occurred between the glass and BPI, as has
been observed on clay and oxides (Ferreiro et al., 1983;
Ferreiro and Bussetti, 2007).

4.1.2. Ligand concentrations and saturation effect

OA and DFA both increase the dissolution rate of most
of the studied elements from the glass (Fig. 3a). These
impacts agree with those determined in mineral weathering
studies performed in the presence of OA and DFA ligands
(Welch and Ullman, 1992; Watteau and Berthelin, 1994;
Stillings et al., 1995; Liermann et al., 2000; Cheah et al.,
2003; Rosenberg and Maurice, 2003; Wolff-Boenish et al.,
2011; Rozalen et al., 2013). However, the fact that DFA
is ten times more diluted than OA, and the assumption that
the dissolution rates at fixed pH depend linearly on the con-
centrations of adsorbed ligands and therefore on the con-
centrations of ligands in the solution, suggest that DFA is
more powerful than OA in promoting basaltic glass disso-
lution. Similar conclusions were drawn in a study about
hematite dissolution in the presence of OA and a Fe(III)
– specific siderophore (Hersman et al., 1995).

One DFA molecule is sufficient to complex trivalent
cations such as Fe3+ and Al3+, while three OA molecules
are required to form a highly stable complex (Wolff
Boenisch and Traina, 2007). Experimental studies have
demonstrated that Fe(oxalate)2� is the predominant Fe-ox-
alate species (Cervini-Silva, 2012), whereas DFA coordi-
nates to an individual Fe site via one or two of its
chelating groups (Holmen and Casey, 1996; Cocozza,
2002) instead of completing the octahedral coordination
sphere of the Fe(III) in a 1:1 complex. As a consequence,
and assuming equivalent efficiencies, OA should be at least
3 times more concentrated than DFA to promote the
release of Fe3+ and Al3+ in the same manner as DFA.
This is not in accordance with our experimental results,
which show similar dissolution rates for Al and Fe
(Table 4) despite the OA and DFA concentrations differing
by one order of magnitude. A similar discrepancy between
the expected and observed results was observed in a study
on goethite dissolution in the presence of either DFA or
acetohydroxamic acid (Holmen and Casey, 1996). These
discrepancies might be related to a possible saturation effect
at the glass-fluid interface. At high ligand concentrations,
ligands which are not in the first adsorption layer, i.e. which
do not interact directly with surface cations, might not
affect the release of those elements from the glass (Furrer
and Stumm, 1986), and might even decrease the possible
effect of ligands on cation solubilities, stopping the cations
from being removed (Kraemer, 2004). Previous studies have
shown that goethite dissolution rates reach a plateau at OA
concentrations above 5 mM (Cheah et al., 2003) and 1 mM
(Wolff-Boenisch and Traina, 2006). Considering the respec-
tive specific surface area and bulk concentration of their
material, the number of OA molecules ideally adsorbed
per surface unit of goethite (without taking into account
possible steric constraints) would range from 2.9 to
14.3 lmol m�2. This saturation effect might also exist when
dissolution experiments are performed in the presence of
highly specific siderophores (Kalinowski et al., 2000b). In
their work on DFA adsorption on goethite, Kraemer
et al. (1999) measured the maximum surface concentrations
of DFA as >0.4 lmol m�2. In our study, with a specific sur-
face of 0.04 m2 g�1, the number of OA molecules ideally
adsorbed per surface units of glass is 1200 lmol m�2,
whereas the number of DFA molecules ideally adsorbed
per surface units of glass is 120 lmol m�2. These prelimi-
nary calculations suggest that the surface of both glasses
is largely oversaturated with ligands compared to those in
these other studies. This could explain the similar dissolu-
tion rates calculated for OA and DFA solutions, despite
the fact that DFA is 10 times more diluted than OA.
Ligands molecules remaining in solution might be involved
in the chelation of dissolved metal cations, causing an
increase in the apparent solubility of the solid and thus
enhancing its dissolution. This ligand-promoted dissolution
mechanism occurring in solution has been presented by
Oelkers and Schott (1998) as an alternative to the generally
accepted surface-controlled dissolution mechanism
(Stillings et al., 1998; Rosenberg and Maurice, 2003;
Cama and Ganor, 2006).

In natural systems, organic molecules typically exhibit a
lower range of concentrations compared to those studied
here, meaning that the magnitude of this ligand-promoted
dissolution may be in reality restricted. The low abundance
of dissolved oxalate in the environment can be due to the
low solubility (and thus precipitation) of calcium oxalate.
Oxalate is generally present in soils at concentrations up
to 1 mM L�1 (Fox and Comerford, 1990). In marine sys-
tems, reported concentrations of siderophores vary between
0.3 and 7 nM (Kraemer, 2004). However, it has been spec-
ulated that close to the interface between micro-organisms
and solid phases, the local concentrations of organic ligands
and of siderophores can locally increase by several orders of
magnitudes (Ahmed and Holmström, 2014). For a bacterial
microniche, siderophore concentrations are indeed expected
from 10 lM to few mM (Hersman et al., 1995).

4.2. Effect of glass structure

4.2.1. Silica glass former and modifier cations

Si is a major network-forming element in the glass struc-
ture and the rupture of Si–O–X (X = Si, Al, Fe) bonds in
the network is considered as the rate-limiting step in disso-
lution (Oelkers, 2001). The possible role played by organic
ligands and particularly by OA on silica release is not well
understood, even in crystalline materials. Studies on quartz
dissolution conclude that while Si dissolution rates are
enhanced by the presence of OA (Benett et al.,1988), the
complexation of Si by OA is not the driving force for the
quartz dissolution (Bennett, 1991). This conclusion is fur-
ther corroborated by the fact that quartz solubility is
almost identical in different carboxylic acid solutions
(Franklin et al., 1994). Consequently, the effect of Si com-
plexation by OA on the dissolution of our glass samples
was assumed to be negligible, and the increase in Si dissolu-
tion rates in the presence of OA, DFA and BPI was attrib-
uted to the destabilization of the Si network by the
complexation and transfer to solution of metallic cations
at the glass surface.
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In the presence of either OA or DFA, the increase in Si
dissolution rates (Fig. 3) correlates well to the preferential
extraction of Fe3+ and Al3+ in OA/DFA solutions as com-
pared to the rates in the UPW experiments (Fig. 4). By con-
trast the RRRCa/Si and RRRMg/Si remain constant in all
these cases, indicating that these ligands do not affect the
dissolution mechanism. The interaction between Fe3+ and
Al3+ and OA or DFA, combined with the network-forming
role of these trivalent cations in the glass structure, might
be responsible for weakening and consequently enhancing
the dissolution of the whole silicate network.

In the presence of BPI, Mg and Ca are preferentially
extracted from the glass with respect to Si.
Concomitantly, RRRFe/Si is much stronger in BPI (0.9) than
in UPW (0). A possible complexation of Fe(III) by BPI was
described in Nord and Wernberg (1975), who concluded
that in the presence of BPI, Fe(III) was rapidly reduced
by hydroxide ions according to the following the reaction:

4FeðBPIÞ3þ3 þ 4OH� ¼ 4FeðBPIÞ2þ3 þO2 þ 2H2O

Templeton (2002) attributed a high complex formation
constant between BPI and Fe(III) (1016.3). Our OA and
DFA results suggest that such a high constant should have
resulted in higher Fe relase rates. This raises the question of
a possible interaction between the BPI molecules and Fe(II)
from the glass. As previously mentioned, although Fe(III) is
the predominant valence in the prepared MORB glass,
Fe(II) could indeedrepresentupto30%ofthe total concentra-
tion of iron in the solid. The very strong affinity between BPI
and Fe2+ cations (Table 6) could thus also explain the pro-
moted dissolution of the MORB glass in BPI solution as com-
pared to UPW. However, due to their modifier role in the glass
structure, the impact of neither Ca and Mg or Fe preferential
release on Si dissolution rate is expected to be very strong.

As Fe, under its reduced or oxidized form, obviously has
a key-role in ligand-promoted mechanisms, the comparison
with the HAPLO glass – i.e., a glass without any form of
iron - dissolution process appears to be necessary to have
Fig. 5. Normalized Loss profiles of Si and Al during experiments perfor
(OA) or in ultrapure water (UPW) only, using the average of NL values fo
access to complementary information and to precisely iden-
tify the reactions involved.

4.2.2. Composition of the glass

4.2.2.1. Oxalic acid and ligand-free solutions. In the OA and
UPW experiments, the presence or absence of iron in the
glass does not seem to have any effect on dissolution rates
and stoichiometry (Fig. 5).

Similar dissolution profiles for the MORB and HAPLO
glasses were observed. It is expected that UPW does not
induce any detectable Fe dissolution from the MORB glass
(Fig. 3) and that, despite small differences in their composi-
tion, the MORB and HAPLO glasses are involved in the
same dissolution reactions. In the case of OA, the very sim-
ilar trend in the Al and Si dissolution profiles in the pres-
ence or absence of Fe in the glass suggests that Fe3+

removal has no impact on basaltic glass dissolution.
Consequently, complexation and release of Al from both
glasses could be the rate-limiting steps of the OA promoted
dissolution, despite OA being able to complex Fe3+ as
easily as Al3+ (Table 6) and both Al and Fe(III) being
involved as formers in the glass structure. This interpreta-
tion is in agreement with several studies on Fe(II)-bearing
basaltic glass dissolution (Oelkers et al., 1994; Oelkers,
2001; Oelkers and Gislason, 2001). Whatever the oxidation
state of Fe (mostly oxidized in this work) and its role in the
glass structure, it seems that the first step in the dissolution
of alumino-silicates is the fast exchange of alkaline and
alkaline earth elements of the glass with the protons of
the solution. This fast removal is followed by slower
hydrolysis of Al–O–Si bonds, which are relatively weak
compared to Si–O–Si bonds. This is considered as the
rate-limiting step of the dissolution process, weakening
the silicate network and facilitating the final hydrolysis of
Si–O–Si bonds. This mechanism was shown by Oelkers
and Gislason (2001) to occur with or without oxalic acid
in solution. The presence of oxalic acid only increases the
removal of Al, thus accelerating the dissolution process.
med on MORB and HAPLO glasses in the presence of oxalic acid
r sets (1) and (2) of experiments. Error bars bar are equal to ±2SD.



Fig. 6. Normalized Loss profiles of Si and Al during experiments performed on MORB and HAPLO glasses in the presence of desferrioxamine
(DFA) or 2,20-bipyridyl (BPI), using the average of NL values for sets (1) and (2) of experiments. Error bars bar are equal to ±2SD.
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One difference between the MORB and HAPLO dissolu-
tion profiles in the presence of OA is the high amounts of
Mg released (Fig. 3). Considering that the major difference
between the respective compositions of MORB and
HAPLO glasses was the percentage of Mg – 7.7 wt.% in
MORB versus 15.2 wt.% in HAPLO (Table 1) – this
increase in dissolution rates shows the impact of glass com-
position on the dissolution reaction.

4.2.2.2. Desferrioxamine. In DFA solutions, the absence of
Fe in the glass correlates with a decrease in all dissolution
rates (Fig. 6).

This indicates that DFA-Fe3+ complex formation plays
a significant role in the ligand-promoted dissolution pro-
cess, in contrast with the OA and UPW experiments. The
very high constant characterizing the complexation of
Fe(III) by DFA (6 orders of magnitude higher than
DFA-Al3+ formation constant) (Table 6) suggests that
Fe(III) might be involved in promoting Si–O–Si detach-
ment and in catalyzing the dissolution process. Despite
the decrease in rates in the absence of Fe, the RRRs remain
similar between MORB and HAPLO glasses (Fig. 4). This
indicates that, even if their release from the glass is slower,
elements are still following the same dissolution pattern,
typical of a ligand promoted mechanism. Despite high
DFA-Al3+ complex formation constants, Al complexation
and release is probably the main mechanism promoting
the dissolution process of the HAPLO glass, as observed
in OA experiments performed on both MORB and
HAPLO and in the work of Oelkers and Gislason (2001).

4.2.2.3. 2,20-Bipyridyl. The releases of all elements from the
Fe-free glass in the presence of BPI appear to be slower
than those from the MORB glass (Fig. 6). Moreover, disso-
lution experiments carried out on the HAPLO glass are
characterized by rates and stoichiometry which are very
similar to those calculated in the ligand-free experiments
(Figs. 3a and 4a). This general decrease, together with the
similarity of the dissolution profiles for the UPW or BPI
experiments for the HAPLO glass, implies that in the
absence of iron in the glass, the presence of BPI has no
impact on the dissolution process. This confirms the signif-
icant role of BPI-Fe2+ complexes and suggests the absence
of significant BPI-Al3+ interactions. Even though Fe(II) is
not the dominant valence of iron in the MORB glass, its
release thus plays a significant role in promoting the global
dissolution of the glass.

5. CONCLUSION AND PERSPECTIVES

The dissolution kinetics of basaltic glass were investi-
gated with respect to the role and impact of iron in glass
and the type of dissolution solution by performing experi-
ments with Fe(II) and/or Fe(III) specific chelators having
various complex formation constants, and by using two
compositions of glasses. The effects observed are in agree-
ment with ligand-promoted dissolution mechanisms
described for several minerals in the literature. In the pres-
ence of OA and DFA, the preferential release of trivalent
cations promoted the whole glass dissolution. In the case
of OA, however, Al release is thought to promote the disso-
lution of both glasses, whereas in the case of DFA the pref-
erential release of Fe(III) is responsible for the enhanced
dissolution of MORB glass. In BPI solution, the MORB
dissolution seems to be driven by the Fe(II) release despite
its low content in the glass.

To go further in the determination of elementary mech-
anisms and of their implications in natural systems, comple-
mentary issues need to be addressed. The impact of ligands
on MORB dissolution has to be studied using variable con-
centrations. This will allow to investigate both the effect of
concentrations closer to the ones found in the natural field
but also the possible existence of threshold values that will
provide information about the localization of the ligand
promoted dissolution (surface or bulk solution). Being a
preliminary step to future work with microorganisms, the
present study was dedicated to Fe(III)-bearing glass in
order to highlight the central role of Fe, under its oxidized
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form, in ligand-promoted dissolution mechanisms. The role
of Fe(II) in the ligand promoted dissolution and particu-
larly in the presence of BPI will be further investigated on
Fe(II)-bearing glasses that are more representative of natu-
ral basalts, in order to have a global overview of basaltic
glass dissolution and precise the mechanisms occurring in
nature. Finally, the characterization of the alteration layers
(calculated as being of 35–150 Å in thickness) and of min-
ute amount of secondary phases will be an important step
to be addressed in a separate study. The effect of complex-
ing agents in longer-term experiments, and notably their
effect on the passivating properties of the gel layer, should
also be investigated. The precise knowledge of the abiotic
reactions occurring in the simplified systems considered in
this work is indeed an essential step before addressing the
study of alteration processes in presence of microorgan-
isms, major actors of natural systems.
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