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Abstract

The steady-state dissolution rates of Nd-britholite Ca9Nd(PO4)5SiO4F2 have been measured at 25 �C as a function of
aqueous solution composition in open-system mixed flow reactors. Measured Nd-britholite dissolution rates based on Ca,
P, and F release are found to be close to corresponding apatite dissolution rates; these 25 �C rates decrease from 10�8 to
10�12 mol/m2/s with increasing pH from 3 to 12. Measured Nd release rates are far slower than those of these other
elements; Nd concentrations in solution appear to limited by precipitation of a secondary phosphate phase, which limits
aqueous Nd concentrations to <10�12 mol/kg at near neutral conditions. Correspondingly, it appears likely that aqueous
actinide release from analogous waste hosts will be similarly limited by the precipitation of sparingly soluble phases.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

The motivation for this study is the assessment of
apatite structured ceramics to serve as host for the
storage of long-lived actinides. The apatite structure
is believed to be well suited for radioactive actinide
storage for a variety of reasons. First, 2 billion year
old tri and tetravalent actinide bearing apatites have
been found in the Oklo, Gabon natural nuclear
reactor [1]. Secondly, the apatite structure is known
to be relatively resistant to self-irradiation [2–4].
Thirdly, apatite minerals exhibit retrograde solubil-
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ity with respect to temperature [5,6]. Lastly, apatite,
with the generic formula M10ðXO4Þ6Y2 (where
M = Ca2+, Pb2+, Ba2+, etc., XO4 ¼ PO3�

4 ;VO3�
4 ;

AsO3�
4 ; SiO4�

4 , etc., and Y = F�, Cl�, OH�, Br�,
I�, etc.), can readily incorporate tri and tetravalent
actinides (Ac) in its structure through a double sub-
stitution of Ac(III,IV) for Ca(II) and SiO4 for PO4

leading to Ca10�xAc(III)x(PO4)6�x(SiO4)xF2 and
Ca10�xAc(IV)x(PO4)6�2x(SiO4)2xF2 [7]. Many anal-
ogous rare-earth element minerals e.g., La [8], Ce
and Eu [9], Nd [10,11], Pr and Sm [12] or actinides
e.g., U [13,14], Th [14] have been synthesized.

Neodymium is frequently used as a chemical ana-
logue for the actinide elements owing to its similar
charge, size and chemistry [15–17]. As such a
number of studies explored the properties of the
.
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Ca10(PO4)6Y2–Ca4Nd6(SiO4)6Y2 solid solution
[10,18–21]. This study focuses on the stability and
reactivity of one component of this solid-solution
series, Nd-britholite (Ca9Nd(PO4)5(SiO4)F2). This
phase has been described in detail by Guy et al.
[7]. This composition has been chosen for this study
because a 10% substitution of calcium for actinides
has been suggested to be optimal for long-term
waste storage [8]. To assess the ability of apatite
structured actinide phases to resist to aqueous
corrosion, both the steady-state dissolution rates
and dissolution stoichiometry of Nd-britholite have
been measured in open-system mixed flow reactors
as a function of solution composition. Correspond-
ing closed-system experiments have been preformed
to estimate the solubility of this phase. The purpose
of this communication is to present the results of
this experimental study and to use the obtained data
to evaluate the potential of apatite structured mate-
rials as long-term waste storage hosts.
2. Theoretical considerations

The standard state adopted in this study is that of
unit activity for pure minerals and H2O at any tem-
perature and pressure. For aqueous species other
than H2O, the standard state is unit activity of the
species in a hypothetical 1 molal solution referenced
to infinite dilution at any temperature and pressure.
To simplify the Nd-britholite stability calculation, it
is assumed in the present study that it is the only
constituent of the Ca10(PO4)6F2–Ca4Nd6(SiO4)6F2

solid solution. The standard state for Nd-britholite,
is therefore unit activity of Ca9Nd(PO4)5SiO4F2.
The dissolution of this phase can be described using

Ca9NdðPO4Þ5SiO4F2 þ 4Hþ

¼ 9Ca2þ þNd3þ þ 5PO3�
4 þ SiO2 þ 2F� þ 2H2O

ð1Þ

Assuming the Nd-britholite composition remains
invariant upon attainment of equilibrium (i.e. ‘stoi-
chiometric saturation’ as defined by Thorstenson
and Plummer [22] and Rabinowicz et al. [23]), the
law of mass action for reaction (1) can be written

K ¼
a9

Ca2þaNd3þa5
PO3�

4

aSiO2
a2

F�

a4
Hþ

; ð2Þ

where K designates an apparently equilibrium con-
stant, and ai represents the activity of the sub-
scripted aqueous species.
The dissolution and crystallization rates of
minerals can be described by considering transition
state theory (TST). According to TST, the overall
rate r of a mineral dissolution reaction per unit
surface area can be described using [24,25]:

r ¼ rþ 1� exp � A
rRT

� �� �
; ð3Þ

where r+ designates the forward dissolution rate per
unit surface area, R denotes the gas constant, T

stands for absolute temperature, A refers to the
chemical affinity of the dissolution reaction, and r
represents Tempkin’s average stoichiometric num-
ber equal to the ratio of the rate of destruction of
the activated complex relative to the overall dissolu-
tion rate. The parenthetical term in Eq. (3) takes ac-
count the effect of the back reaction as equilibrium
is approached and insures that r = 0 at equilibrium.
The chemical affinity of reaction (1) is defined as

A ¼ �RT ln
Q
K

� �
¼ �2:303RTX; ð4Þ

where Q refers to the reaction activity quotient, and
X represents the saturation index (X � log(Q/K)).
The form of Eq. (3) is such that overall rates (r)
equal forward rates (r+) when A� rRT, but de-
crease continuously to 0 at equilibrium with
decreasing A when A < 3rRT.The variation of r+

with solution composition depends on the dissolu-
tion mechanism of the mineral. Because the dissolu-
tion mechanism of many multi-oxide minerals
includes the removal of metals from their structure
via proton exchange reactions, these minerals exhi-
bit forward dissolution rates that depend on the
aqueous concentration of these constituent metals
[26,27]. This possibility will be tested for the case
of Nd-britholite by measuring its dissolution rates
at far from equilibrium conditions as a function of
aqueous Ca, P, and F concentration.
3. Materials and methods

The Nd-britholite used in this study was synthe-
sized according to the method of Boyer et al. [8];
Nd-britholite was first formed from solid oxides
and CaF2 at 1400 �C according to the reaction:

0:5Nd2O3 þ CaF2 þ 3CaO þ 2:5Ca2P2O7 þ SiO2

! Ca9NdðPO4Þ5ðSiO4ÞF2 ð5Þ

then naturally sintered. The resulting solid was ana-
lyzed by X-ray diffraction. The resulting diffraction
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pattern is illustrated in Fig. 1 and matches closely
that of reference Nd-britholite (file JCPDS 87-
0480). The chemical composition of this solid was
determined using a Camebax microprobe SX50
using 20 unique scan spots (see Table 1). The chem-
ical formula of the synthesized Nd-britholite is
found to be consistent with Ca8.95Nd0.93(PO4)5.01-
(SiO4)1.07F1.08OH0.30. This synthetic britholite was
ground to 63–125 lm and 125–250 lm with an
agate mortar and pestle and further sieved and
cleaned ultrasonically 10 times with alcohol. A scan-
ning electron microscope (SEM) image of the
cleaned powder is shown in Fig. 2(a). The powder
is found to be essentially free of fine particles. The
BET surface area of these powders, as determined
by eight point krypton adsorption using a Micro-
metrics ASAP 2010, is 604 ± 10 cm2/g and 341 ±
6 cm2/g for the 63–125 lm and 125–250 lm size
fractions, respectively.

Both closed- and open-system experiments were
performed in the present study. All experiments
were performed in a 25 ± 1 �C temperature regu-
lated room. Three closed-system experiments, aimed
at determining the apparent solubility product of
Nd-britholite were performed in 500 ml Nalgene�
2θ
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Fig. 1. XRD diffraction pattern of synthetic Nd-britholite. The
radiation source was the CuK-a emission ray. Positions of the
diffraction peaks of the reference Nd-britholite file JCPDS 87-
0780 are shown by the symbol ..

Table 1
Composition of the synthetic britholite used in the present study

F SiO2 P2O5 Cl

% 1.87 5.82 32.30 0.07
Uncertainty 0.27 0.59 0.97 0.03

Values are listed in oxide percent and were determined by microprobe
refers to the sum of the measured compositions.
bottles. These closed-system experiments were initi-
ated by placing Nd-britholite powder and initial
solution into the reactors; the ratio of powder to
solution in each experiment was chosen such
that surface/solution ratio was equal to S/V =
2.1 cm�1. The reactors were sealed and placed on
mechanical shaking table. Solutions were regularly
collected using a syringe; these samples were filtered
through a 0.45 lm Millipore� Nitrocellulose filter
prior to analysis.

Dissolution rates were measured in open-system,
mixed-flow reactors consisting of 120 ml Savillex�

fusion vessels [28]. These reactors were fitted with
Nalgene� tubes for inlet and outlet fluid passage.
Dissolution experiments were initiated by placing
from 0.1 to 6 g of Nd-britholite powder into the
reactors. The reactors were then filled with inlet
solution, sealed, and the reactor attached to the inlet
and outlet solution lines. The inlet solution was
pumped into the reactors at a constant rate with
Gilson� peristaltic pumps; all outlet fluids passed
through a 0.45 lm Millipore� Nitrocellulose filter
while exiting the reactors. Mounted teflon coated
stirring bars were used to mix the powder/fluid mix-
ture in the reactor from 150 to 250 rpm while avoid-
ing powder grinding. Outlet solutions were collected
regularly for analysis.

Inlet solutions were comprised of demineralized
H2O and sufficient Merck reagent grade NaCl,
HCl, NaOH and/or NH4OH to obtain the desired
pH and an ionic strength of 0.01 M. Solutions con-
taining calcium, phosphorus, or fluoride were
prepared by the addition of Ca(NO3)2, KH2PO4,
or NaF. Sample pH was measured at 25 �C within
a few hours of sampling using a Metrohm� 744
pH-meter coupled to a Metrohm� Pt1000/B/2 elec-
trode with a 3 M KCl outer filling solution. The
electrode was calibrated with NBS standards at
pH 4.01, 6.86, 9.22, and 11.00, with an average error
<0.05 pH units. Calcium concentrations were
measured by flame atomic absorption spectroscopy
using a Perkin Elmer� 5100 with a detection limit
0.3 ppm and a precision of better than 3%. Fluoride
CaO Nd2O3 H2O(c) Sum Ox%

45.58 14.17 0.73 100.56
0.71 1.17 0.12 0.72

analysis; reported values are the average of 10 scans. Sum Ox%



Fig. 2. SEM photographs of (a) Nd-britholite before experiment,
(b) after dissolution in a closed system reactor during experiment
B4BRI3, and (c) after dissolution in an open system reactor at
basic pH during experiment BRI-14.
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and phosphate analyses were determined with a
Dionex high pressure liquid chromatography
(HPLC) after elimination of chloride ions using
DIONEX� Onguard II AgNO3 cartridges with a
detection limit of 0.1 and 0.3 ppm, respectively,
and a precision of better than 8%. Concentrations
of neodymium were determined with an Thermo
Optek� PQ EXCELL inductive coupled plasma
mass spectrometer with a detection limit 0.1 lg/kg
and a precision of better than 5%. Silicon concentra-
tions were determined with an inductive coupled
plasma atomic emission spectrometer VISTA PRO
VARIAN; the detection limit is 100 lg/l and an
precision better than 6%.

Steady-state Nd-britholite dissolution rates were
computed from measured steady-state outlet solu-
tion concentrations using

ri ¼
ciF
miS

; ð6Þ

where ri refers to the Nd-britholite dissolution rate
based on the release rate of the ith element, ci stands
for the outlet concentration of the ith element, F

represents the fluid flow rate, mi denotes a stoichiom-
etric coefficient equal to the number of moles of the
ith element present in one mole of Nd-britholite,
and S denotes the total Nd-britholite surface area
present in the reactor. S was calculated by multiply-
ing the mass of powder in the reactor by the
powder’s initial specific BET surface area.
4. Results

4.1. Closed-system experiments

In an attempt to estimate the 25 �C solubility
constant of neodymium britholite three closed-
system experiments were run. The results of these
experiments are listed in Table 2. The temporal
solution composition evolution during the closed-
system experiments are shown in Fig. 3. All mea-
sured reactive solution concentrations attain a
stationary state after �50 days of elapsed time.
The Nd-britholite reaction quotient (Q) and the sat-
uration index (X) for possible secondary phases in
all reactive solutions were computed using PHRE-
EQC together with the LLNL [29] database. Solu-
bility products of potential secondary products
likely to precipitate are listed in Table 3; the satu-
ration index of experimental solutions with respect
to these phases are presented in Table 4. No phase
is supersaturated other than hydroxylapatite.
Although a precipitate was observed on the surface
of the britholite after these closed-system experi-
ments, its composition and habit was inconsistent
with hydroxylapatite precipitation (see below).



Table 2
Results of all closed-system Nd-britholite dissolution experiments performed in the present study

Sample
number

Elapsed
time (days)

pH Measured concentrations Log(Q)

Ca (lmol/kg) P (lmol/kg) F (lmol/kg) Si (lmol/kg) Nd (lmol/kg)
±3% ±8% ±8% ±6% ±5%

B4BRI3-1 0.0 3.1 30.38 ND ND ND ND �146
B4BRI3-2 3.0 3.7 423.80 202.45 ND 47.09 1.6708 �117
B4BRI3-3 6.9 4.2 523.19 249.25 ND 60.49 0.0915 �109
B4BRI3-4 10.2 4.5 542.59 ND ND 63.73 0.0130 �105
B4BRI3-5 16.9 5.0 555.90 252.73 ND 66.12 0.0016 �99
B4BRI3-6 23.9 5.4 541.46 277.72 ND 67.33 <7 · 10�4 �97
B4BRI3-7 30.9 5.7 564.77 274.89 ND 67.97 <7 · 10�4 �94
B4BRI3-8 34.9 5.7 551.03 271.71 ND 66.90 <7 · 10�4 �94
B4BRI3-9 42.1 5.9 530.67 272.43 ND 69.04 <7 · 10�4 �92
B4BRI3-10 61.9 5.9 543.99 278.44 ND 73.49 <7 · 10�4 �92
B4BRI3-11 70.0 5.8 590.47 279.60 ND 75.70 <7 · 10�4 �92
B4BRI3-12 80.9 5.9 573.98 277.21 ND 75.70 <7 · 10�4 �92
B4BRI3-13 93.9 5.9 572.78 270.85 ND 73.95 <7 · 10�4 �91

B5BRI4-1 0.0 4.1 6.16 3.42 ND ND 0.0622 �143
B5BRI4-2 3.0 6.9 115.93 64.41 ND 16.34 <7 · 10�4 �91
B5BRI4-3 6.9 7.2 150.14 71.88 ND 20.08 <7 · 10�4 �87
B5BRI4-4 10.2 7.1 161.99 79.85 ND 23.14 <7 · 10�4 �87
B5BRI4-5 16.9 7.4 189.87 97.53 ND 58.07 <7 · 10�4 �83
B5BRI4-6 23.9 7.5 220.66 107.03 ND 33.18 <7 · 10�4 �81
B5BRI4-7 30.9 7.5 266.95 129.19 ND 37.88 <7 · 10�4 �80
B5BRI4-8 34.9 7.5 281.42 141.76 ND 40.38 <7 · 10�4 �80
B5BRI4-9 42.1 7.7 307.21 150.87 ND 42.33 <7 · 10�4 �77
B5BRI4-10 61.9 7.4 337.77 164.89 ND 48.60 <7 · 10�4 �79
B5BRI4-11 70.0 7.2 335.64 162.36 ND 49.28 <7 · 10�4 �81
B5BRI4-12 80.9 7.4 339.31 168.97 ND 51.84 <7 · 10�4 �80
B5BRI4-13 93.9 7.4 331.94 166.58 ND 52.48 <7 · 10�4 �79

B6BRI5-1 0.0 5.1 2.55 ND ND ND <7 · 10�4 �139
B6BRI5-2 3.0 8.2 84.89 ND ND ND <7 · 10�4 �81
B6BRI5-3 6.9 7.7 106.90 ND ND 15.99 <7 · 10�4 �84
B6BRI5-4 10.2 7.5 126.85 ND ND 20.47 <7 · 10�4 �84
B6BRI5-5 16.9 7.8 169.52 81.64 ND 25.49 <7 · 10�4 �81
B6BRI5-6 23.9 7.7 205.30 103.51 ND 29.94 <7 · 10�4 �80
B6BRI5-7 30.9 7.6 250.99 130.28 ND 34.96 <7 · 10�4 �79
B6BRI5-8 34.9 7.6 276.77 140.82 ND 37.60 <7 · 10�4 �79
B6BRI5-9 42.1 7.8 298.46 158.40 ND 47.07 <7 · 10�4 �76
B6BRI5-10 61.9 7.6 353.82 178.43 ND 50.24 <7 · 10�4 �77
B6BRI5-11 70.0 7.4 351.41 173.39 ND 51.70 <7 · 10�4 �79
B6BRI5-12 80.9 7.5 348.11 178.52 ND 52.55 <7 · 10�4 �78
B6BRI5-13 93.9 7.5 338.08 180.70 ND ND ND �78

ND: Non-determined.
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The reactive fluid pH increases as Nd-britholite dis-
solves due to proton consumption consistent with
reaction (1). The relative concentrations of Ca
and Si in the reactive fluid are consistent with their
stoichiometric release from the original Nd-britho-
lite. In contrast, as can be seen in Fig. 3, the P/
Ca, ratios of the reactive fluid are distinctly lower
than that of the dissolving initial solid, suggesting
P incorporation in a secondary solid. The Nd/Ca
ratios are also far lower than that of the dissolving
Nd-britholite. These ratios are always at least four
times lower than that of dissolving solid. Insight
into the identity of the precipitating secondary
phase can be obtained from analysis of the solids
after these closed-system experiments. A represen-
tative photomicrograph of the solids recovered
after these closed-system experiments is shown in
Fig. 2(b). The initial britholite is found to be cov-
ered with a fibrous precipitate. EDS analysis of this
precipitate shows it to be rich in Nd and P.
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4.2. Open-system experiments

Thirty-eight open-system experiments were per-
formed in the present study to quantify the varia-
tion Nd-britholite dissolution rates as a function
of solution composition. The results of these exper-
iments are presented in Table 5. Nd-britholite disso-
lution rates based on the release of all elements were
computed using Eq. (6). As shown in Table 6, outlet
fluids were undersaturated with respect to all poten-
tial secondary phases other than apatite, NdPO4(c),
and Nd(OH)3(c). The degree of outlet fluid satura-
tion with respect to NdPO4(c) and Nd(OH)3(c) are
difficult to assess because the aqueous Nd concen-
tration is commonly below the analytic detection
limit. Nd concentrations were only determined in
the outlet solutions of experiments BRI-01 and
BRI-02. NdPO4(c) is found to be strongly supersat-
urated in these solutions. This observation and the
observation that Nd is preferentially incorporated



Table 3
Solubility product of different phases tested as potential secondary products during experiment [29]

Name Formula Equation LogK

Fluorapatite Ca5(PO4)3F Ca5ðPO4Þ3Fþ 3Hþ ¼ 5Ca2þ þ 3HPO3�
4 þ F� �25.0

Hydroxyapatite Ca5(PO4)3OH Ca5ðPO4Þ3OHþ 4Hþ ¼ 5Ca2þ þ 3HPO3�
4 þH2O �3.1

Quartz SiO2 SiO2 = SiO2 �4.0
Whitlockite Ca3(PO4)2 Ca3ðPO4Þ2 þ 2Hþ ¼ þ2HPO2�

4 þ 3Ca2þ �4.2
Brushite CaHPO4 Æ 2H2O CaHPO4 : 2H2O ¼ Ca2þ þHPO2�

4 þ 2H2O 6.6
Wollastonite CaSiO3 CaSiO3 + 2H+ = Ca2+ + H2O + SiO2 13.8
Pseudo-wollastonite CaSiO3 CaSiO3 + 2 H+ = Ca2+ + H2O + SiO2 14.0
Portlandite Ca(OH)2 Ca(OH)2 + 2H+ = Ca2+ + 2H2O 22.6
Okenite CaSi2O4(OH)2 Æ H2O CaSi2O4(OH)2:H2O + 2H+ = Ca2+ + 2SiO2 + 3H2O 10.4
Hatrurite Ca3SiO5 Ca3SiO5 + 6H+ = SiO2 + 3Ca2+ + 3H2O 73.4
Larnite Ca2SiO4 Ca2SiO4 + 4H+ = SiO2 + 2Ca2+ + 2H2O 38.5
Afwillite Ca3SiO2O4(OH)6 Ca3Si2O4(OH)6 + 6H+ = 2SiO2 + 3Ca2+ + 6H2O 60.0
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in solid phases during these experiments suggest
that all outlet solutions were supersaturated with
respect to either NdPO4(c) and/or Nd(OH)3(c).

An example of the temporal evolution of mea-
sured Nd-britholite dissolution rates during a typi-
cal open-system experiment are shown in Fig. 4.
During the initial transient time period, calcium
and fluoride are preferentially released whereas
phosphorus and silicon are preferentially retained
by the solid. After �1 day, outlet fluid concentra-
tion attains a steady state. Steady-state dissolution
rates based on the outlet fluid composition of cal-
cium and fluoride are identical within analytical
uncertainty. Rates based on silicon concentration
are at the most part within 50% those deduced
based on Ca and F concentration. Rates based on
outlet fluid phosphorus concentrations are slightly
lower than those based on Si, Ca, and F. Most
impressively, steady-state Nd-britholite dissolution
rates based in outlet fluid Nd concentrations are
at least an order of magnitude slower than those
based on Ca, Si, F, or P which suggests its probable
incorporation in secondary products. These relative
release rates are thus globally consistent with those
of the closed-system experiments, which also exhibit
the preferential incorporation of Nd and, to a lesser
extent, P in solid phases.

Further insight into the process responsible for
the retention of Nd in the solid phase during the
open-system experiments can be obtained by consid-
ering the relative release rates of P. Steady-state Nd-
britholite dissolution rates based on P release for all
experiments performed in P-free inlet solutions are
depicted as a function of their corresponding rates
based on Ca release in Fig. 5. It can be seen in this
figure that dissolution rates based on P release are
typically 8–15% less than those based on Ca release.
This observation suggests the co-precipitation of Nd
with P during these open-system experiments.

The variation of 25 �C steady-state Nd-britholite
dissolution rates based on outlet fluid Ca release
obtained in Ca, P, and F-free inlet solutions are pre-
sented in Fig. 6. Rates decrease monotonically with
increasing pH from pH 3 to 7. A linear least squares
fit of the data from pH 3 to 12 yields

rCa=ðmol=m2 sÞ ¼ 10�6:5a0:5
Hþ þ 10�10:4: ð7Þ

Note the rates at pH > 8 are assumed to be con-
stant in this equation although a further decrease in
the rates is suggested by the data at pH > 10. The
rate data obtained in the present study are, however,
insufficiently constrained to warrant a more detailed
interpretation due to the uncertainties of the chem-
ical affinity on these rates.

Further experiments were performed at pH 3 to
assess the degree to which Nd-britholite dissolution
rates are influenced by reactive fluid calcium, phos-
phorus, and fluoride concentrations. The results of
these experiments are illustrated in Fig. 7. These
results demonstrate, that in contrast with many
other multi-oxide minerals, the dissolution rates of
Nd-britholite are independent of reactive fluid cal-
cium, phosphorus, and fluoride concentration at
far from equilibrium conditions.

The surfaces of the solids recovered after the open-
system experiments were analyzed by scanning elec-
tron microscopy. Similar to the solids recovered in
the closed-system experiments, those recovered from
the open-system experiments were found to be
covered with a fibrous Nd–P-rich secondary phase.
Samples recovered from experiments performed at
pH > 11 also contained amorphous precipitates



Table 4
Saturation index (Log(Q/K)) of potential secondary products during closed-system experiments

Ref Saturation index (X)

Hydroxylapatite Quartz Whitlockite Brushite Wollastonite Pseudo-wollastonite Portlandite Okenite Hatrurite Larnite Afwillite

B4BRI3-1 �21.3
B4BRI3-2 �22.8 �0.3 �14.3 �17.7 �14.4 �14.7 �18.9 �15.3 �66.8 �35.5 �57.7
B4BRI3-3 �18.6 �0.2 �11.8 �17.0 �13.2 �13.5 �17.8 �14.0 �63.4 �33.2 �54.2
B4BRI3-4 �0.2 �12.6 �12.8 �17.2 �13.4 �61.5 �31.9 �52.3
B4BRI3-5 �12.9 �0.1 �8.5 �16.1 �11.6 �11.8 �16.2 �12.3 �58.5 �29.9 �49.3
B4BRI3-6 �10.0 �0.1 �6.9 �15.7 �10.8 �11.0 �15.4 �11.5 �56.1 �28.3 �46.9
B4BRI3-7 �7.9 �0.1 �5.7 �15.4 �10.1 �10.4 �14.8 �10.9 �54.3 �27.1 �45.0
B4BRI3-8 �8.0 �0.1 �5.7 �15.4 �10.2 �10.4 �14.8 �10.9 �54.3 �27.1 �45.1
B4BRI3-9 �6.7 �0.1 �5.0 �15.3 �9.8 �10.0 �14.4 �10.5 �53.1 �26.3 �43.9
B4BRI3-10 �6.6 �0.1 �5.0 �15.3 �9.7 �10.0 �14.4 �10.4 �53.1 �26.3 �43.8
B4BRI3-11 �7.1 �0.1 �5.2 �15.3 �9.9 �10.1 �14.6 �10.6 �53.6 �26.6 �44.3
B4BRI3-12 �6.5 �0.1 �4.9 �15.2 �9.7 �9.9 �14.4 �10.4 �53.0 �26.2 �43.7
B4BRI3-13 �6.6 �0.1 �4.9 �15.3 �9.7 �9.9 �14.4 �10.4 �53.0 �26.2 �43.7

B5BRI4-1 �34.5 �21.7 �20.9
B5BRI4-2 �5.8 �0.8 �4.9 �15.9 �9.0 �9.3 �13.1 �10.4 �49.7 �24.3 �41.1
B5BRI4-3 �3.6 �0.7 �3.6 �15.6 �8.2 �8.5 �12.4 �9.5 �47.5 �22.8 �38.8
B5BRI4-4 �3.8 �0.6 �3.7 �15.6 �8.3 �8.6 �12.5 �9.6 �48.0 �23.0 �39.2
B5BRI4-5 �1.8 �0.2 �2.6 �15.3 �7.3 �7.5 �11.9 �8.1 �45.6 �21.3 �36.4
B5BRI4-6 �0.9 �0.5 �2.1 �15.2 �7.3 �7.5 �11.6 �8.3 �45.0 �21.0 �36.1
B5BRI4-7 �0.2 �0.4 �1.7 �15.1 �7.1 �7.4 �11.5 �8.1 �44.7 �20.8 �35.7
B5BRI4-8 0.0 �0.4 �1.5 �15.0 �7.1 �7.3 �11.5 �8.1 �44.6 �20.7 �35.6
B5BRI4-9 1.1 �0.4 �0.9 �14.9 �6.6 �6.9 �11.1 �7.6 �43.3 �19.8 �34.3
B5BRI4-10 0.1 �0.3 �1.4 �14.9 �7.1 �7.4 �11.6 �8.0 �44.9 �20.9 �35.8
B5BRI4-11 �0.8 �0.3 �1.9 �14.9 �7.5 �7.7 �12.0 �8.4 �46.1 �21.7 �37.0
B5BRI4-12 0.2 �0.3 �1.4 �14.9 �7.1 �7.3 �11.6 �8.0 �44.9 �20.9 �35.8
B5BRI4-13 0.1 �0.3 �1.4 �14.9 �7.1 �7.3 �11.6 �8.0 �44.9 �20.9 �35.8

B6BRI5-1 �18.3
B6BRI5-2 �10.6
B6BRI5-3 �0.8 �7.5 �7.7 �11.5 �8.9 �45.1 �21.2 �36.5
B6BRI5-4 �0.7 �7.7 �7.9 �11.8 �9.0 �45.9 �21.7 �37.2
B6BRI5-5 �0.5 �0.6 �2.0 �15.4 �6.9 �7.1 �11.1 �8.1 �43.7 �20.2 �34.9
B6BRI5-6 �0.2 �0.5 �1.7 �15.2 �6.9 �7.2 �11.2 �8.1 �43.9 �20.3 �35.1
B6BRI5-7 0.1 �0.4 �1.5 �15.1 �7.0 �7.2 �11.3 �8.0 �44.2 �20.5 �35.3
B6BRI5-8 �0.4 �1.3 �15.0 �6.9 �7.2 �11.3 �7.9 �44.1 �20.4 �35.1
B6BRI5-9 1.6 �0.3 �0.7 �14.9 �6.4 �6.6 �10.9 �7.3 �42.7 �19.4 �33.6
B6BRI5-10 1.2 �0.3 �0.8 �14.8 �6.7 �6.9 �11.2 �7.6 �43.6 �20.0 �34.5
B6BRI5-11 0.3 �0.3 �1.3 �14.8 �7.1 �7.3 �11.6 �8.0 �44.8 �20.8 �35.7
B6BRI5-12 0.7 �0.3 �1.0 �14.8 �6.9 �7.1 �11.4 �7.7 �44.2 �20.4 �35.1
B6BRI5-13 0.7 �1.1 �14.8 �11.4
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Table 5
Results of all open-system Nd-britholite dissolution experiments performed in the present study

Experiment
number

Solution Inlet solution
(lmol/kg)

pH
inlet

pH
outlet

S

(cm2)
Flow
rate
(mg/s)

Outlet solution (lmol/kg) rCa (·1010

mol/m2 s)
rP (·1010

mol/m2 s)
rF (·1010

mol/m2 s)
rNd (·1010

mol/m2 s)
rSi (·1010

mol/m2 s)
Aa

(kJ/mol)

CCa CP CF CCa CP CF CNd CSi

±3% ±8% ±8% ±3% ±8% ±8% ±5% ±6%

BRI-01 HCl/NaCl 0 0 0 3.0 3.3 151 4.7 332 153 36.3 2.59 52.8 114 93.6 103 7.87 149 256
BRI-02 HCl/NaCl 0 0 0 3.0 3.3 150 5.3 281 136 35.2 2.42 40.5 110 95.7 115 0.02 132 262
BRI-03 HCl/NaCl 0 0 0 2.9 3.9 688 4.2 665 – – – – 45.0 – – – – 502
BRI-04 HCl/NaCl 0 0 0 3.1 4.3 1353 2.0 611 332 – – – 10.2 10.0 – – – 177
BRI-05 HCl/NaCl 0 0 0 3.1 4.3 1353 2.8 615 325 6.84 – – 14.0 13.2 1.33 – – 189
BRI-06 HCl/NaCl 0 0 0 3.4 4.4 651 4.2 192 – – – – 13.7 – – – – 216
BRI-07 HCl/NaCl 0 0 0 – 5.5 647 4.2 43.8 34.6 5.53 – – 3.10 4.39 3.26 – – 195
BRI-08 MQ/NaCl 0 0 0 4.1 6.3 735 2.3 78.0 24.7 3.53 <DL 14.6 2.78 1.55 1.05 – 0.52 132
BRI-09 MQ/NaCl 0 0 0 4.7 6.6 419 2.5 32.2 14.0 3.11 – – 2.12 1.64 1.69 – – 142
BRI-10 MQ/NaCl 0 0 0 5.0 6.9 1653 4.0 46.6 50.9 2.84 – – 1.25 0.99 0.63 – – 111
BRI-11 NH4OH/NH4Cl 0 0 0 – 9.8 1215 2.6 27.5 <DL <DL – – 0.64 – – – – �11
BRI-12 NH4OH/NH4Cl 0 0 0 9.9 9.8 2332 2.6 42.4 <DL <DL <DL 38.4 0.53 – – – 3.98 �32
BRI-13 NaOH/NaCl 0 0 0 10.4 10.2 1215 2.6 22.4 <DL <DL – – 0.52 – – – – �18
BRI-14 NaOH/NaCl 0 0 0 12.8 11.7 3529 1.8 5.75 3.55 <DL – – 0.03 0.04 – – – �10
BRI-15 NaOH/NaCl 0 0 0 11.8 11.8 3529 3.5 7.85 2.90 2.84 – – 0.09 0.06 0.27 – – �25
BRI-16 HCl/NaCl 33.5 0 0 2.9 3.3 153 5.2 352 152 32.4 – – 121 103 102 – – 275
BRI-17 HCl/NaCl 194 0 0 3.0 3.3 138 5.1 489 138 37.9 – – 121 101 129 – – 268
BRI-18 HCl/NaCl 294 0 0 3.0 3.2 122 5.0 545 123 34.7 – – 113 99 130 – – 275
BRI-19 HCl/NaCl 406 0 0 2.9 3.2 105 4.8 645 150 34.2 – – 125 112 149 – – 272
BRI-50 HCl/NaCl 504 0 0 2.9 3.3 152 5.4 802 128 28.3 – – 118 91.2 93.0 – – 260
BRI-21 HCl/NaCl 642 0 0 3.0 3.2 137 5.3 862 97.9 26.2 – – 94.4 75.2 93.1 – – 269
BRI-22 HCl/NaCl 695 0 0 3.0 3.2 125 5.2 912 104 26.8 – – 99.9 86.2 104 – – 267
BRI-23 HCl/NaCl 792 0 0 2.9 3.2 110 5.2 947 108 25.8 – – 81.2 102 112 – – 266
BRI-24 HCl/NaCl 0 49.2 0 2.9 3.4 153 5.4 362 182 39.5 – – 143 94.2 129 – – 263
BRI-25 HCl/NaCl 0 98.7 0 3.0 3.3 134 5.3 346 227 39.7 – – 151 100 144 – – 270
BRI-26 HCl/NaCl 0 158 0 3.0 3.3 115 5.2 296 256 39.5 – – 149 89 164 – – 273
BRI-27 HCl/NaCl 0 221 0 3.0 3.2 94 5.2 256 291 36.3 – – 158 77 186 – – 283
BRI-28 HCl/NaCl 0 226 0 2.9 3.4 152 5.4 369 400 45.1 – – 147 124 149 – – 254
BRI-29 HCl/NaCl 0 278 0 3.0 3.3 134 5.3 341 418 38.4 – – 153 110 140 – – 264
BRI-30 HCl/NaCl 0 333 0 3.0 3.3 115 5.2 290 476 40.5 – – 146 129 169 – – 267
BRI-31 HCl/NaCl 0 349 0 3.0 3.2 94 5.2 248 473 35.8 – – 152 136 181 – – 279
BRI-32 HCl/NaCl 0 444 0 2.9 3.4 152 5.4 398 635 49.9 – – 158 136 165 – – 248
BRI-33 HCl/NaCl 0 518 0 3.0 3.4 133 5.3 369 716 52.0 – – 164 153 192 – – 248
BRI-34 HCl/NaCl 0 506 0 3.1 3.3 113 5.2 270 650 40.0 – – 139 132 171 – – 265
BRI-35 HCl/NaCl 0 0 41.1 2.9 3.2 153 5.3 243 111 73.6 – – 94.1 77.0 104 – – 290
BRI-36 HCl/NaCl 0 0 92.6 3.0 3.2 141 5.1 502 92.7 122 – – 80.5 66.2 96.6 – – 294
BRI-37 HCl/NaCl 0 0 169 3.1 3.2 131 5.0 164 76.8 193 – – 70.3 58.9 83.0 – – 298
BRI-38 HCl/NaCl 0 0 218 3.0 3.2 119 5.0 144 64.2 242 – – 67.1 53.9 90.1 – – 302

<DL: below to detection limit; MQ: Milli-Q water.
a A is calculated from Eq. (4) assuming Log(K) = �79.
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Table 6
Saturation index (Log(Q/K)) of potential secondary products during opened system experiments

Saturation index (X)

Fluorapatite Hydroxy-apatite Quartz Whitlockite Brushite Fluorite Wollastonite Pseudo-wollastonite Portlandite Okenite Hatrurite Larnite Afwillite

BRI-01 �12.7 �26.6 �0.2 �16.5 �18.3 �3.3 �15.3 �15.5 �19.8 �16.1 �69.5 �37.2 �60.3
BRI-02 �13.2 �27.1 �0.4 �16.8 �18.4 �3.4 �15.5 �15.7 �19.9 �16.4 �69.8 �37.5 �60.8
BRI-03
BRI-04 �17.2 �11.0 �16.7
BRI-05 �4.9 �17.2 �11.0 �16.7 �4.2
BRI-06
BRI-07 �6.4 �17.5 �11.6 �17.6 �5.4
BRI-08 �1.3 �11.4 �0.8 �8.1 �16.8 �5.6 �10.5 �10.7 �14.5 �11.9 �53.9 �27.1 �45.3
BRI-09 �2.5 �12.3 �8.8 �17.3 �6.1 �14.2
BRI-10 0.1 �9.3 �7.0 �16.8 �6.0 �13.5
BRI-11 �7.9
BRI-12 �1.0 �4.0 �4.2 �7.7 �5.6 �33.9 �13.8 �25.6
BRI-13 �7.2
BRI-14 2.4 �2.1 �18.6 �4.9
BRI-15 7.4 3.0 �1.9 �18.7 �6.8 �4.5
BRI-16 �12.6 �26.5 �16.4 �18.3 �3.4 �19.8
BRI-17 �12.0 �25.9 �16.0 �18.2 �3.1 �19.7
BRI-18 �12.6 �26.5 �16.4 �18.3 �3.2 �19.8
BRI-19 �12.3 �26.2 �16.2 �18.2 �3.2 �19.7
BRI-50 �30.3 �18.0 �3.2 �19.4
BRI-21 �32.0 �18.2 �3.3 �19.6
BRI-22 �31.6 �18.1 �3.2 �19.6
BRI-23 �31.4 �18.1 �3.2 �19.6

BRI-24 �31.2 �18.1 �3.1 �19.6
BRI-25 �32.1 �18.1 �3.2 �19.8
BRI-26 �32.5 �18.1 �3.3 �19.9
BRI-27 �34.2 �18.2 �3.5 �50.1
BRI-28 �28.9 �17.7 �3.0 �19.6
BRI-29 �30.6 �17.9 �3.3 �19.8
BRI-30 �30.9 �17.9 �3.3 �19.9
BRI-31 �33.0 �18.0 �3.5 �50.2
BRI-32 �27.3 �17.5 �2.9 �19.5
BRI-33 �27.3 �17.5 �2.9 �19.6
BRI-34 �30.4 �17.8 �3.3 �19.9

BRI-35 �36.3 �18.7 �2.9 �50.2
BRI-36 �37.1 �18.8 �2.6 �50.2
BRI-37 �38.1 �19.0 �2.3 �50.3
BRI-38 �38.9 �19.2 �2.1 �50.4
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Fig. 7. Steady-state Nd-britholite dissolution rates as a function
of the reactive solution concentration of calcium, phosphorus,
and fluoride at 25 �C and pH = 3. The error bars surrounding the
data points in this figure correspond to a ±30% uncertainty in
measured dissolution rates.
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solid line corresponds to stoichiometric dissolution of Nd-
britholite in accord with reaction (1), whereas the dashed line
corresponds to the stoichiometry of Nd-britholite dissolution
coupled to Nd-rhabdophane precipitation in accord with reaction
(8). The error bars surrounding the data points in this figure
correspond to a ±0.015 · 108 mol/m2 s uncertainty in measured
rates.
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Fig. 4. Fluid composition evolution during open-system exper-
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within the small pores present on the original Nd-
britholite surfaces. A photomicrograph of these
amorphous precipitates is shown in Fig. 2(c).

5. Discussion

5.1. Secondary phase identification

Secondary minerals often control the mobility of
heavy metals [30]. Consequently, particular atten-
tion has been made to identify the secondary phases
formed during the Nd-britholite dissolution experi-
ments. The low Nd release rate and the relatively
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low phosphorus release suggest Nd retention by the
precipitation of a neodymium phosphate phase.
Secondary rare-earth element phosphates were also
observed to precipitate during the dissolution of
apatite [28,31], monazite and xenotime [32], granites
[33–35], rare-earth element/thorium phosphate
diphosphate solid solutions [36], and nuclear waste
glass [37]. The rare-earth phosphate phase precipi-
tated in these studies is commonly identified as
rhabdophane (REE(PO4) Æ nH2O) due to its esti-
mated solubility product. More recently, it has been
shown that the solubility product of monazite,
(REEPO4) is similar to that of rhabdophane [38]
suggesting that it too could precipitate during these
experiments.

Clavier [39] showed that the structure of precip-
itated rare earth element phosphates depends
strongly on the ionic radius of the cation and
temperature. At low temperatures, the precipitate
is rhabdophane structured while at higher temper-
ature, rhabdophane rapidly changes into monazite
following this precipitation. The temperature
delimiting these two behaviors depends on the
ionic radius of the rare-earth element, and ranges
from 100 �C for La, 120 �C for Ce to 150 �C for
Pr. Taking account of this trend, it seems likely
that the delimiting temperature for Nd-phosphates
occurs at T > 150 �C [40]. This suggests that the
Nd-phosphate secondary phase precipitated in the
present study is rhabdophane. This suggestion is
also supported by the form of the precipitate
observed by SEM on the post-experiment solids,
as shown in Fig. 2(b). This precipitate consists of
needle-shaped crystals; this morphology is consis-
tent with the rhabdophane structure rather than
that of monazite which precipitates as hexagonal
crystals [36].

Taking account of the likelihood that the bulk of
the Nd released by Nd-britholite in these experi-
ments precipitated as Nd-rhabdophane, one can
write the overall reaction:

Ca9NdðPO4Þ5SiO4F2 þ 4Hþ þ nH2O

¼ 9Ca2þ þ SiO2ðaqÞ þ 2F� þ 4PO�3
4 þ 2H2O

þNdPO4 � nH2O ð8Þ

This reaction suggests that the reactive fluid concen-
tration has a P/Ca ratio of 4/9 rather than the 5/9
that would stem from stoichiometric Nd-britholite
dissolution. It can be seen in Fig. 5 that although
a 5/9 P/Ca ratio can describe the compositions of
the outlet solutions within uncertainty, these com-
positions are more consistent with a 4/9 P/Ca ratio
as prescribed by reaction (8).

This conclusion and the results presented above
suggests that neodymium is readily incorporated
into Nd-rhabdophane during the low temperature
dissolution of Nd-britholite. This conclusion is
consistent with the results of PHREEQC calcula-
tions performed with the LLNL [29] database after
adding the solubility products of rhabdophane
taken from [41] and of monazite taken from [36].
These calculations show that all outlet or reactive
solutions for which Nd was measurable are super-
saturated with respect to Nd-rhabdophane. In
basic media, solutions are predicted to be supersat-
urated with respect to Nd(OH)3. Although this
precipitate has not been clearly identified, it may
be the pore filling secondary phase observed on
the Nd-britholite powders recovered after the
open-system experiments performed in basic solu-
tions (see Fig. 2(c)).
5.2. Estimation of Nd-britholite solubility constants

One of the original goals of this study was to con-
strain the solubility of Nd-britholite to allow esti-
mates of its stability in natural systems. This effort
was hindered by a number of factors including dif-
ficulties in defining the solubility of a solid solution,
the low concentration of Nd in the reactive fluids,
and the precipitation of secondary phases. As such,
the best estimate of Nd-britholite solubility con-
stants, consistent with reaction (1), obtained in the
present study was obtained from the measured Ca,
P, Si, and pH of the final steady-state reactive solu-
tions of the three closed-system experiments using
Eq. (2). Owing to detection limitations, the value
of Nd required for this calculation was obtained
by assuming these reactive fluids were in equilibrium
with Nd-rhabdophane. Resulting estimates of Nd-
britholite solubility constants from the three
closed-system experiments with an initial pH of 3,
4, and 5 are �91, �79, and �78, respectively. The
reason for this scatter is unclear. It should neverthe-
less be emphasized that these values are estimated
based on the assumption that the reactive solution
at steady state in the closed-system experiments
were indeed in equilibrium with the dissolving Nd-
britholite and that these solutions were in equilib-
rium with Nd-rhabdophane. It was not possible to
rigorously test these two assumptions in the present
study.
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either Np-britholite, NpO2, or Np(OH)4(c). The equilibrium
constant for all britholite dissolution reactions was taken to be
�79 (see text). Concentrations of Nd, Am, and Np in equilibrium
with phosphate bearing phases was computed assuming the
solution had the same metal/P and metal/Ca ratio as the
equilibrium phase.
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5.3. Implications for radioactive actinide storage

Nd-britholite dissolved in the experiments
described above provoked the precipitation of the
Nd-rhabdophane and possibly Nd(OH)3(c) as the
reactive fluid became supersaturated with respect
to these secondary phases. This also appears likely
to be the case in natural systems. For example, the
concentrations of Nd in equilibrium with Nd-brith-
olite are compared with those in equilibrium with
Nd-rhabdophane and Nd(OH)3(c) in Fig. 8(a).
The results shown in this figure suggests that neo-
dymium concentrations will be influenced by the
precipitation of secondary phosphates to pH 11
and of Nd(OH)3(c) at higher pH. Although it is
unlikely that the precipitate forms a protective layer
due to the differing structures of the dissolving and
precipitating phases [42], the formation of second-
ary Nd-rich phases may limit strongly aqueous
neodymium concentrations coexisting with Nd-
britholite in natural systems.

To assess if similar secondary phases may influ-
ence the concentration of radioactive actinides coex-
isting with analogous actinide–britholite phases, the
concentration of Am and Np in equilibrium with
Am-britholite or Np-britholite are compared with
those in equilibrium with phosphate, hydroxide,
and oxide phases in Fig. 8(b) and (c). Due to the
lack of thermodynamic data, the equilibrium con-
stants for Am-britholite and Np-britholite were
assumed to be equal to that of Nd-britholite. For
the case of americium, the secondary phosphate
phases (AmPO4 or AmPO4 Æ nH2O) are estimated
to be more stable than Am-britholite at <pH 10
whereas Am(OH)3 is estimated to be more stable
at higher pH. These calculations are supported by
the observation of americium phosphate precipita-
tion on dissolving borosilicate glass [43], monazite
[36], and americium–thorium phosphate diphos-
phate solid solutions [34]. Similarly, secondary
oxide and hydroxide Np phases are computed to
be more stable than Np-britholite at all pH.

6. Conclusions

Nd-britholite dissolution rates are found to
decrease with increasing pH from 2 to 7 but to
be constant at pH > 8, consistent with rCa ¼ 10�6:5

a0:5
Hþ þ 10�10:4mol=m2s. As such this material will be

most resistant to corrosion at the alkaline condi-
tions that may be present at waste storage sites. Dis-
solution was also accompanied by the precipitation
of Nd-rhabdophane, which further limits the mobil-
ity of Nd during Nd-britholite dissolution. By anal-
ogy, it seems likely that actinide-bearing britholites
will be equally resistant to corrosion and provoke
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actinide-rich secondary phase formation during
their dissolution in alkaline solutions. This suggests
that britholite possess several advantages for
the immobilization of actinides in waste storage
sites.
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thesis, Toulouse, France, 1998.

[22] D.C. Thorstenson, L.N. Plummer, Am. J. Sci. 277 (1977)
1203.

[23] M. Rabinowicz, J.-L. Dandurand, M. Jakubowski, J. Schott,
J.P. Cassan, Earth Planet. Sci. Lett. 74 (1985) 387.

[24] A.C. Lasaga, Rev. Miner. 8 (1981) 135.
[25] P. Aagaard, H.C. Helgeson, Am. J. Sci. 282 (1982) 237.
[26] E.H. Oelkers, J. Schott, J.-L. Devidal, Geochim. Cosmo-

chim. Acta 58 (1994) 2011.
[27] E.H. Oelkers, Geochim. Cosmochim. Acta 65 (2001) 3703.
[28] S.J. Kölher, N. Harouiya, C. Chaı̈rat, E.H. Oelkers, Chem.

Geol. 222 (2005) 168.
[29] J. Johnson, G. Anderson, D. Parkhurst, 2000 Database from

‘thermo.com.V8.R6.230’ prepared by at Lawrence Liver-
more National Laboratory (Revision: 1.11).

[30] A.J. Koppi, R. Edis, D.J. Field, H.R. Geering, D.A. Klessa,
D.J.H. Cockayne, Geochim. Cosmochim. Acta 60 (1996)
1695.

[31] J.F. Banfield, R.A. Eggleton, Clays Miner. 37 (1989) 113.
[32] J.-J. Braun, J. Viers, B. Dupré, M. Polvé, J. Ndam, J.-P.
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frittage et de la durabilité chimique, PhD thesis, Paris XI,
France, 2004.

[40] H. Guan, Y. Zhang, J. Solid State Chem. 177 (2004) 781.
[41] X. Liu, R.H. Byrne, Geochim. Cosmochim. Acta 61 (1997)

1625.
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