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Abstract

The solubility of neodymium (III) fluoride was investigated at temperatures of 150, 200 and 250 �C, saturated water vapor
pressure, and a total fluoride concentration (HF�aq + F�) ranging from 2.0 · 10�3 to 0.23 mol/l. The results of the experi-
ments show that Nd3+ and NdF2+ are the dominant species in solution at the temperatures investigated and were used to
derive formation constants for NdF2+ and a solubility product for NdF3. The solubility product of NdF3

ðlog Ksp ¼ log aNd3þ þ 3 log aF�Þ is �24.4 ± 0.2, �22.8 ± 0.1, and �21.5 ± 0.2 at 250, 200 and 150 �C, respectively, and the for-
mation constant of NdF2þðlog b ¼ log aNdF2þ � log aNd3þ � log aF�Þ is 6.8 ± 0.1, 6.2 ± 0.1, and 5.5 ± 0.2 at 250, 200 and
150 �C, respectively. The results of this study show that published theoretical predictions significantly overestimate the stabil-
ity of NdF2+ and the solubility of NdF3.

The potential impact of the results on natural systems was evaluated for a hypothetical fluid with a composition similar to
that responsible for REE mineralization in the Capitan pluton, New Mexico. In contrast to results obtained using the theo-
retical predictions of Haas [Haas J. R., Shock E. L., and Sassani D. C. (1995) Rare earth elements in hydrothermal systems:
estimates of standard partial molal thermodynamic properties of aqueous complexes of the rare earth elements at high pres-
sures and temperatures. Geochim. Cosmochim. Acta 59, 4329–4350.], which indicate that NdF2+ is the dominant species in
solution, calculations employing the data presented in this paper and previously published experimental data for chloride
and sulfate species [Migdisov A. A., and Williams-Jones A. E. (2002) A spectrophotometric study of neodymium(III) com-
plexation in chloride solutions. Geochim. Cosmochim. Acta 66, 4311–4323; Migdisov A. A., Reukov V. V., and Williams-Jones
A. E. (2006) A spectrophotometric study of neodymium(III) complexation in sulfate solutions at elevated temperatures. Geo-

chim. Cosmochim. Acta 70, 983–992.] show that neodymium chloride species predominate and that neodymium fluoride spe-
cies are relatively unimportant. This suggests that accepted models for REE deposits that invoke fluoride complexation as the
method of hydrothermal REE transport may need to be re-evaluated.
� 2007 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Fluoride complexes are widely considered to control the
hydrothermal mobilization of the Rare Earth Elements
(e.g., Salvi and Williams-Jones, 1990; Williams-Jones
et al., 2000; Wood and Ricketts, 2000), in large part because
of theoretical predictions which suggest that at elevated
temperatures these complexes are many orders of magni-
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tude more stable than REE complexes with other ligands
(Wood, 1990; Haas et al., 1995). However, these predictions
were based on extrapolations from experimental data at
ambient temperature, and have not been confirmed by
high-temperature experiments. Indeed, only Bilal and Lan-
ger (1987, 1989) have published results of a high-tempera-
ture experimental study of the REE in fluoride-bearing
solutions, and these authors did not report thermodynamic
formation constants for REE fluoride complexes, although
apparent formation constants can be interpreted from one
of their graphs (Bilal and Langer, 1989). These values are
over three orders of magnitude lower than predicted by
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the data of Haas et al. (1995) and over four orders of mag-
nitude lower than predicted by the data of Wood (1990). In
view of this disagreement, the lack of other high-tempera-
ture experimental data on REE fluoride complexes and
the assumed importance of fluoride complexation in the
hydrothermal transport of REE, there is urgent need for
reliable, experimentally determined values of the formation
constants of REE fluoride complexes at elevated tempera-
tures. This study builds on previous experimental studies
by the authors of the complexation of REE with chloride
and sulfate (Migdisov and Williams-Jones, 2002, 2006;
Migdisov et al., 2006) and reports results of an experimen-
tal study of the speciation of Nd in fluoride-bearing solu-
tions at temperatures of 150, 200 and 250 �C and the
pressure of liquid-saturated water vapor.

2. METHODS

The experiments were performed in Teflon reactors
(50 cm3 test tubes supplied by Cole-Parmer), and involved
measuring the solubility of synthetic crystalline NdF3 (Alfa
AEsar, 99.99%) in aqueous solutions containing variable
concentrations of HF. Before each experiment, the auto-
claves and Teflon reactors were purged of atmospheric air
with a stream of nitrogen. Crystals of NdF3 were suspended
in the solutions using gold wire; the reactors were sealed
with Teflon stoppers and heated to temperatures of 150,
200 and 250 �C in titanium autoclaves. In order to balance
the pressure developed inside the reactors during the exper-
iments with the pressure in the autoclaves, an aliquot of dis-
tilled water (sufficient to ensure the presence of liquid water
under the conditions of the experiments) was placed in each
autoclave (Fig. 1). Minor differences in pressure, occurring
during heating and quenching of the autoclaves, were com-
5.2 cm
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H2O

experimental
solution
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Fig. 1. A sketch of the experimental set-up used in this study. The
autoclaves were constructed from titanium alloy (grade 2ASTM
B348).
pensated by the flexibility of the reactor walls. Autoclave
volumes were determined by filling with 25 �C distilled
water from a flask, and weighing this flask before and after
filling (±0.1 g). In a set of control experiments designed to
test for leakage of the Teflon reactors, samples of the dis-
tilled water were collected after quenching, and analyzed
for Nd and F by Inductively Coupled Plasma Mass Spec-
trometry (ICPMS) and Neutron Activation Analysis
(NAA), respectively. These experiments yielded concentra-
tions below the detection limit of the methods (0.05 ppb
and 1 ppm, respectively), demonstrating that there was neg-
ligible exchange of Nd and F between the reactors and the
autoclaves. Mass losses from the reactors (which never ex-
ceeded 5% and were generally <3%) were determined by
weighing the latter before and after runs. We concluded
that these losses were due to evaporation of water during
quenching of the autoclaves and were not associated with
any significant losses of Nd and F. Heating was performed
in a Fisher Isotemp forced draft oven (model 838F), which
was modified by adding an aluminum box with 1.5-cm-
thick walls to reduce temperature gradients. Gradients were
measured before each set of experiments using chromel–
alumel thermocouples located at the top, bottom, and cen-
ter of the oven, and were typically less than the accuracy of
the thermocouples used in the measurements (<1 �C over
the height of the oven; where the oven height is 45 cm).

The solubility of neodymium (III) fluoride was investi-
gated in acidic solutions (pH25 �C = 1.2–1.3 to avoid Nd
hydrolysis, Wood et al., 2002) with a total fluoride concen-
tration (HF�aq + F�) ranging from 2.0 · 10�3 (no fluoride
added; concentrations developed due to NdF3 dissolution)
to 0.23 mol/l. Solutions were prepared using nano-pure
de-ionized water (degassed in a nitrogen atmosphere) and
HF, HClO4 and NaClO4 (Fisher Scientific, A.C.S.) in quan-
tities appropriate to achieve the desired total fluoride con-
centration, acidity and ionic strength, respectively. Given
the relatively small volume of gas (vapor) over the experi-
mental solutions (�10 cm3), as well as the low values of
the Henry constants for HFgas (pKH = 2.53, 2.45, and
2.38 at 150, 200, and 250 �C, respectively; Reid et al.,
1987) it can be concluded that 99.9% of the introduced
HF remained in the aqueous liquid. In view of a study of
Choppin et al. (1966), which demonstrated that the per-
chloric ion does not form detectable complexes with REE
at concentrations below 6 mol/l, and given that concentra-
tions of sodium perchlorate in the experimental solutions
did not exceed 0.15 mol/l, it was assumed that any interac-
tion of Nd with the perchloric ion was negligible at the con-
ditions of the experiment. The experimental solutions were
prepared in three sets so as to have concentrations of so-
dium perchlorate of 0.01, 0.05, and 0.15 mol/l, which, tak-
ing into account the concentrations of HClO4, correspond
to ionic strengths of 0.06, 0.1, and 0.2. In addition, in order
to determine the time needed to reach equilibrium at each
of the temperatures investigated, sets of experiments with
durations varying from 1 to 5 days (kinetic runs) were per-
formed under identical conditions (0.01 mol/l NaClO4, no
HF added) at 150, 200, and 250 �C (Fig. 2). It was found
that detectable concentrations of Nd were present in the
solutions after 12–20 h of heating. This, combined with
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Fig. 2. An example of the solubility of NdF3 as a function of time.
The data suggest that equilibrium was attained after 2.5 days at
200 �C.
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the fact that the thermal field of the oven stabilizes within
�1 h of the start of an experiment and that experiments
are quenched to room temperature in <40 min, suggests
that the concentrations measured correspond to those of
isothermal solubility at the temperature of the experiment.
The solubility of NdF3 obtained in experiments conducted
for durations exceeding 3 days was reproducible to approx-
imately 7% at any temperature. After 4–5 days in the oven,
the autoclaves were quenched in cold water, NdF3 crystals
were removed from the reactors, and the pH of the experi-
mental solutions was determined potentiometrically. Deter-
mination of pH was performed using an AccuPH glass
double junction electrode at 25 �C. The electrode was cali-
brated using a set of NaClO4/HClO4 solutions (pH = 1.0,
1.11, 1.17, 1.22, 1.31, 1.52 and 1.81) having a NaClO4 con-
centration identical to that of the experimental solutions.
Concentrations of HClO4 in the solutions used for calibra-
tion were determined by titration with 0.01 M NaOH.
Activity coefficients were calculated using the model devel-
oped by Hefter (1984) for acidic perchloric-based solutions.
Given that HF is 99% associated at ambient temperature
and at the conditions of the experiments, addition of HF
to HClO4 did not result in any detectable acidity changes.
One to three milliliters of concentrated sulfuric acid was
thereafter added to the solutions to dissolve any Nd precip-
itated on the inside walls of the Teflon reactors. The con-
centrations of Nd and F in the experimental solutions
were determined using NAA (Ecole Politechnique, Mon-
treal) and ICP-MS spectroscopy (Geochemical Labs, McG-
ill; Activation Laboratories Ltd.). In order to ensure that
Nd deposited on the walls of the reactor did not remain
after sulfuric acid treatment, blank experiments (without
NdF3) were conducted after each series of runs. The blank
experiments were treated in exactly the same manner as the
rest of the experiments. Concentrations of Nd determined
in blank runs (�0.03–0.05 ppb) were orders of magnitude
lower than those determined in experimental solutions
equilibrated with NdF3 and were of the same level as the
background concentrations of this element in sulfuric acid
(�0.02 ppb) used to wash the reactors. In order to ensure
that the measured solubility corresponded only to the disso-
lution of NdF3, and was not affected by precipitation of
another solid during the experiments, the crystals of neo-
dymium fluoride were analyzed by X-ray diffraction; no
other solid phases were detected.

3. RESULTS

The compositions of the experimental solutions after
reaction with NdF3 are listed in Table 1. At all tempera-
tures investigated, the concentrations of Nd correlate nega-
tively with fluoride concentrations. It was also found that
the solubility of NdF3 increases with temperature (for sim-
ilar concentrations of HF).

The first step in our analysis of the data was to plot con-
centrations of Nd as a function of the activity of fluoride-
ion (F�). Fluoride-ion activity was calculated from the
expression for the equilibrium constant for the dissociation
of hydrofluoric acid

HF� ¼ Hþ þ F� log KHF ¼ log aF� � pH� log aHF: ð1Þ

The logarithm of the dissociation constant of HF (logKHF)
was calculated for the saturated pressure of water vapor
from the data of Johnson et al. (1992), which are based
on dissociation constants for HF determined experimen-
tally by Ryzhenko (1965) at 100, 156, and 218 �C. The val-
ues used in the calculations are �4.33, �4.86, and �5.44 at
150, 200 and 250 �C, respectively. Given that HF is a weak
acid and under the experimental conditions is largely asso-
ciated, calculations of fluoride activity require knowledge of
the pH of the solutions at the temperature of the experi-
ments. The latter was calculated assuming complete dissoci-
ation of HClO4; the activity coefficient of the proton was
calculated using the extended Debye–Hückel equation
(Helgeson, 1969)

log cn ¼
A � ½zn�2 �

ffiffi
I
p

1þ B � _a �
ffiffi
I
p þ b � I ; ð2Þ

where I is the ionic strength, z is the ion charge (zH+ = 1), A

and B are the Debye–Hückel coefficients (Helgeson, 1969;
Helgeson et al., 1981), _a is the distance of closest approach,
which following Kielland (1937) was set at 9 Å. The value
of b was set initially at the value of the extended parameter
for a NaCl-based electrolyte (bc; Helgeson et al., 1981).
However, this parameter was subsequently optimized for
a NaClO4-based electrolyte (see below). Activity coefficients
for HF� were set at unity for each temperature investigated,
and, given that under the experimental conditions concen-
trations of HF� are orders of magnitude greater than that
of F�, calculations of fluoride-ion activity were done
assuming logaHF = logCHF(total).

The assumption that HClO4 is completely dissociated
was made due to the lack of any experimental data or theo-
retical predictions on ion pairing of this acid at elevated tem-
perature. Potentially this can lead to some errors in the
calculated pH, shifting it to more neutral values. However,
if the ion pairing of HClO4 is comparable to that of HCl, this
shift should be insignificant compared to the other errors in
the experiments (for error calculations see Section 4). For
example, for a solution of HCl having pH25 �C = 1.3 and io-
nic strength of 0.05 the effect of ion pairing on pH at 250 �C
is only 0.02 U (pH250 �C = 1.42 and 1.40 for models consid-
ering and not considering ion pairing, respectively).



Table 1
Compositions of the experimental solutions after equilibration with NdF3

T �C ClO4
� Na+ P

HF, 10�3 P
Nd, 10�7 pH (25 �C)

mol/l

200 0.097 0.05 2.17 9513 1.32
200 0.097 0.05 2.83 5364 1.34
200 0.097 0.05 3.62 2000 1.34
200 0.097 0.05 4.57 1300 1.3
200 0.097 0.05 9.26 212 1.31
200 0.097 0.05 12.0 128 1.33
200 0.097 0.05 2.17 10,050 1.33
200 0.097 0.05 2.70 6650 1.33
200 0.097 0.05 2.63 4590 1.34
200 0.097 0.05 15.1 82.6 1.31
200 0.097 0.05 17.6 55.4 1.29
200 0.097 0.05 17.7 46.9 1.31
200 0.097 0.05 22.3 25.0 1.29
200 0.097 0.05 36.2 14.6 1.29
200 0.097 0.05 34.4 18.1 1.27
200 0.097 0.05 25.0 36.9 1.28
200 0.097 0.05 26.6 17.4 1.29
200 0.197 0.15 2.91 15,500 1.19
200 0.197 0.15 7.33 1330 1.13
200 0.197 0.15 12.1 583 1.05
200 0.197 0.15 7.71 1580 1.07
200 0.197 0.15 11.9 766 1.04
200 0.197 0.15 2.65 15,080 1.19
200 0.197 0.15 3.66 7250 1.17
200 0.197 0.15 8.25 666 1.17
200 0.197 0.15 8.83 833 1.17
200 0.197 0.15 16.7 141 1.17
200 0.197 0.15 35.4 33.2 1.15
200 0.057 0.01 2.97 3420 1.28
200 0.057 0.01 21.4 37.7 1.28
200 0.057 0.01 23.3 29.9 1.28
200 0.057 0.01 19.7 27.6 1.28
200 0.057 0.01 24.6 25.4 1.28
200 0.057 0.01 39.2 8.62 1.29
200 0.057 0.01 2.59 4670 1.29
200 0.057 0.01 27.1 20.0 1.28
200 0.057 0.01 30.5 14.2 1.28
200 0.057 0.01 32.1 13.5 1.26
200 0.057 0.01 39.4 9.43 1.29
200 0.057 0.01 35.7 9.89 1.28
200 0.057 0.01 1.96 11,370 1.29
200 0.057 0.01 32.4 16.3 1.28
200 0.057 0.01 59.4 3.60 1.28
200 0.057 0.01 63.8 3.40 1.29
200 0.057 0.01 75.4 2.46 1.29
200 0.057 0.01 74.8 2.09 1.29
200 0.057 0.01 2.02 9670 1.3
200 0.057 0.01 82.0 2.10 1.29
200 0.057 0.01 110.0 0.98 1.3
200 0.057 0.01 99.7 1.16 1.3
200 0.057 0.01 119.6 0.76 1.34
200 0.057 0.01 166.8 0.43 1.34
250 0.197 0.15 4.78 7050 1.21
250 0.197 0.15 25.0 117 1.21
250 0.197 0.15 37.1 41.1 1.19
250 0.197 0.15 43.7 39.7 1.2
250 0.197 0.15 39.9 39.9 1.2
250 0.197 0.15 52.2 27.5 1.21
250 0.197 0.15 6.41 3320 1.19
250 0.197 0.15 77.7 12.0 1.16

(continued on next page)
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Table 1 (continued)

T �C ClO4
� Na+ P

HF, 10�3 P
Nd, 10�7 pH (25 �C)

mol/l

250 0.197 0.15 46.8 33.1 1.18
250 0.197 0.15 49.1 27.5 1.2
250 0.197 0.15 54.7 19.5 1.2
250 0.197 0.15 89.2 8.51 1.19
250 0.057 0.01 3.16 19,050 1.2
250 0.057 0.01 25.1 67.6 1.19
250 0.057 0.01 34.2 32.3 1.19
250 0.057 0.01 36.5 30.8 1.21
250 0.057 0.01 41.0 23.4 1.21
250 0.197 0.15 25.7 91.1 1.24
250 0.197 0.15 132.0 2.40 1.3
250 0.057 0.01 3.68 8440 1.23
250 0.057 0.01 5.07 2290 1.26
250 0.057 0.01 6.22 1410 1.25
250 0.057 0.01 8.99 796 1.21
250 0.057 0.01 9.14 478 1.24
250 0.057 0.01 71.6 7.39 1.23
250 0.057 0.01 65.5 6.91 1.23
250 0.057 0.01 140.6 1.62 1.28
250 0.057 0.01 204.9 0.56 1.32
250 0.097 0.05 3.22 11,980 1.27
250 0.097 0.05 3.39 11,430 1.26
250 0.097 0.05 14.7 166.67 1.23
250 0.097 0.05 10.7 583 1.18
250 0.097 0.05 19.5 95.6 1.23
250 0.097 0.05 68.6 10.4 1.23
250 0.097 0.05 69.7 7.76 1.28
250 0.097 0.05 132.1 1.12 1.39
250 0.097 0.05 136.3 1.00 1.46
250 0.097 0.05 230.4 0.12 1.65
150 0.057 0.01 1.90 6820 1.25
150 0.057 0.01 1.96 6010 1.26
150 0.057 0.01 1.64 7340 1.25
150 0.057 0.01 6.38 217 1.25
150 0.057 0.01 5.63 400 1.23
150 0.057 0.01 85.6 1.32 1.23
150 0.057 0.01 84.3 0.85 1.25
150 0.057 0.01 180.0 0.21 1.28
150 0.057 0.01 171.7 0.21 1.28
150 0.057 0.01 249.2 0.14 1.31
150 0.097 0.05 2.55 4550 1.21
150 0.097 0.05 2.41 6390 1.21
150 0.097 0.05 3.36 2020 1.21
150 0.097 0.05 3.78 1680 1.23
150 0.097 0.05 5.32 513 1.22
150 0.097 0.05 65.7 1.15 1.21
150 0.097 0.05 71.1 1.31 1.23
150 0.097 0.05 126.5 0.35 1.25
150 0.097 0.05 143.8 0.25 1.24
150 0.097 0.05 204.0 0.13 1.25

The values for ClO4
� and Na+ were calculated from the initial compositions of the solutions,

P
HF and

P
Nd are total concentrations of

neodymium and fluorine determined after the runs.
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Fig. 3a–c show logarithms of concentrations of Nd
determined at 150, 200 and 250 �C, respectively, as a func-
tion of the logarithm of fluoride-ion activity. From these
figures it can be seen that the solubility of NdF3 increases
slightly with increasing ionic strength. It is also evident that
the concentration of Nd decreases linearly with increasing
concentration of F and that the data can be subdivided into
two distributions having slopes of approximately minus
three and minus two at low and high fluoride concentra-
tion, respectively. This demonstrates that the solubility of
NdF3 is governed by two species, which are dominant over
different intervals of fluoride concentration. The slope of
�3 at low fluoride concentration corresponds to the simple
dissociation reaction

NdF3¼Nd3þþ3F� logKsp¼ logaNd3þ þ3logaF� ; ð3Þ
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Fig. 3. Logarithms of Nd concentration determined at variable ionic strength (I) plotted as a function of the logarithm of the fluoride-ion
activity at 150 (a), 200 (b) and 250 �C (c), respectively. The solid lines and corresponding equations represent linear regressions of the data.
The vertical shaded area matches the locations of the predominance boundary between Nd3+ and NdF2+ at various ionic strengths.
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whereas the slope of �2 reflects formation of the first fluo-
ride complex of neodymium

NdF3 ¼ NdF2þ þ 2F� log K NdF2þ

¼ log aNdF2þ þ 2 log aF� : ð4Þ

There is no evidence for the predominance of fluoride
species with higher ligand numbers, like NdF2

þ or
NdF3�, which would be reflected by data distributions
with slopes of �1 and 0, respectively. It is possible that
these species may predominate at fluoride concentrations
higher than those in our experiments. However, it is unli-
kely that we would be able to detect these species if we
were to extend our experiments to higher fluoride con-
tents, as Nd concentrations would decrease to levels com-
parable to or below the detection limits of the analytical
methods.
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4. DATA TREATMENT

The dependencies illustrated in Fig. 3a–c can be used to
determine equilibrium constants for reactions (3) and (4).
However, the equations describing the dependencies shown
in the figures (e.g., log CNd3þ ¼ log Qsp � 3 log aF� ) represent
expressions for apparent formation constants, derived for
constant ionic strength and, as can be seen from the figures,
change when the latter changes. In order to obtain thermo-
dynamically valid formation and solubility constants, we
employed an optimization procedure based on minimiza-
tion of the overall error (U)

U ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X

i

log CTheo
Nd � log Cexp

Nd

log Cexp
Nd

� �2
vuut ; ð5Þ

where I is the number of experimental points in the dataset,
Cexp

Nd is the concentration of Nd determined experimentally,
and CTheo

Nd is the concentration of Nd calculated theoreti-
cally using the values of the optimized constants, an opti-
mized activity model and the total concentrations of
fluoride and perchlorate.

Equilibrium constants were calculated for the reactions

NdF3 ¼ Nd3þ þ 3F�

log Ksp ¼ log aNd3þ þ 3 log aF� ; ðsee Eq: ð3ÞÞ

and

Nd3þ þ F� ¼ NdF2þ

log b ¼ log aNdF2þ � log aNd3þ � log aF� : ð6Þ

The model also considered association Na–F due to ion
pairing (which was insignificant). The activity of each spe-
cies was calculated using the extended Debye–Hückel equa-
tion (Helgeson, 1969; Eq. (2)); the distances of closest
approach for H+, F�, ClO4

�, and Na+, were set at 9, 3.5,
4.5 and 4 Å, respectively (Garrels and Christ, 1965; Lang-
muir, 1997). The equilibrium constants and bNaClO4

were
evaluated iteratively via successive minimization of the
function U from initial guesses using MATLAB� software;
the algorithm employed in the minimization was the Nel-
der–Mead simplex search described by Nelder and Mead
(1965), and Dennis and Woods (1987).

The optimization was performed using two independent
procedures. The first involved optimization of U with re-
spect to Ksp, b, bNaClO4

and distances of closest approach
for Nd3+ and NdF2+ (Model A). In the second procedure,
we optimized only Ksp, b, and bNaClO4

, setting the distances
of closest approach for Nd3+ and NdF2+ at 9 and 4.5 Å,
respectively (Model B; Spedding et al., 1976; Gammons
et al., 1996). Given that calculation of pH at the tempera-
ture of the experiments requires knowledge of H+ activity
at 25 �C, the parameter b for a NaClO4-based electrolyte
for 25 �C was also optimized (back-calculated) to provide
the best fit to the experimental data. Uncertainties associ-
ated with the derivation of each of the values were calcu-
lated from the reproducibility of the results of kinetic
experiments used to determine the time required to attain
equilibrium. The distribution of the overall error for the
treatment of the data was modeled as a function of the opti-
mized parameter for each of the isotherms investigated, and
was calculated using Eq. (5). Examples of these distribu-
tions are shown in Fig. 4a and b, respectively, as ‘‘profiles’’
of the overall error versus the values of the guessed forma-
tion constants. The optimized values of the formation con-
stants correspond to the base of the depression in each
profile. The figures also show the level representing the
reproducibility of the results of the kinetic runs. Intersec-
tion of the profile with this level yields the uncertainty asso-
ciated with the determination of each formation constant.
The values obtained during the optimization are listed in
Tables 2a and 2b.

5. DISCUSSION

5.1. Model selection

As can be seen from Table 2, the values of the solubility
product for NdF3 (Ksp) obtained using Model A are indis-
tinguishable from those using Model B at the level of uncer-
tainty of the optimization. Similarly, variations of the
distances of closest approach for Nd3+ and NdF2+ ob-
tained in Model A are statistically insignificant (Fig. 5a),
and can be assumed constant and equal to the values used
in Model B; the values obtained in the two models for the



Table 2b
Values of the solubility product of NdF3 (log KNdF3

; reaction 3) and the formation constant of NdF2+ (logb; reaction 6) calculated using
Model A and the data reported in Table 1

250 �C 200 �C 150 �C

KNdF3
�24.40 ± 0.19 �22.83 ± 0.19 �21.47 ± 0.21

logb 6.84 ± 0.18 6.24 ± 0.17 5.55 ± 0.20
bNaClO4

(T) 0.16 ± 0.06 0.19 ± 0.06 0.21 ± 0.07
bNaClO4

(25 �C) 0.24 ± 0.06 0.23 ± 0.07 0.24 ± 0.09
�aNd3þ (fixed) 9.0 9.0 9.0
�aNdF2þ (fixed) 4.5 4.5 4.5

bNaClO4
(T) and bNaClO4

(25 �C) are the values of the extended parameter of the Debye–Hückel equation (Eq. (2)) optimized for NaClO4

solutions at the temperatures of the experiments and 25 �C, respectively. �aNd3þ and �aNdF2þ were not optimized and fixed at 9 and 4.5 Å,
respectively (see the text for further explanations).

Table 2a
Values of the solubility product of NdF3 (log KNdF3

; reaction 3) and the formation constant of NdF2+ (logb; reaction 6) calculated using
Model A and the data reported in Table 1

250 �C 200 �C 150 �C

log KNdF3
�24.26 ± 0.17 �22.76 ± 0.18 �21.60 ± 0.24

logb 6.61 ± 0.17 6.17 ± 0.17 5.64 ± 0.22
bNaClO4

(T) 0.13 ± 0.05 0.17 ± 0.05 0.19 ± 0.08
bNaClO4

(25 �C) 0.19 ± 0.05 0.21 ± 0.06 0.21 ± 0.07
�aNd3þ 9.5 ± 0.8 9.2 ± 0.8 9.1 ± 1.1
�aNdF2þ 4.0 ± 0.9 4.8 ± 0.8 5.0 ± 1.0

bNaClO4
(T) and bNaClO4

(25 �C) are the values of the extended parameter of the Debye–Hückel equation (Eq. (2)) optimized for NaClO4

solutions at the temperatures of the experiments and 25 �C, respectively. �aNd3þ and �aNdF2þ are distances of closest approach optimized for
Nd3+ and NdF2+, respectively (see the text for further explanations).
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formation constants of NdF2+(b) and bNaClO4
are also indis-

tinguishable within the estimated uncertainties (Fig. 5b and
c). We therefore conclude that Model B, in which distances
of closest approach for Nd3+ and NdF2+ were set at 9 and
4.5 Å, respectively, represents a best fit to the experimental
data and increasing the complexity of the model does not
improve the quality of the fit. Moreover, although the
parameters of the activity model adopted in this study were
evaluated for a relatively narrow range of ionic strengths
(0.06–0.2), the values of bNaClO4

(25 �C) obtained in the opti-
mization agree reasonably well with those published previ-
ously in the literature. For example, Hefter (1984), who
experimentally investigated the dissociation of HF in per-
chloric solutions at 25 �C and used the same approach as
us to develop an activity model, reported values of bNaClO4

(25 �C) as high as 0.29 for ionic strengths of up to 0.5,
whereas our values derived for ambient temperature range
between 0.19 and 0.21 (Table 2a and Fig. 5c). We do not
exclude the possibility that the activity model developed
in our study might not be applicable to higher ionic
strengths (higher than 0.5). However, under the experimen-
tal conditions employed it provides a near perfect fit to the
data (Fig. 6).

5.2. Activity model

In order to evaluate the significance of differences be-
tween the activity model derived in this study and models
commonly employed for high-temperature solutions, we
compared values of activity coefficients for Nd3+ (the spe-
cies most sensitive to variation in ionic strength) obtained
from our model with those calculated using the extended
Debye–Hückel equation developed for NaCl-based solu-
tions (bNaCl; Oelkers and Helgeson, 1990) and the simplified
Pitzer model (Pitzer and Kim, 1974; Harvie and Weare,
1980), which was developed by Millero (1992) for REE in
ClO4-based ambient temperature solutions. The latter mod-
el ignores ternary interactions and interactions of ions of
the same charge (anion–anion, cation–cation), due largely
to a lack of data for these parameters. Thus, in order to
adopt this model to elevated temperatures, we used temper-
ature derivatives for the ion interaction parameters from
Silvester and Pitzer (1978) and Pitzer (1991); a more de-
tailed description of the calculation is given in Migdisov
and Williams-Jones (2006).

As can be seen from Fig. 7, the model derived in this
study predicts activity coefficients for Nd3+ slightly lower
than those obtained from the extended Debye–Hückel
equation developed for NaCl-based solutions, but substan-
tially higher than those calculated using the simplified
Pitzer model. Moreover, whereas the NaCl-based Debye–
Hückel equation shows relatively small and constant sys-
tematic deviations from the experimentally derived activity
model, differences between the latter and the simplified Pit-
zer model increase sharply when temperature increases. Gi-
ven the fact that the simplified Pitzer model has been shown
to be suitable for ambient temperature (Millero, 1992), we
speculate that the observed discrepancies are due either to
poor extraction of the values of the ion interaction param-
eters at elevated temperatures or a more important role for
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ternary interactions and interactions of ions of the same
charge, which were ignored in the original model.

5.3. The solubility product of NdF3

The only available study devoted to the thermochemical
properties of NdF3 at elevated temperatures is that of Lyon
et al. (1979), which reported calorimetric measurements of
the heat capacity of neodymium (III) fluoride at tempera-
tures from 5 to 350 K. We fitted their data to the extended
Mayer–Kelly equation

Cp NdF3; J mol�1 K�1
� �

¼ 171:65� 0:04851 � TK

� 65660:37

TK2
� 1148:39ffiffiffiffi

T
p

þ 3 � 10�5 � TK2 ð7Þ

and calculated the solubility product of NdF3 using the rec-
ommendations of the authors for DG�f (298, NdF3) =
�1603.6 kJ mol�1, S�f (298, NdF3) = 120.79 J mol�1 K�1,
and data for Nd3+ and F� recommended by Shock and
Helgeson (1988) and Johnson et al. (1992), respectively.
As is evident from Fig. 8, this calculated solubility product
is about four orders of magnitude higher than the values de-
rived in the present study and also compares poorly with
25 �C values published by Amano et al. (2004) and Bar-
yshnikov and Gol’shtein (1972). In order to improve the
agreement, we calculated a new value of the Gibbs free en-
ergy for NdF3 from the data of Amano et al. (2004) based
on the solubility of neodymium fluoride at 25 �C (DG�f

(298, NdF3) = �1623.37 kJ mol�1). This correction, how-
ever, yielded a calculated Ksp that was still over an order
of magnitude higher than our experimentally determined
value. In order to satisfactorily fit our data, it was therefore
necessary to increase the entropy of neodymium fluoride
from 120.79 to 179.3 J mol�1 K�1.

It has to be mentioned that the possibility of formation
of a monomolecular layer of a less soluble phase on the sur-
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face of NdF3 cannot be completely excluded for our runs.
This layer would not be detected by XRD and, if CO2 is
not carefully purged from the system, could contain car-
bonates, hydrocarbonates, or hydroxybastnäsite-like sub-
stances. However, if any of these phases had formed
during our runs, this would have led to non-stoichiometric
slopes of dependencies in the co-ordinates logF/logNd,
which was not the case. We also consider it highly unlikely
that hydroxyl or carbonate compounds formed under the
extremely acidic conditions of our experiments.

5.4. The formation constant for NdF2+

As was noted in the introduction to this paper, the only
previous experimental study of neodymium fluoride com-
plexation was that of Bilal and Langer (1987, 1989), who
investigated the speciation of the REE over a range of F�

concentrations in a 1 M solution of NaCl at 1000 bars.
Unfortunately, Bilal and Langer (1987, 1989) did not report
any numerical data, but we were able to interpret an appar-
ent formation constant for NdF2+ of 3.2 at 200 �C from
one of their graphs (Bilal and Langer, 1989). In order to
compare this value to the formation constant determined
in our study for infinite dilution (logb = 6.2) we used the
latter to calculate an apparent formation constant for
200 �C and I = 1 based on the activity model described
above. This calculation yielded a value of 5.5, which is more
than two orders of magnitude larger than the value of Bilal
and Langer (1987, 1989). Such a large disagreement cannot
be attributed to a pressure dependency of the formation
constant, nor to a potentially inaccurate (at high ionic
strength) activity model. Unfortunately, as Bilal and Lan-
ger (1989) provided little information on their experimental
method and only presented a graphical interpretation of
their results, we were unable to determine the source of this
disagreement.

Theoretical predictions of the values of the formation
constant for NdF2+ were reported by Wood (1990) and
Haas et al. (1995). In Fig. 9, we compare these predictions
with the values obtained in our study. This figure shows
that the theoretical predictions significantly overestimate
the experimentally determined stability of NdF2+ at ele-
vated temperature and that this disagreement increases with
temperature. For example at 150 �C, the experimentally
determined value of the formation constant is 0.4 orders
of magnitude lower than that predicted by Haas et al.
(1995), whereas at 250 �C, it is an order of magnitude lower.
The disagreement with the predictions of Wood (1990) is
even greater; his value at 250 �C is nearly three orders of
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Table 3
Parameters of the Ryzhenko–Bryzgalin model calculated for
NdF2+, NdCl2+ and NdCl2

þ based on the data presented in this
study and Migdisov and Williams-Jones (2002)

Reaction pK298,1 bar A B

Nd3+ + F� = NdF2+ 4.344 0.257 543.9
Nd3+ + Cl� = NdCl2+ 0.309 2.811 �938.5
Nd3þ þ 2Cl� ¼ NdCl2

þ 0.031 2.783 �687.9
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Fig. 10. Evolution of the aqueous speciation of Nd with temper-
ature calculated using (a) the data obtained in this study and those
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was taken from the fluid inclusion study of the Capitan Pluton of
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only neodymium-bearing solid to precipitate (see the text for an
explanation).

Table 4
Composition of the fluid used to model the speciation of Nd in a
hydrothermal fluid

Element ppm

Na 192,438
K 61,409
Ca 30,723
F 1770
Cl 398,937
SO4 24,210
Nd 190

The data were taken from the fluid inclusion study of the Capitan
Pluton (New Mexico) of Banks et al. (1994).
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magnitude higher than our experimental value for the same
temperature.

5.5. Application to natural systems

Hydrothermal transport of REE in natural systems is
potentially controlled by several ligands, e.g., Cl�, OH�,
F� and SO4

2�, and reliable evaluation of their relative
importance depends on the availability of accurate esti-
mates of formation constants for species involving these li-
gands. In order to illustrate how much the speciation
changes depending on the choice of thermodynamic data,
we modeled the speciation of Nd in a hypothetical fluid
using the data presented here and in our previous experi-
mental studies (Migdisov and Williams-Jones, 2002; Migdi-
sov et al., 2006) and compared the results of this modeling
with that based on thermodynamic properties of Nd species
recommended by Haas et al. (1995). In order to approxi-
mate natural conditions, the fluid chosen for the modeling
has a composition similar to that of fluid inclusions in
REE-mineralized veins from the Capitan Pluton (New
Mexico; Table 4), which were analyzed for their element
content by Banks et al. (1994) and represent rare samples
of a REE-saturated hydrothermal fluid for which the
REE composition is now known. The U–Th-REE mineral-
ization in this pluton occurs as thorite and allanite in
quartz–barite–fluorite veins, containing minor amounts of
feldspar and hematite and, based on fluid inclusion mic-
rothermometry, is interpreted to have deposited from high
salinity magmatic brines at temperatures below 480 �C (the
upper homogenization temperature limit of type 2 fluid
inclusions; Banks et al., 1994).
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We modeled the speciation of Nd for a solution flowing
through a quartz–barite–fluorite vein (the fluid was there-
fore assumed to be saturated with respect to these minerals)
as temperature decreased from 450 to 150 �C. The initial
composition of the fluid is that given in Table 4 and the
pressure was fixed at 500 bars. The solid phase hosting
Nd was assumed to be NdF3 and the initial pH of the solu-
tion was fixed at 4.0. A 1 l aliquot of the solution was equil-
ibrated with 2 mol of the host minerals (quartz, barite and
fluorite) at 450 �C and then, in a series of steps, was succes-
sively re-equilibrated with the fresh quartz–barite–fluorite
assemblage as temperature decreased in 25 �C intervals.
The solution composition was modeled using the following
species: H+, OH�, O2�, H2�, Na+, NaOH�, NaHS�,
NaSO4

�, NaF�, NaCl�, K+, KOH�, KSO4
�, KHSO4�,

KCl�, Ca2+, CaOH+, CaSO4�, CaF+, CaCl+, CaCl2�,
Ba2+, BaOH+, BaF+, BaCl+, H2S�, HS�, SO2�, SO3

2�,
HSO3

�, SO4
2�, HSO4

�, HS2O3
�, H2S2O3�, F�, HF�, Cl�,

HCl�, Nd3+, NdOH2+, NdO+, NdSO4
þ, NdF2+, NdCl2+,

and NdCl2
þ. Thermodynamic properties for the species (ex-

cept for Nd species other than Nd3+, NdOH2+ and NdO+,
which come from Haas et al., 1995) were taken from John-
son et al. (1992), Sverjensky et al. (1997), and Shock et al.
(1989). The properties of water were determined using the
Haar–Gallagher–Kell model (Kestin et al., 1984) and
activity calculations were performed using the extended
Debye–Hückel equation with the bcNaCl extension parame-
ter (Oelkers and Helgeson, 1990).

Experimentally determined formation constants for
chloride and fluoride complexes of Nd (Migdisov and Wil-
liams-Jones, 2002; this study) were fitted to the modified
Ryzhenko–Bryzgalin model (Ryzhenko, 1981; see Appen-
dix A). In contrast to the multi-parametric HKF model,
which cannot be applied to the data reported in the present
study because of the small number of isotherms investi-
gated, the modified Ryzhenko–Bryzgalin model requires
only that the dissociation constant be known at 25 �C
and one or two adjustable parameters employed to describe
its temperature dependence. The parameters of the Ryzhen-
ko–Bryzgalin model calculated for NdF2+, NdCl2+ and
NdCl2

þ are listed in Table 3. Formation constants for sul-
fate species of Nd were modeled using the data obtained by
Migdisov et al. (2006), which were modified using the activ-
ity model derived in this study.

The distributions of Nd species calculated using the
experimentally obtained data are shown in Fig. 10a and
those calculated from the theoretical predictions of Haas
et al. (1995) in Fig. 10b. Comparison of the diagrams shows
that the two datasets predict very different distributions of
Nd species. Whereas the model calculated from the data
of Haas et al. (1995) predicts that Nd is transported primar-
ily as a fluoride complex (NdF2+) and that chloride com-
plexation is minor, the model employing our experimental
data predicts the predominance of Nd chloride species
(NdCl2+, NdCl2

þ) by orders of magnitude over any other
Nd species. Moreover, given that fluoride is more suscepti-
ble to competition by complexation with other metals, such
as Ca, Al, Fe, fluoride complexes may be even less impor-
tant in real natural systems than a simple comparison of
stability constants would suggest. It has to be noted, how-
ever, that the increased importance of chloride relative to
fluoride in the calculations using our data is due not only
to the stability of the fluoride complexes being substantially
lower than predicted by Haas et al. (1995), but also due to
the stability of the chloride complexes being higher (Migdi-
sov and Williams-Jones, 2002) than theoretically predicted
(Haas et al., 1995). As a result of the differences in specia-
tion, the precipitation peak of neodymium fluoride occurs
at between 450 and 325 �C in the model based on the data
of Haas et al. (1995), whereas in the model using our exper-
imental data it is between 375 and 225 �C.

It needs to be emphasized that the model discussed
above is highly simplified and does not presume to establish
the controls of REE mineralization in the Capitan Pluton.
However it does demonstrate that the assumption of a
dominant role for fluoride complexes, often made a priori

by researchers interpreting the genesis of REE hydrother-
mal deposits, is not necessarily correct, and requires critical
evaluation in light of the results of this study and that of
Migdisov and Williams-Jones (2002).

6. CONCLUSIONS

The experimental data obtained in this study show that
Nd3+ and NdF2+ are the dominant species in aqueous solu-
tions at temperatures up to 250 �C and F� concentrations
higher than 10�4.5 mol/kg; NdF2

þ was not detected. They
also show that the theoretical predictions of Wood (1990)
and Haas et al. (1995) significantly overestimate the stabil-
ity of fluoride complexes of neodymium at elevated temper-
atures and that this overestimation increases with
increasing temperature. Similarly, the solubility of neodym-
ium (III) fluoride is lower than that predicted by thermody-
namic data (Lyon et al., 1979). Using the data obtained in
this study and previously published data for Nd–Cl species,
it is now possible to evaluate the relative importance of
fluoride and chloride complexation in natural systems and
test earlier conclusions that fluoride species are the domi-
nant agents of REE transport.
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APPENDIX A

The modified Ryzhenko–Bryzgalin model, which was
developed for extrapolation of dissociation constants, uses
the same (or a similar) approach to the HKF model (Tan-
ger and Helgeson, 1988), and expresses the free energy of
any reaction as a sum of electrostatic and non-electrostatic
terms. However, in contrast to the HKF model, for the case
where electrostatic forces play a major role in interactions
(ionic interaction of an anion A and a cation B), the model
assumes the non-electrostatic term to be temperature- and
pressure-independent. Employing the modified Born model,
the modified Ryzhenko–Bryzgalin model expresses the free
energy of dissociation and corresponding pK as follows:
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DrG ¼ DrG
non-electr: þ jz

þz�j � e2 � N
ðrA þ rBÞ � e

; ð8Þ

pKT ;P ¼ 298:15

T
pK298;1 bar þ e2 � N jzþz�j

lnð10Þ � R � T � a

� 1

eT ;P
� 1

e298;1 bar

� �
; ð9Þ

or

pKT ;P ¼ 298:15

T
pK298;1 bar þHT ;P jzzj

a

� �
eff

: ð10Þ

Here, e stands for the electron charge, N is the Avogadro’s
number, e is the dielectric constant of water at T and P and
a = rA + rB is the sum of the effective radii of the dissocia-
tion products, which is defined through the adjustable
parameter

jzzj
a

� �
eff

¼ Aþ B
T
: ð11Þ

The parameter HT,P does not depend on the nature of the
complex and is computed from the dissociation constant
of water as described by Marshall and Franck (1981).
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