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Abstract

The formation constants of neodymium complexes in sulfate solutions have been determined spectrophotometrically at temperatures
of 30–250 �C and a pressure of 100 bars. The dominant species in the solution are NdSO4

+ and Nd(SO4)2
�, with the latter complex being

more important at higher temperature. Equilibrium constants were calculated for the following reactions:
Nd3þ þ SO4
2� ¼ NdSO4

þ; b1;

Nd3þ þ 2 � SO4
2� ¼ NdðSO4Þ2 �; b2;

NdSO4
þ þ SO4

2� ¼ NdðSO4Þ2 �; Ks.

The values of b1 and b2, were determined for 30 and 100 �C, where
wise formation constant Ks. The values of the formation constant
as for higher temperatures it was only possible to determine the step-
s obtained in this study for 30 and 100 �C are in excellent agreement

with those predicted theoretically by Wood [Wood, S.A., 1990b. The aqueous geochemistry of the rare-earth elements and yttrium. 2.
Theoretical predictions of speciation in hydrothermal solutions to 350 �C at saturation water vapor pressure. Chem. Geol. 88 (1–2),
99–125] and Haas et al. [Haas, J.R., Shock, E.L., Sassani, D.C., 1995. Rare earth elements in hydrothermal sysytems: estimates of
standard partial molal thermodynamic properties of aqueous complexes of the rare earth elements at high pressures and temperatures.
Geochim. Cosmochim. Acta 59 (21), 4329–4350], and those for the stepwise formation constant (Ks) agree reasonably well with the
predictions of Wood (1990b).
� 2005 Elsevier Inc. All rights reserved.
1. Introduction

During the past fifteen years numerous studies in a vari-
ety of geological settings have demonstrated that the Rare
Earth elements (REE) are mobilized by hydrothermal flu-
ids (e.g., Buhn and Rankin, 1999; MacLean, 1988; Olivo
and Williams-Jones, 1999; Schandl and Gorton, 1991),
and in some cases are concentrated to economically appre-
ciable levels by these processes (e.g., Smith and Henderson,
2000; Williams-Jones et al., 2000). However, modelling of
0016-7037/$ - see front matter � 2005 Elsevier Inc. All rights reserved.
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the behavior of REE in hydrothermal solutions has been
severely compromised by a lack of experimental data.

Most of the data available on REE speciation at hydro-
thermal conditions are extrapolations of experimental data
obtained at room temperature (Haas et al., 1995; Wood,
1990b). Experimental studies at elevated temperatures have
been limited to the complexes of the REE with chloride
(Gammons et al., 1996, 2002; Migdisov and Williams-
Jones, 2002; Stepanchikova and Kolonin, 1999), hydroxide
(Wood et al., 2002), acetate (Wood et al., 2000), and phos-
phate (Cetiner et al., 2005) ions. However, there are no
high temperature experimental data for fluoride, carbon-
ate, or sulfate complexes of REE, which a number of stud-
ies have suggested may be the dominant REE species in
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many hydrothermal systems. For example, fluoride com-
plexes are considered to have been responsible for the con-
centration of REE in the Strange Lake rare metal deposit,
Quebec, and the Gallinas Mountain REE-fluoride deposit,
New Mexico (Salvi and Williams-Jones, 1990; Williams-
Jones et al., 2000). Similarly, sulfate complexes have been
invoked to explain the concentrations of REE in anhydrite
precipitating seafloor hydrothermal systems (Bach et al.,
2003) and some geothermal systems (Lewis et al., 1998).
There is thus a pressing need for well constrained high tem-
perature experimental data on the stability of REE com-
plexes with those other ligands. In this study, we report
results of an experimental investigation of the speciation
of Nd in sulfate-bearing solutions at temperatures up to
250 �C.

2. Method

The study was conducted using an in situ, ultraviolet
(UV)–visible spectroscopic method similar to that em-
ployed in our previous investigation of Nd speciation in
Cl-bearing solutions (Migdisov and Williams-Jones,
2002). Experiments were conducted at a temperatures of
30, 100, 150, 200, and 250 �C and a pressure of 100 bars,
using a high temperature, flow-through, UV–visible spec-
troscopic cell. The cell was constructed from grade 4 titani-
um alloy and was equipped with sapphire windows, which
were sealed in the cell using Graflex (polymerized graphite)
o-rings. The path length (0.97 cm) was determined by a cal-
ibration procedure involving measurements of the absor-
bance of a solution of Nd (0.28 mol/dm3), prepared by
dissolution of Nd2O3 (Alfa Aesar, 99.99%) in Nanopure
de-ionized water acidified by Optima-grade perchloric acid
(Fisher Scientific) to a final pH of 1.56. The spectra for this
solution were recorded at 30 �C in a standard 1-cm quartz
cuvette and in the experimental flow-through cell. The cell
was heated using elements in the cell-body, and tempera-
ture was controlled by an Omega CN-2001 regulator to
within ±0.5 �C of a pre-determined value. Temperature
was measured using a type K thermocouple inserted in a
well within the cell. Pressure was controlled using a solu-
tion delivery system, consisting of a HP 1050-Ti HPLC
pump, PEEK and Ti capillaries, and a PEEK back pressure
regulator. Experimental solutions were therefore only in
contact with chemically inert materials.
Table 1
Results of the rank analysis of the absorbance matrix

T (�C) Solutions
(number)

P
Nd range

(mol/L, 10�2)

P
SO4 range

(mol/L, 10�2)
Rank of abs. ma
free solutions exc
tolerance

0.01 0.015

30 30 5.7–2.0 4.2–0.1 3 3
100 30 5.7–2.0 4.2–0.1 3 3
150 26 5.7–2.0 3.6–0.1 3 3
200 25 5.7–2.0 3.0–0.1 3 2
250 22 5.7–2.0 2.5–0.1 3 2
Absorption spectra were collected for 22 to 30 solutions
(depending on the isotherm investigated, Table 1), having to-
tal Nd concentrations ranging from 2.0 · 10�2 to
5.7 · 10�2 mol/dm3 (all concentrations here and below are
given for solutions at 25 �C), and total sulfate concentrations
from 1 · 10�3 to 4.2 · 10�2 mol/dm3. The solutions were
prepared in three sets with total Nd concentrations of 2,
2.5, and 5.7 · 10�2 mol/dm3. This was done by dissolving
REacton-grade neodymium(III) oxide (Alfa Aesar,
99.99%) in Nanopure de-ionized water acidified by Opti-
ma-grade perchloric acid (Fisher Scientific) to a final pH of
1.56 to prevent hydrolysis ofNd. To compare the experimen-
tal molar absorbance of Nd3+ with that determined during
our previous study (using the same system; Migdisov and
Williams-Jones, 2002), the first solution of each series was
prepared to be sulfate-free. In the remaining solutions, sul-
fate was introduced by adding corresponding quantities of
Na2SO4 (Fisher Scientific, A.C.S.).

The range of concentrations of neodymium and sulfate
in the experimental solutions was relatively narrow, be-
cause of the following two constraints:

(a) Nd3+ has weak molar absorbance (e.g., Migdisov and
Williams-Jones, 2002; Stepanchikova and Kolonin,
1999), which decreases with temperature. Thus, to
record statistically reliable spectra, we had to use
solutions having relatively high total concentrations
of Nd (>1 · 10�2 mol/dm3).

(b) Neodymium sulfate was found to show retrograde
solubility with temperature. As a result, precipitation
occurred at 150 �C when concentrations of Nd and
SO4

2� exceeded 5.7 · 10�2 and 4.4 · 10�2, respective-
ly; at 200 �C when they exceeded 5.7 · 10�2 and
3.6 · 10�2, respectively; and at 250 �C when they
exceeded 5.7 · 10�2 and 2.8 · 10�2, respectively (con-
centrations in mol dm�3). This caused a systematic
shift of recorded spectra to higher values, and led
to blockage of capillaries in the solvent delivery sys-
tem. This behavior was not unexpected, as other sul-
fates, e.g., anhydrite and celestite are known to
display retrograde solubility (Robie and Hemingway,
1995). It was thus necessary to conduct experiments
with SO4

2� concentrations below these thresholds
(and Nd concentrations >1 · 10�2 mol/dm3; con-
straint a).
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Fig. 1. The molar absorbance of Nd3+ obtained from spectra for sulfate-
free solutions (ClO4 based).
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Spectrophotometric measurements were made at 0.5-nm
intervals over the range 400–900 nm using a Cary 100 dou-
ble-beam spectrophotometer. To correct the spectra for
background absorption, the absorption of the cell filled
with Nanopure deionized water was recorded before each
of the Nd spectra was collected. To ensure that the record-
ed spectra represent a state of equilibrium, test spectra were
collected for selected solutions at flow rates ranging from
0.05 to 0.3 ml/min, which provided for complete exchange
of the solutions in the cell in 20 to 3 min, respectively. No
changes in the spectra were detected during these runs, sug-
gesting that equilibrium was established in less than 3 min
after the solution entered the heated cell. The total Nd and
SO4 concentrations of the solutions were checked after the
runs using neutron activation and HPLC methods (Activa-
tion Laboratories, Canada).

An estimate of the error of the measured absorbance val-
ues was obtained by repeated measurements (several sets of
5–10 scans at each temperature) of the spectra of a solution
having a total Nd concentration of 2.2 · 10�2 mol/dm3. It
was found that the absorption values were reproducible to
a tolerance (uncertainty in absolute units) that varied from
0.01 to 0.02, and that this tolerance increasedwith increasing
temperature and decreasing wavelength.
3. Results

The absorption spectra recorded for the sulfate-free
solutions were found to be identical to those determined
in our previous study (Migdisov and Williams-Jones,
2002). The spectra collected at 30 �C are in good agreement
with those of Carnall (1979) and with the electronic spec-
trum of the hydrated Nd3+ ion calculated by Kotzian
et al. (1995). As can be seen from Fig. 1, heating of the
solutions resulted in a significant decrease of the molar
absorbance of Nd3+, which was calculated from the con-
centration of Nd3+ in sulfate-free solutions using the
Beer–Lambert law:

A ¼ eNd3þ �MNd3þ � l; ð1Þ

where A is absorbance, e is the molar absorbance for Nd3+,
l is the pathlength, and M is the molar concentration of
Nd3+ in mol/dm3.

Typical spectra for solutions of variable Nd/SO2�
4 ra-

tio, corrected for solvent and window absorbance, are
shown in Figs. 2A and B. The spectra recorded at 30 �C
are very similar to those obtained by Lakshman and Budd-
hudu (1982). It can be seen from Fig. 2 that changes in the
Nd/SO4 ratio result in changes to the measured spectra,
especially at wavelengths in the range, 560–610 nm. From
Fig. 2, it also can be seen that an increase of the concentra-
tion of SO4 relative to Nd results in a red shift of the spec-
tra and an increase in the peak intensities. The effect of
temperature is illustrated in Fig. 3. Inspection of this figure
indicates that with increasing temperature the spectra also
undergo the red shift, but, as was observed for sulfate-free
solutions, peak intensities decrease with temperature. We
speculate that the red shift produced by increasing temper-
ature might reflect variations in the stability of Nd(III) sul-
fate complexes.

4. Data treatment

4.1. Speciation model

To develop a chemical model for the solutions investi-
gated, and to determine the number of absorbing Nd(III)
species, we used the method of absorbance matrix analysis
described by Suleimenov and Seward (2000) and employed
previously by us in a study of Nd speciation in chloride-
bearing solutions (Migdisov and Williams-Jones, 2002).
The reader is referred to these papers for details not cov-
ered in the following summary.

In accordance with Beer�s law, and assuming a conven-
tional linear model with respect to chemical composition,
each of the experimental measurements at any given wave-
length is defined by:

A
l
¼

X
i

ei �Mi; ð2Þ

where A is absorbance, ei is the molar absorbance of the
corresponding species, l is the pathlength, and Mi is the
molar concentration of the corresponding species. It fol-
lows that the number of absorbing species at the tempera-
ture investigated is given by the maximum number of
linearly independent columns in the rectangular absor-
bance matrix (solutions/wavelengths). If no two species
have the same molar extinction coefficient, this number
can be found by determining the rank of the absorbance
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matrix. The latter was calculated using MATLAB soft-
ware, which employs a method, based on the singular value
decomposition (Dongarra et al., 1979). As the experimen-
tally determined uncertainties in the absorption values var-
ied from 0.010 to 0.020, the results of the rank calculations
for these tolerance intervals were taken as the total number
of absorbing species. The absorbance matrix was reduced
to restrict it to the wavelength ranges for which peaks were
detected, excluding areas at which maximal absorbance
recorded during the runs was below 0.01.

At a tolerance of 0.02, the rank of the reduced absor-
bance matrix was found to be equal to three for all the tem-
peratures investigated. Moreover, when the sulfate-free
solutions (which contain only Nd3+ among neodymium
species) are removed from the absorbance matrix, the rank
calculated for 25 and 100 �C remains equal to three,
whereas at higher temperatures it decreases to two. This
may indicate that, for the range of concentrations tested
in the experiments at high temperature, Nd3+ was present
in concentrations insufficient for reliable de-convolution
of the absorbance matrix. In those experiments most of
the Nd was interpreted to be present as sulfate complexes.

Although all the solutions also contained Na+, ClO4
�,

and SO4
2�, these species were omitted as they are transpar-

ent in the spectral region investigated. The remainder of the
absorbing species were identified based on speciation mod-
els published in the literature. Identifying the species for a
model involving three absorbing species was straightfor-
ward, as the only sulfate complexes described in the litera-
ture are NdSO4

+ and Nd(SO4)2
� (e.g., Izatt et al., 1969;

Wood, 1990a). Thus, for the three-species model we used
Nd3+, NdSO4

+, and Nd(SO4)2
�, and in the two species

model, NdSO4
+ and Nd(SO4)2

�.

4.2. Activity model

To estimate activity coefficients of ions of interest, previ-
ous experimental studies devoted to REE behavior in aque-
ous media (e.g., Gammons et al., 1996; Migdisov and



Table 3
Temperature derivatives of the Pitzer parameters used for the activity
coefficients calculations at T > 25 �C

ob�=oT (10�3) ob1=oT (10�3) oC/=oT (10�4)

NaClO4 1.296 2.29 �1.62
Na2SO4 2.36 5.63 �1.72
Nd(ClO4)3 1.50 1.50 �1.90
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Williams-Jones, 2002; Wood et al., 2000) employed the
extended Debye–Hückel equation (Helgeson et al., 1981).
Unfortunately, this equation was developed only for the
following background electrolytes NaCl, KCl, NaOH,
and KOH (Helgeson et al., 1981; Oelkers and Helgeson,
1990; Pokrovskii and Helgeson, 1995, 1997a,b), and was
never extended to ClO4-dominated solutions. Moreover,
comparison of the experimental data with calculations
published in the literature (e.g., Weare, 1989) shows that
even at relatively modest values of ionic strength (0.2–
0.4) this equation fails to accurately predict activities of
components of systems containing SO4

2� in significant
concentrations. Thus, to evaluate activities in the system
investigated here, we employed the simplified Pitzer model
(Harvie and Weare, 1980; Pitzer and Kim, 1974), which
was developed by Millero (1992) for REE in ClO4-based
solutions. This model uses the truncated form of the Pitzer
equation (Harvie and Weare, 1980), and for neodymium
sulfate dissolved in a NaClO4 media gives the following
expressions of activity coefficients (for more details see Mil-
lero, 1992):

ln cNd ¼ z2Ndf
c þ 2IðBNdClO4

þ ICNdClO4
Þ

þ I2ðz2NdB
0
NdClO4

þ zNdCNdClO4
Þ ð3Þ

ln cSO4
¼ z2SO4

f c þ 2IðBNaSO4
þ ICNaSO4

Þ
þ I2ðzSO4

B0
NaSO4

þ zSO4
CNaSO4

Þ; ð4Þ

where I is the ionic strength, z is the charge, m is the molal-
ity of the corresponding ion, fc denotes the Debye–Hückel

limiting term f c ¼ A/½
ffiffi
I

p

1þ1:2
ffiffi
I

p þ 2
1:2

lnð1þ 1:2
ffiffi
I

p
Þ�, and A/ is

the Debye–Hückel coefficient. The parameters BMX, B
0
MX,

and CMX are given by

BMX ¼ b�
MX þ b1

MX

2I
1� 1þ 2

ffiffi
I

p� �
exp �2

ffiffi
I

p� �� �
; ð5Þ

B0
MX ¼ b1

MX

2I2
�1þ 1þ 2

ffiffi
I

p
þ 2I

� �
exp �2

ffiffi
I

p� �� �
; ð6Þ

CMX ¼ C/
MX

2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
zMzXj j

p ; ð7Þ

where b�
MX, b

1
MX, and C/

MX are the Pitzer ion interaction
parameters listed in Table 2, and M and X denote metal
and ligand, respectively. As can be seen from Eqs. (3)
and (4), ternary interactions and interactions of ions of
the same charge (anion–anion, cation–cation) were ig-
nored, due primarily to a lack of data for these parameters.
However, given that concentrations of perchlorate in the
experimental solutions were at least an order of magnitude
greater than those of Nd and SO4, and ionic strength never
Table 2
Pitzer parameters (25 �C) used for the activity coefficient calculations

b� b1 C/

NaClO4 0.0554 0.2755 �0.00118
Na2SO4 0.01958 1.113 0.0057
Nd(ClO4)3 0.754 6.5333 0.00747
exceeded 0.3, we believe that this approach provides a
reasonable approximation of the activity coefficients of
the species considered in this study. Temperature deriva-
tives for the ion interaction parameters were taken from
Silvester and Pitzer (1978) and Pitzer (1991), and are listed
in Table 3.

Following Millero (1992), activity coefficients of sulfate
complexes of Nd were calculated using the equation:

ln cMX ¼ ln celect þ 2mClO4
BMX; ð8Þ

where

ln celect ¼ f c þ 4mNamClO4
B0
NaClO4

þ 2mNamClO4
CNaClO4

. ð9Þ

The value of BMX for NdSO4
+ was assumed to be equal to

the average value of this parameter derived by Millero
(1992) for lanthanides (0.62). Owing to a lack of experi-
mental data, we also had to assume that this parameter is
temperature independent, and to postulate that
cNdSO4

þ ¼ cNdðSO4Þ2 � . While the latter assumption is reason-
able (many activity models do not distinguish among ions
of the same absolute charge), assumption of temperature
independence is questionable. However, the assumption
of a temperature independence of BMX for NdSO4

+ can
be justified by considering the temperature dependence of
other REE-bearing components. From Tables 2 and 3 it
can be seen that although temperature derivatives of Pitzer
parameters for Nd(ClO4)3 are of the same order of magni-
tude as those for NaClO4 and Na2SO4, the absolute values
for Nd(ClO4)3 are at least an order of magnitude greater.
Thus, compared to other components of the system, the
rate of change of BNdSO4

with temperature is low, and we
therefore suggest that BNdSO4

should be relatively insensi-
tive to changes in temperature. It has to be noted that this
assumption leads to a higher (but unknown) level of uncer-
tainty for the results obtained.

We believe that for the present state of knowledge, and
given the absence of any experimental data on the behavior
of NdSO4

+ at elevated temperature, the model described
above represents the best available approach for calculat-
ing activity coefficients for NdSO4

+. Fig. 4 compares activ-
ity coefficients calculated for a hypothetical solution
containing 0.06 mol/L of Nd3+, 0.035 mol/L of NdSO4

+,
0.015 mol/L of SO4

2�, 0.2 mol/L of Na+, and 0.2 mol/L
of ClO4

� using the Pitzer model and the extended De-
bye–Hückel equation (Helgeson et al., 1981, bcNaCl approx-
imation). Both models yield similar values for cNdSO4

þ and
cSO4

2� at elevated temperatures, whereas the values for
cNd

3+ are considerably higher using the extended Debye–
Hückel equation.
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4.3. Calculation of the formation constants

Equilibrium constants were calculated for the following
complexation reactions:

Nd3þ þ SO4
2� ¼ NdSO4

þ; b1; ð10Þ
Nd3þ þ 2 � SO4

2� ¼ NdðSO4Þ2 �; b2. ð11Þ
For the model comprising only NdSO4

+ and Nd(SO4)2
�

(no Nd3+ present) an equilibrium constant was calculated
for the stepwise reaction:
NdSO4
þ þ SO4

2� ¼ NdðSO4Þ2 �; Ks. ð12Þ
To calculate the equilibrium constants for the reactions
Eqs. ((10)–(12)), we used the method described by Suleime-
nov and Seward (2000) and Migdisov and Williams-Jones
(2002). The values of the formation constants were refined
iteratively from initial guesses via successive minimization
of the function:

U ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXI

i¼1

XK
k¼1

Aobs
ik � Acalc

ik

� �2" #vuut ; ð13Þ

where i is the wavelength, I is the total number of wave-
lengths at which measurements were made, and K is the
number of solutions. The variable Acalc

ik is the calculated
absorbance, and is a function of the concentrations of
the absorbing species and their molar absorbances,
whereas Aobs

ik is the absorbance determined experimentally.
The calculations involved several cycles of iteration,

which minimized U in Eq. (13) with respect to the forma-
tion constants. Each of the iterations involved calculation
of predicted concentrations of species for each of the exper-
imental solutions starting with initial guesses of the forma-
tion constants. These concentrations were in turn used to
de-convolute the absorbance matrix and to produce opti-
mized values of molar absorbances for each of the experi-
mental wavelengths. Following Hug and Sulzberger
(1994) and Boily and Seward (2005), the spectra were de-
convoluted using a method that employs singular value
decomposition of the absorbance matrix ([L,S,V] = SVD
(A) produces a diagonal matrix S, of the same dimension
as A with nonnegative diagonal elements in decreasing or-
der, and unitary matrices, L and V, so that A = L*S*V0 +
Error), and calculates the substitute matrix R such that
L*R is equal to the matrix of concentrations and R0*S*V0

is equal to the matrix of molar absorbances. The molar
absorbances of Nd3+ were not obtained during the itera-
tions, but were introduced directly from experimental data.
The final step of each of the iterations involved calculation
of the theoretical absorbance matrix (which was done using
optimized molar absorbances and concentrations of the
species, Eq. (2)) and minimization of the function U in
Eq. (13). The algorithm employed in the minimization
was the Nelder–Mead simplex search described by Nelder
and Mead (1965), and Dennis and Woods (1987). In
Fig. 5, we illustrate molar absorbances for NdSO4

+ and
Nd(SO4)2

� obtained by de-convoluting the spectra at the
end of the minimization procedure (MATLAB software;
function ‘‘fmins’’).

The optimization performed for the three-species model
gave statistically reliable solutions only for spectra record-
ed at 30 and 100 �C. At higher temperatures, even minor
changes in the initial guesses resulted in significant changes
in the results of the optimization, indicating that the ana-
lyzed system was over-determined. We therefore concluded
that at temperatures above 100 �C, the concentrations of
Nd3+ in the experimental solutions were too low to allow
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Table 4
The logarithms of optimized formation (log b—see Eqs. (10) and (11)) and
stepwise formation constants (log Ks; Eq. (12))

T (�C) log Ks log b1 log b2

30 1.82* 3.48 ± 0.15 5.3 ± 0.14
100 2.53* 4.51 ± 0.16 7.04 ± 0.14
150 3.04 ± 0.15 — —
200 3.51 ± 0.14 — —
250 4.02 ± 0.12 — —

The values marked by an asterisk were calculated from log b1 and log b2.
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Fig. 6. An example of the distribution of the overall error associated with
the treatment of the spectra as a function of the formation constant values.
The gray color represents the region for which an accurate derivation of
the constant requires a precision higher than that of the experimental
method.
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it to be reliably identified. Thus, for temperatures above
100 �C we optimized the stepwise constant Ks Eq. (12),
which does not include the ion Nd3+. The values of the
optimized formation and stepwise constants are listed in
Table 4.

To estimate the errors associated with the derivation of
the formation constants, we modeled the distribution of the
overall error for the treatment of the spectra as function of
the formation constants for each of the isotherms investi-
gated. The overall error was calculated using the
relationship:

Overall error ¼ 100�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPI
i¼1

PK
k¼1 Aobs

ik � Acalc
ik

� �2h i
PI

i¼1

PK
k¼1A

obs
ik

2
h i

vuuut ; ð14Þ

where I is the total number of wavelengths at which mea-
surements were made and K is the number of solutions.
Examples of these distributions for 100 and 200 �C are
shown in Figs. 6A and B, respectively, as ‘‘profiles’’ of
the overall error versus the values of the guessed formation
constants. As can be seen from Fig. 6, the optimized values
of the formation constants correspond to the ‘‘deepest’’
depressions in the profiles. On each of the profiles, we show
the level, representing the accuracy in the measurement of
the spectra. The accuracy was calculated from the values of
the tolerance, which were obtained in the rank calculations
(see Speciation model) using the relationship:

Accuracy ¼ 100�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPI
i¼1

PK
k¼1tol

2
� �

PI
i¼1

PK
k¼1A

obs
ik

2
h i

vuut ; ð15Þ
where tol is the minimum tolerance required for the given
speciation model. Projections of this level onto the forma-
tion constant axes show the error in the derivation of the
corresponding formation constant.

5. Discussion

The speciation of REE in sulfate-bearing solutions has
been studied extensively at ambient temperature using a vari-
ety of techniques including conductimetry, potentiometry,
spectrophotometry, solvent extraction, calorimetry, and
ion exchange (e.g., Izatt et al., 1969; Spedding and Jaffe,
1954). The results of these studies were reviewed in detail
by Wood (1990b), who recommended the values of the for-
mation constant for sulfate complexes at ambient tempera-
ture, reported in Tables 5 and 6. The values published in
the literature for the logarithm of the first formation con-
stant are in good agreement and vary insignificantly around
a value of 3.6. For example, the value of log b1 calculated
from data of Spedding and Jaffe (1954) is 3.63, Izatt et al.
(1969) obtained a value of 3.43, Schijf and Byrne (2004)
reported a value of 3.6, and Wood (1990b) recommended a
value of 3.65. We, thus, consider the value obtained from
our experiments (3.48) to be in excellent agreement with
the data published in the literature. Similarly, our value for
the stability constant of the bi-sulfate complex of neodymi-
um is in very good agreement with the published values.
The value proposed by Izatt et al. (1969) for log Ks (the step-
wise formation constant, 25 �C) is 1.74, whereas Wood
(1990b) recommends a value of 1.5. The value obtained in
our study (1.82, 30 �C) is thus in good agreement with these
data and when linearly extrapolated to 25 �C (log Ks

(25 �C) = 1.77) yields a value that is indistinguishable from
the value of Izatt et al. (1969).

The only data available for the formation constants
of Nd sulfate species at elevated temperatures are the



Table 5
A comparison of the values of log b1 obtained in this study with
theoretical estimates reported by Wood (1990b) and Haas et al. (1995)

T (�C) Haas et al. (1995) Wood (1990) Our data

25 3.64 3.65
30 3.48
100 4.53 4.77 4.51
150 5.13 5.62
200 5.81 6.48
250 6.63 7.31

Table 6
A comparison of the values of log Ks obtained in this study with
theoretical estimates of Wood (1990b)

T (�C) Our data Wood (1990)

25 1.5
30 1.82
100 2.53 2.27
150 3.04 2.81
200 3.52 3.33
250 4.02 3.83
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Fig. 8. A comparison of the values of log Ks obtained in this study with
those estimated theoretically by Wood (1990b).
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theoretical estimates made by Wood (1990b) and Haas
et al. (1995). At temperatures below 100 �C, these two stud-
ies reported similar values for the formation constant of
NdSO4

+, but for higher temperatures the estimates diverge
and at 250 �C differ by 0.7 logarithmic units. Although our
values are closer to those of Haas et al. (1995), the deriva-
tive of log b1 with respect to temperature estimated from
our experiments appears to be closer to that predicted by
(Wood (1990b), Table 5, Fig. 7). However, we cannot draw
these conclusions with any degree of confidence as we
determined the values of log b1 only for temperatures be-
low 150 �C, for which both their estimates are close enough
to be statistically indistinguishable. The stepwise constants
recommended by Wood (1990b) are very similar to those
obtained in our study, and their rates of change with tem-
perature are nearly identical. (Fig. 8, Table 6). Unfortu-
nately, Haas et al. (1995) did not consider bi-sulfate
complexes in their speciation model and, thus, do not pro-
pose corresponding formation constants. We therefore can-
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Fig. 7. A comparison of the values of log b1 obtained in this study with
those estimated theoretically by Wood (1990b) and Haas et al. (1995).
not compare their data directly with the results of our
experiments. However, the close similarity in the tempera-
ture dependence of our values for Ks with those of Wood
(1990) suggest that the data of (Haas et al., 1995) would
predict a weaker dependency of log Ks on temperature than
determined by our experiments.

It is worth noting that the formation constants deter-
mined in this study are similar to those recommended for
Al–SO4 complexes by Ridley et al. (1999) and Xiao et al.
(2002). However, although the values of the formation con-
stants for Al- and Nd–sulfate complexes are nearly identi-
cal at low temperatures, the temperature dependencies
differ appreciably (Fig. 9); in contrast to Nd the formation
constants of Al species vary nonlinearly with respect to
temperature. The authors suggested that this nonlinear
behavior was a result of a transition from predominantly
outer-sphere complexation at low temperature to predom-
inantly inner sphere complexation at high temperature, and
supported this conclusion with Raman spectroscopic data.
The nearly linear variation of the formation constants of
the Nd-sulphate species might therefore indicate that the
nature of the complex (inner or outer sphere) did not
change over the range of temperatures investigated. Given
that the pressure dependency of the formation constant of
EuSO4

+ at ambient temperature indicates that this species
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is an inner sphere complex (Hale and Spedding, 1972) it is
likely that Nd-sulfate species interpreted in our study are
also inner sphere complexes.

In general, our data support the conclusion of Wood
(1990a), that for concentrations of SO4

2� typical of natural
hydrothermal solutions the dominant species are NdSO4

+

and Nd(SO4)2
� (in the absence of other ligands), and that

the importance of the latter complex increases with increas-
ing temperature. This may have important implications for
existing models of REE behavior in natural hydrothermal
systems, many of which have been constrained by data of
Haas et al. (1995) (e.g., Bach et al., 2003; Lewis et al.,
1998). In view of the fact that Haas et al. (1995) did not
consider the species (Nd(SO4)2

�), which in our experiments
was shown to be important or even dominant over NdSO4

+

(e.g., at log CSO4
2� exceeding �2.53, �3.04, �3.52, and

�4.02 for 100, 150, 200, and 250 �C, respectively) predic-
tions made by these models almost certainly underestimate
the solubility of REE in sulfate-rich solutions.

6. Conclusions

The experimental data obtained spectrophotometrically
in this study confirm the conclusion of Wood (1990) that,
for concentrations of SO4

2� typical of natural hydrother-
mal solutions, the dominant species are NdSO4

+ and
Nd(SO4)2

� in the absence of other ligands, and that the lat-
ter complex increases in importance with increasing tem-
perature. The values of the formation constants (log b1)
obtained in this study for 30 and 100 �C are in excellent
agreement with those predicted theoretically by Haas
et al. (1995) and Wood (1990b), and the stepwise formation
constants (Ks) agree reasonably well with the predictions of
Wood (1990b).
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