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Abstract—The solubility of synthetic NdP©Ymonazite end-member has been determined experimentally
from 21 to 300°C in aqueous solutions at pH2, and at 21°C and pH 2 for GAPQ. Measurements were
performed in batch reactors, with regular solution sampling for pH measurement, rare earths and phosphorous
analysis by inductively coupled plasma mass spectrometry (ICP-MS) coupled with a desolvation system.
Scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS) were employed to check
that no reprecipitation of secondary phases occurred and that the mineral surfaces remained those of a
monazite. Coupled with speciation calculations, measured solution compositions permitted the determination
of NdPQ, and GdPQ solubility products which are in general agreement with previous experimental
determination on rhabdophane at 25°C, but showing that monazite is more than two orders of magnitude less
soluble than inferred on the basis of previous thermodynamic estimates. The temperature evolution from 21
to 300°C of the equilibrium constant (K) of the NdpP@®onazite end-member dissolution reaction given by:

NdPQ,y < Nd&** + PG}~
can be described by the equation:
—logK=7.621+ 0.04163T+ 1785/T

where T is in Kelvins. Integration of this expression permitted the determination of the enthalpy, free energy
and entropy of dissolution and formation of the NdP®@onazite end-member.

Solubility-speciation calculations show that the presence of aqueous ligands, notably fluoride, carbonate or
hydroxide in water strongly affect monazite solubility, depending on pH and temperature. These calculations
also show that monazite will exhibit retrograde solubility only under acidic conditions from 70°C to 300°C
and to a lesser extent in neutral aqueous solutions from 150°C to 300°C. Solubility-speciation calculations
performed on natural seafloor vent hydrothermal fluids and on thermal springwaters from granitic areas at
aquifer temperature show that these fluids are equilibrated with respect to monazite. Thus, our study suggests
that monazite may play an active role on the control of REE concentrations in crustal waters. Finally, results
of this experimental study suggest that a monazite-like nuclear waste form stored underground will show

extremely low solubility when in contact with water, especially with granite-equilibrated groundwater. These

results therefore confirm the excellent suitability of
Elsevier Ltd

1. INTRODUCTION

Monazite, a monoclinic light rare earth and thorium or-
thophosphate with the general formula (Ce, La, Nd, Th)R©
currently the subject of considerable interest through its use in
geochronology, geothermometry, and more generally in mag-
matic, metamorphic, and hydrothermal alteration studies (see
recent review inPoitrasson et al., 2002Notably, this mineral
is one of the main repositories for light rare earth elements
(LREE) in the continental crustGavrilova and Turanskaya,
1958; Ward et al.,, 1992; Bea, 1996nd it has been, and
remains one of the main ore minerals of the lanthani@esith
et al., 1999. It is likely, therefore, that this mineral will play a
key role on the control of REE concentrations in crustal waters.

Unfortunately, except for a couple of preliminary studies
carried out at high pressure and temperature using a piston-
cylinder apparatus (i.e., from 0.2 to 1.8 GPa and from 450°C to
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1100°C, Ayers and Watson, 1991; Devidal et al., 19980
experimental determination of the aqueous solubility of this
phase has been reported to date. The only experimental data on
rare earth phosphate minerals have been obtained at low tem-
perature on rhabdophane, a hydrous, hexagonal lanthanide
phosphate with the general formula LREERP®,O (Tanan-
aev and Vasil'eva, 1963; Jonasson et al., 1985; Firsching and
Brune, 1991; Liu and Byrne, 1997Consequently, predicted
monazite solubilities are based on the experimental results
obtained on rhabdophane or are calculated from the thermody-
namic properties of the constituent oxid€&usoubalyev et al.,
1975; Marinova and Yaglov, 1976; Vieillard and Tardy, 1984,
Wood and Williams-Jones, 1994

We have thus undertaken an experimental solubility study of
synthetic NdPQ and GdPQ monazite end-members. On the
basis of aqueous speciation calculations performed using an
updated aqueous REE database, based largely on the work of
Haas et al. (1995)the control of monazite on the lanthanide
contents of seafloor vent hydrothermal fluids and of thermal
granitic springwaters is explored. The suitability of a monazite-
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Fig. 1. Scanning electron microscope image, in the secondary elec-
tron mode, of the monazite NdPO, starting material.

like nuclear waste form is then assessed in light of these new
results.

2. METHODS
2.1. Monazite Synthesis

Pure NdPO, monazite end-member crystals were synthesized by
flux-assisted crystallization of a NdPO, gel. The gel is obtained by
dissolving neodymium nitrate in water, followed by the addition of an
(NH,),HPQO, solution in stoichiometric proportion for aNd/P 1/1 ratio.
This provokes precipitation of apink gel. The solution is evaporated by
boiling, and the precipitate is allowed to dry for a severa days. The
precipitate is subsequently heated briefly to above 600°C to eliminate
NH, and nitrates. The final product at this stage is a dry, pink NdPO,
powder. For monazite synthesis, 10 g of this powder was mixed with
5 g of Li,M00, and 4.2 g of MoOjs (the flux), in a Pt crucible. The
powder and flux mixture is left to react in air at 800°C for 24 h. After
cooling, the flux is dissolved in boiling water, and ~5 g of fine pink
powder of NdPO, monazite crystals are recovered. Scanning Electron
Microscopy (SEM) aided by Energy Dispersive X-ray spectroscopy
(EDX) observation (Fig. 1) confirms that the powder consists of per-
fectly crystallized crystals, mostly 520 um in size, although smaller
crystals are also present. The X-ray diffraction (XRD) pattern (Fig. 2)
confirms these crystals are NdPO, monazite end-member. No other
detectable crystalline phases were found. Unit-cell parameters were
determined by Fullprof Rieltveld refinement program working in the
profile-matching mode. These parameters are a = 6.734(2) A, b =
6.947(2) A, c = 6.400(2) A, and B = 103.68(1)°, which are identical
to those obtained by Ni et a. (1995) in a single-crystal study.

The GdPO, monazite end-member sample was synthesized follow-
ing a similar procedure. X-ray diffraction patterns and SEM pictures
also show that this sampleiswell crystallized with crystal-sizes similar
to those obtained for NdPO,,. Nevertheless, this latter phase was chosen
for the bulk of our experimental effort since, owing to the intermediate
position of Nd among the LREE, it represents a good approximation of
natural monazite solid-solution.

2.2. Experimental Protocol

Solubility experiments at 21 + 1.5°C and 70 + 1°C were performed
in 250 mL polypropylene Nalgene bottles. For room temperature ex-
periments, the bottles were inserted on a rotating support operating
continuously. The experiments at 70°C were performed in a thermo-
stated oven and the bottles were regularly shaken manually. Pure
titanium (UT 40) reactors placed in continuously rocking heating
jackets were used for the experiments performed at 200 += 1.5°C and
300 = 1.5°C at saturated vapor pressure. This type of reactor is
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Fig. 2. X-ray diffraction pattern of starting monazite NdPO,, Cu K«
radiation. Lattice parameters in A except for B in degrees.

identical to those used during previous solubility studies (e.g., Castet et
al., 1993; Deberdt et al., 1998; Pokrovski and Schott, 1998). The bottles
and the titanium reactors were carefully cleaned before the experi-
ments. For the latter, this involved re-machining, followed by cleaning
using soap, distilled water and finally 0.1IM HNO; of the internal
reactor walls. Thisnitric acid cleaning step, performed at 200°C for 2-3
d, also passivated the titanium reactor walls. For all runs, a bi-distilled
HCI solution diluted with ultrapure Milli-Q water to obtain apH = 2
at the experimental temperature was added to the reactors without
monazite. This pH was chosen because it avoids formation of carbon-
ates and results in arelatively simple agueous phosphorous (H3PO 44
and H,PO;) and neodymium (Nd**) speciation. Furthermore, it yields
arather low ionic strength, close to 0.01 mol/L for al the experiments,
which eases activity coefficient determinations. Another incentive for
choosing HCI solutions for this study is that association constants for
neodymium chloride complexes have been determined experimentally
to 250-300°C (Gammons et a., 1996; Stepanchikova and Kolonin,
1999; Migdisov and Williams-Jones, 2002), and they generally show a
good agreement with the values computed by Haas et al. (1995), apart
from a few exception at the highest temperatures, as discussed below.

After approximately one week at the required temperature, the so-
Iutions were sampled to check experimental and sample treatment
blank values. These are reported in Table 1 as day “0,” and were not
subtracted to the samples taken during the experimental runs. Eight
hundred milligrams (700 mg for the 300°C experiment) of synthetic
monazite was then added to the remaining solution, which measured
~200 mL. For the experiments at high temperature, the reactors were
opened and the monazite powder was added to 200 mL of a new
solution. This yielded for al experiments an initia solution/solid
weight ratio of 250, except for the 300°C experiment for which this
ratio was 286. Taking a median grain size of 12.5 um, a molar weight
of 239.21 g/mol and a molar volume of 43.80 cm®/mol for NdPO,
computed from XRD data (Fig. 2), a powder surface area of 705 cm?®
is estimated using the spherical approximation. With 200 cm® of
solution, this gives a surface area to volume (S/V) ratio of 3.53 cm™*
at the beginning of each experiment.

Solution sampling was carried out at regular intervals to monitor
reaction progress. For the low temperature experiments, a polyethylene
syringe was used to sample 10 mL of the solution at a time. After
filtration of this solution using a Sartorius Minisart polyethylene 0.45
um filter adaptable to the syringe tip, 5 mL was used for pH measure-
ment and 5 mL was kept for cation and phosphorous analysis by
ICP-MS. For the experiments performed in Ti reactors, solution sam-
pling was made through a 2 um titanium frit mounted in the reactor
cover, then subsequently filtered through a water-cooled cell using a
0.45 um Sartorius cellulose nitrate membrane. This cell was directly
attached to the reactor during sampling. Before the experiments, al
reagents, recipient and filters were checked for their cleanliness owing
to the low level of concentrations encountered in the course of this

study.
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Table 1. NdPO, and GdPO, monazite end-members dissolution experiment results and corresponding solubility products expressed as pKs®
(=—log Ks) at zero ionic strength.

Starting material

Temperature Average = I1SD
NdPO, Time (days) 0 56 69 90 131 296
21°C pH (21°C) 2.03 2.02 2.05 2.03 2.04 2.02
P (uM/kg) 0.04 90.7 85.9 91.7 90.4 90.7
Nd (uM/kg) <0.0001 2.70 2.50 2.61 243 2.32
P/Nd (molar) nc 336 344 35.0 37.1 39.1
Iog(apof’) nc —19.97 —19.92 —19.94 —19.82 —19.97
log(ang?+) nc —5.98 —6.00 —5.99 —6.00 —6.05
pKs® nc 25.95 25.92 25.93 25.82 26.01 25.93 = 0.07
NdPO, Time (days) 0 56 69 90 131 296
70°C pH (21°C) 2.03 1.99 2.04 2.00 2.04 1.93
P (uM/kg) 0.05 75.9 74.3 78.8 79.8 89.1
Nd (uM/kg) <0.0001 0.219 0.200 0.200 0.189 0.194
P/Nd (molar) nc 347 371 392 422 459
Iog(apof’) nc —20.01 —19.89 —19.97 —19.86 —20.11
log(ang?+) nc -7.13 -7.15 —7.16 —7.18 -7.21
pKs® nc 27.14 27.03 27.14 27.03 27.32 2713+ 0.12
NdPO, Time (days) 0 43 56 77 118 283
200°C pH (21°C) 197 1.98 2.03 2.00 2.03 1.98
P (uM/kg) 0.16 69.1 67.2 65.9 138 3.42
Nd (nM/kg) nm 0.00579 0.00575 0.00568 0.0296 0.121
P/Nd (molar) nc 11900 11700 11600 465 28.4
Iog(apof’) nc —21.75 —2161 —-21.71 —22.30 —23.05
log(ang?+) nc -9.16 -9.12 -9.16 —-841 —7.85
pKs® nc 30.91 30.74 30.86 30.72 30.90 30.83 = 0.09
NdPO, Time (days) 0 43 56 77 118 283
300°C pH (21°C) nm 1.92 197 1.95 1.98 1.92
P (uM/kg) 051 21.4 215 226 8.07 4.46
Nd (nM/kg) 0.0002 0.0216 0.0408 0.0517 0.469 0.894
P/Nd (molar) nc 990 528 437 17.2 4.97
Iog(apof’) nc —26.03 —25.91 —25.95 —26.11 —26.41
log(ang?+) nc —9.96 —9.63 —-9.55 —8.56 -8.34
pKs® nc 35.99 3554 35.49 34.67 34.75 347
GdPO, Time (days) 0 56 69 90 131 296
21°C pH (21°C) 2.03 1.99 2.03 201 2.05 1.99
P (uM/kg) 0.09 19.7 20.3 20.8 215 232
Gd (zM/kg) <0.0001 134 13.7 14.4 15.2 16.6
P/Gd (molar) nc 147 147 1.45 1.42 1.40
Iog(apof’) nc —20.71 —20.59 —20.63 —20.52 —20.64
log(ad nc —-5.30 —5.27 —5.26 —5.22 -521
pKs® nc 26.01 25.86 25.89 25.74 25.84 25.87 £ 0.10

nc: not calculated; nm: not measured. No standard deviation is given for the 300°C experiment since the selected pKs® figure stems from the last
two, stable samples taken 118 and 283 days after the start of the experiment.

2.3. Potentiometric, Analytical and Spectroscopic Methods

pH measurements were performed at room temperature (21 = 1.5°C)
immediately after sampling using a glass Schott-Geréte H62 electrode
and a Philips PW9422 digital pH-meter. The solution was continuously
stirred with a magnetic stirrer. The electrode was calibrated using
NBS/DIN pH,,.c = 4.001, pH,,.c = 6.881 and pH,,.c = 9.26 buffer
solutions. Regression coefficients (r) better than 0.9999 were obtained
and our pH measurements are thought to be precise to within 0.02 pH
units. Accordingly, repeated pH measurements of solutions sampled
from room temperature experiments show variations not much larger
than this (Table 1), and these incorporate other sources of potential
experimental variations.

Neodymium, gadolinium, and phosphorous analyses were performed
by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) on 5-mL
samples that were acidified to 0.32 mol/L HNO; and 10~* mol/L HF
using bi-distilled acids, and into which In and Re internal standards
were added. This sample preparation was carried out within 24 h of
sampling to minimize the effects of evaporation or reprecipitation
during sample storage. This led to a total dilution factor of ~2. The

analyses were conducted at the end of the experimental runs, to
minimize potential accuracy problems that may arise for very low
concentrations if ICP-MS calibrations of different days were used for
different samples from a given experimental run. The Perkin-Elmer
Elan 6000 |CP-MS was calibrated using commercial standard solutions
at four different dilutions. Phosphorous s difficult to analyze at the ppb
(part per billions) level by most commonly used techniques, including
ICP-MS. For thelatter, this results from the poor ionization potential of
this element, coupled with **N*®0 and *N*®OH interferences at the
unique mass 31 of phosphorous. We thus used a modified desolvation
system for these analyses which reduced significantly the oxide and
hydroxides interferences, thus permitting the quantitative determina-
tion of phosphorous at concentrations down to at least a few hundred
ppt (part per trillions). This was verified using 0.5, 5, 50 and 1000 ppb
standard solutions. The resulting calibration curves exhibited an excel-
lent linearity with regression coefficients (r) better than 0.9999. Accu-
racy for P and the cations was checked against synthetic and natural
standard solutions and is estimated to be better than 10%. Precisions are
estimated to be better than 5% (1RSD).
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Table 2. Azero parameters used in the speciation calculation per-
formed in this study (see text for sources).

Azero

A) Species

3 NdClgggy, NdFs, Nd(OH)z0g, HaPOyieg, NO5, CI ™.

4 NdCl3, NdCl,, NdF3, NdF,, Nd(OH)., Nd(OH), , NdCO3
NdSO;, H.PO,, HPO?~, PO ~, SO7~, F~

45 NdCI**, NdF?*, NdOH?", NdNO3", NdHCO3", NdPO, .
Nd(PO,)3~, NdHPO; , Nd(HPO,), , NdH,PO3*.

5  Nd*%, coz.

9 H.

After al experiments, the solids were recovered and dried to 110°C
overnight in an oven. The crystal surfaces were studied with a LEO/
435V P scanning electron microscope used mostly in the secondary
electron mode. The operating conditions involved an acceleration volt-
age of 15 kV, aworking distance of 19 mm and a probe current of ca.
1.5 nA. Relative chemical analysis of the mineral surfaces were ob-
tained by X-ray Photoel ectron Spectroscopy (XPS) using aVG Escaab
Mkl operated with a Al Ka excitation source. A deconvolution of an
X-ray photoelectron spectrum can in principle yield the chemical
environment of the elements occurring near the solid surfaces. In the
present case, this is not possible as nothing is known about Nd or Gd
XPS spectrain a monazite structure. Nevertheless, changes in the peak
shapes after the experiments would indicate a modification of the
chemical environment of these elements on the mineral surfaces, even
if they cannot be identified. More importantly, relative abundance of
the elements can be calculated by peak integration after application of
sengitivity factors. These elemental ratios are considered to be accurate
to within 10%.

2.4. Speciation Calculations

Speciation caculations were performed using the EQ3NR code
(Wolery, 1992) to estimate the activity of agueous species and compute
solubility products at zero ionic strength. The standard state adopted for
the agueous species other than H,O is unit activity in ahypothetical one
molal solution referenced to infinite dilution at any temperature and
pressure. For minerals and H,O, the standard state corresponds to unit
activity of the pure phase at any temperature and pressure. Activity
coefficient v, of the i charged species was cal culated according to the
B-dot equation of Helgeson (1969):

AZE NI o
log y; = —————=+ BI 1
09 Y 1+ asz\/l' ( )

where | is the ionic strength of the solution defined as
-t > Mz )
2 - 1=

M, being the molality of thei"" element and Z; its charge; A, and B, are
characteristic parameters of the solvent; B (“B-dot”) is a corrective
factor for this extended Debye-Hiickel equation and 3 is the “effective
diameter” of thei®ion in solution (listed in Table 2). These parameters
were mostly taken from a modified version of the EQ3NR database.
Thermodynamic properties of rare earth aqueous species were cal-
culated using association constants from Lee and Byrne (1992), Millero
(1992) and Haas et a. (1995). The latter reference gives parameters
which enabled calculation of association constants to 300°C at satu-
rated vapor pressure using the SUPCRT92 code (Johnson et al., 1992).
Values of association constants for aqueous Nd species and phosphoric
acid used in our calculations are reported in Table 3. The experiments
on which these association constants are based were mostly carried out
at 25°C. However, experimenta studies of neodymium chloride com-
plexation from 25 to 300°C (Gammons et a., 1996; Stepanchikova and
Kolonin, 1999; Migdisov and Williams-Jones, 2002) found association

Table 3. Stahility constants at zero ionic strength and saturated vapor pressure used in the speciation calculation performed in this study (see text

for sources).
LogK

Reaction 0.01°C 25°C 60°C 100°C 150°C 200°C 250°C 300°C
Nd®* + CI~ < NdCI>* 0.13 0.31 0.65 1.08 1.65 2.28 2.98 384
Nd** + 2Cl~ < NdCIJ -0.23 0.03 0.48 1.06 1.83 271 3.75 5.10
Nd®* + 3Cl~ < NdClg —0.53 -0.32 —0.01 0.38 0.95 1.67 2.66 4.13
Nd** + 4Cl~ < NdCl, -0.74 -0.74 -0.85 —0.99 -112 —1.08 -0.75 0.07
Na®* + F~ < NdF** 4.06 4.37 4.85 541 6.12 6.85 7.66 8.60
Nd** + 2F~ < NdFJ 7.42 7.56 7.89 8.35 9.02 9.82 10.8 12.1
Nd®* + 3F < NdFy 10.1 9.88 9.79 9.81 10.0 10.5 11.3 12.6
Nd** + 4F~ < NdF, 12.6 11.8 10.9 10.0 9.18 8.66 8.55 9.06
Nd®* + H,0 < NdOH?" + H™ —9.47 —8.13 —6.61 —5.24 —3.92 —2.87 -2.01 -1.28
Nd** + 2H,0 < Nd(OH); + 2H* -19.6 -171 -143 -11.9 —9.56 —7.80 —6.39 -5.19
Nd®* + 3H,0 = Nd(OH)g + 3H™ —30.2 —26.4 —22.3 —18.8 —15.7 -134 -11.7 -10.3
Nd** + 4H,0 < Nd(OH), + 4H* —41.6 —-37.1 -321 =277 —23.7 -20.7 —185 -16.7
Nd®* + CO3~ < NdCO; 8.05 7.70 7.41 7.24 7.22 7.41 7.84 8.67
Nd** + HCO; < NdHCO3™" 1.77 1.85 2.10 2.48 3.03 3.65 4.36 522
Nd®* + NO; < NdNO3* 1.30 0.79 0.35 0.09 —0.03 0.04 0.27 0.70
Nd®* + PO}~ <= NdPO, ., 11.8 11.8 11.8 11.8 118 11.8 118 11.8
Nd®* + 2PO3~ < Nd(PO,)3~ 19.5 19.5 19.5 19.5 195 19.5 19.5 19.5
Nd** + HPO3~ < NdHPO; 5.18 5.18 5.18 5.18 5.18 5.18 5.18 5.18
Nd®* + 2HPO3~ < Nd(HPO,), 8.66 8.66 8.66 8.66 8.66 8.66 8.66 8.66
Nd** + H,PO; < NdH,PO3* 2.57 231 2.18 222 243 2.78 3.26 3.93
Nd®* + SO3~ < NdSO; 3.37 364 4.06 453 514 5.81 6.64 7.77
PO~ + H' < HPO3~ 12.60 12.32 12.12 12.08 12.18 12.43 12.82 13.39
HPO3™ + H* < H,PO; 7.323 7.205 7.189 7.288 7.526 7.867 8.319 8.936
H,PO; + H™ < HiPO, 2.070 2.170 2.354 2.593 2917 3.276 3.698 4.257
2H3POyaq S HyP,07(oq + HO 6.18 6.55 7.13 7.95 9.33 11.3 14.2 19.4
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constants mostly within one log unit of the values extrapolated by Haas
et a. (1995), thus validating experimentally these calculated constants.
In detail, it appears neodymium chloride association constants deter-
mined by Gammons et a. (1996) and Migdisov and Williams-Jones
(2002) tend to show stronger complexation than the Haas et al. (1995)
figures suggest at the highest temperature. Thisis not confirmed by the
experimental determinations of Stepanchikova and Kolonin (1999),
however, which show close agreement with Haas et a. (1995) values
from 150 to 250°C. On the other hand, Wood et a. (2002) made
experiments leading to increasingly smaller neodymium hydroxide
association constants as temperature increases than Haas et al. (1995)
estimates, suggesting that hydroxides complex less easily with neody-
mium at higher temperatures than previously thought. We nevertheless
kept the Haas et al. (1995) values, largely based on the low temperature
figures of Lee and Byrne (1992) and Millero (1992), for the sake of
internal database consistency, since most neodymium association con-
stants with other important ligands such as fluoride, carbonate or
phosphate were not determined experimentally yet. Further, the exper-
imental chloride and hydroxide associations constants were generally
not determined at regular temperature intervals and some species were
not investigated. The effect of the contrasted association constants
recently determined by certain authors at higher temperatures will
nevertheless be assessed below.

Since the pH of sampled solutions were measured at room temper-
ature, even for the higher temperature experiments, we adopted a
two-step procedure for speciation calculations at elevated temperature.
Thefirst step involved acalculation at 21°C using the measured pH and
adjusting Cl~ to achieve electroneutrality. The Cl~ value found was
then used in a second speciation calculation, again with EQ3NR, to
determine the pH at elevated temperature.

3. RESULTS
3.1. Dissolution Behavior and Stoichiometry

The temporal evolution of the reactive solution constituent
compositions are listed for all experiments in Table 1 and
illustrated in Figure 3. Stable concentrations for P, Nd and Gd
are reached in less than two months for experiments at 21 and
70°C. Molar P/cation ratios tend to be higher than one (Fig. 4),
contrarily to what should be expected from stoichiometric
dissolution. For instance, the 21°C NdPO, experiment has an
aqueous P/Nd ratio of between 30 and 40. With an estimated
surface area to solution volume ratio of 3.53 cm™%, the mea
sured agueous Nd and P concentrations correspond to dissolu-
tion of surface layers of 3 and 110 A of the minera grains,
respectively, assuming that this process occurs homogeneously.
Taking into account the size of a NdPO, monazite end-member
unit cell (see Ni et al., 1995 and Fig. 2), this suggests that the
Nd present in solution stems from the leaching of one atomic
layer, whereas P would require the leaching of more than thirty
layers, thus resulting in an altered surface. However, formation
of such a thick atered surface seems unlikely from a crystal
chemical point of view. Accordingly, XPS measurements show
that the P/Nd ratio of the solids phases remains close to one
after the experiment made at 21°C (Table 4). As XPS givesthe
chemical composition of the first few atomic layers of amineral
surface, these spectroscopic measurements therefore rule out
this altered layer scenario. This deviation from the stoichio-
metric aqueous P/Nd ratio cannot be explained by reprecipita-
tion of aNd-rich and P-poor phase on the mineral surface either
since neither the XPS measurements (Table 4) nor the SEM
observations (Fig. 5) support this. Hence, the most likely sce-
nario is that the starting products, despite several steps of
cleaning, were not completely pure and contained excess of
phosphorous, perhaps in the form of inclusions close to the
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Fig. 3. Neodymium and gadolinium concentrations (&) and phospho-
rous concentration (b) as a function of time showing the evolution of
these element contents in the experimental solutions. Note the loga-
rithm scale of Figure 3a.

mineral surfaces. For the experiment with NdPO,, at 21°C, this
can be explained by the occurrence of ~0.6 mg of pure phos-
phorous in the starting material. Thisis only less than 0.1% of
the 800 mg of monazite powder used in the experiment and
seems therefore possible.

A good argument for the above hypothesisis the observation
that the experiment with GdPO, at 21°C yielded a P/cation
ratio much closer to stoichiometry (Fig. 4) without any appar-
ent reason in terms of dissolution mechanisms. To check this,
some of the NdPO, monazite recovered after the first run was
subjected to an additional 2 months experiment at 21°C and pH
= 2 with anew solution. The aqueous P/Nd molar ratio was 1.3
for the additional experiment, very close to the expected stoi-
chiometric dissolution. The occurrence of an excess of phos-
phorous in some of our starting materials does not affect
calculated solubility products however, because both phospho-
rous and the cation were analyzed. Nevertheless, these results
show that assuming a stoichiometric dissolution and analyzing
cations only (Liu and Byrne, 1997) can lead to significant
computational errors.

Aqueous concentrations varied more significantly for the
200°C and 300°C experiments (Table 1; Fig. 3). A temporal
decrease of the aqueous P/Nd ratio towards the stoichiometric
value is observed over the ca. nine months of experiment (Fig.
4). Such high-temperature experiments were repeated and this
behavior appears to be reproducible. XPS analyses of the
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Fig. 4. Molar P/Nd or P/Gd through time showing the stoichiometry of the dissolution during the various experi-

ments.

mineral surfaces reacted at 300°C show that the P/Nd ratio
remained similar to that of the starting material grain surfaces
(Table 4), and SEM observations did not show any reprecipi-
tations on these surfaces (Fig. 5b). These P and Nd atoms
released in solution at high temperature represent a small
amount of the initial monazite (ca. 0.01%). It is thus feasible
that the high temperature experimental conditions allowed for a
kinetically enhanced chemical equilibration between the bulk
monazite and the solution, through ion diffusion in the solid.
Constant total ion activities observed from 21°C to 200°C
during the experiments (Table 1) show that equilibrium solu-
bility products were obtained in less than two months. At
300°C, stable solubility products are obtained later, after 3
months. But at the higher temperatures (200°C and 300°C),
ionic diffusion in the solid becomes fast enough to alow a
progressive re-equilibration between the whole monazite and
the solution. If the experiments would have lasted for longer
than one year, one would expect the solution to reach the whole
monazite stoichiometric P/Nd ratio of one. Whatever the exact
mechanism of this P/Nd ratio reequilibration observed during
the high temperature experiments, this did not affect signifi-
cantly the calculated solubility products, as they remain essen-
tially constant from 43 to 283 d after the start of the 200°C
experiments, and for the last 165 days of the 300°C experiment
(Table 1).

3.2. Aqueous Speciation in Experimental Solutions

Results of speciation calculations, summarized in Table 5,
indicate that the free cation is the dominant REE aqueous
species and that phosphorous is mostly present as H;PO, .
and H,PO, at low temperature, as shown by previous studies
(e.g., Jonasson et al., 1985; Liu and Byrne, 1997). At higher
temperature, chloride and hydroxide species become significant
for the cation, and a 300°C NdCI?* is by far the dominant
aqueous Nd species. For phosphorous, H3PO,,, dominates
with increasing temperature to 200°C. Finally, agueous
H,4P,07(aq becomes significant above 200°C. These calcula-
tions show that the speciation becomes increasingly compli-
cated with temperature, in accordance with the lowering of the
water dielectric constant. This observation has implications for
the Nd and P concentrations in eguilibrium with monazite in
natural waters at elevated temperatures, as discussed below.

3.3. Solubility Products

The logarithm of the agueous activities of Nd®**, Gd** and
PO3~ were calculated with the EQ3NR code using the proce-
dure described above and are reported in Table 1. For the
dissolution of, for example, NdPO,, expressed by

Table 4. X-ray photoelectron spectroscopy measurements on starting material and after some experiments.

NdPO, before experiment

NdPO,, 21°C experiment NdPO,, 300°C experiment

Element Peak centre Atomic Peak centre Atomic Peak centre Atomic
(electronic shell) (eV) ratio (eV) ratio (eV) ratio

Nd (4d) 131.8 1 132.2 1 132.9 1

P (2p) 1425 0.95 1433 0.99 143.6 0.97

O (1s) 540.5 4.40 541.4 4.07 541.7 3.99

C(1s) 294.0 421 295.2 2.55 295.8 2.46
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Fig. 5. Scanning electron microscope images, in the secondary electron mode, of the monazite NdPO,, after experimental

runs a 21°C (a) and 300°C (b).

NdPO,y < Nd** + PO}~ 3

the logarithm of the solubility product at zero ionic strength
(pKs°) can be calculated with

pKs® = —log(aus-) — log(aro; ) 4

where g stands for the activity of the subscripted aqueous
species. Values of these pKs® are reported in Table 1 for each
sampled reactive solution. If a significant trend could be ob-
served with time, this could suggest that a phase other than
monazite may also have played a role in controlling agqueous
Nd or P concentrations. In agreement with XPS and SEM
observations, this does not appear to be the case; pKs® values
are essentially found to be time-independent. These stable pKs®
enabled estimation of the precisions associated with these sol-
ubility product determinations. They are on the order of = 0.1
log units for all temperatures (Table 1). The only exception to
this is the 300°C experiment which appears to have reached a
stable pKs® |ater, between 90 and 131 days after the start of the
experiment. These uncertainties notably include the precision
on pH measurements, ICP-MS analyses, sample handling and
storage before analysis. On the other hand, the accuracy of
these pKs® determinations will be primarily limited by the
accuracy of the association constant used in the speciation
calculations. As discussed above, the largest discrepancies be-
tween the association constant computed by Haas et al. (1995)
and some recent experimental determinations occur at the high-
est temperatures (cf. Gammons et al., 1996, 2002; Wood et a.,
2002). To evaluate the impact of these new associations con-
stants on the calculated pK's, we have done additional specia-

Table 5. Speciation of the experimental solutions calculated with
EQ3NR.

Temperature (°C) 21 70 200 300
Neodymium species (%)
Na*+ 98.5 96.4 53.0 47
NdCIz* 1.05 3.38 431 80.9
NdOH?* «l «l 3.15 8.38
NdCI3 «l «l «1 5.97
Phosphorous species (%)
H3POja 55.0 72.7 94.1 2238
H,PO, 45.0 27.3 5.93 «l
H,P,07() «1 «1 «1 77.1

tion calculations for our experiment is at 300°C which are the
most likely to be influenced by different Cl and OH association
constants given the importance of Nd hydroxide and chloride
complexes at such temperature (Table 5). Using association
constants of Gammons et al. (1996) and Wood et a. (2002) at
300°C instead of those of Haas et a. (1995) minimizes
NdOH?" compared to the Nd-chloride species and increases
our pKs® by less than 0.9 log units. Hence, conservative esti-
mates of the uncertainties of our pKs°, taking into account
uncertainties on association constants, may range from a few
tens of log units at 25°C, up to a log unit at 300°C. The
observation that measured pKs® values are time independent
indicates that the variation in stoichiometry observed during
dissolution at elevated temperatures had little effect, if any, on
the final solubility products. It is apparent from Table 1 that
monazite shows a decreasing solubility product (Ks) with in-
creasing temperature, as previously inferred on the basis of
calculated negative enthal pies of dissolution of rare earth phos-
phates (Marinova and Y aglov, 1976).

To our knowledge, these are the first published experimen-
tally determined monazite aqueous solubility products. We can
therefore only compare these results with the thermodynamic
estimates of Vieillard and Tardy (1984), which themselves are
based on thermodynamic calculations of Ousoubalyev et al.
(1975) and Tananaev and Petrushkova (1967). They expressed
NdPO, dissolution as:

NdPO,, + 2H* = Nd® + H,PO; (5)

and reported —log K values for this reaction of 2.87 and 2.77,
respectively. Recalculating these constants for reaction (3) us-
ing the phosphate protonation constants given in Table 3 yields
pKs® of 23.40 and 23.30, respectively. This is more than two
orders of magnitude lower than the experimentally determined
pKs® of 25.93 for NdPO, obtained in the present study (Table
1). Our experiments therefore show that monazite is less solu-
ble than previously thought. Similar conclusions apply for
GdPO,.

Previous experimenta REE-phosphate solubility studies
were performed on rhabdophane, a hydrous hexagonal LREE
phosphate (LREEPO,.xH,0). The pKs® of NdPO,.xH,O at
25°C was found to be 25.91 (Jonasson et al., 1985), 25.95
(Firsching and Brune, 1991) and 26.20 (Liu and Byrne, 1997),
which are closely consistent with the —log Ks of NdPO,



2214 F. Poitrasson et al.

monazite end-member obtained in the present study (Table 1).
Similarly, our pKs® of 25.87 for GAPO, monazite end-member
(Table 1) is close to the Gd-rhabdophane reported values of
25.39 of Firshing and Brune (1991) and 25.62 of Liu and Byrne
(1997), and to alesser extent to the figure of 24.82 of Tananaev
and Petushkova, (1967; recalculated at zero ionic strength by
Byrne and Kim, 1993).

Comparison of X-ray photoelectron analyses of the mineral
surfaces before and after the experiments shows that NdPO,
was not transformed as NdPO,,.xH,0O since the O/Nd ratio did
not increase (Table 4), as would have been required if this
transformation occurred. Furthermore, the XPS O(1s) spectra
remain unchanged, which is an other indication that oxygen of
the mineral surfaces remained in the same structural environ-
ment after the experiment, thereby ruling out the appearance of
hydrated rhabdophane. This confirms that the solubility prod-
ucts determined in our experiments (Table 1) are those of
monazite. Hence, the similarity between NdPO, and
NdPO,.xH,0 solubility products at ca. 25°C and atmospheric
pressure suggests that we are close to the thermodynamic
conditions where both phases are stable, asillustrated by Lang-
muir and Melchior (1985) on gypsum and anhydrite around
56°C. Accordingly, Carron et al. (1958) have shown that mon-
azite is stable and can precipitate in agueous solutions under
100°C provided that enough time is given for the reaction to
occur. Further evidence for the low-temperature stability of
monazite is that it is found in detrital sediments resulting from
igneous rock weathering (i.e., stream sediments and beaches),
and it forms as a weathering product of REE-rich mineras
(Rose et dl., 1958; Meintzer and Mitchell, 1988).

At higher temperatures, we can only compare our data with
monazite solubility calculation performed by Wood and Wil-
liams-Jones (1994). They also expressed NdPO, dissolution
using Eqgn. 5 and gave —log K values for this reaction of 8.01
and 10.94 at 200°C and 300°C, respectively. Recalculating
these constants for Egn. 3 using the phosphorous protonation
constants given in Table 3 yields pKs® values of 28.31 and
33.27 at 200°C and 300°C, respectively. These values are again
~2 log units lower than those obtained experimentaly in this
study (Table 1). This discrepancy likely stems from extrapola-
tive uncertainties associated with the Wood and Williams-
Jones (1994) high temperature monazite solubility estimates,
which were based on thermodynamic parameters obtained at
25°C, themselves leading to too low monazite solubility esti-
mates at low temperature as shown above.

3.4. Derivation of Thermodynamic Quantities for NdPO,

It is apparent in Figure 6 that —log K (i.e., pKs®) of NdPO,,
is not a linear function of the reciproca temperature, and
therefore, the heat capacity of the dissolution is not equal to
zero. A fit of these data can be obtained by first considering the
van't Hoff relation given by:

dnK AW
awm- R ©6)

and the definition of isobaric heat capacity (ACp°):
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Fig. 6. Evolution of NdPO, solubility product at zero ionic strength,
expressed as pKs°, as a function of the reciprocal temperature. The
curve is the best fit (r=0.9992) of the experimental points using Eqn.
13. The uncertainties used for the regression, taking into account
inaccuracies in association constant knowledge are 0.1 log unit at 21°C,
0.3 log units at 70°C and 1 log unit a 200°C and 300°C. See text for
details.

ZUA - ,
?p— Cp (1)

in which In K is the natural logarithm of the equilibrium
constant K, AH°® is the standard enthalpy change of the reac-
tion, R is the gas constant and T the absolute temperature in
Kelvins. Assuming the temperature variation of ACp® can be
described using the classical empirical Maier and Kelly (1932)
equation given by:

ACp® = a+ bT + ¢/T? (8)

where g, b and c are adjustable parameters, this Egn. 8 can be
combined with an integrated form of expression (7) to yield:

AH®° = aTl + bT%2 — T + Ct, 9)
where Ct, isan integration constant. Combining Eqgn. 6 and (9)
and integrating leads to:

Ct, alnT bT c

INK=—pr* R "R 2RrT

>+ Ct, (10

where Ct, is an other integration constant. This equation cor-
responds to an expression of the general form

logK = A + BT + C/T + Dlog T + E/T? (12)

where A through E are constants, T is absolute temperature in
Kelvins and noting that natural logarithms have been replaced
by decimal logarithms. Such an expression is often used to fit
the temperature variation of solubility products or dissociation
constants (Plummer and Busenberg, 1982; Langmuir, 1996).
To apply Egn. 11 to the data obtained at only four unique
temperatures and showing a non-linear relationship with the
reciprocal of the temperature (Fig. 6), a three parameter model
is sufficient. This was done by fixing parameters D and Eto O
to obtain:
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Table 6. Thermodynamic quantities for NdPO, monazite end-mem-
ber at 298.15K calculated from the experimental results obtained in this

study.

AG° AHe AS®
(kJmal) (kJmol) (Jmol/K)
NdPO, 148.5 -34.7 —621
AG% AHe, S
(kJmal) (kJ/mol) (Jmol/K)
Nd®+a —672.0 —696.6
PO; @ —-1019 —-1277
NdPO, —1839.5 —-1937 178°
NdPO,° —1824 —1930 167
NdPO,¢ —1816 —1941 116
NdPO,® —1932 137
NdPO,f —1968

s and f subscripts stand for solubility and formation, respectively.
Sources: 2: SUPCRT92 database (Johnson et al., 1992); P Calculated
with entropies (S°,9515¢) Of Nd, P and O, taken from Robie et a.
(1978); °: from Ousoubalyev et a. (1975); ¢: from Marinova and
Yaglov (1976); ©: from Wood and Williams-Jones (1994); ' : from
Ushakov et a. (2001). Values in bold were calculated from this study
(see text).

logK = A + BT + CIT (12)

which is a simplified form of the expression used by Plummer
and Busenberg (1982) to fit carbonate solubilities. Result of the
fit of Egn. 12 to the NdPO, monazite end-member solubility
data obtained in the present study is:

—logK = 7.621 + 0.04163T + 1785/T (13)

This Egn. 13 can be used to recalculate pKs® of NdPO, at any
temperature between 21 and 300°C. Combined with the appro-
priate classical thermodynamic expressions, it can be used to
calculate at any temperature (between 21 and 300°C in the
present case) the variationsfor reaction (3) in Gibbs free energy
(AG°Y), enthalpy (AH°,) and entropy (AS°y), where “s” stands
for solubility, using the formalism of Plummer and Busenberg
(1982). These thermodynamic quantities at 298.15K were cal-
culated and are reported in Table 6. Using these values and the
AG®; and AH®; of aqueous Nd** and PO, where “f” stands
for “formation,” taken from the SUPCRT92 database, it was
then possible to estimate AG®;, AH®; and S°; of NdPO, mon-
azite end-member, also reported in Table 6.

The AH®; value derived from the present experiments com-
pares well (Table 6) with corresponding calculated values
reported by Marinova and Yaglov (1976), Ousoubalyev et al.
(1975) and Wood and Williams-Jones (1994). However, all
these figures are less negative than recent calorimetric mea
surements of Ushakov et a. (2001). On the other hand, the
AG®% and S° generated above (Table 6) are closer to the
estimates of Ousoubalyev et al. (1975) than those of Marinova
and Yaglov (1976). It should be emphasized that the AG®
value of Marinova and Y aglov (1976) is the one chosen in the
compilations of Vieillard and Tardy (1984) and then by Wood
and Williams-Jones (1994). Our GdPO, experiments at 21°C
enable us to compute a AG° and AG®; of 145.7 kJ/mol and
—1828 kJ/mol, respectively, although the latter is not strictly
comparable to the —1816 kJ/mol value of Marinova and Y&

glov (1976) and Ousoublalyev et al. (1975) because they gave
it at adlightly higher temperature of 25°C. Further experimen-
tal work is required to determine these thermodynamic quan-
tities for all the REE phosphate series.

4. GEOCHEMICAL APPLICATIONS
4.1. REE Control in Hydrothermal Fluids by Monazite

These solubility results (Table 1) show that monazite in
equilibrium with pure water will lead to the lowest REE con-
centration compared to other simple REE-bearing solid phases
such as carbonates, fluorides and hydroxides (Firsching and
Mohammadzadel, 1986; Menon et al., 1987; Deberdt et al.,
1998). Hence, monazite is likely to play a key role on the
control of REE concentrations in crustal fluids, although li-
gands present in natural aqueous fluids may affect monazite
dissolution. This possibility is assessed below with the aid of
speciation calculations performed using EQ3NR on theoretical
solutions as well as on some natural fluids taken from case
studies.

4.1.1. Theoretical considerations

Results of NdPO, monazite end-member solubility-specia-
tion calculations over the temperature range 10-300°C at
acidic, neutral and alkaline pH areillustrated in Figure 7. These
acidic, neutral and basic solutions were controlled in the cal-
culations to have pH values of pH,,_5, pH,, and pH,,, 5 respec-
tively, where pH,, refers to the pH of neutrality at any temper-
ature (Table 7). Taking account of natural solutions (Baas
Becking et al., 1960), the Eh of these acidic, neutral and basic
solutions were taken to be 0.5, 0.2 and 0 V, respectively. To
compare the effect of agueous ligands on REE speciation,
carbonate, fluoride, chloride, sulfate and nitrate concentrations
were set equal to 0.003 molal. Sodium and calcium were
selected as cations, which were adjusted for charge balance
during the calculations. This led to solutions with a ionic
strength ~0.01 mol/L. Finally, neodymium and phosphate con-
centrations were constrained by the monazite solubility deter-
mined in this study, assuming stoichiometric dissolution. The
results in Figure 7 are plotted in terms of absolute concentra-
tions of agueous Nd species.

An important result from these calculations is that although
monazite displays a decreasing solubility product (Ks = —log
pKs, Fig. 6) with increasing temperature, total neodymium
concentration in the model solution decreases with increasing
temperature at acidic conditions only above 60°C (Fig. 7a),
from ca 160 ppb to ~2 ppb, and at neutral conditions only
above 150°C (Fig. 7b). In contrast, at basic conditions, NdPO,
monazite end-member solubility is prograde (Fig. 7c). This
latter result illustrates the influence of agueous complexation
on solubility. Whereas the concentration of agueous Nd**
decreases by nearly ten orders of magnitude between 10 and
300°C, the total Nd concentration actually increases by more
than four orders of magnitude (Fig. 7c), from ca. 0.2 ppb to
over 500 ppb.

The degree to which each ligand contributes to monazite
solubility depends on temperature and pH. Our calculation of
theoretical fluids with equal ligand concentrations show that
under acidic conditions, fluoride complexes dominate, with
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Fig. 7. Results of NdPO, solubility-speciation calculations for acidic (a), neutral (b) and basic (c) theoretical solutions
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details and discussion.

tendency for complexes having fewer fluoride ions per neody-
mium cations to become more stable as temperature increases
(Fig. 78). Neodymium-sulfate complexes are the second most

abundant species after fluorides, but they never exceed 15% of
the total speciation. At neutral conditions, solute speciation is
more complex. Although NdF; and NdF?*" dominate over
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Table 7. pH used for monazite solubility-speciation calculations on
theoretical solutions (based on water dissociation constants of Sweeton
et a., 1974).

Temperature (°C) Acidic pH Neutral pH Basic pH
10 4.28 7.28* 10.28
25 4.00 7.00 10.00
50 3.64 6.64 9.64
75 3.35 6.35 9.35
100 3.13 6.13 9.13
150 2.82 5.82 8.82
200 2.65 5.65 8.65
250 2.60 5.60 8.60
300 2.65 5.65 8.65

* : Linearly interpolated value

most of the temperature range to 200°C, carbonate complexes
are significant at low temperatures and hydroxide species be-
come dominant above 250°C. Nevertheless, total neodymium
concentrations ranging from 0.21 ppb at 10°C to 0.47 ppb at
150°C are essentially dictated, as under acidic conditions, by
fluoride complexation. At alkaline conditions carbonate com-
plexes dominate from 10 to ~30°C, whereas hydroxide com-
plexes dominate at higher temperatures. Such a predominance
of rare earth hydroxide complexes under alkaline conditionsfor
hydrothermal fluids at elevated temperatures was aready
pointed out by Haas et a. (1995).

As noted above, some experimental studies of Nd chloride
and hydroxide complexation (Gammons et al., 1996, 2002;
Wood et al., 2002) found an increasing discrepancy with Haas
et a. (1995) computed association constants with increasing
temperature. To evaluate the effect of these experimentally
determined constants on our calculations, these were intro-
duced in our EQ3NR database and the calculations performed
again to see the effect in the most critical situation, i.e., at
300°C. Although the experimental determinations at high tem-
perature are not as comprehensive as the Haas et al. (1995)
database in terms of species and temperature range, it appears
that total Nd concentrations and speciation remain unchanged
under basic conditions (pH=8.65 at 300°C, see Table 7), and
show negligible differences under acidic medium (i.e., total Nd
concentrations and individual species abundances vary by less
than 10%). On the other hand, use of the speciation constants of
Gammons et a. (1996) and Wood et a. (2002) for neutral
conditions (pH=5.65 at 300°C, Table 7) leads to a total Nd
concentration lower by a factor of two and makes neodymium
fluoride species more abundant than hydroxides, as calculated
with Haas et a. (1995) constants for lower temperatures
(Fig. 7).

Comparing concentrations at constant temperature as a func-
tion of pH showsthat at 25°C, Nd total concentrations decrease
as pH incresases (Fig. 7). In contrast, at 150°C and 300°C, the
lowest concentrations are observed at neutral conditions, a-
though the highest Nd concentration occurs at acidic conditions
at 150°C whereas the highest concentration at 300°C is ob-
served in akaline solutions.

To summarize, it appears that for a solution having equal
ligand concentrations, only fluoride, hydroxide, and at low
temperature, carbonate ions play a significant role on monazite
solubility.

4.1.2. Natural case studies

Because of very low concentrations, reliable REE analyses
of crustal hydrothermal fluids became available only in the late
1980s (Michard and Albaréde, 1986; Michard, 1989). Phos-
phorous analyses of these waters are still rare for the same
reason. Nevertheless, measurement of these elements is essen-
tial to assess the role of monazite on aqueous lanthanide con-
centrationsin hydrothermal fluids, phosphorous being probably
controlled by more abundant phosphate minerals such as apa-
tite. The calculations performed in the present study were made
with an aim to better understand seafloor hydrothermal vent
fluid composition reported by Wood and Williams-Jones
(1994) and the thermal granitic springwaters analyzed by van
Middlesworth and Wood (1998), for which both REE and
phosphorous concentrations were provided. Furthermore, these
authors already attempted to assess the role of monazite on the
geochemistry of these waters. This will thus be an opportunity
to compare their results, based on calculated monazite solubil-
ity from thermochemical values of the monazite constituting
elements (Wood and Williams-Jones, 1994), with our new
calculations based on experimental data and the association
constants given in Table 3. It should be noted that for al the
calculations, including the values from Wood and Williams-
Jones (1994) reported in Table 8 and van Middlesworth and
Wood (1998) given in Table 9, we have taken a pure NdPO,
monazite end-member for comparative purposes. The calcu-
lated aqueous Nd concentrations should thus be considered as
an upper estimate since Nd typically represents 15-20% of the
total REE content of monazite, although the NdPO,, solubility
product determined in this study appears to be close to the
partial solubility product of the neodymium end-member of
natural monazite (Poitrasson et al., 2000a). Nevertheless, the
comparison made below should not be considered much more
precise than the order of magnitude level given the uncertain-
ties of speciation calculations at higher temperatures, as dis-
cussed above.

4.1.3. Seafloor hydrothermal vent fluids

The results of the monazite solubility-speciation calculations
for seafloor hydrothermal vent fluids are given in Table 8. Our
calculation for the 300°C fluid is in reasonable agreement with
the computed speciation and Nd concentration reported by
Wood and Williams-Jones (1994), especially when considering
the difference of two orders of magnitude in the monazite
solubility products taken for these two calculations (see part 3.3
above). This indicates that the effect of the higher monazite
solubility used by these authors was cancelled out by weaker
association constants compared to those used in the present
study and reported Table 3. This fact is illustrated by later
calculations performed by Gammons et al. (1996, their Table 7)
with similar fluid composition and monazite solubility product,
but higher neodymium chloride complex association constants
determined experimentally which yield Nd concentrations
~100 times higher than those in Table 8. Taking our monazite
solubility determination, Gammons et al. (1996) neodymium
chloride association constants, but Wood et al. (2002) neody-
mium hydroxide association constants (which are weaker than
those of Wood and Williams-Jones (1994) and Haas et al.
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Table 8. Results of monazite solubility-speciation calculations for seafloor hydrothermal vent fluids (concentrations in mol/kg).

Source: W&W, 19942 This study W&W, 19942 This study
Starting fluid:
T(°C) 300 200
pH (at temperature) 45 45
Na 0.560 0.560
Ca 0.037 0.037
cl 0.600 0.600
SPO, 3x1077 3x10°7
Calculation results:
NdOH?* 6.00 x 1070 791 x 107 1.08 X 107° 1.25 x 107
NdCIZ* 9.20 X 10~ 5.07 X 1071 6.80 X 101 1.61 X 1071
Nd(OH)3 nc 239 x 1071 nc 7.18 x 107%?
NdClZ nc 112x 107 nc 188 x 107
NA(OH) 3 nc 237 x 107" nc 299 x 107
Nd®* 440 x 1071 2.27 X 107*2 2.28 X 107° 511X 10~
Nd total 7.36 x 10710 1.70 x 10~ % 404 x 107° 3.64 x 107%°
Nd measured® From 1.4 X 107 *°t0 1.0 X 10~

a: Wood and Williams-Jones, 1994; nc: not calculated. ° : Values of Piepgras and Wasserburg, 1985; Michard and Albaréde, 1986; K linkhammer

et al., 1994; Douville et al., 1999.

(1995)) in our EQ3NR database leads to negligible Nd-hydrox-
ide species with respect to chlorides, and to atotal Nd concen-
tration of 8.9 X 10~ '° mol/kg, i.e., even closer to the original
Wood and Williams-Jones (1994) calculated concentration (Ta-
ble 8). At 200°C, the difference between our calculations and
the agueous Nd concentrations computed by Wood and Wil-
liams-Jones (1994) is larger than at 300°C since our total Nd
concentration is ten times lower (Table 8). Nevertheless our
results still confirm that aqueous Nd concentrations in these
fluids will increase with decreasing temperature, though to a
lesser extent than predicted by Wood and Williams-Jones
(1994). The calculations show that the main lanthanide species
present in solution are hydroxides and chlorides. Hence, as-
suming a priori a negligible role of hydroxide ligands in these
hydrothermal fluids because they are mildly acidic (Douville et
al., 1999) is clearly misleading if Wood and Williams-Jones
(1994) or Haas et a. (1995) association constants are consid-
ered (Table 8). Further, the fact that our calculated Nd concen-
trations are within the lower range of those measured in hy-
drothermal vent fluids (0.02 to 1.5 ppb, Piepgras and
Wasserburg, 1985; Michard and Albaréde, 1986; Klinkhammer
et a., 1994; Douwville et a., 1999) suggests that lanthanide
phosphates may play an important role on the control of natural
hydrothermal aqueous lanthanide concentrations, at least for
those fluids showing lower rare earth contents. It may be argued
that the REE patterns of these fluids commonly display alarge
positive europium anomaly, similar to those of plagioclases
from the host rock they interact with (Klinkhammer et a.,
1994; Douwville et a., 1999). However, it isfeasible that at least
the trivalent REE released in the hydrothermal fluids by pla-
gioclase and other mineral dissolutions will have an upper
concentration limit controlled by monazite reprecipitation.

4.1.4. Thermal springwaters from granitic areas

The thermal springwaters used in these illustrative calcula
tions are dilute, neutral to akaline and NaHCO,-dominated
(van Middlesworth and Wood, 1998). Chemical Na-K geother-

mometers suggest aquifer equilibration temperatures ranging
from ~60 to 230°C. Representative sources of these extremes
were taken for our calculations. For Horse Creek, an alkaline,
low temperature aquifer spring (Table 9), the relative abun-
dance of the Nd-species obtained from speciation calculations
is in broad agreement with the calculated values of van
Middlesworth and Wood (1998). In contrast, there are huge
differences in the computed concentrations: our agueous Nd
concentration at vent temperature is five orders of magnitude
lower than that of van Middlesworth and Wood (1998),
whereas at aquifer temperature (94°C) our concentration is six
order of magnitude lower (Table 9). Likewise for Big Creek, a
neutral, hot aquifer spring (Table 9), the relative abundances of
species roughly agree, but our concentrations are still lower
compared to those calculated by van Middlesworth and Wood
(1998), though to a lesser extent. At vent temperatures, our
concentration is 300 times lower whereas at aquifer tempera-
ture (222°C), it is 100 times lower (Table 9). Clearly, the
differences of monazite solubility product can account for two
orders of magnitude difference, whereas the remaining can be
attributed to the speciation cal culations. For instance, our PO3~
activities are in most cases higher than those of van Middles-
worth and Wood (1998), sometimes by more than an order of
magnitude (Table 9).

The result is that, making allowance for the uncertainties of
speciation calculations, our calculated Nd concentrations at
aquifer temperature are within the range of values measured in
filtered springwaters, whereas the concentrations calculated at
vent temperature are clearly lower (Table 9). On the basis of
their calculations, van Middlesworth and Wood (1998) pro-
posed a scenario whereby waters should be undersaturated with
respect to monazite in the aquifer and then would become
saturated and precipitate monazite during water ascent. In con-
trast, our results clearly indicate that the waters were equili-
brated with monazite in the aguifers, and then became oversat-
urated while the water rose. This scenario is in much better
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Table 9. Results of monazite solubility-speciation calculations for granitic thermal springwaters

Horse Creek, Horse Creek, Big Creek Big Creek,
vent temperature aquifer temperature vent temperature aquifer temperature
v&W, 1998* This study v&W, 1998* This study v&W, 1998% This study v&W, 19982 This study
Starting fluid (mg/l)
Temperature 38.5°C 94°C 93.2°C 222°C
pH 9.2 9.2 7.16 7.16
Eh(V) —0.007 —0.007 -0.32 -0.32
SHCO,™ 69.4 69.4 481 481
F 6.7 6.7 15.3 15.3
CL 21 21 27.6 276
SPO,3" 0.08 0.08 0.05 0.05
$S0,2" 481 481 48.1 48.1
STON 9.8 92.8 91.3 91.3
Li 0.16 0.16 0.95 0.95
Na 40.6 40.6 214 214
K 0.6 0.6 22.7 22.7
Ca 253 253 511 5.11
Sr na na 0.23 0.23
Ba 0.1 0.1 0.17 0.17
Ni 0.64 0.64 1.97 1.97
Hg 0.35 0.35 0.44 0.44
Pb 0.04 0.04 0.08 0.08
Calculations results: Magjor anion activities (mol/kg)
cl- 561X 10°° 557x10°° 554x10° 553x10° 68 x10* 692x10“* 653x10“% 650x10°*
F- 334x10* 332x10% 330x10* 329x10% 711x10* 718x10* 669X 107* 6.75x 1074
SO,2 391x10°° 384x10° 363x10° 373Xx10° 247x10% 504x10° 128x10°° 239x10°*
HCO,~ 862x107% 950x107* 685x107* 1.01x10°®* 6.83x10° 614x10° 391x10° 492x10°3
CO>~ 809X 10°° 892x10° 774x10° 299x10°° 7.07x10° 730x10° 575x107 7.94Xx10°°
H,PO,~ 698x 107 566x107° 716x107° 303x10°® 1.08x10°® 215x107 459x1077 223x1077
HPO,*~ 733%x108% 590x107 560x10°® 58 x107 780x107 168x107 545x10% 135x10°7
PO, 671X 107" 559x107° 697x10 M 178x107° 882x10*? 203x10* 203x10°* 239x10*2
Calculation results: Neodymium species concentrations (mol/kg)
NdCO,* 610X 107 405x 107 — — 631X 1072 305x 10 — -
Nd(OH)3ay 423X 107° 105X 107** 338x10°° 543x10°*2 201x107* 276x107* 149X 1077 104X 10%
acech — 3.89 X 107%° — — — — — —
Nd(OH),* 534X 107 382x10°%° — 201X 1078 125x 107 279x 10 — —
Nd(OH),,~ 763x1071° 826x 107 108x10°° 1.96x 102 — — 701x1077 710x 10°°
NdOH?* — 7.48 X 1076 — — 367X107* 165x 10 — —
NdF2* — — — — 901X 1072 485x 10 — —
NdF,* — — — — 527X 1072 223x 10 — —
Nd®* — — — — — 5.71 X 106 — —
Nd total 617X 10°° 607x10 141x10° 760x10°* 575x10* 176X 10 849x 107 814x10°°
Measured Nd 416 X 10710 423 x 10710

#van Middlesworth and Wood, 1998; na: not analyzed; -: below 2.5% of the total Nd concentration (v&W, 1998) or below 1% of the total Nd

concentration (this study). Measured water composition for major elements and Nd are from v& W, 1998.

agreement with the residence time of the waters in their aqui-
fers estimated to be in the range of 9000 to 40000 years
(Young, 1985). This time is certainly long enough to reach
thermodynamic equilibrium, even for monazite (Oelkers and
Poitrasson, 2002). Petrology also supports the equilibration of
deep hot waters with monazite, since primary magmatic allanite
from the host granites has been reported to be hydrothermally
atered to monazite (Wood and Ricketts, 2000).

The lanthanide concentrations measured by van Middles-
worth and Wood (1998) on springwaters from Idaho are similar
to concentrations previously found on comparable waters from
granitic areas elsewhere in the world (typically between 6 and
110 ppt, Michard and Albaréde, 1986; Michard et al., 1987;
Moller et a., 1998; Négrel et al., 2000). It isthuslikely that the
scenario proposed here is widely applicable.

4.2, Implications for Nuclear Ceramics

Natural monazite interactions with fluids result in varied
ateration mechanisms (Poitrasson et al., 1996; 2000b). Among
these, total dissolution was illustrated to be among the signif-
icant processes occurring in the degradation of this mineral.
The results obtained in the present study may therefore help to
assess the behavior of monazite-like nuclear waste forms (e.g.,
Boatner and Sales, 1988) in underground storage facilities.

The calculations reported in paragraph 4.1.4. above clearly
show that a repository located in a granitic area is likely to be
safe with regard to a monazite nuclear-waste form even if water
percolates, as long as this water keeps its natural composition.
The calculated Nd concentrations resulting from monazite dis-
solution at aquifer temperatures range from one ppt at 94°C to



2220 F. Poitrasson et al.

one ppb at the highest temperature 222°C (Table 9). At lower
temperatures, the calculated concentrations remain at the low
ppqg (part per quadrillions) level, implying that monazite dis-
solution will be extremely restricted.

In the event that engineered barriers will affect the compo-
sition of the interacting waters, the calculation performed on
theoretical fluids may be of some guidance (see part 4.1.1.
above and Fig. 7). For instance, these results show that the
repository should be designed to avoid the release of fluorine
ionsif amonazite-like matrix isto be used. Accordingly, thisis
the ligand which will enhance most significantly monazite
solubility at equal ligand concentrations under neutral, and
especidly acidic conditions (Fig. 7a and b). It is also well
known that leaching concrete leads initially to very alkaline
waters (Neal, 1996), and such waters will enhance monazite
dissolution at elevated temperatures (Fig. 7c). Nevertheless,
even in the most severe theoretical cases shown in Figure 7,
such as pH = 3.64 at 50°C with 0.003 mol/L F~ or pH = 8.65
at 300°C (equivalent to pH = 10 at 25°C, see Table 7), the
amount of Nd released by monazite dissolution remains below
the ppm level. Taking 1 ppm and assuming complete equili-
bration between monazite and water to make a conservative
estimate, fluid/mineral ratiosin excess of 60 000 are required to
dissolve only 10% of a monazite nuclear ceramic. Accordingly,
itisunlikely that such aratio will be approached while keeping
a fluid with the extreme conditions described above and a fluid
flow rate low enough to reach equilibrium at all times. All this
therefore confirms that monazite is an excellent matrix for the
underground storage of high level nuclear wastes as far as
matrix-water interactions are concerned.
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