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Abstract

Monazite (CePO4) is a light rare earth element (REE) phosphate occurring as accessory mineral in metamorphic, igneous
and sedimentary rocks, and is also a common mineral in REE mineral deposits. Metasomatism of monazite yields important
clues about fluid-rock interaction in the crust, in particular, because its compositional variations may enable us to determine
conditions of mineralization. The thermodynamic properties of monazite have been determined using several calorimetric
methods, but up to the present time only a few solubility studies have been undertaken, which test the reliability of both,
the thermodynamic properties of the REE phosphates and associated REE aqueous species. In this study, we have measured
the solubility of the monoclinic REE phosphate end-members CePO4, SmPO4, and GdPO4 in aqueous perchloric acid solu-
tions at temperatures from 100 to 250 �C at saturated water vapor pressure (swvp). The solubility products (Ks0) were deter-
mined according to the reaction: REEPO4 = REE3+ + PO4

3�.

Combining available calorimetric data for the REE phosphates with the REE aqueous species from the Supcrt92 (slop98.-
dat) dataset, yields several orders of magnitude differences when compared with our solubility measurements. We have inves-
tigated ways to reconcile these discrepancies and propose a consistent set of provisional thermodynamic properties for REE
aqueous species and REE phosphates that reproduce our measured solubility values. To reconcile these discrepancies, we have
used the GEMS code package and GEMSFITS for parameter optimization by adjusting the standard Gibbs energy of REE3+

and REEOH2+ at 25 �C and 1 bar. An alternative optimization could involve adjustment of the standard Gibbs energy of
REEPO4(s) and REEOH2+. Independently of the optimization method used, this study points to a need to revise the thermo-
dynamic properties of REEOH2+ and possibly other REE hydroxyl species in future potentiometric studies. These revisions
will have an impact on calculated solubilities of REE phosphates and our understanding of the mobility of REE in natural
hydrothermal fluids.
� 2018 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Monazite is a common accessory REE phosphate min-
eral in the Earth’s crust, and has proven to be an important
geological tracer for geochronology and geothermometry
(Gratz and Heinrich, 1997; Heinrich et al., 1997; Pyle
et al., 2001; Poitrasson et al., 2002; Spear and Pyle, 2002;
Paquette and Tiepolo, 2007). Interest in the properties of
REE phosphates has also increased due to the exploration
of potential REE mineral resources, where in many cases,
the REE phosphate minerals are of hydrothermal origin.
These include deposits such as the Browns Range in Aus-
tralia (Cook et al., 2013; Richter et al., 2018), the Lofdal
carbonatite complex in Namibia (Wall et al., 2008), and
the giant Bayan Obo deposit in China (Smith et al.,
2000). In addition to this economic interest, the stability
of REE phosphates and their thermodynamics properties
are also of interest for the disposal of radioactive waste in
geologic rock formations (Boatner and Sales, 1988).

High temperature and pressure experimental solubility
studies have pointed to the possible role of aqueous fluids
in controlling the stability of REE phosphates and potential
isotope resetting during metasomatism (Ayers and Watson,
1991; Teufel and Heinrich, 1997; Cherniak et al., 2004a,
2004b; Hetherington et al., 2010; Harlov et al., 2011;
Williams et al., 2011; Tropper et al., 2011; Grand’homme
et al., 2016; Zhou et al., 2016). The importance of metaso-
matism and compositional changes of monazite has also
been recognized in natural systems (Poitrasson et al.,
1996; Harlov et al., 2011). Despite these findings, only a
few numerical models have been developed for determining
the stability of REE phosphates during fluid-rock interac-
tion (Migdisov and Williams-Jones, 2014; Gysi et al.,
2015; Migdisov et al., 2016).

Thermodynamic data are available for most REE phos-
phate endmembers, including enthalpy, entropy, heat
capacity and volume data for calculating their properties
at high temperatures (Ni et al., 1995; Ushakov et al.,
2001; Navrotsky et al., 2015), but only recently have binary
solid solutions been measured experimentally. Several stud-
ies have shown that these minerals display a non-ideal
behavior, despite the REE having similar ionic radii
(Popa et al., 2007; Bauer et al., 2016; Geisler et al., 2016;
Gysi et al., 2016; Hirsch et al., 2017; Huittinen et al.,
2017; Neumeier et al., 2017). These studies have also been
complemented by recent ab initio molecular models (Li
et al., 2014; Ji et al., 2017). Consideration of solid solutions
in the modeling of natural systems will be paramount, as
their stability controls the mobility of REE. Before these
models can be further developed, a detailed knowledge of
the thermodynamic properties of the mineral endmembers
and the aqueous REE species is required. Mineral solubility
experiments provide a mean to test the validity and compat-
ibility of them both.

The solubility of hydrated REE phosphates (rhabdo-
phane, REEPO4�0.667H2O) has been determined at low
temperature (Jonasson et al., 1985; Firsching and Brune,
1991; Byrne and Kim, 1993; Liu and Byrne, 1997; Gausse
et al., 2016), but only very few studies have been carried
out >100 �C (Poitrasson et al., 2004; Cetiner et al., 2005;

Gysi et al., 2015). Experimental difficulties that need to be
resolved include the formation of metastable phases at
low temperature (Gausse et al., 2016), and the crystallinity
and phase stoichiometry of the solids used in the solubility
experiments (Cetiner et al., 2005; Gysi et al., 2015). Inter-
preting these experiments also requires a robust thermody-
namic dataset for the aqueous REE species at hydrothermal
conditions. Experimental data for aqueous chloride and flu-
oride complexes permit their stabilities to be determined up
to �300 �C (Gammons et al., 1996; Migdisov et al., 2009;
Loges et al., 2013; Migdisov et al., 2016). Recent higher
temperature experiments permit the constraint of the stabil-
ity of these species even deeper in the crust (Louvel et al.,
2015; Mayanovic et al., 2007, 2009). In contrast, the ther-
modynamic properties of REE3+ ions and hydroxyl com-
plexes are mostly based on theoretical extrapolation using
the revised Helgeson-Kirkam-Flowers (HKF) equation-of-
state (Shock and Helgeson, 1988; Wood, 1990; Haas
et al., 1995; Shock et al., 1997), which has been imple-
mented in the Supcrt92 database (Johnson et al., 1992).
Very few experimental studies are available >100 �C, and
to date, only the stability of the Nd hydroxyl complexes
was assessed under hydrothermal conditions (Wood et al.,
2002; Pourtier and Devidal, 2010). This results in high
uncertainties in the predicted thermodynamic properties
of the REE aqueous species (Migdisov et al., 2016).

The present work is part of a longer series of experimen-
tal studies aimed at constraining the thermodynamic prop-
erties of REE phosphates and aqueous REE species in
order to build an internally consistent dataset that can be
integrated in the MINES thermodynamic database
(http://tdb.mines.edu). Here we present new experimental
solubility data for the CePO4, SmPO4 and GdPO4 monazite
endmembers at 100–250 �C and at saturated water vapor
pressure (swvp). Comparison of these experiments with
available calorimetric data for the REE phosphates and
aqueous REE species from the Supcrt92 database permits
revising the standard thermodynamic properties of the
aqueous REE species, which seem problematic at
hydrothermal conditions. In this study, we also show the
application of the GEMSFITS computational optimization
tool (Miron et al., 2016, 2017) for adjusting the thermody-
namic properties of REE aqueous species during the evalu-
ation of experimental solubility data.

2. SUMMARY OF PREVIOUS WORK AND

EXPERIMENTAL CHALLENGES

The REE phosphates occur with a variety of crystal
structures, including the tetragonal xenotime (space group
I4/amd) and the monoclinic monazite (P21/n space group)
structures, respectively. The hydrated phase includes rhab-
dophane (REEPO4�0.667H2O), which was previously deter-
mined to crystallize in the hexagonal structure (Mooney,
1950) and more recently in the monoclinic (space group
C2) structure (Mesbah et al., 2014). Rhabdophane is light
REE selective, whereas churchite is another hydrated form
that is heavy REE selective (Mooney, 1950; Ni et al., 1995;
Mesbah et al., 2014, 2017). As shown in Fig. 1, the solubil-
ity of the REE phosphates has been reported in previous
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studies conducted at low temperature (<100 �C), but as
noted by Cetiner et al. (2005) and Gysi et al. (2015), many
of the reported solubility studies did not characterize
whether their synthetic solid powders were crystallized in
the anhydrous monazite/xenotime structure, or in their
hydrated forms.

Hydrothermal NdPO4 solubility experiments have been
carried out by Poitrasson et al. (2004) and Cetiner et al.
(2005) at temperatures up to 150 and 300 �C (Fig. 1). The
study of Cetiner et al. (2005) reported discrepancies with
Poitrasson et al. (2004), which was attributed to possible
differences in the crystallinity and hydration of the precipi-
tates used in the experiments. Another problem that was
raised by Cetiner et al. (2005), was the possible non-
stoichiometric dissolution of REE phosphates, with an
excess P attributed to impurities of the synthetic solids used
in their experiments. A La, Ce, and Y phosphate synthesis
study by Lucas et al. (2004) has confirmed that the precip-
itation of such powders will lead to an excess of absorbed P
that may be removed upon calcination of the solids at
1400 �C. Another approach was taken in the study by
Gysi et al. (2015), where mm-sized crystals with the xeno-
time tetragonal structure were used for hydrothermal solu-
bility experiments performed between 100 and 250 �C.
These solids were prepared according to the method of
Cherniak et al. (2004a, 2004b), and permit the avoidance
of contamination due to P as described above.

Systematic precipitation/dissolution experiments by
Gausse et al. (2016) show that rhabdophane will control
the solubility at temperatures �90 �C (Fig. 1). In the study
of Gysi et al. (2015), the solubility of the HREE phosphates
at �100 �C displayed an overall lower solubility than the
hydrated REE phosphates in accordance with the study
of Gausse et al. (2016). A similar solubility behavior can
be observed for NdPO4 monazite at �100 �C, whereas at
lower temperature its solubility behavior is likely compro-
mised by the stability of rhapdophane (Fig. 1b). Rhabdo-
phane was also controlling the solubility in the La and
Nd phosphate precipitation experiments by Roncal-
Herrero et al. (2011), and in the precipitation experiments
of Du Fou de Kerdaniel et al. (2007) who studied the mon-
azite/rhabdophane transition up to temperatures of 160 �C.
The latter study concluded that it is possible to precipitate
LaPO4 with the monazite structure only at temperatures
�100 �C, whereas CePO4 would form at �120 �C and
PrPO4 at �150 �C (Du Fou de Kerdaniel et al., 2007). Fur-
ther, Jonasson et al. (1985) pointed out that rhabdophane
more easily precipitates/dissolves than monazite at room
temperature. Therefore, the observed precipitation behav-
ior of REE phosphates makes it difficult to study the solu-
bility of monazite at <100 �C from oversaturation due to
the rhabdophane controlling the solubility of REE at these
conditions. This was confirmed in the kinetic study by
Arinicheva et al. (2018), who studied the dissolution rates

Fig. 1. Comparison of previous measured solubility products (log Ks0) of rhabdophane and monazite as a function of temperature. Solubility

data are compared to calorimetric data of monazite from Ushakov et al. (2001) combined with aqueous REE3+ and PO4
3� species from the

Supcrt92 database (Shock and Helgeson, 1988; Shock et al., 1997). 1: Tananaev and Vasil’eva (1963); 2: Jonasson et al. (1985); 3: Firsching

and Brune (1991); 4: Byrne and Kim (1993); 5: Liu and Byrne (1997); 6: Poitrasson et al. (2004); 7: Cetiner et al. (2005); 8: Gausse et al. (2016).
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and activation energies of rhabdophane-(La) and monazite-
(La), and reported the formation and dissolution of a thin
layer of rhadophane-(La) forming at the monazite surface
at <90 �C. This lower stability of monazite <100 �C, could
explain the observed discrepancies in previous experiments
carried out at these conditions (Fig. 1). It is currently, how-
ever, unclear under which exact conditions the different
monazite endmembers are replaced by metastable phases
in hydrothermal aqueous solutions <100 �C.

The hydrothermal solubility experiments of Gysi et al.
(2015) could avoid these problems by approaching equilib-
rium from undersaturation at temperatures between 100
and 250 �C. This method was applied successfully in repro-
ducing the expected Gibbs energies for DyPO4 and YbPO4,
whereas several orders-of-magnitude discrepancies were
observed between the experimentally derived solubility con-
stants for ErPO4 and YPO4 in comparison to the calculated
values from the literature data. The latter are obtained
using available calorimetric data for the minerals combined
with aqueous species data from the Supcrt92 database
(Shock and Helgeson, 1988; Haas et al., 1995). Further,
comparison of previous low temperature solubility data
for CePO4, SmPO4, and GdPO4 (Jonasson et al., 1985;
Firsching and Brune, 1991; Byrne and Kim, 1993; Liu
and Byrne, 1997) with the available literature data indicates
a large difference in retrieved solubility products (Fig. 1).
These discrepancies need to be addressed, and point to a
need to revise the thermodynamic properties of either the
REE phosphate endmembers and/or the properties of aque-
ous REE3+ and hydroxyl complexes from the Supcrt92
database.

3. MATERIALS AND METHODS

3.1. Starting materials

Individual crystals of monoclinic monazite of CePO4,
SmPO4, and GdPO4 were grown from a melt flux utilizing
the synthesis techniques outlined in Cherniak et al.
(2004a, 2004b). For the synthesis of the crystals, a fine-
grained powder of hydrated REE phosphates was first pre-
cipitated by mixing a solution containing dissolved REE
(NO3)3 with a NH4H2PO4 solution. These precipitates were
then dried, powdered, and consequently mixed with a
Pb-free flux of Na2CO3 and MoO3 (molar ratio of
75Na2CO3:25MoO3:REEPO4). This mix was then placed
in a Pt crucible with a loose cover and heated up to
1375 �C in air, and left (soaked) for 15 hours. The flux
was then slowly cooled at a rate of 3 �C/hour to 870 �C over
approximately 5 days. The flux and embedded REE
phosphate crystals were then boiled in successive beakers
of distilled H2O until the crystals were freed from the flux.
The inclusion-free, mm-sized, REE endmember crystals,
typically used in the solubility experiments are shown in
Fig. 2 together with representative EDS spectra.

The experimental starting solutions were prepared using
trace metal grade (Fisher Scientific) perchloric (HClO4) and
phosphoric (H3PO4) acid. The acidic (pH � 2) perchloric

aqueous solutions used in our study allowed us to increase
the solubility of the LREE phosphates and avoid complex-
ation of the REE with additional ligands, thereby ensuring
that the latter occurred dominantly as free REE3+ and
REE(OH)2+ species depending on temperature. Perchloric
acid was first added at room temperature to 400 ml
Milli-Q water (18 MX-cm) to reach a pH of 2, to control
the initial ClO4

� concentration. The initial P concentration
was constrained by adding an aliquot of 100 ml of a
H3PO4 stock solution to the 400 ml HClO4 solution.
Sample holders used in the experiments were made of Ti foil
(99.7% purity; Alfa Aesar).

3.2. Experiments

Solubility experiments were carried out in 45 ml batch-
type reactors (Parr 4744, Teflon-lined stainless steel) at
100, 150, 200 and 250 �C at swvp for up to 21 days. Each
reactor was first loaded with a hand-made titanium sample
holder containing a synthetic mm-sized REE phosphate
crystal and 25 ml of the starting aqueous HClO4-H3PO4

solution. The autoclaves were purged of air with a stream
of dry nitrogen and then sealed, and rapidly heated in a
Cole-Parmer muffle furnace (EW-33858-70). The tempera-
ture was recorded with an Omega� temperature logger
using a K-type thermocouple located at the center of the
furnace and the experimental temperature was maintained
within 0.5 �C. After the experiments, the autoclaves were
quenched in cold water for <20 min (Gysi et al., 2015).
The experimental solution was then pipetted out and
diluted (1/6 per volume) in a 2% HNO3 (trace metal grade,
Fisher Scientific) blank matrix solution for the analysis of P
and REE concentrations using solution inductively coupled
plasma mass spectrometry (ICP-MS). After the experi-
ments, the sample holders were extracted and the walls of
the reactors washed with a concentrated sulfuric acid solu-
tion (trace metal grade, Fisher Scientific), and soaked over-
night with milli-Q water before starting any new
experiments. The experimental uncertainty was assessed
by carrying out a series of duplicate experiments for a
selected set of solubility experiments at different
temperatures.

The experimental design is similar to the one used by
Gysi et al. (2015) for the solubility of xenotime, approach-
ing equilibrium from undersaturation. Addition of P to the
initial aqueous solutions permits the constraint of the con-
centrations of dissolved REE phosphate to values in the
lower ppb range. This methods permits the avoidance of
the precipitation of any additional metastable phase that
could control solubility (Gausse et al., 2016), since all the
experiments are carried out >100 �C. The major advantage
of using mm-sized crystals over fine powders is the slightly
slower dissolution rates of these solids (i.e., few days equi-
libration time), which avoids reaction of the crystals with
the aqueous solution upon rapid (<20 min) quenching. In
addition, the retrograde solubility of the REE phosphates
will ensure that precipitation of solids will be avoided upon
quenching.
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3.3. Analytical

The synthetic REE phosphate crystals used in the exper-
iments were studied using a TESCAN MIRA3 LMH
Schottky field emission scanning electron microscope (FE-
SEM) equipped with a Bruker energy dispersive spectrom-
eter (EDS). Carbon-coated samples were analyzed using an
acceleration voltage of 25 kV and a working distance of
9.5 mm for backscattered imaging.

The pH of the starting experimental solutions was mea-
sured at room temperature using a combination electrode
(60260010 unitrode, Metrohm) and a Metrohm 913 pH
meter. The electrode was calibrated using commercial buf-
fer solutions (Fisher Scientific; pH 2, 4 and 7 buffer solu-
tions), which enabled measurements to be made to a
precision of 0.02 pH units.

The quenched experimental solutions (Table A1) were
analyzed using a Perkin Elmer NexION 300Q quadrupole
ICP-MS. Standards and samples were all diluted using
2% HNO3 (Fisher Scientific, trace metal grade) blank solu-
tions and spiked with In (SCP Science, NIST traceable cer-
tified standards) as an internal standard for drift correction.
The calibration was carried out using a multi-element REE
standard, a P standard and single REE (La and Ce) stan-
dards (SCP Science, NIST traceable certified standards).
The latter were used for interference corrections due to
oxide (18O and 16O) formation. Analyzed samples were
blank-subtracted after drift correction. Phosphorus is diffi-
cult to analyze in the lower ppb range due to an interference
with nitrogen (14N16OH and 15N16O) from the 2% HNO3

blank matrix resulting in high background counts. To avoid
this problem, standard curves were constructed with

Fig. 2. Field emission scanning electron photomicrographs and EDS spectra for synthesized pure monazite crystals of (a) CePO4, (b) SmPO4

and (c) GdPO4. The synthesized solids display well developed crystal faces with a typical monoclinic structure (a – b – c, a = c = 90�,

b – 90�).
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concentrations of above 10 ppb, and the P concentration
ranges of the diluted experimental solutions corresponded
to values of �100–400 ppb. In this concentration range,
the linear regression coefficients (R2) for P were 0.999.
The analytical precision of triplicate ICP-MS runs based
on a 95% confidence level was 3% for P and <1% for Ce,
Sm and Gd. The limit of detection (LOD) was determined
from the 3r (standard deviation) value of the blank, which
was established by multiple measurements of the total pro-
cedural blank. The LOD values were 4 ppb for P, 89 ppt for
Ce, 10 ppt for Sm, and 23 ppt for Gd.

4. DATA TREATMENT

4.1. Speciation calculations

Aqueous speciation calculations were carried out using
the GEMS code package v.3 (Wagner et al., 2012; Kulik
et al., 2013). Thermodynamic properties for the aqueous
species were calculated at the temperature of interest using
the revised HKF equation-of-state (Helgeson et al., 1981;
Shock and Helgeson, 1988; Tanger and Helgeson, 1988;
Shock et al., 1992). The properties of H2O were calculated
from the IAPS-84 equation-of-state (Kestin et al., 1984).
Thermodynamic data for the aqueous species considered
in the speciation calculations are listed in Table 1, and were
taken from Shock and Helgeson (1988), Shock et al. (1989),
Haas et al. (1995), and Shock et al. (1997), hereafter
referred to Supcrt92.

The activities of the aqueous ions of interest (REE3+,
REEOH2+, H+, H3PO4

0, H2PO4
�, HPO4

2�, and PO4
3�; other

species considered are listed in Table 1) were determined at
the experimental temperature and swvp using the concentra-

tions of REE and P from the quenched experimental solu-
tions, and the ClO4

� concentrations calculated from the
measured pH values of 2.00 from the experimental starting
solutions (Appendix A). The activity coefficients (ci) of the
neutral species were set to unity, and the ci of water was cal-
culated using the osmotic coefficient (Helgeson et al., 1981).
The ci of the charged aqueous species were calculated using
the extended Debye-Hückel equation (Robinson and
Stokes, 1968),

logci ¼ � Az2i
ffiffi

I
p

1þ�aB
ffiffi

I
p þ Cc þ bcI ð1Þ

where the effective ionic strength I, is given by,

I ¼ 1=2
X

i
miz

2
i ð2Þ

A and B are the Debye-Hückel parameters (Helgeson
and Kirkham, 1974; Helgeson et al., 1981), Cc is a mole
fraction to molality conversion factor, bc is the extended
term parameter, åi is the ion size parameter, mi is the molal
concentration and zi is the charge of the ith aqueous spe-
cies. The value bc is an empirical parameter that depends
on the background electrolyte, and was determined up to
250 �C in the experimental study by Migdisov and
Williams-Jones (2007). For HClO4/NaClO4 aqueous solu-
tions, the bc parameter was determined to have a value of
0.21. The ion size parameters of individual ions were taken
from Migdisov and Williams-Jones (2007) for ClO4

� (4.5 Å)
and from Kielland (1937) for other ions.

4.2. Solubility constant (Ks) calculations

The solubility constants (Ks) of the REE phosphates are
described by the following dissolution reactions:

REEPO4(s) = REE3þ + PO4
3� (KS0) ð3Þ

REEPO4(s) + Hþ = REE3þ + HPO4
2� (KS1) ð4Þ

REEPO4(s) + 2Hþ = REE3þ + H2PO4
� (KS2) ð5Þ

REEPO4(s) + 3Hþ = REE3þ + H3PO4
0 (KS3) ð6Þ

At a pH value of �2.0, which corresponds to the exper-
imental conditions (Table A1), the major phosphate species
were H3PO4

0 and H2PO4
�, with H3PO4

0 as the dominant spe-
cies. We therefore first determined Ks3 at the experimental
temperature using Reaction (6), with the equilibrium con-
stant given by,

Ks3 ¼
a
H3PO

0
4
� a

REE
3þ

aHþ 3
ð7Þ

where a is the activity of REE3+, H3PO4
0 and H+, respec-

tively. The ionization reactions of orthophosphoric acid
as a function of proton (H+) activity can be described by,

H3PO4
0 = Hþ + H2PO4

� (K1) ð8Þ
H2PO4

� = Hþ + HPO4
2� (K2) ð9Þ

HPO4
2� = Hþ + PO4

3� (K3) ð10Þ

where K1, K2 and K3 are the first, second and third ioniza-
tion constants for orthophosphoric acid (Table A2). The
solubility product for Reaction (3) can be calculated by

Table 1

Aqueous species considered in the initial calculations and sources

of thermodynamic data from Supcrt92 (Johnson et al., 1992),

slop98.dat.

Species References

Ce-species

Ce3+ 1, 2

Ce(OH)3
0, Ce(OH)2

+, CeOH2+, Ce(OH)4
� 3

Sm-species

Sm3+ 1, 2

Sm(OH)3
0, Sm(OH)2

+, SmOH2+, Sm(OH)4
� 3

Gd-species

Gd3+ 1, 2

Gd(OH)3
0, Gd(OH)2

+, GdOH2+, Gd(OH)4
� 3

Major P-species

H3PO4
0 4

H2PO4
�, HPO4

2�, PO4
3� 1, 2

Minor P-species

H2P2O7
2�, H3P2O7

�, H4P2O7
0, HP2O7

3�, P2O7
4� 1, 2

Other species

OH�, H+ 1, 2

ClO4
� 1, 2

Supcrt92, slop98.dat: 1Shock et al. (1997), 2Shock and Helgeson

(1988), 3Haas et al. (1995), 4Shock et al. (1989).
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combining Eq. (7) with the ionization constants of
orthophosphoric acid according to,

Ks0 ¼ Ks3 �K1 �K2 �K3 ð11Þ
where Ks0 represents the solubility product with the activity
relationship,

Ks0 ¼ a
REE

3þ � a
PO

3�
4

ð12Þ

4.3. Parameter optimization calculations

To regress the standard molal Gibbs energies of aqueous
REE species, we used the GEMSFITS code (Miron et al.,
2015), which uses the GEMS code package (Kulik et al.,
2013) for chemical equilibria and speciation calculations
and the TSolMod library of activity models and equations
of state parameters (Wagner et al., 2012). The starting val-
ues for the standard thermodynamic properties of REE
aqueous species were from Shock and Helgeson (1988),
Haas et al. (1995), and Shock et al. (1997). The HKF
parameters, entropies, heat capacities, and molar volumes
listed in Table A3 were kept constant during the optimiza-
tion. Only the standard molal Gibbs energy at 25 �C and
1 bar was optimized for either REE3+ and REEOH2+

(mode I), or REEOH2+ and the REE phosphate minerals
(mode II). The standard thermodynamic properties for
REE phosphates were taken from the calorimetric measure-
ments of Ushakov et al. (2001), Thiriet et al. (2004, 2005),
and Popa and Konings (2006) as listed in Table 2. Evalua-
tion of the experimental solubility data (Table A1) for the
optimization was conducted using the activity models, spe-
ciation and thermodynamic data described above.

5. EXPERIMENTAL RESULTS

5.1. Kinetic experiments

Before retrieving the solubility products of the REE
phosphates, kinetic experiments were carried out to test
whether equilibrium was attained in the experiments. For
this purpose, the solubility of CePO4 was measured in a ser-
ies of experiments at 100 �C and swvp for a duration of 1 to
21 days. These experiments were conducted at the lowest

experimental temperature for ascertaining that dissolution
kinetics will not affect the retrieved solubilities.

The results of the kinetic experiments are shown in
Fig. 3 as reaction quotients (Qs3) calculated using Reaction
(6) and retrieved activities of the aqueous species
(Table A1). The reaction quotients for CePO4 indicate that
the experimental solutions had very low Ce concentrations
after 1–2 days, followed by a rapid increase after 3 days to
approach equilibrium with the CePO4 crystals. After 5, 14
and 21 days, Qs3 varied only within the experimental uncer-
tainty, which indicates that after �5 days the measured Ce
concentrations reached steady state values. This is in line
with similar solubility experiments carried out with YPO4

crystals, where the experiments reached equilibrium at
100 �C after �10 days reaction time (Gysi et al., 2015). This
method has also proven to be valid for other similar solubil-
ity studies, which suggest approach to equilibrium after
only few days at the experimental conditions (Migdisov
et al., 2009; Migdisov et al., 2011; Loges et al., 2013). Addi-
tional evidence that equilibrium was reached in these exper-
iments is provided by the good agreement in the
experimental uncertainty obtained from selected duplicate
experiments repeated for the same isotherms (Table 3).

Fig. 3. Results from kinetic experiments at 100 �C and swvp

showing the time required for Ce to reach steady state concentra-

tions after � 5 days. This is displayed as the logarithm of the

reaction quotient (Reaction (6) and Eq. (7)) as a function of time

(days).

Table 2

Standard thermodynamic properties of REE phosphates at reference conditions (Tr, Pr) of 298.15 K and 1 bar from calorimetric studies. The

heat capacity function is described by Cp� = a + bT + c/T2, with T in Kelvin.

DfG
0
Tr,Pr DfH

0
Tr,Pr S�298.15 K Vm Cp�

kJ/mol kJ/mol J/mol/K cm3/mol J mol�1K�1 a b c

CePO4 �1847.53 �1967.8a 119.97b 4.516c 106.43d 125.209 0.0278936 �2.40858e+06

SmPO4 �1846.90 �1965.7a 122.49b 4.281c 105.60e 133.125 0.0234677 �3.06879e+06

GdPO4 �1844.47 �1962.0a 124.60b 4.201c 102.21d 133.237 0.0127933 �3.09720e+06

a Ushakov et al. (2001), oxide melt calorimetry using crystals grown from melt flux.
b Thiriet et al. (2004, 2005), hybrid adiabatic relaxation calorimetry and differential scanning calorimetry (DSC). CePO4, and GdPO4

experiments were combined with crystal-field energy calculations for determining entropy of SmPO4.
c Ni et al. (1995).
d Popa et al. (2006), drop calorimetry Cp function for LaPO4, CePO4 and GdPO4.
e Popa and Konings (2006), drop calorimetry Cp function for SmPO4 and EuPO4.
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5.2. Solubility products (Ks0)

The solubility products of the REE phosphates were
retrieved from the measured concentrations of REE and
P in the quenched experimental solutions (Table A1) and
calculated activities according to Eqs. (7) and (11). The
resulting values of the logarithm of Ks0 for CePO4, SmPO4

and GdPO4 are listed in Table 3 and shown in Fig. 4. The
solubility of the REE phosphates is retrograde between 100
and 250 �C, with log Ks0 values varying 2–4 orders of mag-
nitude. Duplicate experiments display excellent repro-
ducibility for CePO4 and GdPO4 with experimental
uncertainties in log Ks0 generally <0.2. One duplicate exper-
iment for the solubility of SmPO4 indicates a higher uncer-
tainty of 0.3. However, the calculated upper bound of
uncertainties is 0.11 at the 95% confidence level based on
9 duplicate experiments at temperatures between 100 and
250 �C. An experimental uncertainty of <0.2 in retrieved
log Ks0 values is similar to the uncertainty observed for sim-
ilar REE phosphate solubility experiments carried out by
Gysi et al. (2015).

Values of log Ks0 do not vary linearly with 1/T, indicat-
ing that the enthalpy of reaction varies with temperature.
The experimental data were fit to an equation of the form,

logK ¼ Aþ B� Tþ C

T
þDlog Tð Þ ð13Þ

in which T is the temperature in Kelvin and the significance
of the coefficients A, B, C, D are given further below. For
four isotherms between 100 and 250 �C, only the first three
coefficients were needed for the initial fit of our experimen-
tal data, yielding regression coefficients (R2) between 0.970
and 0.996 (fit1, Table 4). Extrapolation of the fits to 25 �C
leads to large uncertainties at the 95% confidence level
(Fig. 4).

5.3. Comparison to previous studies

To better constrain the extrapolations of log Ks0 to
25 �C, our data were compared to results from other avail-
able solubility studies. Previous investigations of the ther-
modynamic properties of CePO4, SmPO4 and GdPO4

have been carried out at low temperature conditions where
the solubility experiments are controlled by the stability of
rhabdophane (Tananaev and Vasil’eva, 1963; Firsching and
Brune, 1991; Byrne and Kim, 1993; Liu and Byrne, 1997;

Cetiner et al., 2005; Gausse et al., 2016). Calorimetric meth-
ods were used to determine heat capacity, entropy and
enthalpy of REE phosphates (Ushakov et al., 2001;
Thiriet et al., 2004; Thiriet et al., 2005; Popa and
Konings, 2006; Popa et al., 2006). These experimental data
are compared to our experimental fits in Fig. 4. To calculate
solubilities, the calorimetric data for REE phosphates listed
in Table 2 were combined with standard thermodynamic
properties of REE3+ and PO4

3� species of Supcrt92
(Shock and Helgeson, 1988; Shock et al., 1997).

Our values of log Ks0 for CePO4 extrapolated to 25 �C
(Fig. 4a) are similar to, but slightly lower than, the values
calculated from the calorimetric data combined with
Supcrt92. For the estimated uncertainty at the 95% confi-
dence level, our value at 25 �C is indistinguishable from
the calculated calorimetric data. In contrast, the rhado-
phane solubility constants reported by Byrne and Kim
(1993) and Liu and Byrne (1997) are systematically higher
by several orders of magnitude. Comparison of our data
with the rhabdophane solubility experiments of Gausse
et al. (2016), indicates that rhabdophane (CePO4�0.667H2O)
has systematically a higher solubility than monazite
(CePO4), but displays a similar trend of decreasing solubility
with increasing temperature. In the study of Byrne and Kim
(1993), fine REE phosphate powders were synthesized at
room temperatures, and values were reported as
LnPO4�nH2O, indicating that these authors synthesized
rhapdophane, which was also used in the study of Liu and
Byrne (1997). To our knowledge, our study is therefore the
first to report data on the solubility of CePO4 with the mon-
azite structure between 100 and 250 �C and at swvp.

The solubility product of SmPO4 extrapolated to 25 �C
(Fig. 4b), is higher in our study than the values calculated
from calorimetric data, and again lower than solubility
studies of rhabdophane (SmPO4�0.667H2O) reported by
Gausse et al. (2016). For the estimated uncertainty at the
95% confidence level, our value at 25 �C is indistinguishable
from the re-calculated calorimetric data. The solubility of
the phases synthesized by Firsching and Brune (1991) are
similar to the study by Gausse et al. (2016), but the solids
synthesized in the former study have not been well docu-
mented. The study by Liu and Byrne (1997) confirmed,
however, that this synthesis method produced hydrated
REE phosphates with the rhabdophane structure, which
explains their higher measured solubilities. The study of

Table 3

Values of the logarithm of the solubility product (log Ks0) of REE phosphates determined experimentally at temperature (t) and swvp.

t (�C) log Ks0 (CePO4) 1ra log Ks0 (SmPO4) 1ra log Ks0 (GdPO4) 1ra

100 �28.44 ±0.16 �28.29 ±0.11b �27.98 ±0.05

150 �29.48 ±0.01 �29.22 ±0.27 �28.88 ±0.12

200 �30.61 ±0.11b �29.85 ±0.11b �30.28 ±0.14

250 �32.22 ±0.14 �31.14 ±0.11b �31.25 ±0.01

Aqueous speciation calculations were carried out using the aqueous species listed in Table 1 and Ks0 was calculated using Eqs. (7) and (11)

using the data in Tables A1 and A2.
a The uncertainty (r) is the standard deviation of the mean based on duplicate experiments.
b Calculated experimental uncertainty on the 95% confidence level (upper bound), based on 1r obtained from available duplicate

experiments.
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Cetiner et al. (2005) also determined the solubility of
rhabdophane-(Sm) powders, with higher solubilities than
in our study.

The solubility product for GdPO4 (Fig. 4c) displays a
similar trend as SmPO4, where the extrapolated log Ks0 to
25 �C are higher than the values calculated from calorimet-
ric data. The better uncertainty of the extrapolated fit calcu-
lated on the 95% confidence level indicates that the values
calculated from calorimetric data plots and the measured
solubility data for rhapdophane (GdPO4�0.667H2O) mostly
plot within this confidence field at 25 �C. The solubilities of
rhabdophane synthesized by Firsching and Brune (1991)
are similar to the ones measured by Gausse et al. (2016),
whereas the solubility data of Tananaev and Vasil’eva
(1963), Byrne and Kim (1993), and Liu and Byrne (1997)
display larger deviations.

6. RESOLVING DISCREPANCIES BETWEEN

THERMODYNAMIC PROPERTIES OF MINERALS,

AQUEOUS SPECIES AND SOLUBILITY

EXPERIMENTS

6.1. Constraining experimental fits to 298.15 K and 1 bar

Since extrapolated log Ks0 at 25 �C display relatively
large uncertainties at the 95% confidence interval (Fig. 4),
the fits need to be better constrained, which can be done
using available calorimetric data for the minerals. In a first
step, the standard enthalpy of Reaction (3), hence the
enthalpy of formation (DfH

0
Tr,Pr) of the REE phosphates,

can be calculated using the fitted coefficients of the log Ks0

function (see Fit 1 in Table 4) and the Van’t Hoff relation
(Appendix B). The DfH

0
Tr,Pr values obtained by the fit of

the solubility experiments are more positive by 7 to
27 kJ/mol for SmPO4 and GdPO4, and more negative by
14 kJ/mol for CePO4 in comparison to the calorimetric val-
ues of Ushakov et al. (2001). In the second step, we used the
values of Ushakov et al. (2001) for the enthalpy at 298.15 K
to constrain the parameter C in Eq. (13). This allowed us to
refit the experimental data using four coefficients (Fit 2 in
Table 4). In the third step, we used the calorimetric data
of Thiriet et al. (2004, 2005) for entropy at 298.15 K to con-
strain parameter A (Fit 3 in Table 4). The constrained fits
(Fit 2 optimized for enthalpy; Fit 3 optimized for entropy)
are compared in Fig. 5. This constrained fitting for GdPO4

made the slopes of the log Ks0 vs. 1/T curves more consis-
tent with those based on the calorimetric data at tempera-
tures between 25 and 100 �C, whereas for CePO4 and
SmPO4, the resulting slopes still display deviations.

Combining the values of the corrected mineral DfH
0
Tr,Pr

based on these fits and their standard properties (Table 2,
Cp function) with the aqueous REE3+ and PO4

3� properties
from Supcrt92, did not permit to reconcile the solubility
measurements with the calorimetric data (Fig. 5; Optimized
at 298.15 K, 1 bar). This is in contrast to the previous study
of Gysi et al. (2015), were correcting the DfH

0
Tr,Pr values of

the minerals permitted to reconcile these data. Discrepan-
cies become large at temperatures >100 �C, with 1–3 orders
of magnitude differences in comparison to our measured
experimental values. We have investigated ways to reconcile
these discrepancies and propose a consistent set of thermo-
dynamic properties for aqueous species and minerals, that

Fig. 4. Plots showing the logarithm of the solubility products of

REE phosphates (log Ks0) vs. 1/T calculated from the experimental

data collected in this study for temperatures between 100 and 250 �

C together with non-linear fits (Eq. (13)) extrapolated to 25 �C at

the 95% confidence interval (blue lines). The experimental data and

coefficients from the regressions (fit 1) are reported in Tables 3 and

4. Solubility data are compared to calorimetric data of monazite

from Ushakov et al. (2001) combined with aqueous REE3+ and

PO4
3� species from the Supcrt92 database (Shock and Helgeson,

1988; Shock et al., 1997). Also shown are experimentally deter-

mined values of log Ks0 (numbered symbols) from other solubility

studies. 1: Tananaev and Vasil’eva (1963); 2: Jonasson et al. (1985);

3: Firsching and Brune (1991); 4: Byrne and Kim (1993); 5: Liu and

Byrne (1997); 6: Poitrasson et al. (2004); 7: Cetiner et al. (2005); 8:

Gausse et al. (2016). The error bars or symbol sizes represent the

1r values from duplicate experiments. (For interpretation of the

references to color in this figure legend, the reader is referred to the

web version of this article.)
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used together, reproduce the solubility values reported in
the present study.

6.2. Parameter optimization

For CePO4, GdPO4, and SmPO4, reconciling calorimet-
ric and solubility data requires the use of an optimization
method to simultaneously modify the standard thermody-
namic properties of the aqueous species and/or of the min-
erals and recalculate the solubility of the REE phosphates.
Using the global optimization algorithm GEMSFITS
(Miron et al., 2015), which is combined with the GEMS3K
Gibbs energy minimization code (Kulik et al., 2013), it is
possible to adjust the standard Gibbs energy of the REE
aqueous species at 298.15 K and 1 bar, while recalculating
their activities and speciation in the experiments.

The approach taken was to minimize the difference
between the total measured REE and P concentrations,
the pH of the experiments (Table A1) and their calculated
values, while simultaneously assuring that the system is sat-
urated with the REE phosphates during the optimization.
Without changing the entropy and heat capacity of REE
phosphates (Table 2) and aqueous species, as well as using
the reported HKF parameters for REE aqueous species
(Supcrt92 database, Table A3), it was possible to resolve
the discrepancies by either adjusting the standard molal
Gibbs energy of REE3+ and REEOH2+ or by adjusting
the Gibbs energy of REEPO4(s) and REEOH2+.

In the first mode (I), the lowest residuals (i.e. differences
between experimental and calculated values) were obtained
by optimizing simultaneously the standard Gibbs energy of
REE3+ and REEOH2+ (i.e., the two major species at the
experimental conditions). For this optimization, the stan-
dard thermodynamic properties of the REE phosphates

(enthalpy, entropy and heat capacity) were fixed from avail-
able calorimetric measurements using the values in Table 2.
In the second mode (II), identical residuals were obtained
by simultaneously adjusting the standard Gibbs energy of
REEPO4(s) and REEOH2+, while fixing the entropy and
heat capacity of the REE phosphates from calorimetric
measurements (Table 2) and the thermodynamic properties
for the REE3+ ion from the Supcrt92 database (Table A3).
The properties of other aqueous species were fixed. The
properties of the other REE hydroxyl species, including
REEO+, REEO2H

0, REEO2
� (i.e., the corresponding

hydrated species are REE(OH)2
+, REE(OH)3

0, REE
(OH)4

�), were constrained by their association constants
from the data of Haas et al. (1995) to maintain internal con-
sistency with the new optimized data. The results of these
optimizations (i.e., modes I and II) are listed in Table 5.

In both cases, just adjusting the standard Gibbs energy
of REEPO4(s) or of the REE3+ ion alone was not enough
to mitigate the discrepancies with the measured experimen-
tal values, as seen in Fig. 6. For example, comparison of the
measured solubility data for CePO4 with the calculated sol-
ubility using the Supcrt92 database shows that the concen-
tration of the Ce3+ ion decreases with T, where a shift up or
down (change in the Gibbs energy) is not sufficient to min-
imize the differences between experiments and theoretical
predictions. Only by optimizing the Gibbs energy of the
CeOH2+ species, which displays an increase in concentra-
tion with temperature, resulted in a much better agreement
with the experimental data (compare the blue and gray dot-
ted lines in Fig. 6). The same behavior was observed for the
Gd and Sm phosphates, where the discrepancies could only
be resolved by optimizing simultaneously the standard
Gibbs energy for the REEOH2+ species and either the
Gibbs energy of the REE phosphates or the REE3+ ion.

Table 4

Coefficients for the temperature (T in K) dependence of the solubility products (log Ks0) of REE phosphates determined from regression of the

experimental values listed in Table 3.

log K = A + BT + C/T + Dlog(T) R2 log Ks0
cDfH

0
Tr,Pr

dS0Tr

A B C D (298.15 K) (kJ/mol) (J/mol/K)

Fit 1

log Ks0 (CePO4) 0.968 �0.0474 �4.384E+03 – 0.996 �27.86 �1981.5 95.5

log Ks0 (SmPO4) �12.45 �0.0283 �1.987E+03 – 0.970 �27.56 �1958.8 127.8

log Ks0 (GdPO4) �15.97 �0.0265 �784.5E+02 – 0.991 �26.48 �1934.8 180.0

Fit 2 optimized for DH

log Ks0 (CePO4) �229.46 �0.0912 3.757E+03 87.48 0.996 �27.61 �1967.8a 136.6

log Ks0 (SmPO4) 3.94 �0.0286 �3.047E+03 �5.24 0.969 �27.77 �1965.7a 108.7

log Ks0 (GdPO4) 439.74 0.0602 �1.691E+04 �172.96 0.993 �26.99 �1962.2a 97.8

Fit 3 optimized for DS

log Ks0 (CePO4) �145.57 �0.0756 7.435E+02 55.73 0.996 �27.72 �1973.4 120.0b

log Ks0 (SmPO4) �57.69 �0.0397 �7.876E+02 17.99 0.969 �27.67 �1961.0 122.5b

log Ks0 (GdPO4) 307.67 0.0357 �1.214E+04 �123.01 0.992 �26.81 �1953.2 124.6b

a Ushakov et al. (2001), oxide melt calorimetry.
b Thiriet et al. (2004, 2005), adiabatic calorimetry.
c Enthalpy of formation of REE phosphates recalculated from fitted standard enthalpy of reaction (DrH

0
Tr,Pr) using Reaction (3) and

standard enthalpies of formation (DfH
0
Tr,Pr) of �1277.9 kJ/mol for PO4

3�, �700.4 kJ/mol for Ce3+, �691.2 kJ/mol for Sm3+ and

�687.0 kJ/mol for Gd3+ from Shock and Helgeson (1988) and Shock et al. (1997).
d Absolute entropy of REE phosphates recalculated from fitted standard entropy of reaction (DrS

0
Tr,Pr) data using Reaction (3) and standard

entropies (S0) of PO4
3�, Ce3+, Sm3+ and Gd3+ listed in Table A3.
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The standard state properties for the REE aqueous spe-
cies listed in Table A3, can now be combined with their
optimized DfG

0
Tr,Pr values listed in Table 5. These optimized

values allow for the reconciliation of discrepancies between
solubility measurements and combined calorimetric mineral
data by revising the Supcrt92 values for aqueous REE spe-
cies. It is important to note that the accuracy of the opti-
mized data for the REE hydroxyl species will need to be
verified in future potentiometric studies and solubility
experiments at varying pH, and as such, these values should
be regarded as provisional. Further, to maintain consis-
tency with experimental data available for the REE chlo-

ride, fluoride complexes and other REE complexes relying
on the properties of REE3+ from the Supcrt92 dataset, at
this stage it is recommended to use the optimization that
does not involve the free REE3+ ion (mode II). Hence,
the calorimetric data of the REE phosphates in Table 2
(i.e., S�298.15 K, Vm and Cp� function) can be used with the
optimized standard Gibbs energy of these solids at
298.15 K and 1 bar (�1850.6 ± 0.5 kJ/mol for CePO4;
�1842.5 ± 3.2 kJ/mol for SmPO4; �1835.5 ± 1.5 kJ/mol
for GdPO4). Updated solubility constants based on these
optimized thermodynamic properties are found in Table 6.

6.3. Speciation of REE3+ and hydroxyl species

Using the optimized thermodynamic properties for REE
species generated in this study (Table 5), it is possible to
first delineate their effects on the overall solubility of Ce,
Sm and Gd without including other ligands. Experimental
data determining the stability of aqueous hydroxyl com-
plexes under hydrothermal conditions are scarce. One study
has determined the hydrolysis constants for Nd at temper-
atures up to 290 �C (Wood et al., 2002), and demonstrated
an increased importance of Nd3+ over Nd(OH)2+, in com-
parison to the theoretical predictions of Haas et al. (1995).
Another study by Pourtier and Devidal (2010) determined
the solubility of monazite-(Nd) from 300 to 800 �C at
2 MPa. In contrast to the experimental data of Wood
et al. (2002), their solubility study concluded that at 300 �
C, a stronger contribution of Nd(OH)2+ over Nd3+ can
be expected in the low pH range, which agrees better with
the predictions of Haas et al. (1995). However, their data
also showed better agreement with the experimental data
of Wood et al. (2002) at pH values of 3 to 6. These obser-
vations highlight the uncertainty of the thermodynamic
properties of these two species at elevated temperatures.

We have constructed pH vs. log activity diagrams
(Fig. 7) to display the effects of the correction of the stan-
dard properties for aqueous REE species based on our sol-
ubility experiments. The data for Ce, Sm and Gd aqueous
species all display similar trends. The optimized thermody-
namic data indicate that at 250 �C, the REEOH2+ complex
becomes dominant over REE3+ at pH values <4, whereas
the predicted data from Supcrt92 would underestimate
the formation of this complex (Shock and Helgeson,
1988; Haas et al., 1995; Shock et al., 1997). The REE
hydroxyl species that are stable at pH values of >4 are sim-
ilar in the optimized calculations but with overall higher
activities. These speciation calculations are somewhat simi-
lar to the study of Pourtier and Devidal (2010) at 300 �C,
where the dominant REE species at low pH was Nd
(OH)2+, followed by Nd(OH)2

+ at pH values between �3
and 7, and Nd(OH)3

0 at pH > 7. Note that the independent
optimization of REE(OH)2

+, REE(OH)3
0, and REE(OH)4

�,
was not possible in our study, since our solubility experi-
ments have been carried out at pH values of 2, where either
the REE3+ or REE(OH)2+ species are dominant depending
on the temperature. This highlights again the need for
potentiometric studies as a function of temperature and
pH to constrain the properties of the other hydroxyl species
in future studies.

Fig. 5. Comparison of constrained solubility fits from our study

(Table 4; Fits 2 and 3) with combined Supcrt92 data for aqueous

species (Shock and Helgeson, 1988; Shock et al., 1997) with

calorimetric data of the minerals in Table 2. Optimized fits at

298.15 K (grey solid line), correspond to Supcrt92 data for aqueous

species combined with the calorimetric data of Table 2 updated

with the mineral enthalpy data according to Table 4.
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7. IMPLICATIONS FOR MONAZITE SOLUBILITY

AND REE MOBILITY IN THE CRUST

7.1. Compositions of natural monazite

Natural monazite forms a highly varied series of solid
solution compositions between the different LREE (i.e.,
La, Ce, Nd, Pr, Eu, and Gd) (Boatner, 2002). The principal
REE in monazite is Ce with lesser amounts of the remain-
ing REE, coupled with the incorporation of additional ele-
ments including Th, U, Si and Ca. Metasomatic alteration
from a variety of fluids has been recognized as an important
mechanism with respect to the stability and compositions of
monazite-(Ce) in high-grade metamorphic rocks (Mair
et al., 2017; Tropper et al., 2011, 2013), which also has
implications with regard to its use in geochronology as a
recorder of high-grade metasomatic events (Poitrasson
et al., 1996; Harlov, 2011; Harlov et al., 2011; Williams
et al., 2011; Grand’homme et al., 2016). Both pressure
and temperature also play a role, but to a lesser extent
due to the slow rates of element diffusion measured in mon-
azite (Cherniak et al., 2004a, 2004b). Due to its very low
solubility in low temperature fluids, monazite is also known
to control the mobility of the REE, and in many cases may
control fractionation of the REE measured in other
hydrothermal minerals such as calcite (Debruyne et al.,

2016; Perry and Gysi, 2018). In addition, the kinetics of
dissolution may also play a role in low temperature sys-
tems, where pH affects the dissolution rates of monazite
(Oelkers and Poitrasson, 2002). Rhadophane has been
reported in low temperature mineral assemblages associ-
ated to supergene weathering and secondary REE enrich-
ment (Hutchinson, 2016; Andersen et al., 2017).
Rhabdophane may also play a significant role in controlling
the chemistry of seawater and the mobility of the REE asso-
ciated to weathering and soil formation (Jonasson et al.,
1985; Byrne and Kim, 1993).

Monazite occurs in many REE mineral deposits includ-
ing carbonatites and associated alkaline intrusives (Smith
et al., 2000; Wall et al., 2008; Moore et al., 2015;
Trofanenko et al., 2016), and iron oxide-apatite (IOA)
deposits (Harlov et al., 2002; Harlov et al., 2016; Hofstra
et al., 2016; Jonsson et al., 2016). Fig. 8 shows the compo-
sitional variations of natural monazite associated with REE
deposits. Chondrite normalized REE profiles (Fig. 8a) dis-
play large variations between different mineral deposits,
with monazite from Lofdal being enriched in the heavy
REE in comparison to Bayan Obo and Wicheeda. To illus-
trate the importance of studying endmember REE phos-
phate stabilities, such as CePO4, SmPO4 and GdPO4, we
plotted ratios of Ce/Sm vs. Ce/Gd (Fig. 8b). These ratios
vary orders of magnitude between monazite compositions

Table 5

Provisional revised values of the standard molal Gibbs energy of aqueous REE species from Supcrt92 optimized using GEMSFITS, which

permit reproducing the measured solubilities of this study. Optimizations include mode I (optimization of REE3+ and REEOH2+) and mode

II (optimization of REEOH2+ and REEPO4(s)).

Mode I Mode II

Species DfG
0
298.15, 1bar

(Supcrt92)

DfG
0
298.15, 1bar

(this study)

r Optimization DfG
0
298.15, 1bar

d

(this study)

r Optimization

J/mol J/mol J/mol

Ce3+ �676,134 �673,056 480 Optimized – Fixed

CeOH2+ �865,251 �879,975 601 Optimized �883,051 882 Optimized

CeO+ �819,646 �834,370 – aConstrained �837,446 – aConstrained

CeO2
� �929,266 �943,990 – bConstrained �947,066 – bConstrained

CeO2H
0 �1,001,231 �1,015,955 – cConstrained �1,019,031 – cConstrained

Sm3+ �665,674 �669,941 5207 Optimized – Fixed

SmOH2+ �857,302 �888,228 1092 Optimized �883,868 3485 Optimized

SmO+ �808,767 �839,693 � aConstrained �835,333 – aConstrained

SmO2
� �940,145 �971,071 – bConstrained �966,711 – bConstrained

SmO2H
0 �992,026 �1,022,952 – cConstrained �1,018,592 – cConstrained

Gd3+ �663,582 �672,515 1337 Optimized – Fixed

GdOH2+ �855,628 �884,499 745 Optimized �875,566 2061 Optimized

GdO+ �807,512 �836,383 – aConstrained �827,450 – aConstrained

GdO2
� �941,400 �970,271 – bConstrained �961,338 – bConstrained

GdO2H
0 �993,700 �1,022,571 – cConstrained �1,013,638 – cConstrained

Note the convention used for the REE hydroxyl species in the Supcrt92 dataset, which can be converted to the hydrated species notation listed

in Table 1, where REEO+ +H2O = REE(OH)2
+, REEO2

� +2H2O = REE(OH)4
�, and REEO2H

0 +H2O = REE(OH)3
0. The standard deviation

(r) in the optimizations was calculated from 200 Monte Carlo simulations. Association constants were fixed by the original fits by Haas et al.

(1995) according to the reactions:
a REEOH2+ = H+ + REEO+.
b REEOH2+ + H2O = 3H+ + REEO2

�.
c REEOH2+ + H2O = 2H+ + REEO2H

0.
d The optimized standard Gibbs energies for the REEPO4(s) at 298.15 K and 1 bar (mode II) are: �1850.6 ± 0.5 kJ/mol for CePO4;

�1842.5 ± 3.2 kJ/mol for SmPO4; �1835.5 ± 1.5 kJ/mol for GdPO4. These values are internally consistent with entropy and Cp data of

Table 2.
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from different deposits as well as within the deposits them-
selves. The ore-forming processes involve deposition of
monazite from hydrothermal fluids enriched in incompati-
ble elements and/or from interaction of these fluids with
the host rocks and mineral replacement reactions, for exam-
ple with apatite (Smith et al., 2000; Wall et al., 2008;
Harlov, 2011; Harlov et al., 2002, 2016; Jonsson et al.,
2016; Trofanenko et al., 2016). These magmatic fluids are
enriched in Cl and other potential ligands such as F and
CO2 that affect the solubility of monazite and other
REE minerals due to the formation of complex with the
REE (Migdisov et al., 2009). However, the prediction of
the exact changes in the composition of monazite solid
solutions associated with these fluid-rock interaction pro-
cesses as a function of varying P-T-x conditions remains
to be determined. These variations in the REE composi-
tions of natural monazite, yield promising signatures that
may be used to constrain the physico-chemical conditions
of metasomatism in the crust. To be able to do such pre-
dictions, better constraints on the stability of the monazite
solid solutions and the REE aqueous speciation are
needed.

7.2. The link between REE ionic radii, monazite solubility

and natural compositions

One of the interesting aspects of comparing a wide vari-
ety of natural monazite compositions (Fig. 8a), is that the
chondrite normalized REE profiles display two groups for
the LREE. One group displays limited fractionation and
includes La, Ce, Pr, and Nd, whereas the other group dis-
plays a strong fractionation and includes Sm, Eu, and
Gd. These variations could be explained by the incorpora-
tion of REE with varying ionic radii into the monazite
structure. For example, this behavior is reflected in the
varying molar volumes of the different monazite endmem-
bers (Ni et al., 1995), mechanical properties (Wilkinson
et al., 2017), and also by local lattice strain and possible
reordering resulting from the substitution of REE with dif-
ference in ionic radii in binary solid solutions of La-Eu and
La-Gd phosphates (Geisler et al., 2016; Huittinen et al.,
2017). This behavior is also reflected in measured excess
enthalpy of mixing in binary solid solutions (Popa et al.,
2007; Neumeier et al., 2017). Comparison of our optimized
solubility constants for CePO4, SmPO4, and GdPO4 (Fig. 9)
with the ones for NdPO4 from Poitrasson et al. (2004), indi-
cates similarly to the natural monazite compositions, two
groups of REE with systematic behavior depending on their
ionic radii. One group corresponds to CePO4 and NdPO4,
where the Nd endmember with the smaller ionic radius dis-
plays a higher solubility. The other group corresponds to
SmPO4 and GdPO4, where again the Gd endmember with
the smaller ionic radius displays a higher solubility, and
hence, a lower stability. To better understand the exact nat-
ure of this behavior, i.e. whether it is an intrinsic property
of the solid due to lattice strain or related to the hydration
of ions in aqueous solutions, will require additional solubil-
ity data for the other REE phosphates in this temperature
range.

Fig. 6. Calculated solubility of (a) CePO4, (b) SmPO4, and (c)

GdPO4 as a function of temperature showing the total dissolved

molalities of REE (solid lines) and major aqueous REE species

(dotted lines) at the experimental conditions. Thermodynamic data

for the optimized aqueous REE species from Table 5 were used to

calculate the optimized speciation and are compared to calculations

using the values from Supcrt92 (Haas et al., 1995; Shock and

Helgeson, 1988; Shock et al., 1997). Note that an increase in the

stability of REEOH2+ is necessary to reproduce the higher

observed REE solubility at elevated temperature.

Table 6

Updated values of the logarithm of the solubility product (log Ks0)

of REE phosphates consistent with the optimized values for

aqueous REE species listed in Table 5 and the calorimetric values

listed in Table 2.

t (�C) log Ks0 (CePO4) log Ks0 (SmPO4) log Ks0 (GdPO4)

100 �28.4 �28.8 �28.1

150 �29.8 �30.1 �29.4

200 �31.4 �31.7 �31.0

250 �33.4 �33.7 �33.0
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Fig. 7. Speciation diagram at 250 �C and swvp showing the logarithm of the activity of aqueous REE species vs. pH for solutions in

equilibrium with (a-b) CePO4, (c-d) SmPO4 and (e-f) GdPO4. Thermodynamic properties for aqueous REE species used in the calculations are

from Supcrt92 (Shock and Helgeson, 1988; Haas et al., 1995; Shock et al., 1997) and the optimized values listed in Table 5.
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7.3. The role of Cl, F and P for REE mobility in fluids

In low pH experimental studies, the REE phosphates
display very low solubilities in the ppb to ppt range at 25

to �400 �C (Poitrasson et al., 2004; Cetiner et al., 2005;
Gysi et al., 2015). This is mainly observed for experimental
conditions where only REE3+ and hydroxyl complexes are
dominant even at higher pressures (Louvel et al., 2015). In
REE mineral deposits, however, additional ligands have
been determined to be important for increasing the solubil-
ity of REE-bearing minerals, including Cl�, F�, SO4

2�, and
CO3

2�. The presence of these ligands has been determined
based on fluid inclusion analysis and the occurrence of
hydrothermal fluorite and calcite veins. These observations
have been made in: peralkaline granititic systems such as
Strange Lake in Canada (Salvi and Williams-Jones, 1990;
Gysi and Williams-Jones, 2013; Vasyukova et al., 2016;
Vasyukova and Williams-Jones, 2018), hydrothermal brec-
cia and vein deposits such as Gallinas in New Mexico and
Snowbird in Montana (Williams-Jones et al., 2000; Gagnon
et al., 2003; Samson et al., 2004), IOA deposits such as Pea
Ridge (Hofstra et al., 2016), and carbonatites such as
Bayan Obo in China (Smith et al., 2000). In the recent
numerical modeling study by Migdisov and Williams-
Jones (2014), based on available experimental data up to
�350 �C (Migdisov et al., 2009), it was posited that in nat-
ural systems, Cl plays a major role in the transport of REE
at low pH, whereas F plays a role as depositional ligand
under mildly acidic conditions to higher pH. This is related
to the low solubility of REE fluorides with increased pH,
which limits the conditions at which F can play an impor-
tant role as a ligand in REE transport. The REE concentra-
tions in Cl-bearing solutions can increase to ppm and even
wt.% concentrations (Gammons et al., 1996; Migdisov and
Williams-Jones, 2014; Louvel et al., 2015). The REE fluoro-
carbonates display a very low solubility (Gysi and
Williams-Jones, 2015), therefore possibly limiting the role
of carbonate complexes for REE mobilization in hydrother-
mal fluids. The same applies to phosphorus, where the low
solubility of REE phosphates may limit the transport of
REE, and P may be expected to behave as a depositional
ligand similar to F.

However, experiments at 800 �C and 1000 MPa have
shown that addition of NaF and NaCl increased consider-
ably the solubility of CePO4 and YPO4, and addition of
these salts to the fluids allow the effective fractionation of
Ce from Y (Mair et al., 2017; Tropper et al., 2011, 2013).
This was also observed in the experimental study by Zhou
et al. (2016) at 800 �C and 500 MPa where addition of
KCl increased the fractionation of LREE and HREE in
synthetic fluid inclusions, and addition of Na to F- and
CO2-bearing solutions increased the solubility of the REE
phosphates. This indicates the need for additional experi-
mental data for investigating the role of P, F, and CO2 over
a wider P-T and pH range (Tsay et al., 2014; Louvel et al.,
2015) to better assess their role for REE transport in natu-
ral systems.

7.4. Model of the hydrothermal solubility of an ideal

monazite solid solution

The solubility of an ideal monazite solid solution was
simulated as a function of temperature and salinity to test
the implications of our updated thermodynamic data on

Fig. 8. (a) Rare earth element profiles of samples (ppm) normal-

ized to chondrite (McDonough and Sun, 1995), and (b) molar

ratios of Ce/Sm vs. Ce/Gd, showing the compositional variation of

REE in natural monazite. Selected REE deposits include carbon-

atites (Lofdal in Namibia, Bear Lodge in Wyoming, Bayan Obo in

China, and Wicheeda in British Columbia) and iron-oxide-apatite

(Pea Ridge) deposits.

Fig. 9. Comparison of the optimized solubility products (log Ks0)

for CePO4, SmPO4, and GdPO4 from this study and NdPO4 from

the study of Poitrasson et al. (2004). Note that the solubility

behavior of the LREE (i.e. increasing with decreasing ionic radii)

can be categorized into two groups, similarily to the composition of

REE in natural monazite (Fig. 8a), where Ce and Nd are less

fractionated, and Sm and Gd are more fractionated.
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the solubility of Ce, Gd and Sm (Fig. 10). These simulations
include the REE chloride species determined in the experi-
ments by Migdisov et al. (2009) to study the effects of min-
eral solubilities controlled by REE hydroxyl species vs.
chloride species. Using the data presented in this study,
the total molalities of Ce is generally lower than Sm and

Gd, whereas the molality of Ce is higher than Sm and Gd
by several orders of magnitude using the aqueous species
thermodynamic data from the Supcr92 dataset (Shock
and Helgeson, 1988; Haas et al., 1995; Shock et al., 1997).
Considering that in natural systems monazite-(Ce) is the
most common light REE phosphate, the simulated predic-
tions using the data obtained in this study are more consis-
tent with observations of natural systems. Consequently,
CePO4 would be expected to be the least soluble. This is
in line with the numerical simulations with 0.01 mNaCl at
temperatures above 50 �C (Fig. 10a). Increasing the amount
of NaCl to 0.1 m and 1 m (Fig. 10b and c), shifts the total
molality of the dissolved Ce, Sm, and Gd to higher values,
and overall increases the amount of dissolved Ce, which
highlights the importance of Cl-rich fluids for the
hydrothermal mobilization of REE (Williams-Jones et al.,
2012; Gysi and Williams-Jones, 2013; Migdisov and
Williams-Jones, 2014; Perry and Gysi, 2018). These simula-
tions demonstrate that the updated data for aqueous spe-
cies yields overall higher calculated solubilities than
previously predicted, especially for the monazite-(Gd)-
and -(Sm) endmembers. This will directly affect the calcula-
tion of solid solution compositions, i.e. the lower solubility
of CePO4 and increased solubilities of SmPO4 and GdPO4

will result in a solid solution composition that is more
Ce-rich, in line with natural observations. Better constraint
of the stability and composition of monazite solid solutions
in natural systems, will require a detailed revision of the
thermodynamic data for all the REE phosphate endmem-
bers and their aqueous species. One may be inclined to
assume ideal mixing between the REE phosphate endmem-
bers, due to similarities between the ionic radii of the differ-
ent REE. However, recent studies have demonstrated that
binary solid solutions between REE phosphate endmem-
bers are characterized by non-ideal mixing determined by
experiments and from ab initio modeling (Popa et al.,
2007; Li et al., 2014; Geisler et al., 2016; Gysi et al., 2016;
Hirsch et al., 2017).

8. CONCLUSION AND OUTLOOK

We have measured the solubility of the monazite end-
members CePO4, SmPO4, and GdPO4 in aqueous HClO4-
H3PO4 solutions at temperatures from 100 to 250 �C. Com-
bining calorimetric data available for REE phosphates with
the aqueous species from Supcrt92 (Shock and Helgeson,
1988; Haas et al., 1995; Shock et al., 1997) commonly used
to calculate the stability of REE complexes and minerals,
has demonstrated large discrepancies with our solubility
measurements. In a previous study (Gysi et al., 2015) we
showed how to optimize the enthalpy for the REE phos-
phates, whereas in this study we propose a provisional
revised dataset of standard thermodynamic properties for
aqueous REE species until further experimental measure-
ments become available. This permitted us to reconcile sol-
ubility measurements with available calorimetric data for
the minerals. The compositional changes of monazite solid
solutions in equilibrium with hydrothermal fluids is com-
plex, as it requires a detailed knowledge of thermodynamic
properties of the mixing properties of their solid solutions,

Fig. 10. Simulated solubility of Ce, Sm and Gd (molality) as a

function of temperature at 500 bar in equilibrium with REEPO4

solid solutions using GEM-Selektor. The initial solution compo-

sition was 200 ppm REE, 200 ppm P and 0.001 m HCl, with

salinities of (a) 0.01 m NaCl, (b) 0.1 m NaCl and (c) 1 m NaCl. The

model assumes an ideal solid solution model between CePO4,

SmPO4 and GdPO4 endmembers. The lines correspond to the

model using the thermodynamic properties for aqueous REE3+ and

hydroxyl complexes from Supcrt92 (Shock and Helgeson, 1988;

Haas et al., 1995; Shock et al., 1997) and Table 2 for minerals, and

the symbols correspond to the model using the properties

optimized in this study (Table 5; Mode II). Thermodynamic data

for the REE chloride complexes were taken from the experimental

study of Migdisov et al. (2009).
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and the stability of aqueous complexes. The present study is
a first step for improving our prediction capabilities of
monazite compositions in equilibrium with crustal fluids,
but future studies will need careful determination of the
properties of binary solid solutions to use monazite compo-
sitions as possible signatures of crustal metasomatism.
These and future data will be implemented in the MINES
thermodynamic database (Gysi, 2017), together with the
recently developed internally consistent datasets for rock
forming minerals and major aqueous species (Miron
et al., 2016; Miron et al., 2017). These advances will permit
the more accurate simulation of the stability and composi-
tion of REE phosphates in complex natural systems at var-
ious physico-chemical conditions.
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APPENDIX A

See Tables A1–A3.

Table A1

Composition of quenched experimental solutions (mol/kg) from solubility experiments performed at saturated water vapor pressure (swvp)

and calculated logarithm of activities for aqueous species used for retrieving the solubility product from Eq. (11) and data in Table A2.

Type Time

(days)

t

(�C)

pH mClO4
� mP mREE logaH3PO4

0 logaH2PO4
� logaHPO4

2� logaPO4
3� logaREE3+ logaREEOH2+

CePO4 1 100 2.015 1.09E�02 2.13E�05 3.44E�08 �4.790 �5.345 �10.623 �20.748 �7.961 �11.402

2 100 2.015 1.09E�02 2.03E�05 2.75E�08 �4.812 �5.366 �10.644 �20.769 �8.057 �11.499

3 100 2.015 1.09E�02 1.95E�05 1.08E�07 �4.830 �5.384 �10.662 �20.787 �7.466 �10.907

3 100 2.015 1.09E�02 2.05E�05 3.90E�08 �4.815 �5.370 �10.648 �20.773 �7.907 �11.348

4 100 2.015 1.09E�02 2.04E�05 6.13E�08 �4.811 �5.365 �10.643 �20.768 �7.710 �11.151

5 100 2.015 1.09E�02 2.10E�05 8.19E�08 �4.796 �5.351 �10.628 �20.754 �7.585 �11.026

5 100 2.015 1.09E�02 2.05E�05 1.21E�07 �4.808 �5.363 �10.641 �20.766 �7.414 �10.855

14 100 2.015 1.09E�02 1.03E�05 1.69E�07 �5.105 �5.659 �10.937 �21.062 �7.269 �10.710

21 100 2.015 1.09E�02 1.83E�05 5.67E�08 �4.856 �5.411 �10.688 �20.814 �7.744 �11.185

14 150 2.023 1.09E�02 1.12E�05 5.53E�08 �5.011 �5.884 �11.392 �21.661 �7.825 �9.882

14 150 2.023 1.09E�02 9.78E�06 6.46E�08 �5.072 �5.945 �11.452 �21.722 �7.758 �9.815

14 200 2.033 1.09E�02 1.17E�05 4.54E�08 �4.960 �6.184 �12.021 �22.586 �8.022 �8.977

14 250 2.048 1.09E�02 1.06E�05 4.89E�08 �4.987 �6.620 �12.895 �23.892 �8.226 �8.260

14 250 2.048 1.09E�02 5.08E�06 6.47E�08 �5.306 �6.939 �13.213 �24.211 �8.103 �8.138

SmPO4 14 100 2.015 1.09E�02 8.11E�06 2.36E�07 �5.210 �5.764 �11.042 �21.167 �7.124 �10.245

14 150 2.023 1.09E�02 8.70E�06 8.62E�08 �5.123 �5.996 �11.503 �21.773 �7.635 �9.433

14 150 2.023 1.09E�02 9.11E�06 1.96E�07 �5.103 �5.976 �11.483 �21.753 �7.277 �9.075

14 200 2.033 1.09E�02 5.47E�06 5.79E�07 �5.292 �6.515 �12.353 �22.917 �6.928 �7.680

14 250 2.048 1.09E�02 6.20E�06 8.79E�07 �5.219 �6.853 �13.127 �24.124 �7.015 �6.894

GdPO4 14 100 2.015 1.09E�02 9.39E�06 3.87E�07 �5.147 �5.700 �10.978 �21.103 �6.910 �9.990

14 100 2.015 1.09E�02 7.72E�06 5.57E�07 �5.232 �5.786 �11.064 �21.188 �6.752 �9.832

14 150 2.023 1.09E�02 1.25E�05 2.44E�07 �4.967 �5.839 �11.347 �21.616 �7.183 �8.987

14 150 2.023 1.09E�02 9.69E�06 2.14E�07 �5.076 �5.949 �11.456 �21.726 �7.240 �9.044

14 200 2.033 1.09E�02 4.47E�06 2.05E�07 �5.379 �6.603 �12.441 �23.005 �7.376 �8.183

14 200 2.033 1.09E�02 8.02E�06 1.81E�07 �5.125 �6.349 �12.187 �22.751 �7.429 �8.236

14 250 2.048 1.09E�02 9.58E�06 4.14E�07 �5.031 �6.664 �12.938 �23.936 �7.309 �7.296

14 250 2.048 1.09E�02 6.21E�06 6.36E�07 �5.219 �6.852 �13.126 �24.123 �7.123 �7.110

Table A2

Logarithm of the ionization constants for orthophosphoric acid using the data of Shock and Helgeson (1988), Shock et al. (1989) and Shock

et al. (1997).

t (�C) log K

100 150 200 250

Reactions

H3PO4
0 = H+ + H2PO4

� (K1) �2.57 �2.90 �3.26 �3.68

H2PO4
� = H+ + HPO4

2� (K2) �7.26 �7.53 �7.87 �8.32

HPO4
2� = H+ + PO4

3� (K3) �12.14 �12.29 �12.60 �13.05
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APPENDIX B

The relation of enthalpy and heat capacity at constant
pressure was determined from the Van’t Hoff relation,

dlnK=dT ¼ DrH
0
T
=ðRT Þ2

and Kirchhoff’s equations,

dDH=dT½ �
P
¼ DCp

the symbol R is the ideal gas constant, T the temperature in
Kelvin, K the equilibrium constant, in which DCp is repre-
sented by the equation of Haas and Fisher (1976),

DCp	 ¼ a0 þ a1T þ a2T
�2 þ a3T

�0:5 þ a4T
2

and enthalpy by integration of the Cp equation,

DrH
0
T
¼ hTr þ a0Tþ ða1=2ÞT2 � a2=T þ 2a3T

0:5 þ ða4=3ÞT3

hTr is a constant enthalpy term according to,

hTr ¼ DrH
0
T
� a0T r � ða1=2ÞT r

2 þ a2=T r � 2a3T r

0:5

� ða4=3ÞT r

3

The integrated form of the Van’t Hoff yields for a four
parameter equation:

lnK ¼ A0 þ A1T þ A2=T þ A3lnðT Þ
where A0–A3 are related to A–D parameters from Eq. (13),

A0 ¼ Alnð10Þ ¼ ðsTr � a0Þ=R
A1 ¼ Blnð10Þ ¼ a1=ð2RÞ
A2 ¼ Clnð10Þ ¼ �hTr=R

A3 ¼ Dlnð10Þ ¼ a0=R

and entropy can be retrieved from the constant entropy
term (sTr),

sTr ¼ DrS
0
T r
� a0lnT r � a1T r þ a2=ð2T r

2Þ þ 2a3T r

�0:5

� ða4=2ÞT r

2

i.e. a2, a3, and a4 are not used with only four isotherms
experiments.
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