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Experimental determination of CePO,4 and YPO, solubilities
in H,O-NaF at 800°C and 1 GPa: implications for rare earth
element transport in high-grade metamorphic fluids

P. TROPPER"2?, C. E. MANNING? AND D. E. HARLOV?®

! Institute of Mineralogy and Petrography, Faculty of Geo- and Atmospheric Sciences, University of Innsbruck, Innsbruck,
Austria; 2Department of Earth and Space Sciences, University of Californin, Los Angeles, CA, USA; *Helmboltz Zentrum
Potsdam, Deutsches GeoForschungsZentrum, Potsdam, Germany

ABSTRACT

Monazite (CePO,4) and xenotime (YPO,) are important accessory minerals in metasediments. They host signifi-
cant rare earth elements (REE) and are useful for geochronology and geothermometry, so it is essential to under-
stand their behavior during the metasomatic processes that attend high-grade metamorphism. It has been
proposed that F-bearing fluids enhance solubility and mobility of REE and Y during high-grade metamorphism.
We assessed this possibility by determining the solubility of synthetic CePO4 and YPO, crystals in H,O-NaF fluids
at 800°C and 1 GPa. Experiments used hydrothermal piston-cylinder and weight-loss methods. Compared to the
low solubilities of CePO4 and YPO, in pure H,O (0.04 + 0.04 and 0.25 + 0.04 millimolal, respectively), our
results indicate an enormous increase in the solubility of both phosphates with increasing NaF concentration in
H,O: CePO, solubility reaches 0.97 molal in 20 mol.% NaF, and YPO, shows an even stronger solubility
enhancement to 0.45 molal in only 10 mol.% NaF. The greatest relative solubility increases occur at the lowest
NaF concentration. The solubilities of CePO, and YPO, show similar quadratic dependence on NaF, consistent
with possible dissolution reactions of: CePO, + 2NaF = CeF; + Na,PO4 and YPO, + 2NaF = YF3 + Na,PO, .
Solubilities of both REE phosphates are significantly greater in NaF than in NaCl at equivalent salt concentration.
A fluid with 10 mol.% NaCl and multiply saturated with fluorite, CePO,4, and YPO, would contain 1.7 millimolal
Ce and 3.3 millimolal Y, values that are respectively 2.1-2.4 times greater than in NaCl-H,O alone. The results
indicate that Y, and by extension heavy rare earth elements (HREE), can be fractionated from LREE in fluorine-
bearing saline brines which may accompany granulite-facies metamorphism. The new data support previous indi-
cations that REE/Y mobility at these conditions is enhanced by complexing with F in the aqueous phase.

Key words: brines, monazite, piston-cylinder experiments, rare earth elements mobility, solubility, xenotime
Received 13 August 2012; accepted 8 March 2013

Corresponding author: Peter Tropper, Institute of Mineralogy and Petrography, Faculty of Geo- and Atmospheric
Sciences, University of Innsbruck, Innrain 52, A-6020 Innsbruck, Austria.
Email: peter.tropper@uibk.ac.at. Tel: 0043-(0)512-507-5513.

Geofluids (2013) 13, 372-380

INTRODUCTION

Fluorine plays an important role in metal complexing dur-
ing fluid—rock interaction at high pressure (P) and temper-
ature (7). Increased fluorine concentrations are indicated
by F-bearing minerals in a wide variety of deep metamor-
phic settings (Bohlen & Essene 1978; Zhu & Sverjensky
1992; Pradeepkumar & Krishnanath 1996; Markl & Piaz-
olo 1998; Tsunogae et al. 2003; Sengupta et al. 2004).
Fluorine-rich fluids can strongly influence the distribution
of Ti and other high field-strength elements (HESE), rare

carth elements (REE; light rare earth elements, LREE;
heavy rare ecarth elements, HREE), and U and Th during
metamorphism and partial melting (Oreskes & Einaudi
1990; Peterson et al. 1991; Pan & Fleet 1996; Rudnick
et al. 2000; Klemme 2004; Jiang et al. 2005; Rapp et al.
2010). The mobilities of REE in crustal and mantle fluids
are especially important because of their role in REE ore-
deposit formation (Andreoli et al. 1994; Fayek & Kyser
1997; Salvi et al. 2000; Chakhmouradian & Wall 2012;
Williams-Jones et al. 2012) as well as their contribution in
tracing magmatic (Pollard ez al. 1987; Webster et al.
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1997; Markl & Piazolo 1998; Agangi et al. 2010) and
metamorphic (Yardley 1985; Brennan 1993) petrogenetic
processes. The same holds for Y because of its geochemical
similarity to Ho. Unfortunately, little is known about the
actual F content of high-grade metamorphic fluids. Most
studies inferred relative fHF /fH,O ratios based on halogen
partitioning between minerals and fluids to make inferences
about the fluid compositions (Yardley 1985; Zhu & Sver-
jensky 1992; Markl & Piazolo 1998; Sallet 2000). Direct
measurements of F contents are mostly available from geo-
thermal fluids (Lewis et al. 1997) and not from high-grade
metamorphic fluids. Banks ez al. (1994) analyzed a mag-
matic fluid with high total REE concentrations of 200-
1300 ppm and found a strong correlation with increasing F
contents (360-5250 ppm), which suggests the transport of
REE as F-bearing complexes.

Important reservoirs for REE and Y in crustal rocks are
the phosphates apatite, monazite, and xenotime, as well as
the epidote-group minerals. Most previous work on REE/
Y solubility in geofluids has focused on monazite and/or
xenotime because of their stoichiometric simplicity, their
importance as low- to medium-grade metamorphic index
minerals, and their utility as geochronological tools (Harri-
son et al. 2002; Ayers et al. 2004; Hansen & Harlov
2007; Williams ez al. 2007; Janots et al. 2008). Most
experimental investigations of their solubilities in aqueous
fluids have been conducted at low to moderate P and T
(Wood et al. 1990a,b; Haas et al. 1995; Devidal ez al.
1998; Poitrasson ez al. 2004; Cetiner ez al. 2005; Migdi-
sov & Williams-Jones 2007; Migdisov et al. 2009; Pourtier
et al. 2010). However, the links between REE mobility
and F may be especially important in high- P environments
(Pan & Fleet 1996; Cooper et al. 2012). Experimental
studies of monazite and xenotime solubility at these condi-
tions confirm that they are sparingly soluble in pure H,O
(Ayers & Watson 1991; Schmidt ez al. 2007; Tropper
et al. 2011). Although solubilities rise with increasing
Xnaar (Tropper et al. 2011), the role of the potentially
more important halide, F, has not yet been investigated.
The need for such an investigation is highlighted by the
compositions of metamorphic fluorites, which display dif-
ferent REE /Y fractionation behavior as a function of fluid
composition (Constantopoulos 1988; Bau & Dulski 1995;
Schwinn & Markl 2005).

Here, we report measurements of CePO, and YPOy
solubility in H,O-NaF at 800°C and 1.0 GPa, which
yields insights into F-related REE mobility that is com-
monly observed to be associated with granulite-facies
metamorphism (Pan & Fleet 1996; Harlov et al. 20006).
The new data indicate that CePOy4 and YPO, solubilities
are extremely high in NaF-bearing fluids. We used NaF
solutions rather than HF solutions to avoid the conse-
quences of imposing acidic pH at the studied P and T.
These results indicate that in the presence of even small

© 2013 John Wiley & Sons Ltd, Geofluids, 13, 372-380

REE transport in H,O-NaF 373

concentrations of dissolved alkali fluoride, geologic fluids
will have a high capacity to dissolve and transport REE at
high P and T.

METHODS

We used a double-capsule method and the synthetically
grown, chemically pure CePO4 and YPOy, crystals whose
synthesis is described in the study by Tropper et al. (2011).
One to 15 small crystals free of flux-melt inclusions were
placed in an inner 1.6-mm outer diameter (OD) Pt capsule.
To facilitate H,O penetration during experiments, the
capsule was pierced two to four times with a needle and
then lightly crimped on both ends to contain the crystal.
The inner capsule, appropriate amounts of dried NaF, and
25-42 ml H,O were then sealed by arc welding in an outer
3.5-mm OD Pt capsule with 0.18 mm wall thickness. The
double-capsule assembly was held at 115°C for >3 h to
check for leakage.

All experiments were conducted in an end-loaded, pis-
ton-cylinder apparatus using 25.4-mm-diameter graphite—
NaCl furnace assemblies (Bohlen 1984; Manning & Boet-
tcher 1994). Each capsule, packed in NaCl, was placed
horizontally in the inner part of the assembly in contact
with the thermocouple tip through a Pt shield in order to
prevent puncture by the thermocouple. Temperature was
controlled with Pt/PtyoRh;o thermocouples (+3°C esti-
mated precision), and pressure was monitored using a He-
ise gauge (£0.01 GPa estimated precision). The run time
was 12 h, which has been shown by Tropper et al. (2011)
to be sufficient for equilibration.

Power to the apparatus was cut at the end of each exper-
<100°C in
<30 sec. After quenching, the outer capsule was pierced
with a needle, dried for 15 min at 115°C, and then for
15 min at 400°C. The capsule assembly was then opened
and inspected. The crystals were extracted and weighed.

iment, causing quench to temperatures

Comparison of the total capsule weight before and after
the experiments showed that H,O loss during runs was
always within 1% of starting H,O. All run products were
examined optically with a binocular microscope; selected
run products were examined with a scanning electron
microscope. The extracted crystals were carefully dried and
cleaned prior to weighing.

Crystal weights were determined using a Mettler UMX2
ultra-microbalance (1o = 0.2 pg). Weights of NaF and
H,O were determined using a Mettler M4 microbalance
(1o =2 pg). Uncertainties in CePO4 and YPOy solubilities
reflect propagated weighing errors (Table 1).

RESULTS

Results are given in Table 1. Run products included partly

dissolved starting crystals and fine-grained white or
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Table 1 Experimental results at 800°C, 1 GPa.

Run Time (h) H,O in (mg) NaF in (mg) XNaF Crystals in (mg) Crystals out (mg) Molality Notes
CePO,4 + H,O + NaF
Mnz-18 90 35.893 0 0 1.1635 1.1632 0.00004 (3) T11
Mnz-9 12 40.956 0.976 0.010 1.2751 1.2683 0.0007 (1)
Mnz-8 12 34.304 4.451 0.053 1.0927 0.7147 0.0469 (1)
Mnz-10 12 34.856 8.798 0.098 4.9013 3.4928 0.1719 (1) VT?
Mnz-14 12 36.302 20.814 0.197 10.3721 2.1349 0.9652 (1)
Mnz-4 12 25.590 21.427 0.264 3.2851 - >0.5461 (1)
YPO, + H,O + NaF
Xnt-4 12 41.618 0 0 2.3541 2.3522 0.00025 (4) T
Xnt-11 12 41.492 1.004 0.010 1.7494 1.7110 0.0050 (1)
Xnt-10 12 35.206 4.867 0.056 1.2402 0.2842 0.1477 (1)
Xnt-12 12 34.622 9.086 0.101 6.8693 3.7319 0.4928 (1) M + V?
Xnt-15 12 34.464 8.927 0.100 5.4425 2.5930 0.4497 (1) M + V?
Xnt-14 12 36.465 20.837 0.197 10.6652 - >1.5906 (1)
Xnt-6 12 25.522 21.509 0.266 3.5388 - >0.7541 (1)

Parenthetical entries reflect propagated weighing errors (1c) in final digit. The 15 error in Xyar is 1.8 x 107°. Notes: T11, data from Tropper et al. (2011);
VT?, possible vapor-transport crystals; M + V?, possible coexistence of melt + vapor, as indicated by the presence of up to 100-um-diameter glass spheres in

run products (see text).

colorless quench solids, which occur in the inner as well as
the outer capsules. The original grains displayed rounded
edges and, in some cases, significant new subhedral octahe-
dral overgrowths (Figs 1A,B and 2A,B). The absence of
any other crystalline products of dissolution indicates that
monazite and xenotime dissolved congruently in all solu-
tions.

As noted in previous studies (Tropper & Manning
2005; Antignano & Manning 2008), it is important to
identify any phosphate crystals that might have nucleated
and grown during an experiment. Termed ‘vapor-transport
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crystals’, these newly formed grains have habits consistent
with growth at high P and T rather than during quench-
ing. Their presence results in erroncously high solubilities
if they are unrecognized. In one experiment, Mnz-10, sev-
eral small clusters of equant, subhedral monazite grains
(Fig. 1C) were assumed to be vapor-transport crystals;
however, the dependence of monazite solubility on NaF
concentration does not change significantly when this
experiment is omitted from fitting (see below). Accord-
ingly, we conclude that the mass of these possible vapor-
transport crystals was negligible.

Fig. 1. Backscatter electron (BSE) images of
reaction products from the CePO,-H,O-NaF
solubility experiments. (A) Image of a CePO,
starting crystal after the experiment showing
dissolution grooves and recrystallization faces
of CePO, starting crystals at Xy.r = 0.05
(Mnz-8). (B) Recrystallized remnants of
CePOy crystals at Xyar = 0.1 (Mnz-10). (C)
Small aggregate of possible CePO, vapor-
transport  crystals in  the = Xy.r = 0.1
experiment (Mnz-10). (D) Quench crystal in
the Xyar = 0.1 experiment (Mnz-10).

JEOL
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Fig. 2. Backscatter electron (BSE) images of
the reaction products of the YPO,~H,O-NaF
solubility experiments. (A): Image of a YPO,
starting crystal after the experiment showing
dissolution grooves at Xyar = 0.01 (Xnt-11).
(B):  Recrystallized  YPO,  crystal at
Xnar = 0.05 (Xnt-10). (C): Small aggregate of
quench crystals on a NaF octahedron in the
Xnar = 0.05 experiment (Xnt-10). (D): Large
spherules in an Xy,r = 0.1 experiment (Xnt-
12) indicating possible coexistence of
melt + vapor.

00000378

Quench phosphate and fluoride crystals were observed in
all experiments. They form sheet- to needle-shaped crystals
(Figs 1D and 2C). Semiquantitative EDS analysis of a
sheet-like quench crystal in experiment Mnz-10 yielded a
Ce/F ratio of 1:2. In the outer capsule, NaF crystallizes as
cubes as well as octahedrons.

The quenching and drying procedure leads to preserva-
tion of quench solutes as minute spheres <10 pm in diam-
cter. However, two experiments (Xnt-12 and Xnt-15) at
Xnag = 0.1 vyielded larger spheres that were up to approxi-
mately 100 um in diameter and typically coated by smaller
spheres (Fig. 2D). These may indicate coexistence of
melt + vapor at experimental conditions; however, similar
textures were not observed at higher dissolved NaF and
YPO, concentrations (Table 1).

Quench pH was determined to be 12 in one experiment
(Xnt-15; Xnur = 0.1). This strongly alkaline quench pH
implies that Na » F in the quench solution. This implies
that quench precipitates are richer in fluoride than in Na,
yielding excess NaOH in the residual solution.

The solubilities of CePO4 and YPO, in pure H,O are
below 1 millimolal at 800°C and 1 GPa (Tropper et al.
2011; Table 1). The solubility of both phosphates rises
strongly with added NaF (Fig. 3). In the case of CePOy,
solubility increases to 0.965 mol kg71 H,0 at Xy, = 0.2
(Fig. 3). In experiment Mnz-4 at Xy, = 0.264, the start-
ing crystal completely dissolved, yielding a minimum solu-
bility of 0.55 molal. Thus, monazite solubility increases by
more than approximately 25 000 times over the investi-
gated range. The data were fit to an equation of the form
mi =m; + AXR,p, where m; is the measured solubility in

© 2013 John Wiley & Sons Ltd, Geofluids, 13, 372-380

REE transport in H,O-NaF 375

JEOL

00000375

00001081

JEOL

L L L
- | @ CePO, solubility ,z / 1
I | o CePO, min or max only / / 1
1.5 [-| ® YPO, solubility ! / .
I | © YPO, min or max only 4

z 1F .
[]
A $ ]
05 g E
L 800°C |
- 1 GPa |
o s L PR SR S N T T S S (NN U SN SO S [N SN O O S A SO WO W
0 0.05 0.1 0.15 0.2 0.25 0.3
xNa\F

Fig. 3. Measured molalities of CePO, (blue circles) and YPO, (red circles)
versus Xnar at 800°C and 1 GPa. Open circles with arrows represent mini-
mum or maximum values only. Error bars (2c) are smaller than the symbol
size. The lines represent the calculated molality based on fit parameters
(see text) and are dashed where extrapolated significantly beyond con-
straints from the experimental data.

pure H,O and A =24.34 (R? = 0.993). The increase in
the solubility of YPO4 with increasing NaF concentration
is even stronger, rising to 0.449 mol kg™! H,O at
Xnar = 0.1 (Fig. 3). Complete dissolution of the crystals
was again observed at Xy, > 0.2. Least-squares regression
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of the data to the function above yielded A = 4543
(R% =0.999).

DISCUSSION

Solubility trends

Both CePOy4 and YPOy, exhibit a strong solubility increase
with a rising NaF concentration (Fig. 3). This behavior
mirrors that seen when NaCl solutions are used (Tropper
et al. 2011); however, the relative increases are substan-
tially greater in NaF compared to NaCl. At a given salt
concentration, both CePO,4 and YPOy are at least 10 times
greater in NaF relative to NaCl, even for X, as low as
approximately  0.02  (Fig. 4A,B). Relative
enhancements are compared on a mole-fraction basis in
Fig. 4C, which shows that even though the YPOy solubil-
ity is greater than that of CePOy at a given Xn,r (Fig. 3),

solubility

the increase in the solubility of YPO, in NaF solutions rel-
ative to that in pure H,O is not as strong as that for
CePOy (Fig. 4C). This is due to the greater solubility of
YPOy, than that of CePOy in pure H,O.

The relative effects of NaF versus NaCl solutions can be
compared by ratioing the concentration of dissolved REE
phosphate at the same salt mole fraction (Fig. 4D). The
effect of changing the halogen from Cl to F is greater for
YPOy. This is especially true at high salinity, where the dis-
solved YPOy4 concentration is >1000 times higher in H,O—
NaF relative to H,O-NaCl at X, > 0.25.

1 T T T

The solubility patterns are consistent with expectations
derived from Pearson acid—base rules (Pearson 1997; Wil-
liams-Jones e al. 2012). Both Ce** and Y** are hard
cations, but the greater hardness of Y** than that of Ce®*
should cause it to form more stable complexes with a hard
ligand such as F~. The greater solubility of YPO, than that
of CePOy at fixed Xy,r bears this out. Similarly, Ce** and
Y?* should form more stable complexes with F~ than with
Cl™
observed behavior (Fig. 4A,B). These observations are

owing to the fluoride’s hardness; again, this is the

identical to those in dilute aqueous solutions at ambient
(Wood 1990), but differ from those at
increased temperature along the H,O liquid-vapor satura-
tion curve (Migdisov et al. 2009), where the lower dielec-
tric constant of H,O is interpreted to lead to departures
from Hard-Soft Acid-Base theory (Williams-Jones et al.
2012). In contrast, our results at high salt concentration
and high P-T are in agreement with predictions from
HSAB rules.

conditions

Solubility mechanism

The strong increase in the solubility of CePOy4 and YPO,4
with Xn,r at constant P and 7T implies the existence of a
solution reaction involving only the NaF component from
the fluid. The accelerating trend indicates that the ratio of
solute mole fraction at a given NaF concentration to that
in pure H,O (X/X°; Fig. 4C) rises steadily rather than
maximizing and then declining. The simple dependence of

T 1 T T T T
CePOy (B) T YPO,
- 0 [ _ P ]
= —= -t g
2 :
2 >-_-. _aL ]
£ g
g g .
a4l ]
e NaF
-5 1 1 1 1
3000 T T T T Fig. 4. Plot of (A) CePO, and (B) YPO,
(D) molality versus Xyaci or Xnar at 800°C and
_ r //- 1 GPa. The error bars (1c) are also smaller
] , 4 than the symbol and are calculated based on
E 2000 , ’ g the  weighing uncertainties. (C) Plot
°>\< E , comparing relative solubility enhancements
= =t YPO, 7 . (log X/X°) on a mole-fraction basis as a
g’ g // function of salt mole fraction (X.up). (D) Plot
- £ 1000k 4 | showing the relative effects of NaF versus
g 7 CePO, NaCl solutions as a function of the ratio of
| P -7 | the concentration m of CePO,4 and YPO, in
NaF to the concentration m of CePO, and
N ) ) ) ) YPO, in NaCl for the same salt mole fraction
0.0 0.1 0.2 0.3 0.4 0.5 (Xsaip) in the solution. Data for NaCl solutions
Xsalt from Tropper et al. (2011).
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both solubilities on X% requires that H,O is not
involved in the dissolution reaction for either phosphate
and that two solute products predominate in the solutions
(Newton & Manning 2002, 2010). For CePOy, the disso-
lution reaction must be very similar to that in H,O-NaCl
(Tropper et al. 2011), such as

CePO, + 2NaF = CeFy + Na,PO; (1)

Following Eq. 1, the dissolution reaction for YPOy4 in
H,O-NaF must be:

YPO, + 2NaF = YF} + Na,PO; (2)

Note, however, that this differs from the dissolution mech-
anism for the YPO, dissolution reaction in H,O-NaCl
solutions (Tropper et al. 2011):

YPO, + 2NaCl + H,O = YCI(OH), + NaH,PO, (3)

The stoichiometry and involvement of a mixed chloride—
hydroxide species are required by the maximum attained at
Xnacr approximately 0.33 (Fig. 4C). Thus, the equivalent
fluoride species, YE(OH),, must be less stable than YCI
(OH),.

Ce-Y fractionation in NaCl-NaF brines

The experimental results indicate that salty solutions have
the ability to fractionate Ce from Y at high P and 7 and
that the nature of the fractionation depends strongly on
the salt composition. Assuming that the CePOy solubility
in H,O at 800°C and 1 GPa is 0.04 millimolal (Table 1),
the molar Ce/Y ratio in H,O equilibrated with both min-
erals is 0.14. Figure 5 shows that as salt is added, the Ce/
Y ratio in the fluid increases. However, in NaF solutions,
the Ce/Y ratio reaches a constant value of 0.54 at low
Xnap- In contrast, the Ce/Y ratio increases steadily with
rising Xnaci- This is a consequence of the very different
behavior of Y complexing in NaCl and NaF solutions.
These results suggest that high P-T alkali halide brines can
fractionate REE and significantly modify REE patterns by
fluid—rock interaction.

Implications for REE transport F-bearing fluids in the
deep crust

The results indicate that CePO,4 and YPOy, solubilities may
be very high in deep crustal fluids containing even small
amounts of NaF. Taking Ce as representative of LREE,
and Y of HREE, the results also indicate that the solubili-
ties of HREE are much higher than those of LREE in
NaF-bearing fluids. This contrasts with NaCl-bearing flu-
ids, in which model LREE solubilities are greater than
those of model HREE (Tropper et al. 2011). Although no
direct measurements of F contents in granulite-facies fluid
inclusions are available, the presence of F-bearing minerals

© 2013 John Wiley & Sons Ltd, Geofluids, 13, 372-380
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Fig. 5. Plot of Ce/Y ratio versus salt mole fraction (Xsat) showing the dif-
ferent behavior of Ce/Y in NaF and NaCl solutions.

(Pan & Fleet 1996; Pradeepkumar & Krishnanath 1996,
Markl & Piazolo 1998; Tsunogae et al. 2003; Hansen &
Harlov 2007), mass balance calculations (Pan & Fleet
1996), and solubility studies involving fluorite (Tropper &
Manning 2007) together indicate that significant F con-
tents may occur in high-grade metamorphic fluids. Further
support for the interplay between F-rich fluids and rocks in
deep crustal environments has been reported in charnock-
ites from southern India, which contain fluorapatite as well
as F-rich allanite, biotite, and hornblende (Hansen & Har-
lov 2007). Tsunogae et al. (2003) also attributed the for-
mation of F-rich pargasites in the Napier Complex, East
Antarctica, to be due to infiltration of F-bearing fluids dur-
ing UHT metamorphism. Markl & Piazolo (1998)
described the release of F-bearing fluids from syenites into
the surrounding granulite-facies basement based on the F
contents in biotite, tremolite, and humite, which allowed
them to calculate fHF/fH,O ratio. Pan & Fleet (1996)
investigated the role of F during REE mobility and con-
cluded that the presence of REE-bearing fluorapatite in
granulites from the Superior Province, Ontario, Canada,
was evidence that F-complexation might be a major mech-
anism for the transport of REE under granulite-facies con-
ditions. These authors also observed an increase in the
modal abundance of F-apatite in granulite-facies rocks,
when compared to their amphibolite-facies precursors. In
addition, whole-rock data and mass balance calculations
also indicated an increase in REE and HEFSE during pro-
grade granulite-facies metamorphism.

Our experimental results reveal that the presence of a
significant F component in granulite-facies fluids results in
extremely high solubilities of Y + REE-bearing phosphate
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compounds during lower crustal metamorphism. Signifi-
cantly, the largest relative solubility increases occur at the
lowest NaF concentration (Fig. 4C). Assuming F concen-
trations of approximately 1000 ppm F (Banks ez al. 1994),
our results indicate solubilities of approximately 0.06 and
0.30 millimolal Ce and Y, respectively. The data demon-
strate that higher F concentrations will yield correspond-
ingly greater enhancement. Most metamorphic brines will
be dominated by a NaCl component, with F/Cl « 1. The
consequences for REE transport can be appreciated by
considering that equilibration of NaCl brine (Xnac) = 0.1)
with fluorite at 800°C, 1 GPa, yields F concentrations of
0.336 m (Tropper & Manning 2007), or a molar F/
(F + Cl) ratio of 0.052. Assuming this ratio in a NaF-
NaCl-H,O solution with Xy, = 0.1 at CePO4 and YPO,
saturation yields Ce and Y concentrations of 1.7 and 3.3
millimolal, respectively. These solubilities are greater than
the 0.8 and 1.4 millimolal values that would hold for the
F-free NaCl solution. Thus, even when the effects of low
F/Cl are taken into account, the presence of F in high-
grade NaCl-rich fluids significantly enhances REE solubility
and mobility.

Although numerous field (Newton ez al. 1998) and
experimental (Hetherington et al. 2010; Harlov & Wirth
2012) studies have shown that REE mobility is greatly
facilitated by the presence of brines, Harlov et al. (20006)
have shown that fluid composition can affect LREE versus
the (Y + HREE) mobility during localized, solid-state
dehydration. In a 2-m-wide, charnockitic dehydration
zone, Sondrum stone quarry, Halmstad, SW Sweden, Har-
lov et al. (2006) found that only (Y + HREE) were mobi-
lized across the dehydration zone compared to the LREE.
This suggested that the dominant halogen in the CO5-rich
fluids involved during the dehydration event was F as
opposed to Cl. This is in agreement with our experimental
results reported here and in Tropper et al. (2011), which
demonstrate that the NaCl/NaF ratio in high P-T brines
can dramatically impact the degree of LREE/HREE frac-
tionation by the fluid phase (Fig. 5).

Implications for REE transport by subduction zone fluids

Plank ez al. (2009) and Cooper et al. (2012) proposed
that H,O/Ce ratio in fluids liberated from subducting
slabs is strongly temperature dependent and that this ratio
is largely preserved through processes of transport and
melting yielding an effective thermometer for slab—fluid
reaction beneath volcanic arcs. However, this signal can be
affected by increased concentrations of F or Cl in solution.
Figure 6 shows that at 800°C, the H,O/Ce ratio in fluids
varies over many orders of magnitude due solely to the
effect of salt concentration and identity. In each case, the
effect of increasing salt concentration is to lower the
H,0,/Ce ratio, which would give higher apparent tempera-
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Fig. 6. Plot of the H,O/Ce ratio in fluids versus the salt mole fraction
(Xsair)- The effect of increasing salt (NaCl, NaF) concentrations strongly low-
ers the H,O/Ce ratio, thus resulting in higher apparent temperatures of
fluid separation from a subducting slab.

tures of separation of fluid from a subducting slab. While
concentrations of fluoride and chloride may generally be
low, Fig. 6 shows that the greatest changes occur at the
lowest salt concentrations. Notably, Cooper et al. (2012)
found that H,O/Ce ratio in melt inclusions from the Ir-
azu volcano was lower than would be expected for the pre-
dicted slab-top temperature in this system. They pointed
to the increased F concentration in this magmatic system
as a possible explanation. Our results lend support to this
hypothesis.

CONCLUSIONS

(1) The solubilities of CePO4 and YPOy4 are strongly
enhanced by the addition of NaF to H,O. With the
addition of NaF, CePO, and YPO, solubilities rise to
an increasing degree. Solubilities of CePO4 and YPOy
are greater than in pure H,O by factors of 24 000 and
1800, respectively.

(2

~

The relative increases are substantially greater in NaF
compared to NaCl. At a given salt concentration, both
CePOy4 and YPOy are at least 10 times greater in NaF
relative to NaCl, even at X, as low as approximately
0.02. The experimental results also indicate that salty
solutions have the ability to fractionate Ce from Y at
high P and T and that the nature of the fractionation
depends strongly on the salt composition.

(3) Stoichiometric analysis of the solubility enhancements
reveals that the dominant solute species of Ce and Y
are anhydrous Ce- and Y-fluorides, consistent with the

© 2013 John Wiley & Sons Ltd, Geofluids, 13, 372-380



simple dependence of both solubilities on X%, which
requires that H,O is not involved.

(4) The results indicate that CePOy4 and YPOy solubilities
are very high in deep crustal fluids containing even
small amounts of NaF. Taking Ce as representative of
LREE, and Y of HREE, the results also indicate that
the solubilities of HREE are much higher than those
of LREE in NaF-bearing fluids.
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