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Abstract: Understanding basic material properties of rare earth element
(REE) bearing minerals such as their phase stability and equations of state can assist
in understanding how economically viable deposits might form. Bastnasite is the most
commonly mined REE bearing mineral. We synthesized the lanthanum-fluoride end
member, bastnasite-(La) (LaCO3;F), and investigated its thermal behavior and
decomposition products from 298 K to 1173 K under ambient pressure conditions
through thermogravimetric analysis, differential scanning calorimetry, evolved gas
analysis, and high temperature powder X-ray diffraction. We also investigated the
compressibility of bastnasite-(La) via single crystal X-ray diffraction in diamond anvil
cells at ambient temperature up to 11.3 GPa and from 4.9 to 7.7 GPa up to 673 K. At
ambient pressure, bastnasite-(L.a) was stable up to 598 K, where it decomposed into
CO; and tetragonal y-LaOF. Above 948 K, cubic a-LaOF is stable. High temperature X-
ray diffraction data were used to fit the Fei thermal equation of state and the thermal
expansion coefficient axgs for all three materials. Bastnasite-(La) was fit from 298 K to
723 K with Vo = 439.82 A3, 0206=4.32x10° K", ap = -1.68x10° K, a; = 8.34x10%® K,
and a, = 3.126 K. Tetragonal y-LaOF was fit from 723 K to 948 K with V, = 96.51 A3,
0208 = 2.95%10* K?, ap = -2.41%x10° K, a1 = 2.42x107 K, and a> = 41.147 K. Cubic
a-LaOF was fit from 973 K to 1123 K with Vo = 190.71 A3, oz = -1.12x10° K, ao =
2.36x10* K, a; = -1.73x107 K, and a, = -17.362 K'. An ambient temperature 3™
order Birch-Murnaghan equation of state was fit with V, = 439.82 A3, K, = 105 GPa,
and K’ = 5.58.
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1. Introduction

Rare earth elements (REE), the elements with atomic number 57 to 71, are the
first on the periodic table to begin populating F-block orbitals. Because of this, they
exhibit unique electronic properties and thus are sought after for wvarious
technological applications for which other metals are not suitable. They are
considered rare, not because of their relative abundance in the Earth’s crust, but
because they are generally only found as trace impurities instead of primary cations in
minerals [1,2]. Relative crustal abundances of REEs are higher than noble metals such
as gold or platinum, and some REEs are more common than base metals like lead
[2,3]. The limited number of minerals that form with high REE content are rarely
found in high enough concentrations to make economically viable deposits [2].
Currently, China controls >90% of the world’s supply of REEs [1], presenting the
potential for a supply problem. Understanding basic material properties of REE
bearing minerals such as the temperatures at which different phases are
thermodynamically stable and how they respond to changes in pressure and
temperature can assist in understanding how economically viable deposits form.

Having the general formula of (Ce,La,Nd,Y)COs(F,OH), bastnasite is the most
common mineral mined for REEs [4]. It occurs mainly in carbonatites and is usually
found in association with calcite, dolomite, and barite [5-7], but also occurs in other
geologic settings important for REE-bearing minerals [8]. Bastnasite-(La) is the
lanthanum fluoride end member (LaCO3F) [2,4,9-14]. This work explores the ambient
pressure thermal behavior of bastnasite-(La) and the oxyfluorides it decomposes to
using thermogravimetric analysis, differential scanning calorimetry, evolved gas
analysis, and high temperature X-ray powder diffraction. We also explore the behavior
of bastnasite-(La) at high pressure via single crystal X-ray diffraction in a diamond
anvil cell.

1.1 Structure and decomposition of bastndsite-(La) to lanthanum oxyfluoride

Bastnasite-(La) (LaCOsF) exhibits hexagonal symmetry in the P-62c space group.
Each unit cell contains six formula units of alternating layers of carbonate anions and
layers of lanthanum cations and fluorine anions (Figure 1). The lanthanum-fluoride
layers are parallel to the a- axis while the carbonate anion groups between them are
locally parallel to the c- axis [4,9,10]. With the application of sufficient energy in the
form of heat, bastnasite-(La) decomposes via the decarbonation reaction LaCO3F +
(heat) = LaOF + CO;7,15. At ambient conditions, y-LaOF exhibits tetragonal symmetry
in the P4/nmm space group with two formula units per unit cell [16-20]. At high
temperature, a-LaOF is stable with cubic symmetry in the Fm-3m space group with
four formula units per unit cell [21-25]. B-LaOF is reported as stable at ambient
pressure and temperature exhibiting rhombohedral symmetry in the R-3m space
group with six formula units per unit cell [16,20,24]. This structure was not
encountered during this investigation.
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Figure 1: Structure of bastnasite-(La) generated in the software VESTA [26], a) as
viewed down the c- axis, b) as viewed down the a*- axis [4]. In both images, the
trigonal planar polyhedral for the CO;* ions are highlighted.

2. Materials and Methods
2.1 Synthesis

Bastnasite-(La) was synthesized via precipitation from an aqueous solution at
room pressure and temperature using the method described by Janka and Schleid
[15]. Aqueous solutions of each reagent were made by mixing powdered lanthanum
nitrate (La(NOs3);°6H>O, Sigma Aldrich 203548-100G, =>99% purity), sodium
bicarbonate (NaHCOs;, Sigma Aldrich S6014-25G, >99% purity), and sodium fluoride
(NaF, Sigma Aldrich 201154-5G, >99% purity) with deionized water in separate
beakers. The solutions were combined in a larger beaker. Bastnasite-(La) precipitated
from the mixture of solutions immediately, with sodium nitrate (NaNO3;) remaining in
solution. The fluid was decanted, and the bastnasite-(La) precipitate was washed in
deionized water and centrifuged to remove residual sodium nitrate. The powder was
then dried in a Fischer Scientific model 289A Isotemp Vacuum oven under vacuum at
488 K for at least 12 hours.

Phase identification was completed by powder X-ray diffraction in a
PANalytical X’Pert PRO and photoaccoustic infrared spectroscopy on a Digilab FTS-
7000 Fourier transfer infrared (FTIR) spectrometer. Rietveld structure refinement
using X’'pert Highscore Plus software was used to determine that the bastnasite-(La)
starting material contained <10% LaF; impurity. No OH peaks were detected by FTIR
between 3600 and 3400 cm™.

The powder X-ray diffraction peaks from the synthesized bastnasite-(La) are
wide due to the small particle size, so the material was next annealed in a Griggs
modified piston cylinder apparatus [27] using NaCl as the pressure transmitting
medium. Samples were placed in a platinum jacket, surrounded by graphite, and
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sealed in a copper capsule, then subjected to pressures between 0.25 and 1.0 GPa and
temperatures from 973 K to 1123 K [28]. See Figure 2 for comparison of diffraction
patterns before and after annealing.

|

L "

Intensity (Arb. Units)

10 20 30 40 50
20 (°) CuKa

Figure 2: Powder XRD patterns of synthesized bastnasite-(La) starting material. Top
pattern is after washing and drying, bottom pattern is after annealing in the Griggs
modified piston cylinder apparatus.

2.2 Themogravimetric analysis and differential scanning calorimetry

Thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and
evolved gas analysis (EGA) were used to determine the temperature at which
bastnasite-(La) begins to decompose and to determine the temperatures of phase
transformations in the decomposition products. Powdered samples of at least 5 mg
were heated in an alumina ceramic crucible in a Netzsch STA449 F1 Jupiter DSC/TGA
apparatus under dry N; at 1 atm pressure at a programmed rate of 5°/min from 313 K
to 1223 K. Nitrogen was used as a carrier gas because it was unreactive with the
sample during heating. A second empty alumina crucible was used as the reference. It
is noted that the Netzsch Jupiter DSC/TGA apparatus contains a heat-flux style
calorimeter, thus exothermic reactions produce a measured increase in heat flow.
A Pfeiffer Vacuum Thermostar Quadrupole mass spectrometer was used to record
select masses between 1-100 AMU throughout the temperature ramp.
2.3 High temperature powder X-ray diffraction

High temperature powder X-ray diffraction was used to determine unit cell
volume as a function of temperature and to determine which phases were present at
different temperatures. Measurements were made in air on a PANalytical X'Pert Pro
MPD Diffractometer fitted with an Anton Paar XRK 900 thermal reactor stage and an
X’celerator (2.02° 260) detector. A cobalt X-ray source (Co Koa; A=1.78901 A) was used
in angle dispersive mode from 4.0980 to 79.9814 °20 with a step size of 0.0170° at
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50.1650 seconds per step. Diffraction patterns were collected at 298 K, and in 50
degree increments from 323 K to 473 K, and in 25 degree increments from 473 K to
1173 K. A final pattern was collected at 298 K after the sample was allowed to cool.
Data analysis was completed using QualX 2.0 [29], UnitCellWin64 [30] and
EosFit7GUI [31].

2.4 Single crystal X-ray diffraction

In-situ single crystal synchrotron X-ray diffraction was performed at Sector 16
HPCAT of the Advanced Photon Source at Argonne National Laboratory. The pressure
cells used were four-post diamond anvil cells (DAC) with 700 pm diameter culets and
laser-cut rhenium gaskets with 380 pm diameter laser-cut gasket hole sample
chamber [32,33]. Single crystals of the annealed bastnasite-(La) ~20 pm in diameter
were placed in the sample chamber. Ruby spheres along with gold or copper powder
were included in the sample chamber as pressure standards. The diamond cells were
gas loaded [34] with helium, neon, or argon as the pressure transmitting media. Angle
dispersive X-ray diffraction images were captured on a 2048x2048 pixel MAR CCD
detector with a monochromatic beam of 30 KeV energy X-rays (A=0.3738 nm) while
rotating the DAC *+30 degrees around the vertical axis; allowing for between 50 and
300 bastnasite-(La) reflections to be measured. The ruby luminescence pressure scale
[35] was used to estimate pressure during data collection and the equations of state
for gold [36] and copper [37] were used for final pressure determination. Heated DAC
experiments were conducted in a vacuum chamber with kapton and mylar windows.
The DAC was equipped with resistive heating wires wound around the gasket between
the anvils and around the exterior of the DAC housing to generate and maintain
sample chamber temperatures up to 673 K. Thermocouples were placed in contact
with the diamonds to measure the sample temperature. For the heated experiments
argon was used as the pressure transmitting media, and copper (Cu) as the pressure
standard. Data analysis was completed using the software packages Fit2D [38], MDI
Jade (Materials Data Inc), GSE ADA/RSV [39], and EosFit7GUI [31].

3. Results

3.1 Thermogravimetric analysis and differential scanning calorimetry
Thermogravimetric analysis and mass spectrometry CO, detection curves for annealed
and unannealed bastnasite-(La) and LaOF are displayed in Figure 3. Samples
containing bastnasite-(La) lost 1.0 wt. % to 1.3 wt. % between 313 K and 598 K due to
adsorbed water. From 598 K to 778 K, 13.0 wt. % to 17.4 wt. % was lost due to the
decomposition of bastnasite-(La) to y-LaOF and CO,. Since the LaOF sample was
generated by the decomposition of bastnasite-(La), the minor deflection of its mass
loss curve at the bastnasite-(La) decomposition point is likely caused by minor
amounts of remaining bastnasite-(La). Otherwise, the curve for LaOF does not show a
significant change in slope, indicating that the LaOF itself did decompose.

The differential scanning calorimetry curves for annealed and unannealed
bastnasite-(La) (Figure 4) exhibit endotherms between 598 K and 778 K, and the mass
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spectrometer’s CO; detection peaked at 730 K. All samples exhibited exotherms at 948
K and endotherms at 1123 K, indicative of phase transitions.

100

[{o]
9]

starting material

bastnasite-(La)

90 +

85 1

CO;(mass=44)
80 - detection signal
(Arb. units)

TGA % Mass remaining

75 T ‘ T .
400 600 800 1000 1200

Temperature (K)

Figure 3: Thermogravimetric Analysis (TGA) curves for annealed bastnasite-(La), un-
annealed starting material, and LaOF from 325 K to 1223 K. CO; detection from the
Pfeiffer Vacuum Thermostar Quadrupole mass spectrometer in light gray. Mass loss
curves for the starting material and annealed bastnasite-(La) begin to steepen at 600
K, at the same time CO. detection begins. The mass loss curve for LaOF does not show
a significant change in slope, indicating that the decomposition reaction did not occur

in that sample.

bastnésite-(La

Relative heat flow (mW)

Un-annealled
starting material

400 600 800 1000 1200
Temperature (K)

Figure 4: Differential Scanning Calorimetry (DSC) curves for annealed
bastnasite-(La), un-annealed starting material, and LaOF from 325 K to 1223 K.
Endotherms can be seen on both the annealed bastnasite-(La) and un-annealed
starting material curves from the range near 598 K to 773 K indicating the
decomposition reaction. The LaOF curve does not exhibit this, since it did not
decompose. Exotherms at 948 K and endotherms at 1123 K are evident on all three

curves indicating phase transformations.



Minerals 2020, 10, x FOR PEER REVIEW 7 of 24

199 3.2 High temperature powder X-ray diffraction
200 Figure 5 displays a selection of the high temperature powder XRD patterns
201 encompassing the bastnasite-(La) decomposition reaction. Bastnasite-(La) is the
202 dominant species in the X-ray diffraction patterns from 298 K to 723 K. Diffraction
203 peaks for y-LaOF begin to show up in the patterns above 598 K. By 773 K, bastnasite-
204 (La) is no longer present in the patterns, and y-LaOF is the only phase present. Above
205 948 K, only o-LaOF is present. y-LaOF was the only species present in the pattern
206 collected at 298 K after the sample was allowed to cool following the collection of the
207 final high temperature pattern. B-LaOF was not evident in any of patterns. See Tables
208 1 to 3 for the measured lattice parameters and volumes of all three materials. Figures
209 6, 7, and 8 display measured unit cell volumes as a function of temperature for all
210 three materials.
M~ A TI3K
@ M~ ) A TA8K
5 MM ~— UL N T23K
g"\s\l ] W, . 698K
P s N DS B T SO - <\
Eo—— Ll e
sl Y TR
20 40 60 80
211 °20 (CoKa A=1.78901 A)
212  Figure 5: High temperature powder X-Ray diffraction patterns from 598 K to 723 K.
213 Bottom pattern is 598 K, and the patterns go up in 25° temperature increments.
214 Bottom-most pattern exhibits only bastnasite-(La). Top-most pattern exhibits only y-
215 LaOF. The middle 6 patterns exhibit both species as the decomposition reaction
216 progresses from bastnasite-(La) to y-LaOF.
217 Table 1 - Measured lattice parameters and volume for bastnasite-(La) from 298 to
218 723 K.
Temperature Uncertaint Uncertaint
(K) a (R) y c (A)  Uncertainty V (A3) y a/c ratio
7.186
298 7 0.00085  9.8328 0.00083 439.82 0.185 0.7309
7.189
323 7 0.00085  9.8347 0.00083 440.26 0.185 0.7311
7.195
373 4 0.00085 9.8394 0.00083 441.18 0.185 0.7313
7.199
423 2 0.00085  9.8438 0.00083 441.84 0.185 0.7313
473 7.204 0.00085  9.8486 0.00083 442.69 0.186 0.7315



9

Minerals 2020, 10, x FOR PEER REVIEW

498

523

548

573

598

623

6438

673

698

723

4
7.207

7.209

7.212

7.215

7.217

7.220

7.223

7.226

7.229

7.233

0.00085

0.00085

0.00085

0.00085

0.00085

0.00086

0.00086

0.00086

0.00086

0.00086

9.8504

9.8539

9.8564

9.8572

9.8598

9.8626

9.8669

9.8669

9.8730

9.8731

0.00083

0.00083

0.00083

0.00083

0.00083

0.00083

0.00083

0.00083

0.00083

0.00083

443.14

443.57

444.04

444.50

444.76

445.30

44591

446.25

446.90

447.43

0.186

0.186

0.186

0.186

0.186

0.186

0.187

0.187

0.187

0.187

8 of 24

0.7317

0.7316

0.7318

0.7320

0.7320

0.7321

0.7321

0.7324

0.7323

0.7327

219



10  Minerals 2020, 10, x FOR PEER REVIEW

9 of 24

220 Table 2 - Measured lattice parameters and volumes for y-LaOF at 298 K, and from

221 723 Kto 948 K.

Temperature Uncertaint Uncertaint Uncertaint

(K) a (A) y c () y V (A% y
4.079

298 8 0.00041 5.798 0.0020 96.51 0.118
4.124

723 2 0.00045 5.855 0.0030 99.59 0.130
4.119

748 2 0.00041 5.873 0.0020 99.65 0.119
4.119

773 2 0.00041 5.873 0.0020 99.65 0.119
4.121

798 3 0.00042 5.862 0.0020 99.57 0.119
4.123

823 0 0.00042 5.862 0.0020 99.64 0.119
4.124

848 6 0.00042 5.867 0.0020 99.80 0.119
4.127

873 6 0.00042 5.864 0.0020 99.91 0.119
4.129

898 3 0.00042 5.860 0.0020 99.92 0.119
4.128

923 6 0.00050 5.866 0.0022 99.99 0.122
4.131 100.0

948 1 0.00042 5.859 0.0020 0 0.119

222
223

224 Table 3 - Measured lattice parameters and volumes for «-LaOF from 973 Kto 1173 K.

Temperature Uncertaint Uncertain

(K) a) y VA) ty
5.756 190.71

298 * 0.003* *
5.842

973 4 0.00049 199.42 0.138
5.844

998 3 0.00049 199.62 0.138
5.847

1023 6 0.00050 199.95 0.138
5.848

1048 9 0.00050 200.08 0.138
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*values for ambient temperature (298 K) from [22] because this structure was not

recoverable to room temperature by quenching in the XRK-900 reactor stage.
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Figure 6: Measured unit cell volumes for bastnasite-(La) as a function of temperature
from 298 K to 723 K. The dotted black line is the fit for the Fei thermal equation of

state [40].
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Figure 7: Measured unit cell volumes for tetragonal y-LaOF as a function of
temperature from 723 K to 948 K. The dotted black line is the fit for the Fei thermal

equation of state [40].
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Figure 8: Measured unit cell volumes for cubic a-LaOF as a function of temperature
from 973 K to 1123 K. Gray-filled circles represent data used to fit the thermal
equation of state in this temperature range. White diamonds represent temperature
points 1148 K and 1173 K which are above the temperature that coincides with a
contraction in unit cell volume and an exotherm on the DSC curve. The dotted black
line is the fit for the Fei thermal equation of state [40].

3.3 Single crystal X-ray diffraction

At ambient temperature, 16 X-ray diffraction patterns of bastnasite-(La) were
collected from ambient pressure to 11.3 GPa. Over this pressure range, the a-
crystallographic axis contracts from 7.187 A to 6.974 A, the c- crystallographic axis
contracts from 9.830 A to 9.593 A, with a corresponding unit cell volume contraction
from 439.82 A% to 404.06 A3. Table 4 lists the measured lattice parameters, calculated
unit cell volumes, and crystallographic axis ratios for each pressure point. The unit
cell volume data were fit to a third order Birch-Murnaghan equation of state [31,41]
with V, = 439.82 A3, K, = 105 GPa, and K’ = 5.58. Figure 9 illustrates the unit cell
volume measurements superimposed over the calculated equation of state.

440 o

s
©w
=]

420

410

Unit cell volume (A%)

400

0 2 4 6 8 10 12
Pressure (GPa)

Figure 9: Pressure-volume data measured for bastnasite-(La) fit to the 3rd order
Birch-Murnaghan equation of state [41]. V, = 439.82 A3, K,=105 GPa, K’=5.58. Gray
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circles are measured volumes from Table 4, dotted line represents equation of state fit

to data.

Table 4: Bastnasite-(La) measured lattice parameters,

unit cell volumes,

alc

crystallographic axis ratios, pressure transmitting media, and pressure standards

from O to 11.3 GPa at ambient temperature.

Pressu
Pressu Pressu re
re Uncertain Uncertain Uncertain  a/c re standa

(GPa) a A ty c (A) ty V (A3) ty ratio media rd
7.18 9.83 439.8 0.730

0.00 7 0.002 3 0.040 2 0.044 9 n/a n/a
7.16 9.81 436.6 0.730

0.53 9 0.003 1 0.003 8 0.009 7 Ne Au
7.14 9.80 433.9 0.728

1.35 8 0.003 6 0.003 1 0.008 9 Ne Au
7.15 9.76 433.3 0.733

1.39 9 0.001 3 0.003 2 0.006 3 He Cu
7.15 9.78 433.9 0.731

1.53 8 0.001 0 0.003 6 0.006 9 He Cu
7.15 9.78 433.3 0.730

1.69 0 0.002 7 0.004 0 0.008 6 He Cu
7.14 9.76 431.6 0.731

2.11 4 0.004 6 0.006 4 0.013 5 Ne Au
7.14 9.76 431.8 0.731

2.15 5 0.001 9 0.003 8 0.005 4 He Cu
7.12 9.75 429.1 0.731

2.82 9 0.001 1 0.003 8 0.005 1 He Cu
7.11 9.76 428.1 0.729

2.90 7 0.002 1 0.002 5 0.006 1 Ne Au
7.11 9.73 426.2 0.730

3.69 1 0.001 4 0.002 3 0.004 5 He Cu
7.09 9.73 424.5 0.728

3.87 5 0.003 8 0.003 3 0.009 6 Ne Au
7.05 9.69 417.3 0.727

6.47 1 0.003 4 0.003 8 0.009 4 Ne Au
7.01 9.66 411.6 0.725

8.34 4 0.003 3 0.003 5 0.009 9 Ne Au
6.97 9.63 405.5 0.723

10.60 3 0.003 2 0.003 9 0.009 9 Ne Au
6.97 9.59 404.0 0.727

11.31 4 0.004 3 0.003 6 0.011 0 Ne Au
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Over the temperature range of 347 K to 673 K, nine X-ray diffraction patterns were
collected between 4.9 GPa and 7.7 GPa. Over this range of conditions, the a-
crystallographic axis varies between 7.057 A and 7.086 A, the c- crystallographic axis
varies between 9.730 A and 9.685 A, with corresponding variation in unit cell volumes
between 423.11 A% and 418.32 A3. Table 5 lists the measured lattice parameters,
calculated unit cell volumes, and crystallographic axis ratios for each pressure and
temperature point.

Table 5: Bastnasite-(La) measured lattice parameters, unit cell volumes, and a/c
crystallographic axis ratios from 4.9 to 7.7 GPa pressure and from 347 K to 673 K

temperature.
Pressu

re Tem Uncertain Uncertaint Uncertain a/c
(GPa) p®X) a () ty c (A) y V (A3) ty ratio
7.08 9.73 423.1 0.728

4.9 347 6 0.001 0 0.002 1 0.005 3
7.08 9.72 422.4 0.728

5.1 324 4 0.002 1 0.002 7 0.006 7
7.07 9.69 420.4 0.729

5.8 373 6 0.002 6 0.002 4 0.006 8
7.07 9.69 419.8 0.728

6.5 423 0 0.002 9 0.003 5 0.007 9
7.06 9.69 418.3 0.728

6.7 473 0 0.002 1 0.002 2 0.006 5
7.06 9.69 418.9 0.728

6.7 523 3 0.002 7 0.003 3 0.007 4
7.05 9.71 418.9 0.726

7.0 573 7 0.002 3 0.003 1 0.007 6
7.06 9.69 419.0 0.728

7.3 623 5 0.001 4 0.002 1 0.005 8
7.06 9.68 418.5 0.729

7.7 673 4 0.002 5 0.002 3 0.006 4

4. Discussion

From TGA/DSC and high temperature powder XRD data, it is apparent that at
ambient pressure, the decarbonation temperature of bastnéasite-(La) is about 598 K.
Above this temperature, the decomposition reaction of bastnasite-(La) into y-LaOF and
CO; begins. Since our experiments were conducted without controlled pCO,, this
decarbonation point is not necessarily the equilibrium decomposition temperature.
The application of pressure significantly increases the stability of bastnéasite-(La) as
was observed in our recrystallization experiments at 1073 K and 0.22 GPa (after 5
hours) and at 1123K and 0.71 GPa after 21 hours [28]. However, as these
experiments were not reversed, a phase diagram for bastnasite-(La) cannot yet be
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284 established. At 948 K, tetragonal y-LaOF undergoes a first order structural phase
285 transition reaction to cubic a-LaOF. The decomposition temperature for bastnasite-
286 (La) found in this study agrees with previous values reported by Janka and Schlied
287 [15] who used similar methods, but did not report behavior for temperatures above
288 823 K. While the sample material cooled back down to 298 K, it transformed to y-
289 LaOF, the stable structure of lanthanum oxyfluoride at ambient conditions.

290 Table 6 lists the fitted thermal expansion coefficients for bastnasite-(La), y-
291 LaOF, and o-LaOF over the temperature ranges measured in the high temperature
292 powder X-ray diffraction experiments. Over the temperature ranges measured, all
293 three species exhibit a trend of positive thermal expansion (Figures 6, 7, and 8) except
294 between 1123 K and 1173 K, where the o-LaOF unit cell contracts. There is an
295 endotherm in the DSC curve at 1123 K that could indicate a phase transition, but the
296 X-ray diffraction patterns at these temperatures do not indicate a structural change,
297 and the mass spectrometer did not detect any compounds outgassing at these
298 temperatures; further studies are necessary to determine what this endotherm and
299 coincident thermal contraction represent.

300

301 Table 6: Calculated thermal expansion coefficients for bastnasite-(La), y-
302 LaOF, and a-LaOF.

Temp. 0208 ao a1
Material Range (K)  x10° x10° <107 a
bastnasite-
(La) a(ap=7.1867 A) 298-723 1.73 -1.08 0.373 1.502
c(c0=9.8328 A) 298-723 0.951 0.247 0.116 0.319
V(V,=439.82 A3) 298-723 4.32 -1.68 0.834 3.126
y-LaOF a(ap=4.0798 A) 723-948 13.5 -17.9 1.90 22.879
c(co=5.798 A) 723-948 0.179 0.1785 -0.229 8.154
V(V,=96.51 A3%) 723-948 29.5 -24.1 2.42 41.147
a-LaOF a(ap=5.756 A) 973-1123 -0.844 8.46 -0.625 -6.606
V(Vo=190.71 A% 973-1123 -1.12 23.6 -1.73 -17.362

303 Note: Reference temperature for all fits is 298 K.

304 Thermal analysis has not been performed on any other fluorocarbonate
305 minerals, so a direct comparison of the properties of bastnasite-(La) measured in this
306 investigation to other materials with similar structure is not possible. Others have
307 investigated the thermal expansion of more common carbonates including aragonite
308 (CaCOas), strontianite (SrCOs), cerrusite (PbCOs), witherite (BaCOsz) [42], calcite
309 (CaCOs3), and magnesite (MgCO3) [43]. A comparison of the thermal equations of state
310 for bastnasite-(La) and these materials is given in Figure 10. Compared with these
311 more common carbonates, bastnasite-(La) experiences more thermal expansion for a
312 given increase in temperature than the trigonal R-3c carbonates (calcite and
313 magnesite), and less thermal expansion for a given increase in temperature than the
314 orthorhombic Pmcn carbonates (aragonite, cerrusite, strontianite, and witherite). Also
315 of note, as shown in Table 6, bastnasite-(La)’s a- and c- crystallographic axes expand



17

316
317
318
319

320

321
322
323
324
325

326
327
328
329
330
331
332
333
334
335
336
337
338

339

Minerals 2020, 10, x FOR PEER REVIEW 16 of 24

at different rates; all of the other carbonates listed above also exhibit some degree of
anisotropic thermal expansion. Overall, this indicates that bastnasite-(La)’s thermal
expansion behavior is similar to that of other carbonate minerals.

1.03 4 cerussite
= /
> /
> /
() N / strontianite
| aragonite
g 1.02 ,/ ~ witherite bastnésite-(La)
el / 7 o -
> /// //// '.,-0"/ Thagnesite
z 7 o
€ 1011 4 g - calcite
o //// o
Z /// z ,4"./ =
/¢ z ".// —
9."// -
i
1.00 T T T
300 400 500 600 700 800

Temperature (K)

Figure 10: Comparisons of ambient pressure thermal equations of state for different
carbonate minerals. Gray circles represent bastnasite-(La) data from this study, and
the dotted black line represent the fitted Fei equation of state [40] for bastnasite-(La).
Thermal equations of state are shown for calcite (CaCO3), magnesite (MgCQOs3) [43],
witherite (BaCOs), cerrusite (PbCO3), strontianite (SrCO;), and aragonite (CaCOs) [42].

There are no previous studies of tetragonal REE-bearing oxyfluorides, but
Achary et al. [24] synthesized the rhombohedral oxyfluorides of five REE’s (La, Nd,
Sm, Eu, and Gd), and used high temperature powder XRD to investigate their thermal
expansion and phase transformation to cubic structures at high temperature. Their
calculation and fitting of thermal expansion coefficients used the data for both
rhombohedral and cubic phases, so the resulting thermal equations of state are not
suitable to compare directly to that for a-LaOF derived in this study. However, using
their data for just the cubic phases, we were able to fit thermal expansion coefficients
using EOSFit7GUI [31]. Table 7 lists the fitted coefficients, and Figure 11 illustrates
the thermal equations of state compared to that of a-LaOF measured in this study. The
thermal expansion behavior we measured for a-LaOF is essentially the same as what
we derive from Achary et al.’s data [24].
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340 Table 7: Calculated thermal expansion coefficients for cubic REE-oxyfluorides.

341
342
343
344

345

346
347
348

349
350
351
352
353
354
355
356
357
358
359
360

Temp. Ol298 o1 ax
Material Range (K) V, (&%) x10” x10” 107 az
o-LaOFt 973-1123 190.71 -1.12 23.6 -1.73 -17.362
o-LaOF * 823-1077 196.1 0.855 0.0017 0.286 0.0001
NdOF* 823-1075 183.8 0.268 0.0007 0.0895 0.0001
SmOF* 811-1075 176.2 1.4 1.4 0.00028 0
EuOF* 815-1077 168.2 4.49 4.49 0.00052 0.0001
GdOF* 913-1067 172.6 0.461 0.0044 0.1530 0

Note: Reference temperature for all fits is 298 K.
1 this study
* data from Achary, et. al [24].

205

a-LaOF (this study
200 -
° LeOF oo %
—~ 195 -
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Figure 11: Comparisons of ambient pressure thermal equations of state for cubic
REE-OF compounds from this study and using data from Achary et al. [24] (solid
symbols). Gray circles are data for cubic a-LaOF from this study.

The anisotropy of bastnasite-(La) is enhanced under compression; the a-
crystallographic axis contracts more than the c- crystallographic axis. The changing
ratio of a/c is given in Table 4. Similarly, the a- crystallographic axis is also more
expansive during heating (Table 1). As illustrated in Figure 1, the planar carbonate
ions are arranged in the structure such that they lie on planes containing the c-
crystallographic axis. Others [44-46] have observed rigid body behavior of CO;*
anions in other carbonates at high pressure. Thus, we suggest that most of the
expansion and contraction of the structure is accommodated by the La-O and La-F
bonds.

There are no compressibility data fit to equations of state or any bulk moduli
measured from other methods (e.g., ultrasonic methods) in the literature for
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bastnasite or any other fluorocarbonate minerals, so a direct comparison of the
properties of bastnasite-(La) measured in this investigation to materials with similar
structure is not possible. However, our results are consistent with recent work on
natural materials that shows that the bastnasite structure is stable up to 25 GPa at
room temperature [47]. Anderson and Nafe [48] found that when comparing many
compounds’ bulk moduli versus their specific ionic volumes, multiple trends emerged.
Figure 12 displays their data, with additional data for carbonate minerals from Knittle
[49], Merlini [50], and Xu [51]. Anderson and Nafe [48] identified a sulfide-selenide-
telluride trend, an oxide trend, a fluorite trend, and an alkali-halide trend.
Rhodochrosite, dolomite, ankerite, calcite, strontianite, and witherite form a separate
carbonate trend (yellow line in Figure 12), but the hydroxycarbonates azurite and
malachite do not lie on this trend. The values measured for bastnasite-(La) in this
study plot in a location consistent with the carbonate trend, the fluorite trend, as well
as the oxide trend. Work on other fluorocarbonates needs to be completed in order to
determine which of these trends bastnasites follow, or if fluorocarbonates have a
separate trend. If the speculation above that bastnasite-(La)’s compressional
anisotropy is related to rigid body behavior and orientation of the carbonate ions is
correct, it is then likely that bastnasites would follow the carbonate trend.

500 - Bulk Modulus-Volume Relationships
©

o

e

@ 100 +

=

3

©

(@]

=

=

35

o

10— J

T T T T T T L
10 100
Volume Per lon Pair (2M/Pp, cm®mol)

Figure 12: Bulk modulus versus specific volume for simple oxides, alkali halides,
fluorites, sulfides, selenides, tellurides, and carbonates. Small circles include data
from [48] and [49]. Large purple star is the value for bastnasite-(La) measured in this
study (2M/Pp = 12.60 cm?®/mol, K, = 105 GPa), large orange diamonds are carbonates
from [49], and green triangles are malachite and azurite from [50,51]. Dark gray line
is the oxide trend, black line is the sulfide, selenide, and telluride trend, light gray line
is the fluorite trend, medium gray line is the alkali-halide trend, and orange line is
proposed carbonate trend.



20

389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410

411

Minerals 2020, 10, x FOR PEER REVIEW 19 of 24

While some of our measurements were taken at elevated temperature and
pressure (Table 5), there is not enough data to properly fit a high temperature and
pressure equation of state. However, these = data can be used to evaluate whether
our isothermal and thermal equations of state can be combined to predict bastnasite-
(La)’s unit cell volume at high temperature and pressure. Thus for each pressure,
temperature point measured in our heated DAC experiments we calculated the value
for V, (at P=0) using our values for the thermal equation of state [40] , and then used
our Birch-Murnaghan equation of state [41] to calculate the pressure required to
produce the observed unit cell volume. The pressures calculated in this way agree
well with those measured from the copper pressure standard. Table 8 lists the
measured temperatures, unit cell volumes, and pressures, and the calculated
pressures. Since the temperatures and volumes from the elevated temperature DAC
experiments were not used in the fitting of Fei’s thermal equation of state or in the
fitting of the Birch-Murnaghan equation of state, these data show that the
combination of both equations is a reasonable approximation for modeling changes in
volume due to both pressure and temperature simultaneously.

Table 8: List of heated DAC experiments comparing measured pressure using the Cu
standard versus calculated pressures using the Fei thermal EOS [40] parameters.
Difference is calculated by subtracting the measured pressure from the calculated
pressure. Error is calculated by dividing the difference by the measured pressure.

Temp Measured Calculated Differenc Erro

(K) V(@A) P(GPa) P (GPa) e r
423.1

347 1 4.90 5.03 0.13 0.03
422.4

324 7 5.09 5.11 0.02 0.00
420.4

373 4 5.78 6.02 0.24 0.04
419.8

423 5 6.46 6.46 0.00 0.00
418.3

473 2 6.74 7.23 0.49 0.07
418.9

523 3 6.71 7.28 0.57 0.08
418.9

573 1 6.97 7.57 0.60 0.09
419.0

623 1 7.33 7.84 0.51 0.07
418.5

673 3 7.69 8.33 0.64 0.08
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5. Conclusions

Compressibility, thermal expansion and phase stability are fundamental
thermodynamic properties of materials, and as such are significant in understanding
how they interact with the geologic settings in which the minerals naturally occur.
Bastnasite-La and the lanthanum oxyfluoride polymorphs addressed above are
important REE-bearing compounds, and thus studying them is useful for
understanding how REE bearing compounds form and participate in chemical
reactions with other compounds. Additionally, since bastnasite is found in
carbonatites, it is an important mineral to investigate in order to understand
carbonated magmas and the formation of carbonatite-related ore deposits. Gaining
insight to the thermodynamic behavior of bastnéasite and other fluorocarbonates could
potentially lead to better methods of locating and processing REE ore in the future.
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