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Abstract

Tuite, y-Ca;(PO,),, is a potential host for rare-earth elements in the deep mantle. Eu-bearing tuite single crystals with chemi-
cal formulas of Ca, y;Eu,, (,(PO,), and Ca, gsEu 1;Na, (4(PO,), were synthesized at 16 GPa and 1600 °C, and their structures
were investigated at room temperature with single-crystal X-ray diffraction. The structure refinements of Eu-bearing tuite
indicate the preference of Eu** for the smaller 6-coordinated Cal site with a coupled vacancy due to the substitution of
2Eu** + 00— 3 Ca”". In NaEu-bearing tuite, both Eu** and Na* occupy the smaller 6-coordinated Cal site according to the
coupled substitution of Eu** 4+ Na™ — 2 Ca". The presence of Na results in more Eu,O, in NaEu-bearing tuite, because the
coupled substitution is energetically more favorable. REE-bearing tuite could be found on the Moon and the deep Earth’s
mantle as a consequence of REE-bearing apatite or/and merrillite transformation under high-pressure and high-temperature

conditions.
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Introduction

Apatite is a common accessory mineral occurring in a vari-
ety of terrestrial rocks, as well as lunar rocks and meteorites
(Nash 1984). It is a primary host for rare-earth elements
(REE) and large ion lithophile elements (such as U, Th,
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Ba, and Sr) in lunar rocks and the Earth’s mantle (Griffin
et al. 1972; Puchelt and Emmermann 1976; Beswick and
Carmichael 1978; Jolliff et al. 1993). Under upper mantle
conditions, apatites decompose to form y-Ca;(PO,), (Muray-
ama et al. 1986). The y-Ca;(PO,), phase is also one of the
decomposed products of merrillite under high-pressure
and high-temperature conditions (Zhai et al. unpublished
results). The natural occurrence of y-Ca;(PO,),, first found
in the Suizhou L6 chondrite, was described and named tuite
(Xie et al. 2002, 2003). Tuite was subsequently found in
other meteorites (Miyahara et al. 2009; Baziotis et al. 2013;
Boonsue and Spray 2012; Hu and Sharp 2016; Litasov and
Podgornykh 2017). Natural tuite can also be formed from
chlorapatite after its decomposition under pressure (Xie
et al. 2013). A previous study shows that tuite may be stable
under the lower mantle conditions (Zhai et al. 2013). It is
known that merrillite can accommodate a significant amount
of REE (up to 13 wt%) (Jolliff et al. 1993, 2006). Therefore,
tuite, as a main run product of apatite and merrillite under
high-pressure and high-temperature conditions, is potentially
a host for REE in the deep upper mantle (Murayama et al.
1986; Sugiyama and Tokonami 1987; Xie et al. 2003; Zhai
et al. 2013; Skelton and Walker 2017).
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Partitioning studies on ten trace elements (including Nb,
Ta, Zr, Y, Ba, Sr, Rb, Ce, Nd, and Lu) in apatite—silicate sys-
tems under high-pressure and high-temperature conditions
showed that tuite can contain REE (Konzett and Frost 2009;
Konzett et al. 2012). Eu’*- and Sm**-doped tuites were syn-
thesized at high-pressure and high-temperature conditions
and their photoluminescences were investigated (Xue et al.
2012, 2015). Large REE-bearing tuite crystals were synthe-
sized at 15 GPa and 1800 K using a natural apatite sample
as starting material, and it was found that the concentrations
of REE in tuite are 2-3 orders higher than those in upper
mantle silicate minerals, such as garnet and diopside (Zhai
etal. 2014).

The crystal structure of tuite has been reported (Sugiy-
ama and Tokonami 1987; Thompson et al. 2013). However,
there is no detailed information for the crystal chemistry of
rare-earth elements in tuite. In the present study, Eu-bearing
tuite single crystals with chemical formulas of (Ca, g;Euy 4)
(PO,), and (Ca, gsEu, 7Na, o6)(PO,), were synthesized at 16
GPa and 1600 °C using mixtures of hydroxyapatite, Eu,0;
and NaF as starting materials. The crystal structure was
determined by single-crystal X-ray diffraction.

Experimental

High-purity reagents of Cas(PO,);0H, Eu,0; and NaF were
used to prepare starting materials for high-pressure and high-
temperature experiments. A mixture of Cas(PO,);OH plus
5 wt% Eu,0; was prepared as the starting material for the
Eu-bearing tuite, while a mixture containing Cas(PO,);OH,
NaF and Eu,0; in a molar ratio of 1:0.15:0.075 was used for
the Na—Eu-bearing tuite. High-pressure and high-tempera-
ture experiments were performed using a kawai-type multi-
anvil high-pressure apparatus, USSA-5000, at the Institute
for Planetary Materials, Okayama University (Misasa,
Japan). The experimental method is similar to that described
in Xue et al. (2009). The sample assembly is shown in Fig. 1.
Samples were compressed by eight cubic tungsten carbide

ZrO,

TC
MgO
Sample
LaCrO,

Pressure medium

Mo electrode

Fig.1 Schematic drawings of the sample assembly
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anvils of 32 mm edge length and 6 mm truncation edge
length. Pyrophyllite was adopted as a gasketing material.
A Cr-doped MgO octahedron of 14 mm edge length was
used as the pressure medium. A stepped LaCrO; cylindrical
heater was embedded in a ZrO, thermal isolating sleeve. The
starting material was put into a Pt capsule (2.5 mm OD, ca.
2.5 mm length) placed near the center of the heater and sur-
rounded by MgO sleeve. A Wy,Re;—W5Re, 5 thermocouple
was used for temperature measurement. After each sample
was kept at 16 GPa and 1600 °C for 15 h, it was then cooled
to room temperature within 2 min and then slowly decom-
pressed to ambient pressure.

According to the phase diagram, the decomposed prod-
ucts of hydroxyapatite at 16 GPa and 1600 °C include tuite
and Ca(OH), or CaO plus H,O (Murayama et al. 1986).
Preliminary identification of tuite in the products was per-
formed using a micro-focused X-ray diffractometer (RINT
RAPID II-CMF) equipped with a rotating Cu anode oper-
ated at 40 kV and 30 mA. A scanning electron microprobe
(JSM-7001F) was used to examine the synthesized crystals
and images are shown in Fig. 2. Besides tuite, it is clear
that there is a minor phase with Ca- and Eu enrichments in
the run products, since some Eu,0; was added, shown as
bright parts in Fig. 2a. SEM mapping analysis indicates that
the Eu-bearing tuite crystals are chemically homogeneous.

15.0kV COMPO

Fig.2 SEM images of the Eu-bearing tuite (a) and NaEu-bearing
tuite (b) crystals
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Chemical compositions of the tuite crystals were determined
by an electron probe microanalyzer (JXA-8800) operated
at 15 kV and 12 nA. The average compositions (wt%) for
12 analyzed points are CaO 52.33(5), Eu,05 2.24(2), P,05
45.21(10), with total =99.78(9), giving an empirical chemi-
cal formula (based on 8 O apfu) Ca, ¢;Eu, 1,(PO,), for Eu-
bearing tuite (Eu—Tu), and CaO 50.82(9), Eu,05 3.64(7),
Na,O 0.60(2), P,05 44.61(16), with total=99.68(17),
yielding an empirical chemical formula (based on 8 O
apfu) Ca, gsEu 17Na, (6(PO,), for Na and Eu-bearing tuite
(NaEu-Tu).

Single-crystal X-ray diffraction data for both Eu—Tu and
NaEu-Tu were collected from nearly equi-dimensional
crystals on a Bruker X8 APEX2 CCD X-ray diffractometer
equipped with graphite-monochromatized MoKa radiation
with frame widths of 0.5° in @ and 30 s counting time per
frame. All reflections were indexed on the basis of a trigo-
nal unit cell (Table 1). The intensity data were corrected
for X-ray absorption using the Bruker program SADABS.
The crystal structure was refined using SHELX2014 (Shel-
drick 2015a, b) based on space group R-3m and the model
of Thompson et al. (2013). The positions of all atoms were
refined with full occupancies and anisotropic displace-
ment parameters, except for the Cal site of Eu-bearing
tuite, which was constrained to (0.94 Ca+ 0.04 Eu + 0.02
). Table 1 summarizes the details on data collection and

Table 1 Summary of crystal data and refinement results

structure refinement. Table 2 gives the fractional atomic
coordinates, occupancy, site symmetry, and equivalent
atomic displacement parameters (U,,). Table 3 lists the ani-
sotropic atomic displacement parameters (U;). Table 4 pre-
sents selected interatomic distances. The crystal structures
of both Eu-Tu and NaEu-Tu have been formatted into CIF
files, which are attached as supplementary material.

Raman spectra of the samples were measured with a
Thermo-Almega microRaman system. A solid-state laser
with a wavelength of 780 nm was used as excitation source
and the signal was processed by a thermoelectrically cooled
CCD detector. The laser is partially polarized with 4 cm™!
resolution and focused to a spot size of 1 um on the sample.
The laser power was 200 mW and each spectrum was the
sum of 12 scans of 30 s accumulation time.

Results and discussion

The crystal structures of Eu—Tu and NaEu-Tu are compara-
ble with the pure tuite synthesized from Cas(PO,);Cl at 15
GPa and 1300 °C (Thompson et al. 2013). In tuite, the Ca
cations occupy two symmetrically nonequivalent sites, Cal
(equipoint 3a, CaO,, polyhedron) and Ca2 (equipoint 6c¢,
CaO,, polyhedron). The Cal site displays a (6 +6) coordi-
nation, with six Cal—-O-bond lengths (2.4404 A) markedly

Eu-Tu NaEu-Tu Tu
Ideal chemical formula Ca;3(POy), Ca;(PO,), Ca;(POy),
Empirical chemical formula (Ca, g3Bu; o) (PO,), (Ca, ggBuy (7;Nay 46)(PO,), Ca, o3(P; 5;04),
Structural formula (Ca, g4Buy 04,0, ) (PO,), (Ca, ggBuy osNay 46)(PO,), Ca;(POy),

Crystal size (mm) 0.07 x 0.07 x 0.06

Space group R-3m

a(A) 5.2531(3)
c(A) 18.6858(9)
V(A% 446.55(4)

Z 3

Peat (glem?) 3.501

2 (A, MoKa) 0.71069

u (mm™") 3.70

20y ax for data collection <65.16

No. of reflections collected 1399

No. of independent reflections 235

No. of reflections with /> 2¢(I) 222

No. of parameters refined 21

R (int) 0.022

Final R, wR, factors [I>20(])] 0.021, 0.058
Final R, wR, factors (all data) 0.022, 0.062
Goodness-of-fit 1.178
Reference This study

0.06 x 0.05 x 0.05

0.05 x 0.05 x 0.04

R-3m R-3m
5.2519(4) 5.2522(9)
18.6885(2) 18.690(3)
446.41(6) 446.5(2)

3 3

3.525 3.461
0.71069 0.71073
3.848 3.33

<65.16 <66.08
1465 1495

235 243

222 216

21 19

0.018 0.016
0.021, 0.059 0.018, 0.051
0.022, 0.060 0.021, 0.053
1.148 1.080

This study Thompson et al. (2013)
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Table2 Atoms, Wyckoff
positions, site occupation
factors (sof), fractional atomic Eu-Tu
coordinates, and equivalent

Atom Wyckoff sof X y z U,

180

. .o Cal 3a 0.94 0 0 0 0.0149(2)
isotropic displacement
parameters for tuites Eul 3a 0.04 0 0 0 0.0149(2)
Ca2 6¢ 0 0 0.20353(2) 0.0102(2)
P 6¢ 0 0 0.40497(3) 0.0060(2)
()1 6¢ 0 0 0.32366(9) 0.0166(4)
02 18h 0.1736(1) 0.3472(2) 0.09938(5) 0.0115(3)
EuNa-Tu
Cal 3a 0.88 0 0 0 0.0143(2)
Eul 3a 0.06 0 0 0 0.0143(2)
Nal 3a 0.06 0 0 0 0.0143(2)
Ca2 6¢ 0 0 0.20346(2) 0.0113(2)
P 6¢ 0 0 0.40496(3) 0.0066(2)
0Ol 6¢ 0 0 0.32372(9) 0.0176(4)
02 18h 0.1736(1) 0.3472(2) 0.09934(5) 0.0120(3)
Tu*
Cal 3a 0 0 0 0.0128(2)
Ca2 6¢ 0 0 0.20359(2) 0.0100(2)
P 6¢ 0 0 0.40508(3) 0.0060(2)
01 6¢ 0 0 0.32372(8) 0.0151(4)
02 18h 0.1737(1) 0.3474(2) 0.09950(4) 0.0114(2)
“Data from Thompson et al. (2013)
Ta}ble 3 Anisotropic Atom U, Uny Usy Uy, Ups Uy,
displacement parameters U;
(A?) for tuites Eu-Tu
Ml 0.0178(3) 0.0178(3) 0.0060(3) 0.0089(2) 0 0
M2 0.0119(3) 0.0119(3) 0.0067(3) 0.0060(1) 0 0
P 0.0062(3) 0.0062(3) 0.0055(3) 0.0031(1) 0 0
Ol 0.0214(6) 0.0214(6) 0.0069(7) 0.0107(3) 0 0
02 0.0141(4) 0.0068(5) 0.0110(4) 0.0034(2) 0.0002(2) 0.0003(3)
EuNa-Tu
Ml 0.0185(3) 0.0185(3) 0.0060(3) 0.0093(1) 0 0
M2 0.0132(3) 0.0132(3) 0.0076(3) 0.0066(1) 0 0
P 0.0069(3) 0.0069(3) 0.0059(3) 0.0035(1) 0 0
Ol 0.0227(6) 0.0227(6) 0.0075(7) 0.0114(3) 0 0
02 0.0149(4) 0.0074(5) 0.0113(5) 0.0037(2) 0.0002(2) 0.0004(3)
Tu®
M1 0.0163(3) 0.0163(3) 0.0058(3) 0.0082(1) 0 0
M2 0.0116(2) 0.0116(2) 0.0069(2) 0.0058(1) 0 0
P 0.0064(2) 0.0064(2) 0.0052(3) 0.0032(1) 0 0
01 0.0193(6) 0.0193(6) 0.0066(7) 0.0097(3) 0 0
02 0.0139(4) 0.0073(4) 0.0106(4) 0.0036(2) 0.0002(1) 0.0005(3)

The M1 site contains (0.94 Ca+0.04 Eu+0.02 O) for Eu—Tu and (0.88 Ca+0.06 Eu+0.06 Na) for NaEu—
Tu. The M2 site is fully filled with Ca for both Eu—Tu and NaEu—Tu samples

“Data from Thompson et al. (2013)
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Table4 Selected bond lengths (A) determined by single-crystal XRD

Eu-Tu EuNa-Tu Tu?

MI1-01 X6 3.0382(2) 3.0375(3) 3.0377(5)
MI1-02 x6 2.4378(8) 2.4374(9) 2.4404(9)
Avg. 2.7380 2.7375 2.739
M2-01 2.245(2) 2.248(2) 2.245(2)
M2-02 X3 2.5064(9) 2.506(1) 2.507(1)
M2-02 X6 2.68381(2) 2.6880(3) 2.6870(5)
Avg. 2.589 2.589 2.589
P-O1 1.5192) 1.518(2) 1.521(2)
P-02 x3 1.543(1) 1.542(1) 1.542(1)
Avg. 1.537 1.536 1.537

The M1 site contains (0.94 Ca+0.04 Eu+0.02 O) for Eu-Tu and
(0.88 Ca+0.06 Eu+0.06 Na) for NaEu-Tu. The M2 site is fully
filled with Ca for both Eu—Tu and NaEu-Tu samples

#Data from Thompson et al. (2013)

shorter than the other six Cal-O bonds (3.0377 A), whereas
the Ca2 site is 10-coordinated with an average Ca2—O bond
of 2.589 A (Thompson et al. 2013). Our structure refine-
ments indicate that Eu prefers the Cal site in tuite. As listed
in Table 4, the average P-O, Ca2-0, and longer Cal-O-
bond lengths are similar for Tu, Eu—Tu, and NaEu-Tu sam-
ples, but the shorter Cal-O-bond lengths are slight different
for the three samples.

The major structural difference between the pure tuite and
Eu-bearing tuites is that some Ca is substituted according to
the mechanisms of 2 Eu®* + 00 — 3 Ca** in Eu—Tu and Eu**
+ Na* — 2 Ca* in NaEu—Tu. The previous studies have
showed that such coupled substitution mechanisms are com-
mon in apatites (Hughes and Cameron 1991; Fleet and Pan
1994, 1995; Pan and Fleet 2002). Compared to the coupled
vacancy substitution of 2 Eu** + 00 — 3 Ca**, the coupled
substitution of Eu®* + Na* — 2 Ca* should be energetically
more favorable, resulting in more Eu,O5 in NaEu-Tu (0.04
apfu in Eu-Tu vs. 0.06 apfu in NaEu-Tu).

The Raman spectra of natural and synthetic tuite were
reported in the previous studies (Xie et al. 2003, 2013,
2016; Zhai et al. 2010a, b, 2011, 2014; Hu and Sharp
2016; Litasov and Podgornykh 2017). Figure 3 displays
the synthetic Eu-bearing tuites. For comparison, the
Raman spectrum of a pure tuite synthesized in Thomp-
son et al. (2013) is also collected and is shown in Fig. 3.
There is no obvious difference among these samples in
the range of 400—-1100 cm™! primarily attributed to the
internal PO, vibrational modes, which is consistent with
the single-crystal X-ray refinements that indicates the PO,
tetrahedra (including the P—O-bond length, O—P-O angle)
in these three samples are nearly identical. Nonetheless,
some difference occurs in the low Raman shift region less
than 350 cm™! that corresponds to the external modes

977

5 1002

977

Intensity (a.u.)

ﬁn
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=
8! g g
Q a o u
1 " 1 " 1 1 1 L 1
200 400 600 800 1000

Raman shift (cm™)

Fig. 3 Raman spectra of synthetic tuite crystals. The insert plot shows
the enlarged Raman spectra between 100 and 350 cm™!

involving Ca translations, which is clear shown in the
insert of Fig. 3. The relative intensities and wavenumbers
of external modes are different for the three samples. In
the lower wavenumber region (less than 350 cm_l), the
209 cm™! band is most strongest for the Eu—Tu sample,
but the 192 cm™! band is the most strongest for Tu and
NaEu-Tu samples. This is reasonable as Ca is partially
substituted by Eu or Eu+ Na in Eu-bearing tuite, causing
the changes of Raman shift and intensity of bands, where
cationic translations are involved.

Tuite has only been found in shocked meteorites thus far.
There is no information about the REE concentration and their
crystal chemistry in natural tuite. The present synthetic Eu-
bearing tuite crystals contain 2.2 and 3.6 wt% Eu,0; in Eu-Tu
and NaEu-Tu, respectively. It means that the presence of Na
can enhance the content of Eu,0; accommodated in tuite,
though tuite formed from apatite in meteorites contains no or
less than 0.25% of Na,O (Xie et al. 2013). On the other hand,
natural tuite formed from merrillite in meteorites has been
found to contain Na,O up to about 2.86 wt% (Xie et al. 2002,
2003; Litasov and Podgornykh 2017). In addition, Na in mer-
rillite has its own occupation site in the structural complexes
of [CagNa(PO,)] 16+ and plays a critical role in maintaining the
charge balance (Xie et al. 2015). Therefore, the accommodated

@ Springer
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amount of REE in these two kinds of natural tuite might be
different.

Though no information about the accommodation of REE
in tuite formed from merrillite is available, a few previous
studies show that tuite formed from apatite can contain some
amount of REE. By doping with 250-350 ppm trace elements
including Ce, Nd, Lu, and Y in apatite—MORB and apa-
tite—peridotite systems, Konzett and Frost (2009) and Konzett
et al. (2012) checked the concentrations of Ce and Nd in tuite
by EPMA and found that tuite has distinctly higher Ce and Nd
(up to 4.27 wt% Ce, 05 and 3.55 wt% Nd,O5) which is related
to the content of Na. Eu- and Sm-doped tuite samples (with
3.0 wt% Eu,0; and 1.1 wt% Sm,0;) were also synthesized
(Xue et al. 2012, 2015). Zhai et al. (2014) used a natural REE-
bearing apatite to obtain some large tuite crystals and ana-
lyzed the concentrations of REE by LA-ICP-MS. The results
showed that REE contents are from a few ppm to 2.5 wt%.

As a run product of apatite (Murayama et al. 1986) and
merrillite (Zhai et al. unpublished results) under high-pressure
and high-temperature conditions, REE-bearing tuite could be
found on the Moon as a consequence of REE-bearing apatite
or/and merrillite transformation under impacts. It is known
that apatite and merrillite were found as minor phases in lunar
rocks from Apollo samples (Griffin et al. 1972; Dickinson and
Hess 1983). The lunar surface has been undergone periods of
intense meteorite bombardment over geologic time (Stoffler
et al. 2006). Therefore, some tuite may form after apatite and/
or merrillite subjected to meteorite bombardment with enough
high pressure and temperature for the transformations. More-
over, REE-bearing apatite may be transported into the deep
mantle and decompose into REE-bearing tuite under the high-
pressure and high-temperature conditions. Indeed, Murayama
et al. (1986) showed that at 11-13 GPa between 1000 and
1500 °C pure hydroxyapatite and fluorapatite decompose with
a negative slope of the apatite—tuite phase boundary in a fol-
lowing reaction:

2 apatite — 3 tuite + X,

where X may be Ca(OH),, CaO + H,0, or CaO + H,0(?)
for OH apatite and CaF, for F apatite. Konzett and Frost
(2009) experimentally showed that in an average MORB and
a model Mg-basalt systems, hydroxyapatite transforms to
tuite at pressure above 7.5 GPa and temperature of 950 °C by
reactions involving garnet and SiO,, which is ~5 GPa lower
than the stability limit of pure OH-apatite. As proposed by
Konzett and Frost (2009), the possible tuite-forming reac-
tions are as follows:

12 apatite + pyrope + 6 coesite — 18 tuite
+ grossular 4+ 3 diopside + 6 H,O,

12 apatite + 2 pyrope + 6 coesite — 18 tuite
+ 2 grossular + 3 enstatite + 6 H,O,

@ Springer

4 apatite + enstatite 4+ 2 coesite — 6 tuite
+ 2 diopside + 2 H,O.

In peridotite—apatite system, apatite is stable to at least
8.7 GPa at 1000 °C, which is about~ 1 GPa above the sta-
bility limit of apatite within a MORB composition, and the
possible tuite-forming reactions are as follows (Konzett
et al. 2012):

2 apatite + 3 enstatite — 3 tuite + forsterite + diopside + H,O,

4 apatite + pyrope + diopside — 6 tuite + grossular
+ 2 forsterite + H,O,

6 apatite + pyrope + 3 enstatite — 9 tuite + grossular
+ 3 forsterite + 2 H,O0.

The mean Ca—O-bond lengths of two kinds of 12 and 10
coordinated Ca in tuite are longer than those of different
coordinated Ca in apatite and in mantle silicates (e.g., gar-
net and diopside). In apatite—MORB and apatite—peridotite
systems, the concentrations of Ce,O; and Nd,Oj; in tuite
are higher than those in apatite (Konzett and Frost 2009;
Konzett et al. 2012). However, the concentrations of REE
in tuite synthesized at 15 GPa and 1800 K using a natu-
ral REE-bearing apatite as starting material are slightly
lower than those in apatite (Zhai et al. 2014). Compared
with those in natural garnets and pyroxenes (Zheng et al.
2005; Python et al. 2007; Gaspar et al. 2008; Zhang et al.
2009; Dégi et al. 2010; Santosh et al. 2010), the concen-
trations of REE in tuite are 2-3 order higher (Zhai et al.
2014). Therefore, REE in tuite has important geochemical
implications.
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