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Tuite has been suggested as a potential reservoir for trace elements in the deep mantle, but no evidence confirms this supposi-
tion. By using a natural apatite as starting material, the trace-element-bearing tuite large crystals were obtained under high-
pressure and high-temperature conditions (15 GPa and 1800 K). X-ray diffraction pattern and Micro-Raman spectrum of the
run product confirm that tuite was synthesized. The concentrations of trace elements in tuite crystals were analyzed by laser
ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS). The rare earth element patterns of tuite show enrich-
ment of light rare earth elements relative to heavy rare earth elements. Tuite shows high concentrations of Th and Sr, and neg-
ative anomalies of Rb, Nb, and Hf. The results show that tuite can accommodate a large amount of trace elements. Tuite might
be an important host to accommodate trace elements if there is much apatite subducted into the deep mantle.
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Apatite is a common accessory mineral in igneous, meta-
morphic and sedimentary rocks on earth and in lunar rocks
as well as meteorites (Nash, 1984). It is also a major host
for rare earth elements (REE) and large ion lithophile ele-
ments (LILE) (such as U, Th, Ba, Sr) in almost all igneous
and metamorphic rocks (Griffin et al., 1972; Beswick and
Carmichael, 1978; Jolliff et al., 1993). Experimental results
show that apatite is not stable at high-pressure and high-
temperature conditions (Murayama et al., 1986). Hydroxy-
apatite and fluorapatite decompose at ~13 GPa and 1000°C,
and one of the decomposed products was y-Caz(PO,),, which
was first discovered in Suizhou L6 chondrite and named as
tuite (Xie et al., 2002, 2003; Xie and Chen, 2008). Later
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tuite was also found in other chondritic and SNC meteorites
(Ozawa et al., 2007; Greshake and Fritz, 2009; Miyahara et
al., 2011; Baziotis et al., 2013). On the other hand, tuite was
believed as a high-pressure polymorph of whitlockite with
structure identical to that of synthetic fCa;(PO,), (Gopal
and Calvo, 1972; Prewitt and Rothbard, 1975; Dowty, 1977).
According to previous studies, apatite and whitlockite can
contain a large amount of REE, even up to 11.4% (Puchelt
and Emmermann, 1976) and 13% (Jolliff et al., 1993), re-
spectively. Therefore, tuite might have a significant impli-
cation for REE since it is a decomposed product of apatite
and the high-pressure polymorph of whitlockite.

In mineral structure of tuite, a phosphorus atom is tetra-
hedrally coordinated by oxygen atoms and calcium atoms
occupy two types of large cation sites. The 12-coordinated
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Ca(1) has a mean bond length of 0.2739 nm and 10-coordi-
nated Ca(2) has a mean bond length of 0.2588 nm (Sugiya-
ma and Tokonami, 1987). These mean bond lengths are
larger than those of 8-coordinated Ca sites in garnet and
diopside (about 0.240 nm for Ca—O bond) (Xie et al., 2003).
Therefore, tuite was thought to be a potential accommoda-
tion for REE and LILE in the deep upper mantle (>400 km)
(Murayama et al., 1986; Sugiyama and Tokonami, 1987;
Xie et al., 2003). Two recent studies on 10 trace elements
(including Nb, Ta, Zr, Y, Ba, Sr, Rb, Ce, Nd and Lu) doped
in apatite-silicate systems were reported and a few rare
earth elements (including Y, Ce, Nd and Lu) in tuite were
analyzed (Konzett and Frost, 2009; Konzett et al., 2012).
The reported hydroxyapatite-MORB and apatite-peridotite
systems are complicated and important for understanding of
apatite in silicate system (Konzett and Frost, 2009; Konzett
et al., 2012). But the fundamental information, e.g., the
concentration of trace elements in tuite formed from natural
apatite, is also important. The grain size of tuite was quite
small (less than 30 pum) in their studies, and the content of
trace elements were analyzed by electron microprobe ana-
lyzer (EPMA) (Konzett and Frost, 2009; Konzett et al.,
2012). In fact, the laser ablation-inductively coupled plasma-
mass spectrometry (LA-ICP-MS) is a powerful method to
analyze the concentrations of trace elements in minerals
(Jackson et al., 1992). So far there is no report about the
rare earth elements and other trace elements in large tuite
crystal analyzed by LA-ICP-MS.

In hydroxyapatite-MORB system, synthetic hydroxyap-
atite was included and only 10 trace elements were doped
(Konzett and Frost, 2009). In the present study, we used a
natural apatite sample containing many trace elements as
starting material to carry out high-pressure and high-temper-
ature experiment. We first obtained large tuite cystals,
which were identified by X-ray diffraction and Micro-Raman
spectrum. The concentrations of trace elements in tuite were
analyzed by LA-ICP-MS. Based on the concentrations of
trace elements, tuite might be an important host to accom-
modate trace elements if much apatite decomposes in the
deep mantle (>400 km).

1 Experimental and analytical methods

The natural apatite sample used in this study is one of the
major mineral phases in Eppawala carbonatites, Sri Lanka.

The details of the apatite were described by Manthilake et al.

(2008). In this study, powder apatite sample with chemical
compositions shown as second column under Aptite>Eppa-
wala in Table 1 of Manthilake et al. (2008) was used as
starting material for synthesis of tuite. The powder sample
is core part without inclusions of large apatite crystal.
High-pressure and high-temperature experiment was per-
formed at 15 GPa and 1800 K for 24 h using a 1000-ton
Kawai-type multi-anvil apparatus (USSA-1000) installed at
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Institute for Study of the Earth’s Interior, Okayama Univer-
sity. Tungsten carbide cubes with edge length of 32 mm and
truncated edge length (TEL) of 4.0 mm were employed for
the second stage anvils. A semi-sintered octahedron with 10
mm edge length made of 95 wt% MgO+5 wt% Cr,0; was
used as a pressure medium with pyrophyllite gaskets. A
LaCrO; cylindrical heater was put in a ZrO, thermal insu-
lating tube. A thin graphite capsule was used as a sample
chamber. The quenching method was adopted in the experi-
ment. Some large synthetic single crystals (200-350 pm)
were selected from the recovered sample and mounted in
epoxy for polishing. The polished crystals were identified
by microfocused X-ray diffractometer (RINT RAPID II-
CMF) equipped with a rotating Cu anode operated at 1.2
kW, and the chemical compositions were examined by elec-
tron probe micro analyzer (JXA-8800) operated at 15 kV
and 12 nA.

Trace elements in recovered crystals were determined
from polished section using a laser ablation-inductively
coupled plasma-mass spectrometry (LA-ICP-MS) at Peking
University. The LA-ICP-MS system consists of a COMP-
exPRO excimer laser linked to the Agilent 7500cs ICP-MS.
The laser was operated at 193 nm wavelength with 15 mJ
energy, 5 Hz frequency. The laser beam was condensed
with a beam expander and shaped with an adjustable iris
aperture to produce a crater size of 60 um on the sample
surface. Ablation duration was usually about 75 s and was
done in pure He atmosphere. The first 15 s of acquisition
were used to measure the gas blank followed by about 60 s
of acquiring a mixture of gases and ablated materials. We
used the following gas flows: He, 500 mL/min; Ar carrier,
0.96 L/min; Ar plasma, 15 L/min. Plasma RF was 1550 W.
NIST 610 glass standards reported by Pearce et al. (1997)
were used for calibrations of relative sensitivities. Each
analysis was normalized using the CaO content of tuite de-
termined by electron microprobe. NIST 612 and 614 glasses
were used as external standards. Trace-element reductions
were done with the GLITTER software (Van Achterberg et
al., 2001).

2 Results and discussion

The typical X-ray pattern and Raman spectrum of synthetic
single crystal was shown in Figure 1, which confirms that
the synthetic product is tuite. All X-ray peaks as shown in
Figure 1(a) can be attributed to thombohedral y-Caz;(PO,),
(space group: R-3m). The X-ray pattern was collected from
a polished section of a single crystal and the relative inten-
sities of peaks are different from previous studies of tuite
(Zhai et al, 2009, 2010). The Raman spectrum shown in
Figure 1(b) indicates typical bands of 414, 578, 643, 976,
1003 and 1094 cm™, which are consistent with previous
studies of natural and synthetic tuite (Xie et al., 2003; Zhai
et al., 2010, 2011).
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Figure 1 Represetative X-ray diffraction pattern (a) and Raman spectrum (b) of synthetic tuite in this study.

Table 1 Chemical composition of synthetic tuite crystals”

Major element (wt%) Tu-1" Tu-2" Tu-3" Tu-4" Tuite”™ Apatite (Manthilake et al., 2008)
Si0, 0.12 0.16 0.09 0.15 - 2.39
ALO; 0.01 0.01 0.01 0.01 - 0.05
FeO 0.03 0.01 0.01 0.01 0.38 0.05
MnO 0.04 0.03 0.04 0.04 - 0.02
MgO 0.21 0.23 0.20 0.21 3.58 0.27
CaO 52.56 53.08 53.14 52.51 46.14 5435
P,0s 45.81 45.72 46.13 45.50 47.16 42.45
LOI 0.53
Total 98.78 99.24 99.62 98.43 100.22 100.04

a) *, the chemical compositions of each tuite crystal were averaged values of five measurements. **, in natural tuite reported by Xie et al. (2003), there

are some other components including Na,O, K,O, NiO and TiO,

The chemical compositions of tuite are listed in Table 1.
Compared with the chemical compositions of apatite starting
material reported by Manthilake et al. (2008) and natural
tuite in Suizhou L6 chondrite reported by Xie et al. (2003),
tuite is poor with SiO,, indicating that the solubility of SiO,
in tuite is quite low. In order to check the possible OH, F
and CI in synthesized tuite, the samples were analyzed by
Raman spectroscopy and energy dispersive spectrum analy-
sis (EDS). No evidence shows the existence of OH or F. But
the EDS analysis shows the evidence of Cl with 0.35 wt%-—
0.94 wt%, and gives an average of 0.65 wt% for 31 points.
The EDS analysis may have great uncertainty, but it can
show the existence of Cl.

Depending on the sizes of tuite single crystals, three to
five pits were analyzed by LA-ICP-MS, as shown in Figure 2.
The trace-element abundances in tuite are listed in Table 2.

According to decomposed reaction of apatite and mass
balance, the abundances of trace elements in tuite should be
higher than those in apatite starting material if we suppose
tuite accommodates all trace elements after the decomposi-
tion of apatite. But the present results show that the corre-

sponding concentration of trace element is generally lower
than that of apatite starting material. The decomposed pro-
ducts of apatite may include CaF,, CaO and liquid, which
may accommodate a part of trace elements. Previous studies
showed that REE are significantly enriched in many
fluorites (Bau and Dulski, 1995; Grammaccioli et al., 1999;
Schwinn and Markl, 2005). The CaF, phase might accom-
modate some amount of REE, which is another issue to be
investigated in the future. Since in the decomposed products
the CaF, is quite small in volume or weight percentage, it is
difficult to find such small phase in enough size for LA-
ICP-MS measurement.

The concentrations of La in tuite are much higher than
those of apatite starting material. We used a thin graphite
capsule as a sample chamber, and graphite transferred to
diamond at the experimental conditions. A LaCrO; heater
was set outside of the capsule; therefore, a small part of
LaCrO; may penetrate the capsule at high-temperature and
retains in the sample, which causes higher concentration of
La and Cr in the sample. Based on the results, we can con-
clude that tuite can accommodate a large amount of La
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Figure 2 Backscattered-electron images of the synthetic tuite crystals. The circles represent LA-ICP-MS analyzed pits with diameter of 60 pum.

Table 2 Trace-element concentrations (ppm) in synthetic tuite crystals shown in Figure 2

2925

1-1 1-2 1-3 1-4 1-5 2-1 2-2 2-3 2-4 2-5 3-1 3-2 3-3 4-1 4-2 4-3  Average

Rb 014 013 014 015 017 024 019 013 027 010 011 022 017 026 025 025 0.18
Sr 3133 3066 3023 3053 2980 3091 3083 3142 3148 3065 3127 3147 3142 2945 2964 3007 3070
Y 556 541 528 53.0 501 523 553 587 555 562 547 525 556 503 499 482 53.4
Zr 9.9 14.1 13.5 14.0 11.2 9.8 10.8 12.9 9.9 10.8 115 10.7 11.8 10.6 10.9 9.9 114
Nb 063 050 025 050 056 046 056 058 041 058 061 053 056 060 056 057 0.53
Cs 008 008 0.08 009 010 010 008 007 012 006 010 013 0.09 0.11 0.08  0.11 0.09
Ba 797 803 802 819 823 8.4 825 771 906 761 759 839 812 911 949 859 83.1
La 16633 17341 18695 19031 20865 20646 18022 14213 20903 14422 14169 19159 16942 18682 25775 23364 18679
Ce 8454 7859 739.6 7284 6449 5684 678.1 8645 6137 8437 8704 7095 791.0 7154 7489 7529 7438
Pr 1026 948 804 883 784 682 8l1.6 1027 742 1015 1047 857 946 938 909  87.0 89.3
Nd 4413 415.1 3942 3899 3435 2934 3533 441.0 319.1 4379 45277 3694 4047 383.8 3684 3732 3863
Sm 639 599 569 563 505 427 522 635 466 631 647 534 586 559 572 548 56.3
Eu 125 11.8 11.2 11.1 10.1 9.3 10.5 12.6 9.9 12.3 126 109 11.6 11.6 10.9 10.9 112
Gd 356 340 329 321 29.1 247 296 356 273 357 363 302 326 328 316 312 32.0
Tb 314 296 285 281 249 217 257 3.09 235 314 315 262 283 268 279 266 2.77
Dy 125 11.8 11.4 11.1 10.1 9.2 10.5 12.6 9.8 124 125 10.7 11.5 10.8 10.1 10.9 11.1
Ho 198 1.91 1.85 1.83 1.70 1.54 1.73 1.95 1.65 1.97 1.97 1.75 1.85 1.59 1.59 1.63 1.78
Er 448 439 436 436 416 394 419 463 415 451 455 434 438 428 418 412 431
Tm 058 056 057 057 057 056 055 057 056 057 056 056 058 056 058 057 0.57
Yb 386 377 3.81 395 392 386 379 377 396 369 369 398 38 372 393 385 3.84
Lu 063 063 065 068 067 067 066 062 070 061 059 067 063 065 069 067 0.65
Hf 013 021 020 0.21 0.16 014 015 020 0.11 035 019 015 014 014 016 0.17 0.18
Ta 037 023 0.07 025 031 021 026 029 020 028 035 028 030 033 032 035 0.28
Th 15.1 140 135 12.1 9.8 10.0 164 241 100 133 19.6 13.1  20.1 134 12.0 12.5 14.3
U 032 033 031 027 026 024 032 044 025 047 037 027 029 029 030 029 0.31
Cr 4044 4188 4144 4328 4260 3483 3484 354.6 3374 3455 4490 3965 5273 4355 430.0 4257 4059
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(more than 2 wt%).

The averaged concentrations of trace elements in each
crystal are chondrite-normalized for REE, shown in Figure
3. The chondrite and pyrolitic mantle values reported by
McDonough and Sun (1995) are adopted to normalize the
concentrations of trace elements in this study. The REE
patterns of four tuite crystals illustrated in Figure 3(a) are
similar, and show enrichment of light rare earth elements
relative to heavy rare earth elements. The distribution of
trace elements in tuite plotted in Figure 3(b) shows negative
Rb, Nb, and Hf anomalies due to their concentrations in
apatite starting material, and higher concentrations of REE
and LILE (e.g., Th, Sr). Due to the same charge and pre-

December (2014) Vol.57 No.12

ferred coordination geometry and small difference in the
radii of cation, Sr can substitute Ca in the y-Ca3(PO,), (Zhai
et al., 2010).

The concentrations of REE in tuite are 2 to 3 order higher
than those in garnets and pyroxenes reported in literature
(Zheng et al., 2005; Python et al., 2007; Gaspar et al., 2008;
Zhang et al., 2009; Dégi et al., 2010; Santosh et al., 2010).
However, the amount of tuite is far smaller compared with
the major silicate mineral phases, such as garnet and py-
roxene, in the subducted MORB (Konzett and Frost, 2009).
On the other hand, there is no information about the parti-
tioning coefficients between tuite and garnet or pyroxene.
Therefore, it is difficult to determine how much REE tuite
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Figure 3 Chondrite-normalized averaged REE patterns (a) and primitive mantle-normalized other trace-element abundances (b) of synthetic tuite crystals
(Tu-1, Tu-2, Tu-3, Tu-4) and starting material (Ap). The chondrite values are from McDonough and Sun (1995).
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can accommodate in coexisting silicate minerals assemblage.
Much more information about these issues needs to be in-
vestigated.

3 Conclusions

Obviously the present results confirm that tuite can accom-
modate large amounts of REE and LILE, which is of geo-
chemical significance. Tuite is the high-pressure polymorph
of whitlockite and one of the decomposed products of apa-
tite, and stable at least in the upper mantle. Therefore, tuite
might be an important host for accommodation of trace ele-
ments in the deep mantle. The uptake of trace elements in
tuite is another uncovered issue. And the partitioning coef-
ficients of trace elements between tuite and silicate minerals,
such as garnet and pyroxenes, also are required for under-
standing the behaviors of trace elements in the deep mantle.
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Ito Eiji are thanked for helpful discussion. This work was financially sup-
ported by National Natural Science Foundation of China (Grant No.
40973045).
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