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Abstract

Tuite, the high-pressure y-form of the Ca3(POs), system, has been synthesized from
chlorapatite at 15 GPa and 1300 °C using a multi-anvil apparatus and its crystal structure
determined with single-crystal X-ray diffraction. It is isostructural with palmierite, with space
group R-3m and unit-cell parameters a = 5.2522(9) and ¢ = 18.690(3) A. The structure of tuite is
characterized by three distinct polyhedra, PO4, CalOy,, and Ca20,, that are translationally
interconnected in the sequence of PO4-Ca20,(-Cal0;,-Ca20;¢-PO; along the c axis.

Comparison of the CaSiO; and Ca3(POs), polymorphic systems shows a striking
resemblance in the evolution of atomic packing arrangements as the polymorphic density
increases. In both cases, the Ca atoms are progressively incorporated into the (Ca + O) close-
packed monolayers, consistent with the hypothesis that close-packing is a consequence of
volume decrease as density increases. Based on this observation, we predict a possible high-

pressure post-tuite phase.
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| ntroduction

There are four polymorphs in the Cas(PO,), system, denoted as o/'-, a-, B-, and y-phases.
Among them, the o'-, -, and B-phases are stable in the different temperature ranges, from 1470
to 1756, 1120 to1470, and room temperature to 1120 °C, respectively (Nurse et al. 1959; Fix et
al. 1969; Famery et al. 1994; Knowles et al. 1999; Yashima and Sakai 2003), whereas the -
phase, also known as tuite, is a high-pressure form and stable at least in the upper mantle
conditions (Murayama et al. 1986; Xie et al. 2003). The Ca3(PO4), system has been a subject of
numerous investigations because o- and B-phases are important bioceramic materials in surgery
and dentistry (e.g., Famery et al. 1994 and references therein) and tuite is a potential host for
rare-earth elements (REE) and large lithophile elements (LLE) under the Earth’s mantle
conditions (Murayama et al. 1986; Sugiyama and Tokonami 1987; Xie et al. 2003; Zhai et al.
2010; 2011).

Tuite was first synthesized by Roux et al. (1978) from -Ca3(POs), at 4 GPa and 950 °C
and subsequently by Murayama et al. (1986) through compression of hydroxylapatite
Cas(PO4)3;0H and fluorapatite Cas(POg)sF at 12-15 GPa and 1100-2300 °C. Its crystal structure
was determined by Sugiyama and Tokonami (1987) using the sample made from hydroxylapatite
at 12 GPa and 2300 °C. Recently, Zhai et al. (2009, 2010, 2011) have also obtained tuite through
conversion of B-Ca3(PO4), at 7 GPa and 1200 °C to measure its high-pressure and high-
temperature properties with Raman spectroscopy and powder X-ray diffraction. Natural tuite was

originally described by Chen et al. (1995) as a high-pressure polymorph of chlorapatite,
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Cas(PO4);Cl, in shock-induced melt veins of the Sixiangkou L6 chondrite, which contains 3.72
wt.% Cl, as compared to 4.84 wt.% Cl in chlorapatite. Xie et al. (2002, 2003) reported the
finding of tuite that is believed to have transformed from whitlockite in the shocked veins of the
Suizhou L6 chondrite. Their Raman spectra of tuite, however, do not match those given by Chen
et al. (1995). The recent study (Xie et al., submitted) has demonstrated that the Raman spectra
obtained by Chen et al. (1995) are actually a combination (or mixture?) of tuite and chlorapatite,
presumably stemming from the incomplete transformation from chlorapatite to tuite. Xie and
Chen (2008) discussed the plausible conditions for the tuite formation from whitlockite and
chlorapatite. Nonetheless, it remains unclear whether tuite transformed from chlorapatite can
contain a significant amount of CI. This study reports the first synthesis of tuite from chlorapatite
at high pressure and temperature and its structure refinement with single-crystal X-ray
diffraction. Moreover, by comparing the Ca3(POs), system with the CaSiO3 system in terms of
close-packing schemes, we present a new perspective in understanding the tuite structure and
predict a possible high-pressure post-tuite phase.

Identifying the packing schemes of the anion arrangements of crystal structures is one of
the fundamental tasks for a comprehensive understanding of mineral systematics. Interest in the
packing of spherical atoms as the basis of matter goes back at least to the late 16" century (Hales
2000). Many ionic crystal structures have been successfully rationalized as composed of close-
packed (CP) arrangements of large anions with small cations filling the interstitial voids in the
anion scaffold. An example of a useful application of this concept is Pauling’s (1929) radius-
ratio rule for predicting cation coordination numbers from cation : anion radius ratios.
Underlying the concept of large anions/small cations is the assumption that oxygen anions form

CP arrangements to minimize structural volume. From this perspective, there is nothing to bar
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cations from inclusion with O atoms in CP arrangements should size considerations allow. This
is in fact seen in the perovskite structure (c.f. Klein and Dutrow 2008).

The fundamental building blocks of three dimensional closest-packed arrangements are
two dimensional CP monolayers, in which each sphere is in contact with six nearest neighbors.
The CP stacking of monolayers give rise to interstitial (cation) sites that are trigonal planar,
tetrahedral, or octahedral. All tetrahedral sites in any CP arrangement have bases perpendicular
to a stacking direction with apices pointing parallel to the stacking vectors, and therefore have at
least one face parallel to at least one face in all other tetrahedra. Any two tetrahedra sharing
corners have either coplanar bases containing the shared sphere or parallel bases with a shared
apical sphere, forming a unit resembling an hourglass. Crystal structures that violate these
conditions are either very distorted or not based on the close-packing arrangement. Nevertheless,
small systematic alterations to CP monolayers can create layers that can be stacked forming
tetrahedral and high-coordination number sites that violate these rules (Thompson et al. 2012).

CP monolayers are typically distinctive but may be difficult to recognize in minerals that
are quite distorted from closest-packed. Thompson and Downs (2001) introduced a parameter,
Ugp, to quantify the degree of distortion of the oxygen anion skeletons of minerals from the
perfectly closest-packed arrangement. In the cubic closest-packing or CCP (hexagonal closest-
packing or HCP) case, U, is the minimum mean square displacement of 675 (677)
corresponding anions contained in a spherical volume of space in the observed and ideal
structures. This parameter is calculated by allowing the ideal structure to translate, rotate, and
isotropically expand or compress relative to the observed structure until the minimum value (U,)
is found. A value of zero for U, indicates an anion skeleton that is perfectly closest-packed, with

distortion increasing as U, gets larger. A value of 1 indicates an oxygen arrangement that is
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105  extremely distorted. We will use U, in this paper to examine the distortion from perfect closest-
106  packing of minerals of interest. In addition, we will adopt the terms eutaxy and eutactic

107  arrangement to describe an arrangement with the same spatial relationships as close-packing, but
108  where the packed units are not necessarily believed to be in contact (after O’Keeffe and Hyde

109  1996), i.e. as a more general term that can be used synonymously.

110
111 Experimental
112 The tuite sample used in this study was synthesized using synthetic chlorapatite as

113 starting material at high pressure and high-temperature. First, reagent-grade CaCO3, NH4Cl and
114  NH4H,PO, powders were mixed in a proportion corresponding to the Cas(PO4);Cl stoichiometry.
115  The mixture was ground for 2 hours in an agate mortar and pressed into pellets with a diameter
116  of 5 mm under uniaxial pressure of 30 MPa. The pellets were then sintered in a conventional
117  muffle furnace at 1000 °C for 36 hours to form a single phase of Cas(PO4);Cl, which was

118  confirmed by powder X-ray diffraction. The Cas(PO4);Cl powder was then put into a Pt capsule
119  to synthesize tuite at 15 GPa and 1300 °C for 24 hours using a multi-anvil apparatus. The high-
120  pressure and high-temperature experimental details were described by Xue et al. (2009). The
121  final product was characterized by microfocused X-ray diffraction and Raman spectroscopy.
122 Chemical compositions of the synthesized sample were determined by an electron probe

123 microanalyzer (JXA-8800) operated at 15 kV and 12 nA. The average composition (10 analysis
124 points) is (wt.%) CaO 54.2(3), P,Os 46.2(7), and total =100.4(9), yielding an empirical formula
125  (based on 8 O apfu) Caz.93(P1.0104),.

126 Single-crystal X-ray diffraction data of tuite were collected from a nearly equi-

127  dimensional crystal (0.04 x 0.05 x 0.05 mm) with frame widths of 0.5° in @ and 30 s counting
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time per frame. All reflections were indexed on the basis of a trigonal unit-cell (Table 1). The
intensity data were corrected for X-ray absorption using the Bruker program SADABS. The
systematic absences of reflections suggest possible space groups R32, R3m, or R-3m. The crystal
structure was solved and refined using SHELX97 (Sheldrick 2008) based on the space group
R-3m, because it yielded the best refinement statistics in terms of bond lengths and angles,
atomic displacement parameters, and R factors. The positions of all atoms were refined with
anisotropic displacement parameters. During the structure refinements, the ideal chemistry was
assumed. Final coordinates and displacement parameters of atoms in tuite are listed in Table 2,

and selected bond-distances in Table 3.

Discussion

The structure of tuite

Tuite belongs to a vast group of compounds with the palmierite-type structure and the
general chemical formula M3(XQ,),, where M = Ba, Sr, Ca, Pb, Rb, K, Na, NHy4, TI, REE and X
=V, Cr, P, S, As. Depending on the chemistry, the palmierite-type materials can exhibit various
interesting optical, transport, catalytic, dielectric, and ferroelectric properties (e.g., Leonidova
and Leonidova 2008; Sahoo et al. 2010 and references therein). The X cation in the palmierite-
type structure is tetrahedrally coordinated, whereas the M cations occupy two symmetrically
nonequivalent sites, M1 and M2. The M1 site displays a (6 + 6) coordination, with six M1-O
bond lengths markedly shorter than the other six M1-O bonds. In contrast, the M2 site is ten-
coordinated. Specifically for tuite, our structure data are very comparable with those determined
by Sugiyama and Tokonami (1987) (Tables 1 and 3). The POy tetrahedron is slightly distorted,

with three P-O2 bond distances (1.542 A) longer than the one P-O1 bond distance (1.521 A). The
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average M1-O and M2-O bond distances are 3.0377 and 2.4404 A, respectively. The detailed
linkage among the PO4, M10,, and M20, polyhedra has been elucidated by Sugiyama and
Tokonami (1987). In the following, we will offer a different view of the tuite structure by placing
it into the context of the Ca3(PO4), and CaSiOs polymorphic systems. Both systems contain at
least four phases, in each case with Ca as the only non-tetrahedral cation; both contain phases (-
Ca3(POy); and pseudowollastonite) that exhibit large, multi-polyhedral structural subunits
functioning as ligands, and both contain structures that incorporate Ca cations and O anions into
a single packing arrangement. To better understand the Ca3(POs), system, we will first review
the CaSiO; system and use the principles that apparently govern both of them to make a

prediction.

Review of the CaSiO; system

There are four polymorphs in the CaSiOs system: pseudowollastonite (Yang and Prewitt
1999), wollastonite (Ohashi and Finger 1978), a high-pressure phase (Trojer 1969), and Ca-
perovskite (Caracas and Wentzcovitch 2006), with densities of 2.90, 2.95, 3.05, and 4.33 g/cm3,
respectively (Table 4).

Pseudowollastonite is composed of layers of ternary Si309 rings (Figure 1a) alternating
with layers of 8-coordinated Ca-polyhedra stacked along c*. The ternary rings themselves are in
two-dimensional eutactic arrangement, and the layers of rings can be thought of as functioning as
close-packed monolayers of [Si300]° ligands. These ligands are not in three-dimensional eutaxy,
and there are four different monolayer positions (ABCD) instead of the three (ABC) of close-

packed arrangements (Figure 1b).
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However, the entire structure of pseudowollastonite can also be regarded as based on
close-packing of O and Ca atoms, with each organized into well-defined layers stacked along c*
in the sequence ABABACACABABACAC (Figure 2). Three quarters of these layers, including
the Ca layers, are easily recognizable as close-packed monolayers. As an example, Figure 3
illustrates in isolation the four Ca monolayers labeled A in Figure 2, viewed down the stacking
direction, c*, with all other atoms removed. Clearly, the atoms in these four layers align and are
equivalent in terms of their function in the stacking sequence. The remaining layers labeled A
contain O atoms coplanar with Si atoms in six-membered atomic rings (Figure 4a, again viewed
down the stacking vector). These layers may at first appear to be non-CP, but Figure 4b shows
the correspondence between the O atoms in these layers and the Ca atoms in the nearest Ca-
monolayer (labeled A). Thus, these O-layers are actually equivalent to A layers, but distorted by
the presence of the coplanar Si atoms. This distortion allows for the formation of tetrahedral
sites with geometrical relationships that would not be possible in the perfectly closest-packed
arrangement of spheres with stacking sequence ABABACAC.

Consideration of just the O atoms in pseudowollastonite also yields a CP arrangement
with stacking sequence BABCAC, or, equivalently, ABACBC. When every octahedral site
formed by two O-monolayers is occupied (brucite-type layer), the cations form a eutactic
monolayer of their own. This begs the question: should the Ca-monolayers be considered part of
the packing, or just cations in the interstitial sites of a CP oxygen skeleton? In any ideal CP
arrangement, the distance between monolayers is twice the distance between the cation layer and
the nearest monolayer. In pseudowollastonite, the average distance between O-monolayers is
only 38% longer than the average distance between Ca- and O-monolayers. This is consistent

with the Ca atoms functioning as part of the packing arrangement, albeit with an effective radius
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approximately 70% of that of the O atoms. Electron density analysis of pseudowollastonite
could provide sizes for its ionic radii.

Wollastonite is a member of the pyroxenoid group of minerals, often described as similar
to the pyroxene group because both groups contain single tetrahedral silicate chains connecting
layers of chains of octahedrally coordinated cations (c.f. Klein and Dutrow 2008). Figure 5a
shows the wollastonite tetrahedral chain and its relationship to the octahedral chain with which it
shares its apical O atoms. Figure 5b illustrates the analogous structural subunits in hypothetical
ideal CCP and HCP wollastonite chains, formed from the two possible CP arrangements of three
CP monolayers, demonstrating that the wollastonite tetrahedral chain does not directly
correspond to a CP arrangement. In fact, it can best be described as a hybrid between the
possible CCP and HCP configurations. Therefore, wollastonite is very distorted from either CCP
or HCP, and our software failed to calculate a U, value for it, with or without including Ca in
the packing scheme.

Trojer (1969) presented a refinement of a CaSiOs phase synthesized at 6.5 GPa and 1300
°C. Our program calculated a U, value of 2.6 A? from ideal CCP for the oxygen anion
arrangement, but failed when any Ca was included in the packing arrangement. This value
indicates an extremely distorted structure, and it is difficult to recognize distinct CP layers in the
structure. Figure 6a illustrates the crystal structure viewed down zone [2-1-1], not identified as a
CP stacking direction by our software. It is composed of non-eutactic Ca layers alternating with
layers containing both O and Ca, one Ca layer for every two (O + Ca) layers. Figure 6b displays
an (O + Ca) layer viewed down zone [425] (face pole (111)), showing Ca incorporated into the O
layers, in which each Ca atom is surrounded by five nearest O atoms. The Ca : O ratio in each

(Ca + O) layer, nevertheless, is 1: 9. Applying a two-dimensional radius ratio analysis to this
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configuration yields a Ca radius 70% that of oxygen, the same value derived through analysis of
the stacking sequence of pseudowollastonite.

CaSi0; assumes the perovskite structure at extremely high pressure (hereafter referred to
as Ca-pv). Using density functional theory, Caracas and Wentzcovitch (2006) calculated
hypothetical room-condition cell parameters for ideal cubic Ca-pv (positional parameters are
fixed). This structure has a U, value of 0, meaning that it is perfectly closest-packed, with all Ca
atoms incorporated into the CP monolayers in a Ca : O ratio of 1 : 3 (Fig. 7).

In short, as the CaSiO3 polymorphs increase in density, Ca is progressively incorporated
into the layers of O atoms. In pseudowollastonite, the lowest density polymorph examined here,
Ca is excluded from the O monolayers, forming monolayers of its own. In wollastonite, the Ca
atoms occupy classic interstitial octahedral sites. In the higher density synthetic phase of Trojer
(1969), one-third of the Ca atoms are incorporated into layers with O atoms. Finally, in the

perovskite structure, all Ca atoms combine with O atoms to form (Ca + O) CP monolayers.

The Cag(PQOg), system

This set of polymorphs includes a-Caz;(PO4), (Mathew et al. 1977), B-Ca3(PO4), (Dickens
et al. 1974), and tuite or y-Cas(POy), (this work), with densities 2.81, 3.07, and 3.46 g/cm’,
respectively (Table 4). Note that the o'-phase is excluded from the discussion here, because it is
an unquenchable high-temperature form and its structure symmetry is still a matter of
disputation. For example, by means of high-temperature neutron powder diffraction, Knowles et

al. (1999) and Yashima and Sakai (2003) obtained space group P6:/mmc (at 1525 °C) and P-3m

(at 1508 °C), respectively.
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The structure of a-Caz(PO4), consists of 12 nonequivalent isolated PO, tetrahedra sharing
corners and edges with 18 nonequivalent Ca-polyhedra of various coordination numbers and
geometries. We were unable to calculate a U, value for this structure, nor identify any distinct
atomic layers.

B-Ca3(POs); possesses the whitlockite-type structure. Like pseudowollastonite, it is also
based on an eutactic arrangement of large ligands, but, unlike pseudowollastonite, we uncovered
no packing arrangement involving individual atoms. Some indistinct atomic layering is evident
when viewing the structure perpendicular to C, including non-CP layers that are distorted in three
dimensions but incorporate Ca in a Ca : O ratio of 5 : 6. The -phase appears to be intermediate
between a-Cas(POs),, with its complete absence of layering, and tuite, which has a very distinct
layered structure (as described below).

The large B-phase ligands are in three-dimensional distorted eutaxy and have a formula
[Ca(PO4)s]'® (Figure 8a). They consist of central Ca octahedra sharing corners with six POy
tetrahedra, thus forming flattened disks (or “pinwheels”, see Moore 1973) that stack in a
distorted CCP arrangement. The ligands’ central Ca atoms have ideal CCP positional parameters,
but their flattened geometry creates a very distorted cell, leading to an enormous U, value of
24.7A%. As in pseudowollastonite, the ligands cannot be considered to be in contact, as they are
separated by Ca”" cations. For an in-depth discussion of the whitlockite-type structure, see Tait
etal. (2011).

Tuite bears a superficial visual resemblance to B-Ca3;(POs), because one can visualize
“pinwheels” (Moore 1973) in both structures (Figure 8b). However, the pinwheels in tuite are
combined into corner-sharing polymerized polyhedral layers, not containing distinct pinwheel

ligands. As discussed below, Ca in tuite is part of the packing arrangement, and the Ca2-0O2
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bonds bind the polyhedral layers together to form a three-dimensional structure. The Ca
participation in the packing scheme increases density relative to the B-phase and allows a much
more distinct layering of individual atoms. We analyze tuite from this perspective.

All Ca atoms in tuite are incorporated with oxygen into eutactic monolayers of individual
atoms (as opposed to layers of polyhedra) and stacked in a non-CP sequence along C that can be
described as A'ABA'CAA'BC (Figure 9). Figures 10a and b illustrate tuite’s two types of (Ca +
O) layers - A' and A (B and C are equivalent to A, and are stacked in eutactic relationship with A
- but not A' - along C), respectively. Layers A, B, and C are perovskite-type layers (Figure 7),
and form a distorted CCP arrangement of O and Ca atoms. Layer A'is also eutactic, but contains
only three unit cell atoms for every four in layer A (a Ca : O ratio of 1 : 2 instead of 1 : 3 in the
pv-type monolayers). This allows for an unusual geometric relationship with the A (and B and
C) layers in which two-thirds of the A' atoms (all of the Ca and one-half of the O) are in eutactic
relationship with A, but one-half of the O atoms are on vectors parallel to C that also pass
through Ca atoms in layer A (these vectors are not illustrated in Figure 9 — lines shown are the
unit cell). For example, in Figure 10a and b, there are atoms in both layers at [2/3, 1/3, z].

The non-eutactic packing arrangement of tuite increases its bulk Ca : O ratio from 3 : 9 in
Ca-pv to 3 : 8. Given the similarities between the Ca3(PO4), and the CaSiO3 polymorphic
systems, it is a reasonable prediction that tuite will transform under pressure to a structure that
has a eutactic packing arrangement incorporating both the oxygen and calcium atoms. However,
such a structure would be constrained to have the same number of atoms per unit cell in each
monolayer, unlike tuite. While Ca : O ratios in different monolayers could vary, the bulk Ca : O

ratio would still have to be 3 : 8. We have not discovered an arrangement that would meet these
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constraints and distribute Ca as “evenly” in the monolayers as it is in the A' monolayers and in

the pv-type layers (i.e. every nearest neighbor Ca-Ca distance is the same in both layer types).

Possible OH- or F-bearing analogue of tuite

A number of palmierite-type compounds are capable of incorporating H atoms into their
structures as an essential component, such as previously observed for Cs;H(SeO4), (Merinov et
al. 1990; Sonntag et al. 1998), RbsH(SeO,), (Baranov et al. 1987; Magome et al. 2009),
TI3H(SO4), (Matsuo et al., 2002), K3H(SO4), (Makarova et al. 2010). This, thus, calls it into
question whether tuite can accommodate any H atoms during its formation from hydroxylapatite
and whitlockite, ideally CagMg(PO4)s(PO3OH), at high temperatures and pressures. A possible
mechanism for introducing H to the tuite structure might be through the substitution (Na" + H"
- Ca®), giving rise to a chemical formula Ca;NaH(PO4), or CaNa,(PO;OH),. Interestingly,
tuite from the Suizhou L6 chondrite is found to contain a significant amount of Na,
(Caz.51Mgo.29)2.80Nag28(P1.0104)2 (Xie et al. 2003). Moreover, since tuite can also be obtained
from fluorapatite at high temperatures and pressures, and the whitlockite-bobdownsite (the F-
analogue of whitlockite) solid solution has been found in various meteorites (e.g., Treiman et al.
1994; Gleason et al. 1997; Lodders 1998; Zipfel et al. 2000; Folco et al. 2000; Wadhwa et al.
2001; Mikouchi et al. 2001; Gnos et al. 2002), one may also propose, by the same token, the
possible F-bearing analogue of tuite through the coupled substitution Na™ + F* > Ca®" + O,
leading to the chemical formula CaNa,(POsF),. Apparently, further high-temperature and high-
pressure experiments with appropriate chemical compositions could shed light on the above

proposals.
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List of Figure Captions

Figure 1a. A layer of [Si300]% ligands in the psuedowollastonite structure.

Figure 1b. The geometric relationship among layers of [Si309]% ligands looking down c*.

Figure 2. The atomic packing arrangement of pseudowollastonite, illustrating the incorporation
of Ca atoms into the arrangement.

Figure 3. The eutactic Ca monolayers that intersect the unit cell in psuedowollastonite viewed in
isolation down the stacking direction, c*, with all other atoms removed. This cartoon shows
that these layers all align and are all A layers.

Figure 4a. (O + Si) layers viewed down c* in psuedowollastonite.

Figure 4b. The relationship between the oxygen atoms in the (O + Si) layers in
psuedowollastonite and the nearest Ca layer along c*, illustrating that the O layers are
distorted A layers in the stacking sequence.

Figure 5a. The tetrahedral and octahedral chains in wollastonite (Ohashi and Finger 1978).

Figure 5b. Hypothetical ideal CP wollastonite analogs.

Figure 6a. Layering in the high-pressure synthetic CaSiOs phase of Trojer (1969) looking down
zone [2-1-1].

Fibure 6b. The (O + Ca) layer viewed down zone [425] showing the incorporation of Ca into O
layers in the high-pressure CaSiO; phase of Trojer (1969).

Figure 7. The perfectly closest-packed monolayer of O anions and Ca cations, viewed along
[111], in a hypothetical room condition perovskite (Caracas and Wentzcovitch 2006).

Figure 8a. A layer of “pinwheels” viewed down C in B-Ca3(POy),. Isolated spheres are Ca atoms,

interstitial in the eutactic monolayer of [Ca(PO4)s]'® ligands. Eutaxy is defined as having the
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same geometric relationships as close-packing, without the requirement of being in contact
(O’Keeffe and Hyde 1996).

Figure 8b. A polyhedral layer in tuite viewed down C, which could reasonably be considered a
polymerized sheet of pinwheels.

Figure 9. The packing arrangement of tuite.

Figure 10a. The A' layer in tuite.

Figure 10b. The A layer in tuite
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List of Tables

Table 1. Summary of crystal data and refinement results for synthetic tuite.

Ideal chemical formula
Synthesis conditions

Starting material

Crystal size (mm)

Space group

a(A)

c(A)

V(A%)

Z

pcal(g/ Cl’l’l3)

2 (A, MoKa)

u (mm™)

26 range for data collection
No. of reflections collected
No. of independent reflections
No. of reflections with 7> 2a(J)
No. of parameters refined
R(int)

Final R;, wR; factors [/ > 2a(])]
Final R;, wR; factors (all data)
Goodness-of-fit

Reference

Ca3(PO4)2

15 GPa, 1300 °C

Ca5(P04)3C1

0.05 x 0.05 x 0.04

R-3m
5.2522(9)
18.690(3)
446.5(2)

3

3.461
0.71073
3.33

<66.08

1495

243

216

19

0.016
0.018, 0.051
0.021, 0.053
1.080

(1)

Ca3(PO4)2

12 GPa, 2300 °C

Ca5(P04)3OH

0.09 x 0.09 x 0.07

R-3m
5.2487(6)
18.674(3)
445.5(1)
3

3.469
0.71069
3.20

60.0

753

201 [I> 30(])]

0.048, 0.053

2)

References: (1) This study; (2) Sugiyama and Tokonami (1987).



Table 2. Coordinates and displacement parameters of atoms in synthetic tuite

Atom X y z Ueq U] 1 Uzz U33 U23 U13 U[z

Cal 0 0 0 0.0128(2) 0.0163(3) 0.0163(3) 0.0058(3) 0 0 0.0082(1)
Ca2 0 0 0.20359(2) 0.0100(2) 0.0116(2) 0.0116(2) 0.0069(2) 0 0 0.0058(1)
P 0 0 0.40508(3) 0.0060(2) 0.0064(2)  0.0064(2) 0.0052(3) 0 0 0.0032(1)
ol 0 0 0.32372(8) 0.0151(4) 0.0193(6) 0.0193(6) 0.0066(7) O 0 0.0097(3)
02  0.1737(1) 0.3474(2) 0.09950(4) 0.0114(2) 0.0139(4)  0.0073(4)  0.0106(4)  0.0005(3)  0.0002(1)  0.0036(2)
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Table 3. Selected bond distances in synthetic tuite.

This study

Sugiyama and Tokonami (1987)

Distance (A)

Distance (A)

Cal-Ol
-02

Ave.

Ca2-01
-02
-02

Ave.

P--O1

X6
X6

X6

--02 x3

Ave.

3.0377(5)
2.4404(9)

2.739
2.245(2)
2.507(1)
2.6870(5)
2.589

1.521(2)
1.542(1)

1.537

3.0359(4)
2.440(3)

2.739
2.239(5)
2.509(4)
2.686(2)
2.588

1.526(6)
1.535(2)

1.533




530

531

532

533

Table 4. Crystallographic parameters for CaSiO; and Ca3(POs), system minerals. Ug, is a measure of the distortion of the packing

arrangement from perfect closest-packing (Thompson and Downs 2001). A value of zero is perfectly closest-packed, and distortion

increases as values of U, get larger.

Name Chemistry Stacking Ca Packing? | p (gm/cm’) U (A% Reference

pseudowollastonite CaSiO3 ABABACAC |Y 2.90 - Yang and Prewitt 1999
wollastonite CaSiO3 - - 2.95 - Ohashi and Finger 1978
high-pressure phase CayeFe ¢4Si0; | CCP (ABC) N 3.05 2.6 Trojer 1969

Ca-perovskite CaSiO3 CCP (ABC) Y 4.33 0 Caracas and Wentzcovitch 2006
a-Ca;3(POy), Caz(POy), - - 2.81 - Mathew et al. 1977

B-Ca3(POy), Ca;(POy), CCP (ABC) N 3.07 247 Dickens et al. 1974

v-Caz(POy), tuite Ca3(POy), - - 3.46 - this work
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