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INTRODUCTION

The system CaO-Al2O3-TiO2-SiO2 includes in its TiO2-rich
part the stability fields of titanite (CaTiSiO5) and perovskite
(CaTiO3). These minerals are potential hosts for the rare earth
elements (REE) or the high field strength elements (HFSE: e.g.,
Nb, Ta, Zr, Hf), which are relevant for geochemical modeling
(Green and Pearson 1986; Wooley et al. 1992; Haggerty 1983;
Simon et al. 1994). Although titanite and perovskite are com-
mon accessory phases in a large number of rock types (Fleischer
1978; Hellman and Green 1979; Mitchell and Reed 1988;
Onuma et al. 1981; Dawson et al. 1994), scant knowledge ex-
ists of the processes controlling element partitioning between
these minerals and silicate liquid.

For this reason, we started a systematic study of the pres-
sure and compositional dependencies of trace element parti-
tioning between titanite-melt and perovskite-melt in the pressure
range from 1 atm up to 1.5 GPa. As the starting-point of our
study, we chose the pseudo-eutectic system anorthite-titanite,
which has first been investigated by Prince (1943) under atmo-
spheric pressure conditions. Schosnig (1996) stated the occur-
rence of perovskite at 1 atm in the course of trace element
extended experiments in that system. Further studies of that
system under high-pressure conditions with trace element ex-
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ABSTRACT

The pressure and compositional dependence of element partitioning were examined in the pseudo-
ternary section anorthite-titanite-perovskite of the system CaO-Al2O3-TiO2-SiO2. Preliminary phase
relations in that section were experimentally determined at pressures from 1 atm to 1.5 GPa and at
temperatures from 1300 to 1500 °C, using a double-ellipsoid mirror furnace and a piston cylinder
apparatus. Further experiments were carried out with trace element extended compositions. All run
products represent near-equilibrium parageneses consisting of crystals with their coexisting melt;
the pairing is desired for element partitioning studies. At pressures above 1.0 GPa a new Ti-rich
compound, having the ideal formula Ca3TiSi2(Al,Ti,Si)3O14, appears as the dominant phase in this
paragenesis.

The composition and homogeneity of the phases were checked with electron microprobe and
scanning electron microscopy. Determination of the structure of this compound was performed with
a conventional four circle diffractometer on a single crystal, cut from a larger specimen of the equi-
librium paragenesis. The compound crystallizes in space group P321 with cell dimensions a = 7.943(1)
Å and c = 4.930(1) Å. Its structure consists of layers stacked parallel to (001) such that sheets of two
types of corner-linked tetrahedra (T1 = Si; T2 = Al, Ti, Si) at z = 1/2 alternate with sheets centered at
z = 0 containing [6]Ti- and irregular eightfold-coordinated Ca-sites. A statistical distribution for Al,
Si, and Ti atoms at one of the two tetrahedral sites in the crystal structure was confirmed by X-ray
diffraction data. The Ti-octahedron is distorted, with Ti-O = 1.952(3) Å and O-Ti-O bond angles
between 85.5° and 102.4°, which results in an angle bend of the vertex O atoms of 167.6°.

tended compositions have first been performed by Scheuermann
(1998). The results of the element partitioning studies will be
reported elsewhere. During these high-pressure experiments, a
new compound with composition close to Ca3TiSi2(Al,Ti,Si)3O14

was discovered.
Run products of experimental studies, especially of high-

pressure experiments, often possess very small crystal sizes,
which are difficult to analyze or to separate (Gasparik et al.
1995; Kudoh and Kanzaki 1998; Taura et al. 1998). We present
a method to obtain run products, which show near-equilibrium
parageneses of crystals with coexisting melt, in which the crys-
tals reach sizes up to 2 mm. Therefore, all analytical data could
be obtained directly from polished thin sections with up to 80
data points in each single phase and from separated crystals of
the new compound for structure determination, respectively.

The new phase described in this paper belongs to the struc-
ture-type with the general formula [8]Ax

[6]By
[4]TzO14, which is

also known for some synthetic germanates (Belokoneva and
Belov 1981; Mill et al. 1982). Materials with this type of struc-
ture are countered to be of interest for many technological pur-
poses, especially laser techniques (Kaminskii et al. 1984a,
1984b). Recently, Gasparik et al. (1995) described a silicate
with the formula Na1.8Ca1.1Si6O14, which is isotypic to the
germanates mentioned above. This silicate was discovered in
high-pressure experiments between 8 and 15 GPa, whereas the
Ca3TiSi2(Al,Ti,Si)3O14 compound crystallizes at significantly*E-mail: schosnig@mailer.uni-marburg.de
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lower pressures. To elucidate the stability field of this compound,
additional experiments were carried out with stoichiometric com-
positions at atmospheric conditions. The structure and the pres-
ently known region of stability of Ca3TiSi2(Al,Ti,Si)3O14 are
presented here.

EXPERIMENTAL PROCEDURE

Experiments at 1.0 and 1.5 GPa were performed in a 1/2”
diameter piston-cylinder apparatus. The 1 atm experiments were
carried out using a double ellipsoid mirror furnace. In all ex-
periments, the starting materials were mixtures of Ca2Al2Si2O8

and CaTiSiO5, synthesized from high-purity carbonates and ox-
ides for 1 week at 1300 °C. For the trace element bearing runs,
0.5 wt% of some rare earth elements (REE2O3) as well as SrO
and Y2O3 were added.

The sample assembly used in the piston-cylinder experi-
ments consists of a double-capsule with the outer capsule con-
taining a mixture of WO3 and WO2 as oxygen-buffer (length =
12 mm, diameter = 4 mm) and an inner sample-capsule (length
= 9 mm, diameter = 3 mm). Each capsule was sealed by weld-
ing. The samples were put into a cylindrical graphite heater
surrounded by fired pyrophyllite as the pressure medium. Tem-
perature was measured with a Pt/PtRh thermocouple and con-
trolled with a Eurotherm temperature controller. Pressure at
the sample was calibrated as a function of oil pressure using
the melting curves of CsCl and Au at 1.5 GPa. The sample
capsule was located slightly off center in the assembly, so that
each sample documents a temperature gradient of about 40 °C.
This arrangement allows the vertical gradient freeze method,
described for 1 atm in Schosnig and Hoffer (1998). As previ-
ously stated, such samples also give insight into the phase rela-
tions (Gasparik et al. 1994).

All high P experiments were performed as follows: after
compressing the sample at room temperature over 12 h, the
experiments were started by increasing the furnace tempera-
ture to 1450 °C within half an hour. Subsequent crystallization
was initiated by reducing the temperature stepwise to the run
temperature. At the run temperature, the sample was held for
3–4 h. Due to the temperature gradient in the furnace, seeding
starts at the “cold” end of the sample and the crystals grow
along the gradient into the “hot zone” of the furnace. At the
end of the experiment, the samples were isobarically quenched
by turning off the electrical power. Details are given in
Scheuermann (1998).

Additional runs at atmospheric pressure conditions were
performed in a double ellipsoid mirror furnace with two 2 kW
halogen lamps as the heating source. A PtAu crucible (length =
10 mm, diameter = 8 mm) was used as sample container, which
is attached to a corundum rod. This corundum rod can be driven
vertically into the furnace, in which the sample can directly be
observed by an optical lens system during the experiment. Typi-
cal run durations were in the range of 3–7 days. Over this pe-
riod, the PtAu crucible was rotated constantly around the
longitudinal axis at 20 to 30 r.p.m. to support convectional flow
in the melt. The end of the experiment was checked optically
by the simultaneous presence of crystals and coexisting melt
and was achieved by rapid quenching in water. For details of
the double ellipsoid mirror furnace device and crystal growth

see Schosnig (1996) and Schosnig and Hoffer (1998).
All run products were mounted in epoxy, cut along the lon-

gitudinal axis and prepared as polished thin sections. For the
X-ray diffraction analyses, specific crystals of the paragenesis
were separated from the thin sections.

CHEMICAL ANALYSIS

The samples were routinely checked for homogeneity by
element mappings (Fig. 1) using scanning electron microscope
(SEM: CamScan IV with a Noran EDX system) as well as by
quantitative analyses using compositional profiles performed
with electron microprobe (EMP: Cameca SX 50). Accelerat-
ing voltage for SEM was 30 kV with a resolution for the scanned
area of 1024 × 1024 pixels and a dwell time of 0.5 ms. Quanti-
tative analyses with EMP were performed with 25 kV acceler-
ating voltage and an electron beam current of 40 nA. Counting
time for major elements was 20 s on peak and 10 s on each
background; for trace elements 40 s and 20 s respectively was
chosen. Major and trace elements were measured together in
one single analytical run. The analytical standards we used were
mineral standards as well as glass standards especially for
calibration of the trace elements as outlined further in detail in
Schosnig (1996). To exclude interferences during EMP analy-
ses the trace element bearing mixtures were split into different
groups following Drake and Weill (1972).

EXPERIMENTAL RESULTS

From the different trace element bearing runs at 1.5 GPa
we obtained some [8]Ax

[6]By
[4]TzO14 equivalents containing mi-

nor amounts of trace elements. Table 1 summarizes the com-
positions as analyzed with EMP. The Ca3TiSi2(Al,Ti,Si)3O14

formed spear-shaped crystals, 0.2 mm wide and up to 1 mm
long. Light optical observations characterize the new compound
as optical uniaxial positive, with a birefringence of 0.04. The
optical orientation is Z || c with l = +.

All [8]Ax
[6]By

[4]TzO14 equivalents of the 1.5 GPa runs crystal-
lized in parageneses with anorthite, titanite, and perovskite from
the melt. This is in contrast to the results of the 1.0 GPa runs,
where only anorthite, titanite, perovskite, and melt coexist. The
different phases can clearly be recognized by SEM element
mappings as mentioned above (Fig. 1). In all cases, no zona-
tion within the minerals or oversaturated boundary layers along
phase boundaries were observed. As the chemical homogene-
ity is often considered as an indicator for near-equilibrium con-
ditions (Tsuchiyama 1985; Paterson and Stephens 1992; Adam
and Green 1994), the parageneses developed from both atmo-
spheric and high-pressure runs can be regarded to be near equi-
librium. We emphasize that the different phases in all
experimental run products do not show any modifications of
quenching and the melt is preserved as transparent glass.

To obtain more information about the stability of the
Ca3TiSi2(Al,Ti,Si)3O14 compound, a sample corresponding to
its stoichiometric composition was prepared. The double ellip-
soid mirror furnace experiments under atmospheric conditions
resulted in a large intergrowth of anorthite and perovskite, in-
dicating the simultaneous crystallization of these compounds
from a melt of the ideal Ca3TiSi2(Al,Ti,Si)3O14 composition.

All experiments in the system anorthite-titanite-perovskite in
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FIGURE 1. EDX-element distribution images for AlKα, CaKα, SiKα, and TiKα lines of a quenched sample from a run at 1.5 GPa. The run
product shows graphic intergrowths of anorthite, titanite, and of the quenched melt (Liq). The Ca3TiSi2(Al,Ti,Si)3O14 compound is indicated by
an arrow in the TiKα image.
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the pressure range from 1 atm up to 1.0 GPa gave no hint of
Ca3TiSi2(Al,Ti,Si)3O14 compound being stable, whereas at 1.5 GPa
the crystallization of large and homogeneous Ca3TiSi2(Al,Ti,Si)3O14

crystals takes place.

SINGLE-CRYSTAL DIFFRACTION

The structure of the new compound was determined from
an irregular-shaped fragment of a colorless single crystal with
maximum dimensions 0.80 × 0.30 × 0.20 mm. This crystal was
separated from a trace element (Sr, Eu, Gd) extended sample.
The diffraction data were collected at room temperature using
a Philips PW1100 four-circle diffractometer with graphite-
monochromatized MoKα-radiation. Unit-cell parameters were
determined by a vector least-squares calculation on 26 reflec-
tions (eight equivalent positions centering) in the range 13° <
2θ < 34°, which resulted in a = 7.943(1) Å and c = 4.930(1) Å
for the trigonal crystal. We collected 3596 integrated intensi-
ties using the ω/2θ scan-mode to 2θ = 60° (–9 < h < 9, –9 < k <
9, 0 < l < 8). Within the collected reflections no systematic
extinctions were observed. Three standard reflections chosen
from different regions of the reciprocal space were monitored
every 100 reflections as a check of crystal alignment and elec-
tronic fluctuations. The measured reflections were merged in
pointgroup 32, resulting in a set of 562 unique reflections. The
intensities were corrected for Lorentz and polarization effects,
whereas an appropriate correction of absorption and extinction
effects was not possible due to the irregular shape of the crystal.
Standard deviations were those based on variances of the mea-
sured intensities. Structure refinements confirmed P321 to be
the correct space group of Ca3TiSi2(Al,Ti,Si)3O14. Our data de-
scribing the unit-cell dimensions and space group for this com-
pound are in accordance with earlier published findings of
isotypic [8]Ax

[6]By
[4]TzO14 structures by Gasparik et al. (1995),

Kaminskii et al. (1984a, 1984b), and others.
Full matrix least-squares refinements on F’s were carried

out with the program package CRYMIS (Kutoglu 1995), ap-
plying a linear scaling factor and anisotropic displacement pa-
rameters for all atoms. Reflections for which I < 3 σ(I) were
considered as unobserved and were therefore not included in
the refinements. Atomic scattering factors and anomalous dis-
persion coefficients were taken from International Tables for
Crystallography, Vol. C  (Wilson 1992). Refinement details are
summarized in Tables 2, 3, and 4.

According to the results of chemical analysis, the cation
content composition within the structure (constrained to 14 O
atoms) is Ca = 2.91, Si = 2.45, Ti = 1.56, Al = 1.98, Sr = 0.04,
Eu = 0.02, and Gd = 0.02 (Table 5). Within the expected accu-
racy of the analytical results, we obtained only for Al an inte-
ger number, indicating uniform site occupation by this cation,
whereas the values for Ca, Si, and Ti point to order-disorder
type arrangements in the structure. No indications have been
found for any cationic ordering on Weissenberg photographs
with exposure times of 20 h. For the case of Ca and the trace
elements Sr, Eu, and Gd (trace elements abbreviated by “TRE”),
we assumed an analogous disordered site occupation to that
formulated for Na and Ca in the structure of the high-pressure
silicate Na1.8Ca1.1Si6O14 by Gasparik et al. (1995).

The structure of Ca3TiSi2(Al,Ti,Si)3O14 is isotypic to few
compounds such as the high pressure silicate Na1.8Ca1.1Si6O14

(Gasparik et al. 1995), gallo-germanates of type Me3Ga2Ge4O14

(Belokoneva and Belov 1981; Mill et al. 1982; Kaminskii et
al. 1984a), and La3NdGa5.5Nb0.5O14 (Kaminskii et al. 1984b).
However, the structure of Ca3TiSi2(Al,Ti,Si)3O14 is more com-
plicated to interpret than the isotypic high-pressure silicate of
Gasparik et al. (1995). This is because of many different cat-
ions in Ca3TiSi2(Al,Ti,Si)3O14 entering the same number of regu-
lar sites. Many site occupation alternatives for Al, Ti, and Si
exist in the new CaAlTi-silicate, because of their ability to oc-
cupy both tetrahedral and octahedral sites. Therefore, a discus-
sion about the polyhedral centering by these elements is
manifold and more complex than for the phase Na1.8Ca1.1Si6O14.

The octahedral site is located at the origin of the unit cell
(0, 0, 0) with point symmetry 32, whereas the remaining two
independent tetrahedra (T1, T2) are situated at the Wyckoff
positions 3f and 2d (point symmetries 2 and 3), respectively.
To obtain more information indicative of a possible distribu-
tion of Al, Ti, and Si within that structure, all possible cation
arrangements in the polyhedral centers were checked for their
probable realization. At least five proposals for possible struc-
tures with low R-values and physically reasonable atomic dis-
placement parameters were extracted. The results of
least-squares refinements are summarized in Table 5. The oc-
tahedral site at the origin could be occupied exclusively by Ti
(case 1 and 2), contemporaneously by Si and Ti (case 3 and 4)
or by Al and Ti (case 5). One of the tetrahedral sites (T1 at 1/3,
2/3, z) can only be centered by Si or Al, but not by Ti. The

TABLE 1. Chemical composition (wt%) of run products as analysed with electron microprobe

Phase SiO2 TiO2 Al2O3 Eu2O3 Gd2O3 SrO CaO Total
Liquid 37.0 18.4 18.0 0.5 0.5 1.2 23.2 98.8
Anorthite 43.3 0.4 35.8 0.1 0.0 1.2 19.1 99.9
Titanite 29.2 38.3 1.6 1.2 1.3 0.3 27.3 99.2
Ca3TiSi2(Al, Si, Ti)3O14 26.5 22.5 18.2 0.5 0.6 0.8 29.5 98.6

TABLE 2. Crystal data and experimental details for Ca3TiSi2(Al,Ti,Si)3O14

Space group D2
3 – P321 λ (MoKα) (Å) 0.71073

a (Å) 7.943(1) no. collected refl. 3596
c (Å) 4.930(1) no. unique refl. 562
V (Å) 269.4(1) no. observed refl. [(I > 3σ(I)] 458
Z 2 R / Rw, all 0.0312/0.0222
T (K) 298 R / Rw, observed 0.0180/0.0210
MW 540.27 R = Σ(⏐Fo⏐–⏐Fc⏐)/Σ(⏐Fo⏐) Rw = [Σw(⏐Fo⏐–⏐Fc⏐)2/Σw⏐Fo⏐2]1⁄ 2

ρ (calc) g·cm–3 4.01
μ (cm–1) 57.46 GoF 1.03
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remaining tetrahedron T2 (at x, 0, 0) is to be occupied either by
Si together with Ti (case 2 and 3) or by Al in common with Ti
(case 4) or by Al, Si, and Ti (case 1 and 5).

A comparison of the numbers of atoms for Al, Ti, and Si
resulting from least-squares calculations with those determined
by electron microprobe analyses reveals large discrepancies for
the cases 2, 3, 4, and 5 (Table 5), but there is an excellent agree-
ment between the results of the isotropic and anisotropic re-
finements for case 1.

In accord with these primary calculations and the results given by
microprobe analysis, terminal least-squares refinements were carried
out for the compositional formula (Ca3–xTREx)TiSi2(Al2Ti1–ySiy)O14

with x = 0.08 and y = 0.45. Within the refinements, one half of x
was fixed to represent the amount of Sr and the second one that
of Eu and Gd “impurities.” With respect to the site occupation

parameter at T2 and ascertainments by electron microprobe analy-
ses, we constrained 2⁄3 of the T2 site to be occupied by Al and the
remaining 1⁄3 by Si and Ti in proportions given by the y-value.
The final positional and anisotropic displacement parameters are
given in Table 3 and 4. Geometrical descriptions of the coordi-
nation polyhedra are reported in Table 6.

Small amounts of any other mutual replacements of Al, Si,
and Ti atoms are possible, which cannot be detected by X-ray
diffraction methods. This aspect will be discussed later.

DISCUSSION

A consequence of several sites being occupied by different
cations is a distortion of the polyhedra, which depends on the
type of these central atoms. Especially in cases where the co-
ordination polyhedra are distorted, bond-strength bond-length

TABLE 3.  Fractional atomic coordinates and equivalent isotropic displacement parameters (Å2) for Ca3TiSi2(Al,Ti,Si)3O14 in space group P321

Atom Multiplicity Wyckoff letter x y z Beq

T1 2 d 1/3 2/3 0.4631(2) 0.59(2)
T2 3 f 0.7586(2) 0 1/2 0.92(5)
Ti 1 a 0 0 0 1.16(3)
Ca 3 e 0.4240(1) 0 0 0.99(2)
O1 6 g 0.6866(4) 0.1557(3) 0.6716(4) 1.01(6)
O2 6 g 0.2230(4) 0.0849(4) 0.2413(5) 1.78(8)
O3 2 d 1/3 2/3 0.7879(7) 1.01(8)
Note: Beq = (8π2/3), ΣiΣj Uija*ia*jaiaj, T1 = Si,  T2 = Al2/3 Si1/6 Ti1/6 (case 1 of Table 5).

TABLE 4. Anisotropic displacement parameters for Ca3TiSi2(Al,Ti,Si)3O14

Atom U11 U22 U33 U12 U13 U23

T1 0.0081(4) U11 0.0062(3) 1/2U11 0 0
T2 0.0149(8) 0.0108(8) 0.0079(7) 1/2U22

1/2U23 0.0011(6)
Ti 0.0160(5) U11 0.0122(5) 1/2U11 0 0
Ca 0.0131(3) 0.0140(4) 0.0110(3) 1/2U22

1/2U23 0.0001(2)
O1 0.0156(10) 0.0132(7) 0.0109(8) 0.0082(8) 0.0025(6) 0.0012(6)
O2 0.0222(11) 0.0266(14) 0.0231(9) 0.0154(10) –0.0077(8) –0.0075(9)
O3 0.0154(14) U11 0.0077(13) 1/2U11 0.0 0.0
Note: Exp{2π2[U11h2a*2…+2(U12hka*b*…)]}.

TABLE 5. Possible cation arrangements in the crystal structure of Ca3TiSi2(Al,Ti,Si)3O14

 Site 1 2 3 4 5
T1 Si Al Al Si Si

      a 2.0 2.0 2.0 2.0 2.0
      b 2.0 2.0 2.0 2.0 2.0

T2 Al / Si / Ti Si / Ti Si / Ti Al / Ti Al / Si / Ti
      a 2.0 / 0.5 / 0.5 2.76 / 0.24 2.88 / 0.12 2.51 / 0.49 1.97 / 0.59 / 0.43

b 2.0 / 0.44 / 0.56 2.72 / 0.28 2.81 / 0.19 2.45 / 0.55 2.11 / 0.38 / 0.50

Oct Ti Ti Ti / Si Ti / Si Ti / Al
      a 1.0 1.0 0.83 / 0.17 0.91 / 0.9 0.99 / 0.01

b 1.0 1.0 0.85 / 0.15 0.94 / 0.06 0.94 / 0.06

Ca/TRE Ca / TRE Ca / TRE Ca / TRE Ca / TRE Ca / TRE
      a 2.94 / 0.06 2.97 / 0.03 3.03 / -0.03 2.96 / 0.04 3.00 / 0.00

 b 2.90 / 0.10 2.94 / 0.06 2.98 / 0.02 2.91 / 0.09 2.74 / 0.26

Riso / Raniso 3.83 / 1.81 3.86 / 1.94 3.78 / 1.81 3.83 / 1.80 3.83 / 1.87

Cation conpositions revealed by EMP analyses constrained to 14 O atoms and results of least-squares calculations for cases 1–5
1 2 3 4 5

EMP a b a b a b a b a b
   Ti4+        1.56 1.50 1.56 1.24 1.28 0.95 1.04 1.40 1.49 1.35 1.44
   Si4+        2.45 2.50 2.44 2.76 2.72 3.05 2.96 2.09 2.06 2.59 2.38
   Al3+        1.98 2.00 2.00 2.00 2.00 2.00 2.00 2.51 2.45 1.97 2.17
   Ca2+       2.91 2.94 2.90 2.97 2.94 3.03 2.90 2.96 2.91 3.00 2.74
   TRE2+/3+ 0.08 0.06 0.10 0.03 0.06 –0.03 0.02 0.04 0.09 0.00 0.26
Notes: a = isotropic displacement parameters; b = anisotropic displacement parameters. Data in the lower part refer to cation numbers in the unit cell.
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relationships (Pauling 1929; Brown and Shannon 1973) are a
useful tool in accounting for bonding. If a crystal structure is
accurately determined and the cation-anion distances are com-
parable with those expected, the sums of bond strength around
the cations and anions, respectively, should be equal to their
valences. The structure of Ca3TiSi2(Al,Ti,Si)3O14 contains two
independent tetrahedra with different central cations, an octa-
hedron, and an irregular polyhedron. Hence, this structure
should be an excellent test of the above relationship.

Description of the structure

The main structural elements of Ca3TiSi2(Al,Ti,Si)3O14 are
two different layers parallel (001) as can be seen in Figure 2.
One of these is a layer at z = 1/2 consisting of two symmetri-
cally distinct corner-linked tetrahedra (T1, T2), centered ex-
clusively by Si (T1) or by a combination of Al, Ti, and Si (T2).
These tetrahedra form open-branched crankshaft vierer chains
(Liebau 1985), crosslinked by individual tetrahedra. The link-
age occurs along a chain alternating by three (T1) and two (T2)
oxygen atoms (O1) of the tetrahedra. Those tetrahedra-sheets
alternate with layers at z = 0 containing Ti cations, which are
octahedrally coordinated by oxygen anions (O2). These oxy-
gen anions are not involved in the tetrahedra linkage, whereas
the octahedron and each tetrahedron T2 share common cor-
ners. This framework of corner-linked tetrahedra produces
eightfold-coordinated sites that are mainly occupied by Ca2+ or
by di-/trivalent trace elements Sr, Eu, and Gd.

Tetrahedron T1

The tetrahedron T1 is exclusively occupied by Si. The three-
fold axial symmetry at the Si and O3 sites created two distinct
distances: 3 × 1.637 Å (Si-O1) and 1 × 1.601 Å (Si-O3) (Table
6). In comparison to the analogous distances (3 × 1.638 Å, 1 ×
1.557 Å) of the isotypic high-pressure silicate (Gasparik et al.
1995), there is an excellent agreement for the larger distance
but not so for the shorter one, whereas the sum of effective
ionic radii for the Si-O distance in tetrahedral coordination af-
ter Shannon (1976) amounts to 1.64 Å.

Gasparik et al. (1995) stated a larger atomic displacement
parameter for that oxygen forming this bond, but in the present
structure we did not estimate a parametric anomaly giving rise
to such a shortening. We assume a stronger valence bond char-
acter in the non-bridged Si-O3 bond, which finds its expres-
sion in the calculated valence sums (Brown and Shannon 1973)
for O1, O2, and O3 (1.97, 1.93, and 1.64).

Another aspect concerning tetrahedron T1 is the degree of dis-
tortion from holosymmetric geometry. Various criteria can be used
to describe polyhedral distortion, from which a reliable method
for a quantitative measure is given by Robinson et al. (1971) us-
ing quadratic elongation and bond angle variance. Applying this
formalism to the T1-tetrahedron of Ca3TiSi2(Al,Ti,Si)3O14, we
obtained the values 1.006 for quadratic elongation and 25.8° an-
gular variance, indicating a moderate polyhedral distortion.

Tetrahedron T2

A larger differentiation exists within the second tetrahedron
(T2), which is occupied by Al, Si, and Ti. Because of the two
fold axial symmetry, the calculated T2-O bond distances are
pairwise 1.735 Å and 1.811 Å (average 1.773 Å). These values
differ considerably from those in T1, reflecting the complex
behavior defined by the cationic site occupation by Al3+, Ti4+,
and Si4+. The dominant cation in T2 is Al, so we expect a bond
distance closer to that of the pure Al-O distance. Based on the
effective ionic radii given by Shannon (1976), the Al-O, Si-O,
and Ti-O distances have to be 1.77 Å, 1.64 Å, and 1.80 Å.
Mixing these values according to their amount given by the
site occupation numbers (Table 5), we calculate a fictive T2-O
bond distance of 1.757 Å, which is smaller than the T2-O aver-
age of 1.773 Å. This enlargement of the T2-O bond may par-
tially be caused by positional uncertainty of the O2-site due to
the elevated atomic displacement parameter (Table 4).

Inspection of the values given in Table 4 shows clearly that
this tetrahedron undergoes significant distortion, indicated by
divergent T2-O distances (1.735 and 1.811 Å) as well as by a
large spread within the O-T2-O bond angle values (Table 6).
Five of them have the values 97.8° to 106.4°, whereas the last

TABLE 6. Relevant interatomic distances (Å) and angles (°) for Ca3TiSi2(Al,Si,Ti)3O14

Atoms Dist/ang. Atoms Angles
T1-O1 1.637(2) ×3 O2-Ti-O2 85.5(1) ×3
T1-O2 1.601(2) O2-Ti-O2 86.7(1) ×6
mean T1-O 1.628 O2-Ti-O2 102.4(1) ×3

O2-Ti-O2 167.6(1) ×3
T2-O2 1.735(3) ×2 O1-Ca-O1 58.30(7) ×2
T2-O1 1.811(3) ×2 O1-Ca-O3 68.33(6) ×2
mean T2-O 1.773 O2-Ca-O3 68.84(10)
Ti-O2 1.952(3) ×6 O1-Ca-O2 69.04(9) ×2

O1-Ca-O3 74.85(7) ×2
Ca-O2 2.345(3) ×2 O2-Ca-O3 76.53(8) ×2
Ca-O1 2.433(2) ×2 O1-Ca-O2 80.94(9) ×2
Ca-O3 2.591(2) ×2 O1-Ca-O3 88.88(7) ×2
Ca-O1 2.838(2) ×2 O1-Ca-O2 105.63(9) ×2

O1-Ca-O1 105.83(8)
O1-T1-O1 104.7(1) ×3 O1-Ca-O3 120.93(7) ×2
O1-T1-O3 113.9(1) ×3 O2-Ca-O3 128.12(9) ×2

O1-Ca-O2 136.50(9) ×2
O1-T2-O1 97.8(1) O1-Ca-O1 143.62(7)
O1-T2-O2 104.1(1) ×2 O3-Ca-O3 153.06(6)
O1-T2-O2 106.4(1) ×2 O1-Ca-O1 154.45(8) ×2
O2-T2-O2 132.8(1) T1-O1-T2 126.8(1)
Note: Identical atom numbers may refer to different symmetry operations.
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one diverges to 132.8°. Derived quadratic elongation of 1.033
and angular variance of 151.7° reflect extended polyhedral dis-
tortion of this tetrahedron. There is no reasonable explanation
for such an angular distortion even if the atomic displacement
parameter of the O2 oxygen, which is exclusively involved in
this bond angle, is almost twice larger than those of the other O
atoms (Table 4). Similar observations were made of the isotypic
high-pressure silicate Na1.8Ca1.1Si6O14 by Gasparik et al. (1995).

Ca-Polyhedron

An irregular eightfold coordination is found for Ca and the
TRE. There are six shorter Ca-O distances ranging from 2.345
to 2.591 Å (Table 6) and two longer ones of 2.838 Å giving the
average 2.54 Å, a value which is exactly equal to the sum of
effective ionic radii of Ca and O given by Shannon (1976).
This more complex polyhedral arrangement shows a wide range
in angle distribution from 58.30° to 154.45° (Table 6).

Octahedron

The Ti-octahedron (Table 6) has a unique Ti-O distance of
1.952 Å, which is remarkably shorter than the sum of effective
ionic radii (2.01 Å; Shannon 1976). For a comparative discus-
sion of our data, we selected two representatives from a num-

ber of Ti-bearing crystal structures, mainly silicates with octa-
hedrally coordinated titanium. The Ti-O distance in the crystal
structure of titanite CaTiOSiO4 (Mongiorgi and Riva di
Sanseverino 1968) ranges from 1.874 Å to 2.024 Å (average
1.961 Å). Oberti et al. (1991) discuss the crystal-chemistry of
high-aluminum titanite, in which octahedral Ti-O distances
between 1.778 and 2.025 Å have been determined (average
1.958 Å). In the structure of rutile (TiO2) the estimated average
Ti-O distance is 1.959 Å (Baur 1956). These distances agree
well with the Ti-O distance determined in the structure pre-
sented here.

Nevertheless, the octahedron is slightly distorted with O-
Ti-O bond angles ranging between 85.5° and 102.4° (Table 6)
instead of 90°, which has to be expected for ideal octahedral
configuration. This polyhedral distortion is also clearly dem-
onstrated by the amount of angle bend concerned to the vertex
O atoms of 167.6° instead of expected 180°. For this site we
calculated 53.6° angle variance and 1.016 for quadratic elon-
gation. The same polyhedral quadratic elongation was extrapo-
lated from the graphical construction given by Robinson et al.
(1971). Using parameters for bond-strength bond-length curves
for oxides given by Brown and Shannon (1973), we calculated
for the tetravalent Ti the valence numbers 3.98 (universal pa-

a

b

FIGURE 2. (a) The crystal structure of Ca3TiSi2(Al,Ti,Si)3O14 projected on the (001) plane. (b) Projection of the structure along the b-axial
direction showing the tetrahedral layer a z = 1/2 and the octahedral layer containing the Ca-sites at z = 0. Atom labels as in Table 3.
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rameters) and 4.00 (corrected for oxygen coordination).
The contraction of the octahedron might be caused by some

Si ↔ Ti exchange between T2 and the octahedral site, which
cannot clearly be resolved by the X-ray data. For that reason
we calculated distances for 1/4 Si at the octahedral site, which
are expected to be M-O = 1.95 and T2-O = 1.775 Å. These data
show good agreement with the distances determined by X-ray
diffraction, but these findings should also be checked by NMR
studies.

For comparison, in the isotypic high-pressure silicate of
Gasparik et al. (1995) the coordination environments of Si are
determined to be octahedral as well as tetrahedral at pressures
between 8 and 14 GPa. As such mixed-coordination phases of-
ten occur due to coordination changes of Si from tetrahedral to
octahedral with increasing pressure, the Ca3TiSi2(Al,Ti,Si)3O14

phase might be a low-pressure representative with small amounts
of Si substitution on the Ti octahedron. Recently, Knoche et al.
(1998) reported on the substitution of [6]Si for [6]Ti in titanite and
they stated that the incorporation of octahedral silicon into titanite
already becomes significant at fairly low pressures of about 3.5
GPa. This indicates the relevance of octahedral silicon also at
relatively low pressures. Therefore, one can suppose that the new
compound belongs to a solid solution series with increasing [6]Si
at increasing pressure.
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