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Abstract

Enlargement of the lattice parameters, particularly the D-dimension, of titanites synthe-
sized at high temperatures (=700'C) in the system CaO-TiOrSiOz(+HzO), can be
accounted for by substitution of Ti for Si. The unit-cell dimensions of the ideal end-
member, CaTiSiOs, extrapolated from the linear relationship between tetrahedral site
occupancies and unit-cell dimensions of synthetic samples are approximately I a : 7 .054L,
b:8.7$4,  c :6.551A and B = 113.77 ' .  Enlargement  of  the b d imension to8.7244
corresponds to the presence of Ti in approximately 67o of the tetrahedral sites.

Introduction

During an experimental investigation of composi-
tional variations in titanite (sphene) in the system
CaO-Al2O3-TiO2-SiOrHzO (Hollabaugh, I 980) at-
tempts were made to synthesize and characterize
the ideal, end-member composition, CaTiSiO5, for
purposes of comparison with Al-bearing solid solu-
tions. Unit-cell dimensions of titanite synthesized in
the system CaO-TiO2-SiO2 in the presence and
absence of water were found to be significantly
smaller than those previously reported (Robbins,
1968; Speer and Gibbs, 1976) suggesting composi-
tional variations. A brief investigation was under-
taken to determine the nature and extent of these
solid solutions.

Procedures

Experimental details

Starting materials were prepared as mechanical
mixtures of high purity (>99.99%) oxides and syn-
thetic minerals including CaTiO3, CaSiO3, TiO2 and
SiO2 (Hollabaugh, 1980).

Conventional hydrothermal techniques including
cold-seal pressure vessels and sealed gold tubes
were used for hydrothermal experiments. Titanite

0003-004)vE3/0 102-0 I 77$02.00

was synthesizedat2kbar in two experiments which
yielded crystals large enough for electron micro-
probe analysis: S152R, 800'C, 5l days duration,
solid composition (mole %) 33.3 CaO, 33.3 TiOz,
33.3 SiOz; H2O 17 wt.Vo; 5250, 700'C, 38 days
duration, solid composition (moleVo) 3l CaO, 31
TiO2, 38 SiOz; HzO 17 wt.Vo (Hollabaugh, 1980).
Titanite was also synthesized from a mixture of
CaSiOr and TiOz which was heated to a temperature
over 1400"C at one atmosphere in a carbon crucible
using an induction furnace and then allowed to air-
cool. A sample of titanite synthesized at the Nation-
al Bureau of Standards (Robbins, 1968) was also
available for this study.

Unit-cell parameters

Unircell dimensions Oable 1) were determined
from X-ray powder patterns, using either CdF2
(French, 1970) or rutile (Swanson and Tatge, 1973)
as an internal standard (Hollabaugh, 1980). X-ray
diffraction patterns were scanned at ll4'2fllmin.
using Ni-filtered CuKa radiation. Two oscillations
were measured and averaged for each peak. X-ray
reflections were indexed with reference to the
structure refinement of Speer and Gibbs (1976) and
assigned unit weights. Unit-cell dimensions were
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Table l. Unit-cell dimensions of titanite

Samp'l e vti3l

sl 52R
s250
Induc t ion

Furnace

Robbi ns**
Robbi ns**
Speer and

Gibbs#
Takenouchi## 7 .066 (e )  8 .70s (5 )  6 . s61 (9 )  i l 3 . e3 (2 )  36S .9

*Parenthesized figures represent the estimated standard deviation
(esd)  in  tems o f  leas t  un i ts  c i ted  fo r  the  va lue  to  the i r  imed i -
a te  le f t ,  thus  7 .057( l )  ind ica tes  an  esd  o f  0 .001.* *Robb ins  (1968) .

* * *Robb insr  sample ; th is  s tudy .
#Speer  and Gibbs  (19 i6 ) .

##  Takenouch i  (1971 ) .

refined using the least-squares program of Apple-
man and Evans (1973) based on 12-15 X-ray reflec-
tions per sample.

Chemical analysis

Synthetic titanites were analyzed by means of an
electron microprobe (accelerating voltage l5 kv)
using wavelength dispersive methods, mineral stan-
dards (synthetic rutile, natural garnet and albite)
and Bence-Albee matrix correction procedures.
The reported compositions (Table 2) are based on
an average of 10-15, l0 second, point analyses.

Discussion

Substitutions in titanite

The unit-cell dimensions of synthetic titanites
measured in this study and in studies by Takenou-
chi (1971), Robbins (1968), and Speer and Gibbs
(1976) are given in Table I and compared graphical-

Table 2. Electron microprobe analyses of synthetic titanites

sl 52R 5250 Robbins Stoichiometric

7 .057 (1 ) *  s . 7s7131  6 .5s (21  113 .80 (3 )  368 .4 (1 )
7 .056 ( l )  8 . 707 ( r )  6 . 5s2 ( l )  1 r3 .77 (2 )  368 .4 ( l )
7 .0s8 (2 )  8 .709 (21  6 . s53 ( l )  113 .74 (2 )  368 .7 ( l )

ly in Figure 1. Titanites synthesized by Robbins
(1968) and Speer and Gibbs (1976) have significantly
larger unit-cell dimensions than those synthesized
by Takenouchi (1971) and in the present investiga-
tion. The chemical compositions of four synthetic
titanites were determined by electron microprobe
analysis in an attempt to identify the substitution
responsible for this difference.

The titanite synthesized by Robbins (1968) has a
significant excess of Ti and a comparable deficiency
in Si (Table 2) which suggests substitution of Ti for
Si. It also has the largest unit-cell parameters (Table
l), particularly the b dimension and unit-cell vol-
ume (Fig. l), of the four samples determined in the
present investigation.

Substitution of Ti for Si should expand the size of
the tetrahedral site since IVTia* (0.424) is consider-
ably larger than IVSi4* (0.26A; Shannon, 1976).In
the titanite structure isolated SiOa tetrahedra are
located and act as linkages between chains of TiO6
octahedra; the chains run parallel to the a axis. An
increase in the size of the tetrahedral site enlarges
the b and, to a smaller extent, the c and a dimen-
sions; enlargement of a requires distortion of the
octahedral chains.

The synthetic titanite used by Speer and Gibbs
(1976) in their crystal structure determination also
has a large b lattice parameter and a large unit-cell
volume (Table l, Fig. 1). Analysis by Higgins and
Ribbe (1976) showed a slight Ca-deficiency which
was attributed to the presence of small amounts of
CaSiO3 in the sample. It seems likely that some Ti
may also substitute for Si in this titanite.

Titanites synthesized in the present investigation
have smaller unit-cell dimensions, particularly b

Fig. l. Variation of unit-cell volume with b cell-edge of
synthetic titanites. Unit-cell dimensions and their estimated
standard deviations are given in Table l. S and G, Speer and
Gibbs (1976); T, Takenouchi (1971); R, Robbins sample, this
study; I, induction furnace, this study; Sl52R and 5250, this
studv.

8 .723 (s )  6 .567 (s )  113 .86 (3 )  370 .3
8 .724 (2 )  6 .560 ( t )  113 .80 (2 )  370 .0 ( l )
8 .722 (5 )  6 . s56 (8 )  i l 3 . 86 (2 )  370 .2 ( t )

7 .06s (5 )
i . 067 (  l  )
7 . 06e (2 )

5k
U
2
J

l nduc t ion
Furnace

Sampl e
Number

Cao 28.29

f102 41.74

s i02  30 .47

Total I 00.50

Ca 3 .936

T i  4 .0 i5

5 l  J . 9 5 /

Tota l  11 .968

1 . 0 7 5

tleight Percent 0xides

28.20 28.87 29.24

4 1 . 3 5  4 t . 4 9  4 3 . 7 8

30.28  30 ,25  29 .26

99.84  100,61  102.28

Atons Per unit CeIl, Assuming 20 Anions

3.949 4 .020 4 .025

4.066 4 .0s6  4 .229

3.959 3 .93? 3 .759

I I .974 I 2.008 I 2.0',1 3

Percent  o f  S i  S i te  Not  F l l led  by  S i

28.60
40 .75
30 .65

4 .000
4.000
4.000

'12.000

0 . 01.700 6 .025
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parameters and unit-cell volumes (Table 1, Fig. 1)
than the titanite synthesized by Robbins (1968) and
their chemical compositions are also closer to that
of stoichiometric titanite (Table 2). Thus, it appears
that substitution of Ti for Si accounts for the larger
unit-cell dimensions observed in investigations by
Robbins (1968) and Speer and Gibbs (1976). The
relatively small b cell dimension of Takenouchi's
(1971) synthetic titanite which has been attributed
to misindexing (Higgins and Ribbe, 1976) is proba-
bly due to its close approach to ideal stoichiometry.

Titanites crystallized under hydrothermal condi-
tions (Sl52R and 5250, Table 2) are also slightly Ca-
deficient. In these samples the Ti-excess is suffi-
cient to compensate for all of the Si-deficiency and
most of the Ca-deficiency. The remaining Ca-defi-
ciency (-0.02 atoms/formula unit) may be due to
analytical error or to the substitution of small
amounts of (OH)- for 02- according to the equa-
tion, Ca2* : 2H* .In the presence of excess water,
partial substitution of (OH)- for the underbonded
O(1), coupled with site vacancies, is possible in
titanite (Rosenberg, 1974). Yacancies in Ca-sites
have little or no affect on unit-cell dimensions
(C6rny and Riva di Sanseverino, 1972), whereas
substitution of (OH)- for O(l) might be expected to
enlarge unit-cell dimensions slightly.

Unit-cell dimensions of ideal titanite

At present, the unit-cell dimensions of end-mem-
ber titanite, CaTiSiO5, are not well-known. Ideal
compositions, natural or synthetic, are not available
for study but the unit-cell parameters of the end-
member can be estimated by indirect methods.

Si-deficiency in synthetic titanites appears to be
entirely accounted for by substitution of Ti for Si.
Assuming that a linear relationship exists between
Si-deficiency (moleVo; Table 2) and unit-cell param-
eters (Table l) an extrapolation to ideal titanite
composition (Si-deficiency : 0) can be carried out
(Fig. 2). This estimate yields the unit-cell parame-
te rs :  a  :7 .054f+ ;  b  :8 .703A;  c  :  6 .551A and p :
113.77". Considering the estimated standard devi-
ations of the refined unit-cell dimensions (Table 1)
and the limited data available, the last decimal place
is only an approximation.

Higgins and Ribbe (1976) showed that a linear
relationship exists between the effective octahedral
cation radius and the unit-cell parameters of natural
titanites, assuming that variations in unit-cell di-
mensions are due to substitution of Al and Fe for Ti
and that natural titanites contain stoichiometric Si.
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Fig. 2. Variation of a, b, c and p lattice parameters with Si-
deficiency. Size of symbols approximates estimated standard
deviation of lattice parameters. Correlation coefficients of
regression lines: a, r > 0.99; b, r > 0.99; c, r : 0.97; B, r = 0.43.

Unit-cell dimensions of the ideal end-member esti-
mated from this ̂ study are: a : 7.0604: b : S.7l0A
and c : 6.556A. These values are intermediate
between the unit-cell dimensions estimated for end-
member titanite in the present investigation and
those obtained for the titanites of Robbins and of
Speer and Gibbs (Table 1), although the b dimen-
sions is closer to the value obtained in the present
study.

A slight Si-deficiency is often observed in natural
titanite (Deer et al., 1962). This suggests that the
assumption of Si stoichiometry by Higgins and
Ribbe (1976) may not be fully justified and, there-
fore, that the effective tetrahedral cation radius may
play a role in determining unit-cell dimensions.
Since the extent of tetrahedral substitution is small,
its effect on unit-cell dimensions will be slight.
However, the linear relationship between effective
octahedral cation radius and lattice parameters
(Higgins and Ribbe, 1976) may be slightly displaced
due to tetrahedral substitution. If a slight enlarge-
ment of unit-cell dimensions does occur in natural
titanite due to Si-deficiency, it is probably caused
by substitution of Al or Fe3* both of which enter
tetrahedral sites more easily than does Ti (Hartman,
1969).

Conclusions

Substitution of Ti for Si occurs in titanites synthe-
sized at high temperatures in the system CaO-
TiO2-SiO2 resulting in enlargement of lattice pa-
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rameters, particularly the b dimension. The lattice
parameters of ideal,  end-member t i tani te,
CaTiSiO5, obtained by extrapolating linear relation-
ships between tetrahedral site occupancies and
unit-cell dimensions are approximately: a :
7.05a4; b :8.7$A; c :  6.551A and B: 113.77' .
Enlargement of the D dimension to 8.7244 corre-
sponds to the presence of Ti in approximately 6Vo of
the tetrahedral sites. Si-deficiencies compensated
by substitutions of Al or Fe3* in tetrahedral sites
may be responsible for a slight enlargement in the
unit-cell dimensions of natural titanites.
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