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The crystal structure of synthetic titanite, CaTiOSiO4, and the domain textures
of natural titanites
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Abstract

The crystal structure of synthetic t i tanite (a :  7.069(2), b -- 8.722(5), c = 6.566(8),

P : 113.86(2)' ,  P2r/a) has been ref ined by least-squares methods to an unweighted
R : 0.043. Chains of corner-sharing TiO" octahedra running paral lel to the a-cel l  edge are

crossl inked by si l icate tetrahedra to form a TiOSiOn framework that accommodates Ca in ir-

regular 7-coordination polyhedra. Diffraction data of the type k 1- / odd which violate the dif-
fraction rules of the previously reported A2/a space group are ascribed to an "off-centered"
displacement of the t i tanium atom from the geometrical center of each octahedron, result ing
in long (1.974 A) and short (1.766 A) Ti-O bonds alternating along the chains. The displace-
ment is such that Ti is shif ted in the *a-direct ion in one-half of the chains and in the
-a-direction in the other half. This arrangement implies that P2,/a titanite is antiferroelec-
tric. Long-exposure single-crystal photographs of several natural titanites show diffuse ft + /

odd dif fract ion data, indicating that natural specimens may consist of domains of P2t/a
t i tanite related by a half-turn paral lel to b. The coupled substi tut ion of Fe and Al for Ti and

OH for O appears to favor domain formation.

Introduction

Titanite (CaTiOSiO,) is a sparse yet widely distrib-
uted accessory mineral commonly found in meta-
morphic and igneous rocks and their associated peg-
matites. It was first described by Pictet in 1787 and
designated titanite (Klaproth, 1795) to conform with
its chemical composition. The common wedge-
shaped habit of t itanite accounts for its also being
called sphene, a name having originated from a
Greek word meaning wedge (Haiiy, l80l ). Because of
its extreme dispersive power, birefringence, and
color, t itanite has been cut into spectacular gem-
stones. Because they are soft and not durable, they
are not in general highly prized.

The crystal structure of t itanite was first in-
vestigated by Zachariasen (1930), who described it as
consisting of independent sil icate ions bonded to-
gether with TiOu octahedra to form a network with
Ca tucked into 7-fold coordinated sites in the result-
ing cavities. In order to clarify the wide range of Si-O
distances reported by Zachariasen (1.54-1.74 A),
Mongiorgi and Riva di Sanseverino (1968) under-
took a reinvestigation of the structure using multiple-
fi lm Weissenberg techniques and obtained Si-O bond
lengths in close agreement with those reported for

other orthosil icates. In addition, a new set of unit cell
parameters was chosen and titanite's space group was
transformed from C2/c Io A2/a to conform with
rules set forth by the Commission on Crystallogra-
phic Data. The axial transformation from Zacharia-
sen's C2/c cell to Mongiorgi and Riva di Sanseve-
r ino 's  A2/a cel l  is  ( l0 l1010/100).  The axia l
transformation to a right-handed coordinate system
as suggested by Donnay and Ondik (1973) and the
setting for the P2'/a space group used in this study is
(T0T/010/100). The axial transformation from Mon-
giorgi and Riva di Sanseverino's cell to that of Don-
nay and ondik is  (T00/010/001).

Recently, Dr. D. A. Hewitt of this department
synthesized dry several single crystals of t itanite
which he kindly donated for this crystallographic
study. Upon examination of the single-crystal photo-
graphs, we were surprised to discover that synthetic
titanite's space group symmetry is actually P2'/a in-
stead of A2/a as previously reported for natural t ita-
nite. In addition, long-exposure single-crystal photo-
graphs of several natural specimens showed diffuse
reflections in violation of the diffraction rules of
A2/a. Later we learned in a literature search that
Robbins (1968) had reported the P2'/a space group
symmetry for synthetic t itanite. Because no report of
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Flc. l. Precession photographs (ftk0 level, p : 30o, MoKa radiation) of (a) synthetic primitive titanite
and (b) natural titanite. Some reflections violating k + I = 2n are shown by arrows for synthetic titanite.
Precession axis is c with a* vertical and 6* horizontal.

any further study was found, we undertook a crystal
structure analysis of P2r/a titanite and a study of the
diffuse reflections exhibited by certain natural speci-
mens (Speer and Gibbs, 1974), the results of which
are reported here.

Experimental

The titanite crystals used in this study were synthe-
sized from a mix having the bulk composition CaCO,

TiO, . SiOr. The COr was driven off at - 1000"C
prior to melting in a platinum crucible at -1400.C

and I atm. The resulting material was homogenized
by repeated cycles of crushing, remelting, and
quenching. After the last melting, the material was
crystall ized at -1200'C for several weeks and then

cooled. Figure la is a precession photograph exposed
about c of one of the crystals selected from the crys-
tall ized mix. The more intense reflections on the fi lm
are consistent with space group A2/a; however,
weaker ones with indices hk0, k odd, violate the
diffraction rules for the l-centered translation group.
This result taken in conjunction with data obtained
from other single-crystal photographs shows the
space group symmetry of synthetic t itanite to be
P2r/a'

The cell parameters of the crystal (0.10 X 0.10 X
0. 12 mm) selected for the structure analysis were
obtained from a least-squares refinement of more
than twenty 4d values of hkl reflections recorded with
the single-crystal diffractometer. Table I compares
these cell parameters with those obtained by previous

TlsI-e l. Crystallographic data for titanite*

Zacharlasen
(1930)

Monglorgl + R:lva di
Sanseverino (1968)

redetemined by Cerny + Robbins
Riva dl Sanseverino (1972) (1968) this study

a

b

A

Cell volue

Reported apace group

Calculated denslty

LocaLity

z ,oo  I
E .  7 0

6 .  55

113 .  95  0

rzo 13
A2/a(c2 l  c )

Llndvikskollen,
Notray

7 . 0 0 2 ( 1 )  E

8 .  70s  (  1 )

6 .  553 (1)

1 1 3 . 8 2 ' ( 1 )

roa.+s1o;  E3
A2la

3 . 5 3  g / c c

Z l l le r ta l ,
I ra Iy

7 . 0 6 5 ( 5 )  I

L 7 2 3 ( 5 )

6 .  s67  (5 )

1 r3 .86 ' ( 3 )

azo.s 13
PzL l  a (P2 

L l  
n )

3 . 5 2  g l c c

synthetic

7 . 0 6 e ( 2 )  I

8 . 7 2 2 ( s )

6 . s66 (8 )

113 .86 " (2 )

sto,zz(o) L3
n2r la

J . ) z  g t c c

synthetic

Esti@ted. standatd deviations are given
last dsi@T Dlace,

ir trErertheses and refer to Xhe
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workers for natural and synthetic t itanite . Our values
for synthetic t itanite are statistically identical with
those obta ined by Robbins (1968).  More than l l00
non-equivalent intensity data were recorded using an
automated four circle X-ray goniostat, Nb-fi ltered
Mo radiation, and a scinti l lation counter. The result-
ant data were corrected for Lorentz and polarization
effects and converted to unscaled lF'o"l values with a
program written by C. T. Prewitt. lnit ialiy, no correc-
tions were made for primary and secondary extinc-
tion. No absorption correction was made (Fytot<o :

38 .8  cm- r ) .
A least-squares refinement of the titanite structure

in space group P2'/a was calculated using the pro-
gram of Busing et al. (1962), form factor curves for
neutral atoms taken from Doyle and Turner (1968),

and 888 reflections whose intensities were more than
four times the estimated standard deviations of their
measurements. The positional parameters of t itanite
obtained by Mongiorgi and Riva di Sanseverino
(1968) were used as starting values with small, ran-
dom displacements (+0.01) added to the positional
parameters of those atoms no longer on special posi-

tions. As the center of symmetry chosen as their
origin is not present in P2r/a, a new origin was
chosen at the remaining center of symmetry. Three
cycles of refinement assuming isotropic temperature
factors for all the atoms gave an R-value of 0. 10.
After conversion to anisotropic temperature factors,
further least-squares calculations resulted in several
temperature factor coefficients that tested non-posi-
tive definite. Because the important details of the
structure are contained in the relatively weak lFoo"l,
k * / odd diffraction data, a refinement again assum-
ing anistropic temperature factors was carried out us-
ing only lF,o"l < 24.5 wherein an R-value of 0.057
was obtained. Using these results as starting param-

eters, a refinement using lF"u"l ( 46 was calculated
and resulted in an R-value of 0.043. At this point, all
the data were corrected for secondary extinction ef-
f,ects using a program written by Dr. G. Chiari of the
University of Turin, Italy, which makes use of the
relation:

lF".,"l : lF"o"l (l * g/",1").

The refinement was completed using all the observa-
tional data by simultaneously varying all positional
and anisotropic thermal parameters. The lF"u"l 

's and

the final lF""r"l 's are given in Table 2. Positional and
thermal parameters (Table 3), bond distances and
angles (Table 4), and thermal ell ipsoid data (Table 5)
were obtained from the results of the final cycle of

refinement which yielded an unweighted residual of R
-- 0.042. Unit weighting of the data was considered
adequate in that it gave nearly constant values

<.rlAF'l for ten equal sized groups of increasing

lF,o"l 
's, consistent with the criteria for a good

weighting scheme.

Discussion of the structure

The dominant structural units in titanite are chains

of corner-sharing TiO. octahedra running parallel to

the a cell edge. The repeat unit in the chain is defined

by two ti l ted octahedra which share a common oxy-
gen atom designated Or. While the oxygen atoms

surrounding the titanium atoms form a nearly regular

octahedra, the titanium atoms are displaced from the
geometrical centers of the octahedra, resulting in al-

ternat ing long ( l  .974 A) and shor t  (1.766 A) T i -O'

bonds. The four remaining Ti-O bond distances are

longer than either of the Ti-O' bonds and range

between 1.984 A and 2.025 A. ttre off-center dis-

placement of the Ti is also reflected in the O'-Ti-O
angles with the average of the four angles involving

the shorter bond being wider than those involving the

larger bond (Fig. 2). Two chains per unit cell are

related by a center of symmetry, one chain having the

octahedral t itanium displaced in the *a direction
from the geometrical center of the octahedra and the
other chain having the titanium displaced in the -a

direction. These chains are cross-linked by sil icate

tetrahedra sharing the remaining four oxygens: 02,

Or, Oo, Ou. The sil icate tetrahedra share oxygen

atoms with four separate TiOu octahedral groups in

three separate chains. The oxygen atoms Or and Ou

belong to the same chain while O, and On are shared

by two chains. This produces a [TiOSiOn]-2 frame-
work with large cavities enclosing calcium atoms in

irregular 7-coordination polyhedra. This coordina-

tion is based on a l imiting Ca-O bond length of 3.0

A, which seems reasonable considering that the next

closest cation, Si, is at a distance of 3.066 A. tne

Si-O bond length variations in the sil icate ion are

small ranging from 1.641 A to 1.647 A, despite a

range of (O-Si-O)s from 108.3' to I10.8' and a range

of f (O) from L96 to 2.24. Moreover, neither of these

parameters may be used to satisfactori ly rationalize

the small Si-O bond length variations that do occur

in titanite. A stereoscopic pair ofthe titanite structure
is  shown in F igure 3.

Although no hydrogen was present in the synthetic

titanite, Isetti and Penco (1968) and Beran (1970)

have shown for natural OH-bearing titanites that the
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hyd rogen -oxygen  bond  d i rec t i on  l i es  i n  t he  (010 )  havep roposed rep lacemen to fO ,byOH,C l ,o rF to
plane nearly normal to a and parallel to the principal satisfy its valency. Hence hydrogen when present is
opticalvibration axis X. Being aware of the fact that probably associated with Or and lies in the (010)
f (O , ) :  l . 62 ,Zacha r i asen (1930 )andSahama(1946 )  p lanew i th theO, -Hvec to rnea r l yno rma l toa .

Trnu 2. Observed and calculated structure factors for titanite
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Tlnls 3.  Posi t ional  and thermal  atomic parameters lor  t i tani te (0r1 X l0- '1*

B r r 8 z z 8 s a B t z B r s Bzz B** B ***

ca .2424(2) .9184(1) .75L2(2) 1039(26) 129(11) 294(25) 24(13) -s0(21) 11(14) .s2(3) 1.00
r r  .s134(1)  .7s42(L)  .24ss(L)  348(16)  117(e)  L7e(2o)  11(10)  64Q4)  10(11)  .01(3)  o .44
s l  .7486(2)  .e330(1)  .74s0(2)  224(25)  67(13)  105(2e)  -1 (16)  47(22)  1 (17)  - .o7(4)  o .27

o(1)  .74e9(6)  .8202(4)  .2so2(7)  413(69)
o(2)  .e108(6)  .8162(4)  .e347(6)  s6s(78)
o(3)  .3827(s)  .9608(4)  .1459(6)  443(73)
o(4)  .9122(6)  .316s(4)  .4368(6)  s72(77)
o(s )  .3813(s)  .460L(4)  .6468(6)  3e1(71)

191(38) 686(91) 38(4s) 346(67) 46(54)
222(40) 271(100) 25(4s) 18(73) 7(s0)
276(42) 279(99) 42(4s) 107 (70) 47 (sr)
224(40) Les(97) s5(4s) 57(72) 3e(4e)
L72(38) 323(98) s8(43) 78(68) 66(49)

. 3 5 ( 1 0 )  0 . 7 7

. 1 7  ( 1 0 )  0 . 7 s

.27  ( tO)  O.7L

. r .3 (10)  0 .71

. l s ( 1 0 )  0 . 6 0

* Eetinnted standazd depiations ate i.n pazentheses and. refep to the Last deeinal pl.ace(s).

** Isotropic tempe?atwe factors from Last eycle of refinenent befoz'e eVnrtging to artiso-
tropie tenrpenahne faetors.

*** Equioalent isotnopic tenrpe?ahne faetors ealculated using the erpreesion of HaniLton
( L 9 5 9 ) .

The off-center displacement of Ti in an octahedron
is characteristic of oxygen-octahedral ferroelectrics.
The antiparallel displacements of the titanium atoms
in adjacent chains in titanite would compensate the
electric moments produced by the ionic displace-
ments, resulting in a net zero electric polarization for
the unit cell. This state for a dielectric crystal is called
antiferroelectric.

The domain texture of titanite

The lattice upon which the titanite structure is built
is nearly A-faced centered. The crystal structure re-
finement shows that only the small, off-center dis-
placement of the titanium atoms significantly violates
the l-face centering. This phenomenon is also re-
vealed in the diffraction pattern of t itanite by the
behavior of the types of reflections: k t I odd and k t
/ even. Diffraction data of the type k * / odd which
violate the l-centered lattice symmetry are relatively
weak as compared with k f / even reflections (Fig.
la). In long-exposure single-crystal photographs of
the natural t itanites, these k * / : odd reflections are
diffuse (Fig. lb). The cause of the diffuse nature of
these reflections may be discovered by carefully ex-
amining their shape and intensity distribution.

Long-exposure Laue and precession photographs,
taken with fi l tered Mo radiation, show that the dif-
fuse scattering is localized on reciprocal lattice planes
(relplanes) with modulated intensities (Fig. 4). These
two-dimensional relplanes have extensions entirely in
the (100). According to Wooster (1962) and Comds et
al. (1970) this is indicative of a one-dimensional lat-
t ice disorder parallel to the [00]. Furthermore, the
varying intensity within the diffuse relplanes has

been shown by Guin ier  (1963) and Vainshte in (1966)

to be a result of a one-dimensional lattice wherein the
vectors forming the repeat not only vary about some
average length but also in direction to some small
degree.

While these constraints could be met by a number
of atoms, the structure refinement clearly shows that
the difference between an A-cenlered structural re-
finement of a natural t itanite (Mongiorgi and Riva di

Sanseverino, 1968) and a prirnit ive structure refine-
ment is the position of the titanium atoms. We sug-
gest that natural t itanites consist of numerous do-
mains of P2r/a titanite related by a half-turn parallel

to b. This would bring all atoms into coincidence
except the titanium atoms because of their off-center-
ing. This non-coincidence of the titanium atoms
would yield the necessary l inear disorder required by
the space-averaging effect of the scattered X-rays.
The addition of a half-turn to the P2'/a space group
would give the apparent A2/a space group of natural
titanites.

Long-exposure Laue photographs (168 hrs) of the
synthetic t itanite show very weak relplanes, in-
dicating the presence of domains although the crystal
is essentially a single domain. The existence of these
domains in the synthetic t itanite may be related to the
largest axes of the thermal ell ipsoids of Ti, Ca, Si,
O(2), O(3), O(4), and O(5), all being nearly parallel
to  c  (Table 5) .

The coupled substitution of Fe and Al for Ti and
OH, Cl, and F for O' appears to favor domain forma-
t ion in  natura l  t i tan i tes,  ( i .e . ,  (Fe,Al )  *  (OH,Cl ,F)  =
Ti  + O1).  Synthet ic  t i tan i te (Robbins,  1968;  th is
study) is essentially a single domain resulting in a
space group of P2r/a, whereas all natural t itanites
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examined as a part of this study and by Higgins
(1975) possess diffuse k + I odd reflections. lt is
thought that if a titanium atom is off-centered in the
octahedra, all other titanium atoms in the octahedral
chain are off-centered in the same direction through
polarization of the common corner oxygen atoms. As

Tlst- r  4.  Interatomic distances 1A; and angles ( ' )  in  t i tani te*

TesLr 5.  Magni tude and or ientat ion of the pr incipal  axes of the

thermal  e l l ipsoids for  t i tani te*

Atod, dis ms dtsplacment (E) Angle (")  with resPect to:
+a +b +c

0.067 (4 )
0 . 0 7  3  ( 3 )
0 . 1 7 0  (  2 )

0 . 0 s i  (  3 )
0 . 0 6 7  ( 3 )
0 . 0 9 1  ( 2 )

0 . 0 4 4  ( 6 )
0 . 0 5 r  ( s )
0 . 0 7  2 ( 4 )

0 . 0 7 6  ( 1 0 )
0 . 0 8 4  ( 9 )
0 . 1 1 6  (  7 )

0 ,068 (13)
0 . 0 9 2  ( 8 )
o . r24(7  )

0 . 0 6 9  ( 1 3 )
0 . 0 9 8  ( 8 )
0 . 1 0 7  ( 8 )

0 . 0 s 8  ( 1 5  )
0 . 0 9 3  (  8 )
0 . 1 1 9  ( 7  )

0 .064 (12)
0 . 0 9 0  ( 9 )
0 .099 (8 )

T I

r l
r2

r I
r2
r3

83(2)  130(26)  s0(19)
86(3) 40(25' s6(19)

r 7 1 ( r )  9 1 ( 1 )  s 8 ( r )

9r(3) 79(L2' L52(6)
9 4 ( s )  1 2 ( 1 1 )  7 8 ( 1 1 )

1 7 6 ( 5 )  9 4 ( s )  6 s ( 3 )

87  (7 )  89  (39)  159 (8 )
89( r .0 )  1 (36)  89(37)

r 7 7 ( 8 )  8 9 ( r 0 )  6 8 ( 7 )

L62(27) 77(50) 54(21)
81(49)  18(37)  108(33)

106(e)  102(13)  138( r0)

1oo(7)  8s(20)  146(8)
9s(11)  j (Ls '  83(17)

1 6 9 ( 8 )  9 6 ( 1 1 )  s 6 ( 7 )

9 1 ( 1 3 )  7 8 ( 1 3 )  1 5 2 ( 1 4 )
32(43) L2L(42) 117(ls)

722(43) 146(40) 86(23'

93(7)  78(14)  150(10)
102(13)  r7 (14)  74(L4)
L67(L2)  102(13)  66(7)

Atoms Distance

s i - o (2 )  L .645 (4>
-o (3 )  L .647 (4 )
-o (4 )  L .54L (4 )
-o (5 )  L .545 (4 )

nean 1.645

Atms

0(2) -o (3)
_o (4)
-0 (s )

o(3) -o (4)
-o (s )

o(4) -o (5)

o ( r ) - o ( 1 )  3 . 7 3 9 ( 9 )
-o (2)  2 .727 <6)
- o ( 3 )  2 . 6 e 7 ( 6 )
-o (4)  2 .728(6)
-o (s )  2 .793(5)

o ( r ) - o ( 2 )  2 . 7 3 7  ( 8 >
-o(3)  2 .807(6)
- o ( 4 )  2 . 7 L 6 ( 5 >
-o(s )  2 .703(5 '

o ( 2 ) - 0 ( 3 )  2 . 8 3 3 ( 5 )
-o (4)  3 .959 (7 )
-o (5)  2 .832(6)

o(3) -o (4)  2 .82s(6)
-0 (5)  4 .034 (5 )

o(4) -o (5)  2 .831(s )

o(1) -0 (2)  4 .5L2(s>
-o(3)  3 .052(5)
-o (3)  2 .6e7 (6>
-o(4)  4 .s le (5)
-o (s )  3 .059(6)
-o (s )  2 .704(6 '

o ( 2 ) - o ( 3 )  2 . 8 3 3 ( 6 )
- o ( 3 )  3 . 5 s 5 ( 5 )
-o (4)  2 .581(5)
-o (5)  4 .274(6)
-o (5)  4 .637 (6 )

o(3) -o (3)  3 .07s(8)
-o(4) 4.288<6)
-o(s )  4 .766(8 '
-o (s )  3 .792(7)

o(3) -o (4)  4 .637(6)
-o (5)  3 .787<7)
-o(s )  4 .81s(8)

o(4) -o (s )  2 .831(s )
- 0 ( s )  3 . 5 7 0 ( s )

o(s ) -o (s )  3 . r04(8)

r i-0(1) -r i

s1-o(2) -T1
si-o(3)-Ti
si-0(4) -r i
si-o(5) -r l

Disrance 
Ancle at

meEar atom

2 .735<6 )  LL2 .3 (2 )
2 . 5 8 1 ( 5 )  1 0 3 . s ( 2 )
2 .666 (6 )  108 .1 (2 )

2 .672 (5 )  108 .7 (2 )
2 .7L9 (6 )  r r 1 .3 (2 )

2 .736 (s )  L t z . 7 (2 )

nean 109.4

L 7 9 . 7  ( 5 )
92 .9  ( 2 )
e 0 . 8 ( 2 )
93 .2<2 )
9 4 , 6 ( 2 )

8 7  . 3 ( 2 )
8 9 . s ( 2 )
86 .7  <2 )
8 s . 1 ( 2 )

9 0 . 0 ( 2 )
L 7 3 . 9 ( 2 )

89 .7  ( 2 )

8 9 . 9  ( 2 )
1 7  4 . s ( 2 )

8 9 . 8 ( 2 )

L 4 6 . 8 ( 2 )
8L .4 (2 )
6s .4  ( r )

1 4 8 .  s  ( 2 )
8 r . 1  ( r )
6 7 . 1 ( r )

7 1 . 8  ( r )
8 8 . 2 ( 1 )
6 4 . 4  ( r )

123.  s  (1 )
1 3 s . 2  ( 1 )

7  4 . 4 ( L )
12s  .9  ( r )
162 .3  (1 )
98  .9  (1 )

1 3 r . 4  ( 1 )
9 s . 8  ( 1 )

1 3 2 . 5  ( 1 )

71 .  6  (1 )
9 r . 0 ( 1 )

7 5 .  s  ( 1 )

14r . .8  (2 )

r 4 4 . 3 ( 2 )
L28.4(2)
1 3 9 . 0  ( 2 )
L25.3(2)

L . 7  6 6  ( 4 )
L . 9 7  4  < 6 )
1 . 9 8 4 ( 5 )
r . 9 9 1  ( s )
2  . 0 r4  ( 4 )
2 .025  (4 )

1 .  959

r2
r3

o ( 1 ) ,  r r

o (2 ) ,  r r

o ( 3 ) , r r
r2
t 3

o (4 ) , r r
r2
r3

o ( 5 ) ,  r t
r2

5s(r-7)
s0( 28)
60(29)

76(L2)  128(18)
96(31) 42(22)

164(18)  r -04(30)

T1-o(r)
-o (1)
-o<2'
-o(3)
-0 (4)
-0 (s )

nean
nean

T i -o ( l )  1 . 870
nean Ti-O(x) ,

x  #  1  2 .003

ca-o(1) 2.28L(4>
-o(2)  2 .428(4 '
- o ( 3 )  2 . 3 e e ( s )
-o (3)  2 .672<5)
-o(4)  2 .4L4<4)
-o(5) 2.425<s)
-o(5)  2 .587(5)

nean 2.458

r Estiwted standatd deviaxions are given in paren-
tlreses ad refet to the Last deci@J. Dlace-

* Esxi@ted standatd devi.ations ate given ln

,lDreDt eses ad refer to the fast deciMf
pface (s) .

Fe and Al substitute for Ti with a coupled OH, F, or
Cl for O, substitution, the electronic configuration
changes, and this trend need not follow. The Ti atoms
may be off-centered in either direction along 4 on
either side of the non-titanium-containing octahedra.

Frc. 2. The titanium octahedra in synthetic P2r/a titanite.
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Frc. 3. Stereoscopic pair ofthe crystal structure of PZJa titanite. b is vertical and a is directed away from

the viewer, parallel to the octahedral chain.

Increased chemical substitution in titanite would
gradually increase the number of antiferroelectric
domains, and the space group would gradually ap-
pear to change from P2r/a to A2/a.

Relation of titanite to other compounds

A framework of corner-sharing octahedral chains
cross-linked by tetrahedra has been shown by various

. .  
: :  . . . . . . .  ] ' . ' . ,  . - . : ] 1 ' . : , ] ' ' ] - . . . . :  ] . ] i ;  ] j l . '

Ftc.  4.  Laue photograph (Mo radiat ion) of  a natural  t i tani te.  c
parallels the X-ray beam, and the symmetry plane is vertical

authors (Kokkoros,  1938;  Baur,  1959;  Mayer and
V6llenkle, 1972) to be a basic feature of a number of
compounds. Table 6 is an expanded list and includes
some interesting synthetic analogs of t itanite. Mayer
and Vdllenkle (1972) believe that structures of this
type are derivatives of the structure of GeOH[POn],
which contains chains of corner-sharing GeOu(OH)
octatiedra cross-linked by phosphate tetrahedral oxy-
anions. The phosphate ion shares its oxygen atoms
with four separate GeOu(OH) groups in three sepa-
rate chains, and the large cavities formed by this
framework are unoccupied. Depending on the formal
charges of the octahedral and tetrahedral cations of
the derivative structures, these cavities may be either
vacant or occupied. Closely related to these com-
pounds are a group of tetragonal compounds, many
being polymorphs of the previous compounds. Here
the octahedral chains with their cross l inking tetra-
hedra are rotated and straightened so that the chains
parallel a four-fold symmetry axis. In addition, the
tetrahedra cross l ink four separate octahedral chains.
The cavities formed by this framework may be either
vacant (i.e. aVOSO.) or occupied (i.e. NazTiOSiO.).
Mongiorgi and Riva di Sanseverino (1968) extend
this notion a step further and consider a comparison
between titanite and narsarsukite. In narsarsukite,
the TiOu octahedral chains are cross l inked by SinO'o
groups rather than by SiOn tetrahedra, and sodium
occupies the irregular 7-coordinate cavities.

The only naturally occurring sil icate isostructural

:
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TABLE 6. Structural derivatives of titanite
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Nuber of octahedral
chains joined per

Conpound Nme space group tetrahedra Reference

'ceoHPo4

'FeOItS0O

"InOHSOO
'MeHroSoO 

kieserlte C2le

"Fett2OSo4 szomolnoklte C2/c

C2lc 3 Mayer and ViillenkLe, L972

Prma or Pn2ra 3 Johansson, 1962

hma ot Pn2ra 3 "

3 Leonhardt and Welss, 1957

3 Oswald' 1955

c2lc

C2lc

"MnH20s04 saiklEe C2/c 3 "
ocuH2oso4 poltevinite pl or pI 3 "
'znlfzoso4 gunntngire CZ/c 3
'con2oso4
oNiil2oso4

'NlH2oseo4 
C2/c

ocol2oseo4 
c2le 3 "

'ZnHroSeoO 
C2/c 3 "

'Mnn2oseo4 
c2/c 3 ',

ovoso4 
Bvoso4 Pmd ot PnZLa 3 Klerkegaard and Longo, 1965

'VoPo4 
BvoPo4 PmM or PnzLa 3 Gopal and Calvo, 1972

'TaoPoa 
3 Levln and Roth, 1970

"NboPon 3 "
'voso4 

ovoso4 p4/n 4 Longo and Arnott, 1970

"VOPO4 cVOPO  P4/n 4 ' l

'Taopo4 p4ln 4 Longo, plerce, and Kafalas, 1971
'l{bopo. p4ln 4 Longo and Kierkegaard, 1966
'MooPo4 p4/n 4 Kierkegaard and Longo, 1970
'voMoo4 p4ln 4 Eick and Kihtborg, 1966
'CuC1B(OIi)O bandylite P4ln 4 Coll ln, 1951

LIAIOHPOa mblygonlte P! 3 Baur, 1959

LIA1FPO4 oontebralslre pI 3 "

NsAlEPo4 natromontebraislte PI 3 Povarennykh, 1972

LiFeFPOa tavorlte PI 3 Llndberg and pecora, 1955

NaAlFAsO4 duranglre C2lc 3 Kokkoros, 1938

CaTlOSiO4 titanire Pzlla 3 rhis srudy, Robblns, 1968

CaTlOGeO4 Pzfla 3 Robbins, 1968

casnosio4 mlayalte A2/a 3 Raudohr and strunz, L967

Li2Tloslo4 p4/m (?) 4 Kln and Hmel, 1959

Ns2TlOSlO4 P4/ntm 4 Nlkl-t|n et aL, L964

(Na,Ca) (Tt,Nb)oslo4 fers@nlre C2/e povarennykh, 1972

c8l'1gFAs04 tl laslre C2lc 3 strunz, L937; B1adh e, aL, L972

C€-trgFPo 
 lsokire Czlc 3 povarennykh, 1972

with titanite is malayaite. Takenouchi (197 l) has occur in nature because the formation temperatures
studied the subsol idus re lat ions of  the of  t in  ore deposi ts  are probably lower than 500'C.

CaTi[SiOr]-CaSn[SiOu] join and found complete Other tin-rich parageneses seem unlikely. The larger
sol id  solut ion at  700oC and I  kb.  Below615 + l5"C s ize of  the t in  atom in octahedral  coordinat ion is
at I kb, an immiscible region exists between the two reflected in the larger cell parameters of synthetic
end members with the peak of the solvus at t itanite?E malayaite (a : 7.173(9) A, b : 8.876(5) A, a :

malayai te2s.  Because of  the immiscib le region in  the 6.838(8)  4,0 :113.71 ' )  and the A2/aspace group.
titanite-malayaite series, Takenouchi argues that t in- Of the other known cations that substitute for Ti in
rich titanite and titanium-rich malayaite wil l rarely titanite, no end-member compositions have yet to our
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knowledge been reported. These include Y and Ce,
Al ,  Fe3+,  Nb,  Ta,  and Cr.  I t  is  possib le that  these
solid solutions are l imited because either a solvus
relation exists as in the case of the titanite-malayaite
join or the coupled substitution needed to maintain
charge balance does not occur. Other cations may be
readify substituted for Ca, i.e. Ihe Li and Na analogs
of t itanite. However, substitution of these elements
results in tetragonal symmetry. The Ba analog re-
ported by Rase and Roy (1955) has been shown to be
synthetic fresnoite by Robbins (1969). Complex,
coupled substitutions to maintain charge balance: Ti
= Al ,  Fe+3,  Nb+5,  Ta+5;  O,  a Cl ,  F,  OH; Ca a Na,
Li, K, Mg, Sr appear to proceed to only a l imited
extent in most natural t itanites. Fersmanite appears
to fulf i l l  this role for Ti = Nb: Ca = Na. but l i tt le is
known about its crystal chemistry and structure.
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