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Abstract

Single crystal X-ray intensity data have been collected for a grossularite at 25" ,365" and 675"C and
a pyrope at25o,350",550o, and 750oC. Anisotropic least-squares ref inements reveal  that  the oxygen
positional parameters remain approximately constant in grossularite but change in pyrope. Linear ther-
mal expansion coefficients per 1'C l(h - lrr.)/(T - 25\/1"*) for the mean interatomic distances Ca-O
and Al-O in grossularite are 0.8 X lO-u and 1.3 X 10-6, respectively, while those from Mg-O and Al-O in
pyrope are 1.3 X 10-5 and 0.8 X 10-5, respectively. The Si-O interatomic distances do not increase
significantly as a function of temperature.

In pyrope, with increasing temperature, the rigid SiO. tetrahedra rotate to allow the shared octahedral
edge to lengthen at a greater rate than the unshared edge, thereby decreasing the octahedral bond angle
strain. In grossularite the tetrahedra do not rotate, and the octahedral bond angle strain does not change.
Structural changes in aluminum silicate garnets as a function of heating are compared to changes resulting
from chemical substitution at the triangular dodecahedral site.

Introduction

The crystal structure of a variety of silicate garnets
have been investigated at room temperature in the
past fifty years. Among these are the determinations
by Menzer (1926), Abrahams and Geller (1957),
Zemann and Zemann (1961), Gibbs and Smith
(1965), Euler and Bruce (1965), Prandl (1966), Novak
and Meyer (1970) and Novak and Gibbs (1971).
Novak and Gibbs (1971), who throroughly studied
the crystal chemistry of the silicate garnets, discuss
the response of the garnet structure to variations in
chemistry and demonstrate the ability to predict the
cell parameter as well as the bond lengths and angles
given the composition of a particular silicate garnet.

As part of a study on high temperature crystal
chemistry of silicate garnets, the crystal structures of
pyrope and grossularite were determined from inten-
sity data recorded at various elevated temperatures.
It is hoped that, in addition to extending our un-
derstanding of the crystal chemistry of silicate
minerals to high temperature, a study of this type will
provide insight toward an understanding of the
relationship of the crystal structures of minerals with
their thermal expansions. Pyrope (MgrAlrSirO,r) and
grossularite (CagAlrSisO,r) were chosen for this study
because they represent end-members with respect to
the size of the eight-coordinated cation in the natural
aluminum-silicate garnet series (Zemann, 1962).

Experimental

The grossularite here investigated is the one of near
end-member composition (Table l) used by Novak
and Gibbs (1971). The pyrope was synthesized at
1300'C and 36 kbars in the presence of water by Dr.
F. R. Boyd of the Geophysical Laboratory. The
structure of this garnet was refined by Gibbs and
Smith (1965) and subsequently re-investigated by
Novak and Gibbs (1971).

The furnace used for the single crystal work is a
modified version of one designed by Foit and Peacor
(1967). The furnace, which requires flat-cone
Weissenberg geometry, has been adapted to a
Weissenberg camera for space group and cell-
dimension work and to a manually-operated Supper
Weissenberg diffractometer for single-crystal intensi-
ty data collection. Furnace temperatures have been
calibrated with materials of known melting points
and with a thermocouple in place of the sample.
Temperatures given are believed accurate to +15'C.
Zero and upper level flat-cone Weissenberg
photographs of both garnets were obtained at the
temperature of the crystal structure determination,
and systematic absences in each case were consistent
with space group symmetry la3d.

The unit cell parameter for both garnets at room
temperature was determined by a least-squares refine-
ment of back-reflection Weissenberg data (Table l).
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PYROPE

Syntheslzed by F.R. Boyd,
Geophyoical  Laboratory,
W a s h l n g t o n ,  D . C .

GROSSITLARITE

A6bestos,Quebec

3 . 6 2  g n . / c . c .

2 5 : c  1 1 . 8 4 5  ( 2 )  8
3 6 s :  1 1 . 8 8 0 ( 2 )
6 7 5 -  1 r . 9 1 7  ( 4 )

TAsr-n l. Crystal Data for Pyrope and Grossularite mined with an integration planimeter and corrected
for Lorentz and polarization factors. lntensity data
were collected at 25o, 350o, 550o, and 750oC for
pyrope and 25o,365o, and 675"C for grossularite.
Following collection of data at high temperatures, in-
tensity data were collected a second time at room
temperature for both crystals. For each crystal a
number of symmetry equivalent reflections were
recorded to assess absorption errors. The differential
absorption was considered negligible for both
crystals, and corrections were not applied.

Refinenents

Full matrix least-squares refinements were carried
out using a modified version of Onrls (Busing,
Martin, and Levy, 1962). Scattering curves for
neutral atoms were obtained from Doyle and Turner
(1968) and starting positional and thermal param-
eters were obtained from Novak and Gibbs (1971).
In the initial cycles of refinement a scale factor, the
oxygen positions, and the isotropic temperature
factors were varied. The weighting scheme of Cruick-
shank (1965) was used and adjusted for each refine-
ment in order to yield constant values of \w(Fo -

Sc . Fc)) in equally populated groups of increasing
Fo where Fo is the observed amplitude of the
reflection, Fc the calculated amplitude, ^Sc the
scale factor and w the weight assigned to each
reflection. Upon convergence of the isotropic re-
finement the temperature factors were converted to
the anisotropic form and the refinement continued.
For both garnets, the anisotropic thermal parameters
for the octahedral-site atom were statistically iso-
tropic at all temperatures; therefore, the final cycle
of refinement was carried out with an isotropic
thermal parameter for this site. The refined posi
tional parameters, weighted residual factors (wR),
and the isotropic equivalents of the anisotropic
temperature factors are given in Table 2 along
with the positional parameters determined at room
temperature by Novak and Gibbs (1971). The re-
fined positional parameters of oxygen for the pre-
heated garnets at 25oC were statistically identical
to those determined at 25"C following the high
temperature runs. The anisotropic temperature fac-
tor coefficients are given in Table 3, and the
final observed and calculated structure amplitudes
are listed in Table 4. Because of the small crystal
sizes, a large number of reflections were too weak
to be observed. These reflections were not included
in the refinements nor in Table 4.

The interatomic distances and angles and their es-

Local i ty

Composlt lon

" 8 1 . o o o 1 z . o o s l 3 , o o 0 t z  c . 2 . 9 6 M r o , 0 4 o 1 1 , 9 5 t . 0 , 0 5 s t 3 0 r 2 *

J . ) J  g m . / c . c .

Thls studv
2s"c rr.456(2) A

Skinner (1956) I

z5oc  r t . +s9  I
35oo t t .  a9o
55oo t t .  soz
75oo t l .530

Calculated density

cel l  parameters

* Novak and Gibbs (1971),
** Nunber ln parentheses refers to one est lnated standald deviat lon.

+ Interpolated values f ton Sktnnet (1956) data. Est imated ertors

a r e  i  0 . 0 0 1 .

The 11.456(2) A cell edge determined for pyrope at
25oC compares favorably with 11.459 A determined
for a synthetic pyrope by Skinner (1956). The cell
parameters determined by Skinner (1956) to a
temperature of 758"C were interpolated for use in
this investigation and are listed in Table l. The cell
parameters for grossularite at elevated temperatures
were determined from Weissenberg film data utilizing
a specially designed cassette. The cassette was con-
structed so that it can be dismantled without disturb-
ing the furnace in order that the crystal alignment
can be carried out by standard oscillation techniques
before the Weissenberg photograph is recorded. The
cell parameter for grossularite at elevated tempera-
tures was determined from a least-squares refine-
ment of the Weissenberg data corrected for ab-
sorption by the Nelson-Riley method (Nelson and
Riley, 1945).

For intensity measurements the crystals were
placed in tapered fused-silica glass capillaries. The
grossularite crystal was cylindrical in shape with
dimensions 0.ll X 0.07 mm. The pyrope crystal was
equidimensional and 0.06 mm in diameter. Three
dimensional single-crystal intensity data were col-
lected utilizing flat-cone geometry on a manual
Weissenberg scintillation counter diffractometer. Zr-
filtered MoKa radiation was used along with a pulse-
height discriminator. Symmetry non-equivalent
reflections of sin d ( 0.5 were scanned and traced on
a strip chart recorder. Relative intensities were deter-
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Trglr 2. Positional Parameters, Isotropic Temperature Factors*, and Weighted R-Factors for Pyrope and Grossularite

_ t
KR-siBxto

PYROPE

Novak & cibbs (1971)

Th is  S tudy

GROSSULARITE

Novak & Gibbs  (1971)

This Study

++
0 . 0 3 2 9 ( 1 ) '  '

o .  0328  (4 )
0 . 0 3 3 5 ( s )
0 .  0331  (4  )
0 . 0 3 3 2  ( 6 )

0.  0381 (1 )

0 . 0 3 8 0 ( s )
0 .  0384  (5 )
0 . 0 3 8 1 ( s )

0 , 5 0 ( 2 )  0 . 7 9 ( 3 )
0 . 4 7 ( 1 1 )  0 . 9 3 ( 2 0 )
0 . 9 s ( 1 3 )  ! . 3 7  ( 2 s )
o . 8 e ( 9 )  1 . 9 6 ( 1 4 )
1 .53 (1 r )  2 .30 (2 r )

0 . 7 6 ( 2 )  0 . 6 1 ( 1 )

0 . 3 7 ( 9 )  0 . 3 9 ( 1 0 )
0 .81 (10 )  0 .87  (10 )
1 . 1 2 ( 9 )  1 . 1 7 ( 1 0 )

^ - oz )

z )
3500
) )u
7 500

250

250
^ .  . o
J O I

o / f

0 . 0 5 0 2  ( 1 )
0 .0s03 (4 )
0 .0499(  5 )
0 .0493 (4 )
0 .0489 (5 )

0 .  0449 ( r  )
0 .0447 (5 )
0 .  0449 (s  )
0 .  0450 (s )

0 ,6534 (1 )
0 .5s34 (5 )
0 .  5s34 (5 )
0 .  6535 (4  )
0 .  5s3s  (5 )

0. 6s14 (r.  )
0 .6512 (4 )
0 . 6 5 L 2 ( 4 )
0 . 6 s r 5 ( 4 )

o . 4 0 ( 2 )  0 . 1 9 ( 2 )  o . 0 9 o
o . 4 o ( 6 )  0 . 2 9 ( 1 1 )  o . o 2 l
o . 7 L ( 7 )  0 . 4 8 ( 1 3 )  0 . 0 1 8
0 . 7 s ( 6 )  0 . 6 3 ( 8 )  0 . 0 1 9
r . r 2 ( 7 )  0 . 7 4 ( 9 )  0 . 0 2 3

0 . 6 6 ( 2 )  0 . 5 6 ( 2 )  0 . 0 4 5

o . 4 0 ( 6 )  o . 3 0 ( u )  0 . 0 2 4
o , 6 3  ( 6 )  0 . 8 1 ( 1 1 )  0 . 0 2 6
o .94 (6 )  1 .00 (11 )  O .029

*  Iso t rop ic  equ iva len ts  o f  the  an lso t rop ic  tempera ture  fac to rs ,  I tan i l ton  (1959) .
* *  Ref lned iso t rop lca l l y .  .  .
t  Weigh ted  R- fac tor  where  R =  (Ew (Fo -  Fc) ' /Ew Fo ' ) .
t-l- Nunber in parentheaes refers to one estimted standard deviation.

timated standard errors were calculated with the
program Onrrn (Busing, Martin, and Levy, 1964)
and are listed in Tables 5 and 6 respectively. The in-
teratomic distances given are the distances between
mean atomic positions and are not corrected for ther-
mal displacements since the correlation between ther-
mal displacements of the atoms in the garnet struc-
ture is not known.

The increase of interatomic distance with
temperature can be conveniently described by a linear
thermal expansion coefficient defined as:

":*ffi
where / equals the interatomic distance. The value (/2
- lr'")/(T-25") in this paper represents the slope
determined by linear regression of temperatureuersus
interatomic distances.

Discussion

The general structural formula for garnet can be
written in the notation of Geller (1967) as: {X.} [f,]
(Zt) Or" where { } refers to the eight-coordinated
triangular dodecahedral site, [ ] refers to the six-
coordinated octahedral site, and ( ) to the
tetrahedral site (Fig. l). For the more common
natural end-member silicate garnets X refers to the
divalent cations Ca, Mn, Fe2+, Mg; I/ refers to the
trivalent cations Al, Cr, Fes+; and Z refers to Si. The
details of the garnet structure have been adequately
described by previous authors (e.g., Abrahams and
Geller, 1958; Gibbs and Smith, 1965) and will not be

repeated here. All the cations occupy special
positions, and the crystal structure of a garnet is
defined by its cell edge and its oxygen positional
parameters.

In the aluminum silicate garnets {&} [Alr](Sis) Ou
the radius of the X-cation has a pronounced effect on
the details of the structure (Novak and Gibbs, 197 I ).
As a result, the pyrope and grossularite structures
contrast most strongly and, as shown here and in
Meagher (1973), respond very differently to in-

TesI-e 3. Anisotropic Temperature Factor Tensor Values for
Pyrope and Grossularite*
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Tnslr 4. Observed and Calculated Structure Factors for Pvrope and Grossularite
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a o , 2  1 9 , O  7 4 . 7  1 4 . 4
4 r . 0  3 E  . 5  3 5 , 5  3 6 , 1
4 3 . 3  -  4 2 , 3  4 5 , 0  -  4 2 , 4

1 3 8 . 8  1 3 7 , 5  1 3 2 . 5  1 3 0 . 7
4 t  . 9  4 7  , 0  4 5 , 4  4 r . 7
32.6 -  3t ,6 31.r -  31.2

6 6 . 2  6 6 , 0  6 3 . 0  6 2 . L
3 1 . 9  3 r . 1  3 1 . 3  2 9 . 5
5 5 . 4  5 4 . 1  5 1 . 2  5 2 , 3
2t.a -  20,9 21.9 -  2L,2
2 9 , 5  2 8 . 5  2 7 . 2  2 7 , O
3 3 . 8  -  3 5 , 6  3 2 , 5  -  3 2 , 2
6 r , 3  5 5 . 0  6 2 . 6  5 4 , 4
9 0 . 6  9 r . 3  8 4 . 2  S 4 . 1

L 2 6 , 2  1 3 0 . 0  1 2 3 . 9  1 2 6 . 0
E 6 . 8  -  8 3 , 7  8 3 . 0  -  8 1 . 8
a2,4 82.4 76.1 15.0
5 0 . 9  6 2 . 5  5 4 , 2  5 4 . 0

8 3 . 7  -  8 1 . 7  8 2 . 0  -  1 9 . 6
1 5 . 4  3 5 . 4  t l . 6  3 4 . 1
38,8 -  40.1 34.2 -  36.0

13E.0 -137.1 I35,3 - t35.4

31..3 12.5 26.9 29.6
9 0 . 0  8 . 2  8 3 . 8  E 5 . 2
6 2 . 9  5 2 . 0  5 r . O  6 L . 1
56.1 55.4 50.5 52.6
3 5 . 0  3 5 . 2  t 0 , 9  3 1 . 0
6 5 . 5  6 4 . 7
5 t . 5  -  5 9 . 0  5 5 . 5  -  5 5 . r

4 9 , 4  4 8 . 8
3 9 , 7  -  3 6 . 0  3 6 . 4  -  3 4 . 4
32.5 -  30.9 26.0 -  2A, l
3 3 . 4  3 2 . 0  2 8 . 6  3 0 . 2
3 7 . 9  -  4 1 . 5  3 5 . 9  -  3 8 . 5
4 7 , 9  4 6 . 5  4 I . 7  4 2 . 6
4 5 , 4  4 4 . 9  4 1 , 9  4 r . 0
3 9 , 1  -  3 1 . 7  3 2 . O  -  3 2 , 1

7 2 . 5  7 3 . 0  6 6 . 2  6 7  , 6
5 3 . 0  5 0 . 5  4 7 . 3  4 5 , 0

23,4  -  22 ,O

E
8
1 0
6
8

7 6 . 6  -  7 8 . 9
5 2 . E  -  5 l . E
6 L . 2  6 5 . 0
, 1 1  - 7 ) A

5 1 , 3  5 0 . 9

62,5
26.3

50.0
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Tnrlp 5. Interatomic Distances for Pvrooe and Grossularite*

Novak E Cibbs (1971)
GROSSUI-ARITE

N o v a k  &  G i b b s  ( 1 9 7 L )  T h i s  s t u d y

25oc 25oc a5ooc 55ooc z50oc 25oc 25oc a65oc 6ls"c

s1-0  4  1 .634(1)*8  1 .635(5)R f : i5 , : iR  r .e :a (s )R r .o :o (a)R s i -o  +  r .o+s( rE  i : i l ; , ;h  r .aas(eE 1 .6s4(6)8

PYROPE
T h i s  s r u d y

0( r ) -0 (2)  2  2 .494(2)  2 .49s( r r )  2 .499( rL)  2  492( rO)  2 .495(12)  0 (1) -0 (2)
0 ( 1 ) - 0 ( 3 )  4  2 . 7 5 L ( 3 )  2 . 7 s 2 ( e )  2  7 4 6 ( ! 0 )  2 . 7 5 3 ( 9 )  2 . 7 5 6 ( 1 0 )  0 ( 1 ) - 0 ( 3 )

2 . 6 6 5Mean 0-0

A1-0
0 ( 1 ) - o ( 4 )
0 ( 1 ) - 0 ( s )
llean

M c ( 1 ) - 0 ( 4 )
M c  ( 2 )  - 0  ( 4  )
Mean Mg-o

0 ( 1 ) - 0 ( 2 )
0 ( 1 ) - o ( 4 )
0 ( 4 ) - 0 ( 6 )
o ( 1 ) - 0 ( 7 )
0 ( 4 ) - o ( 7 )
0 ( 7 ) - 0 ( 8 )
Mean 0-0
Mean 0-0 cube

AbouE A1

1 . 8 9 3 ( 6 )  1 . 8 9 5 ( 5 )
2 . 6 3 5 ( 1 0 )  2 . 6 3 7  ( 8 )
2 . 7 1 8 ( 1 0 )  2 . 7 2 2 ( 8 )
2 . 6 1 7  2 . 6 A 0

About Mg

2 . 2 O 8 ( 7 )  2 . 2 0 s ( 5 )
2 . 3 s 4 ( 6 )  2 , 3 6 4 ( s )
2 .24 t  2 .2A5

Mean 0-0

A 1 - 0
0 ( 1 ) - 0 ( 4 )
0 ( 1 ) - 0 ( 5 )
Mean 0-0

c a ( 1 ) - 0 ( 4 )
c a  ( 2 ) - 0  ( 4 )
l lean Ca-o

0 ( 1 ) - 0 ( 2 )
o ( 1 ) - o ( 4 )
0 ( 4 ) - c ( 6 )
o ( 1 ) - o )  7 )
0 ( 4 ) - 0 ( 7 )
o ( 7 ) - 0 ( 8 )
Mean 0- 0
Mean 0-0 cube

2 669

1 . 8 9 7  ( 6 )
2  . 6 4 3  ( 1 0 )
2  ,7  2 r  Q.O)
2 . 6 4 2

2 . 2 r O ( 1  )
2 , 3 1  3  ( 6 )
2  292

2.499(12)  2 .492(9)  2 .495( t2 )
2 . 6 3 5 ( 9 )  2 . 6 3 7 ( 8 )  2 . 6 4 3 ( r O )
2 .729( r t )  2 ,734(9)  2 .748(13)
3 .318(4)  3 ,321, (4 )  3 .328(4)
2 . 7 8 5 ( 1 2 )  2 . 8 0 6 ( 1 0 )  2 . 8 1 6 ( 1 3 )
3 . 8 5 2 ( 1 0 )  3 . 8 6 1 ( 9 )  3 . 8 7 7 ( 7 2 )
2 . 9 4 4  2 . 9 4 9  2  9 5 a
2 . 6 6 9  2 . 6 7 3  2 , 6 8 2

2 . 5 6 7  ( 2 )  2 . s 6 9 ( 1 0 )  2 . 5 7 8 ( L r )  2 . 5 8 0 ( 1 0 )
2 . 7 4 s ( r )  2 . 7 4 7 ( 9 )  2 . 7 5 2 ( L O )  2 . 7 6 0 ( r 0 )
2  6 8 6  2 . 6 8 8  2 . 6 9 4  2 . 7 0 0

About Al

1 , 9 2 4 ( 1 )  1 . 9 2 1 ( s )  L . 9 2 9 ( 5 )  r . 9 3 7 ( 5 )
2 . 1 5 6 ( 2 )  2 . 7 5 r ( 9 )  2 . 7 6 6 ( 9 )  2 . 7 7 5 ( 9 )
2 . 6 8 6 ( 2 )  2 . 6 8 r ( 9 )  2 . 6 9 0 ( 9 )  2 . 7 O s ( 9 )
2 . 1 2 1  2 , 7 1 6  2 . 7 2 8  2 . 7 4 0

6  1 . 8 8 6 ( r )  1 . 8 8 7 ( 5 )
6  2 . 6 1 7  ( 3 )  2 . 6 L 8 ( 9 )
6  2 . 7 1 6 ( 3 )  2 . 7 1 9 ( 9 )

2 . 6 6 7  2 , 6 6 9

4  2 . 1 9 6 ( 2 )  2 . r 9 7  ( 6 )
4  2 . 3 4 2 ( 2 )  2 .  3 4 1  ( s )

2 . 2 6 9  2 . 2 6 9

2 2 .494(3)  2 .495(L7)
4  2 . 6 1 7  ( 3 )  2 . 6 1 8 ( 8 )
4  2 . 7 0 9 ( 3 )  2 . 7 0 6 ( 1 0 )
4  3 .  3 0 5  ( 1 )  3  . 3 0 7  ( 4 )
2  2 . 7 8 2 ( 3 )  2 . 7 8 1 ( 1 1 )
2  3 . 8 2 5 ( 3 )  3 . 8 2 3 ( 9 )

,  o ) a  1  0 ) o

2 . 6 5 4

2 .3 r9  (L )
2 . 4 9 t  ( L )
2 . 4 0 5

About Ca

2  , 3 1 9  ( 5 )  2  . 3 3 0  ( 5 )  2  . 3 3 3  ( 6 )
2 . 4 9 2 ( 6 )  2 . 4 9 9 ( 6 )  2 . s o s ( 6 )
2 , 4 0 6  2 . 4 1 5  2 . 4 1 9

2 567 (2 )  2 .569(10)
2 .7  56(2)  2  .  751 (8 )
2 . 9 7 3 ( 2 )  2 . 9 1 9  ( 7 2 )
3 . 4 s 0 ( 1 )  3 . 4 5 2 ( 4 )
2 .866(2)  2 .867 (9 )
4 .121, (2 )  4  r23( r2 )
3 . 1 0 1  3 . 1 0 3

2 . 8 1 6

2 . 5 7 8 ( 1 0 )  2 . s 8 0 ( 9 )
2 , 7 6 3 ( 8 ' )  2 . 7 7 s ( 7 )
2 .989(12)  2 .989(11)
3 . 4 6 2 ( 4 )  3 . 4 7 C ( 3 )
2 . 8 7 6 ( 9 )  2 . 8 8 3 ( 9 )
4 . 1 3 8 ( r 2 )  4 . 1 4 5 ( 1 r )
3 .113 3 .1-20
2 . 4 2 6  2 . 8 3 2

Number  1n  parenEheses re fe rs  to  one es t imated s tandard  dev ia t ion-

creasing temperature. The positional parameters
(Table 2) show no significant shift of the oxygen
positions in grossularite up to a temperature of
675"C, whereas in pyrope the y fractional coordinate
decreases with increasing temperature.

Silicate Tetrahedron

The Si-O interatomic distance shows no significant
lengthening upon heating. In grossularite, the Si-O
distance increases slightly more than one standard
error over the temperature range 25"-675" and the
regression coefficient d (Si-O)/d"is greater than zero
only at the 0.20 confidence level. In pyrope there is es-
sentially no increase up to 750oC. The tetrahedral
O-Si-O angles l ikewise show no variation beyond

one standard error in either garnet (Table 6). The
resistance of the Si-tetrahedron to increase in size
with heating has been observed in other orthosilicates
(c/ Smyth and Hazen, 1973; Brown and Prewitt,
1973).

In pyrope, although the silicate tetrahedron does
not appear to change in size or shape with heating, it
does rotate about the 4 axis which passes through its
center. To express the rotation of the tetrahedron,
Born and Zemann (1964) defined a positional angle,
herein noted 7,1 as the smaller of two angles between
the tetrahedral O-O edge normal to the 4 axis and the
two crystallographic axes normal to the 4 axis. The

1 Born and Zemann use the notation, a, for this angle.

TlsI-t 6. Interatomic Angles for Pyrope and Grossularite*

z5o c
This Studv

35ooc 
- 

55ooc 7 5 o o c 2 5 - C
T h i s  S E u d v
25o 365oc 675oc

GROSSULARITE
25" C

0 ( 1 ) - s 1 - 0 ( 2 )
0 ( 1 ) - s 1 - 0 ( 3 )

0  (1 ) -A1-0  (4 )
0  (1  ) -A1-0  (5 )

0  (1 ) -Ms-0  (2 )
0(1) -Ms-0(4)
0  (4  ) -Hs-0  (6 )
0 (4)-Ms-0 (7 )
0  (1  ) -Ms-0  (7  )
0(7 )-I, ls-0 (8)

69.20(1 )
70 .34(6)
7 3 . 2 2  ( 6 )
7  2 . 8 6 ( 7  )
9 3  , 4 7  ( 7 )
r 0 9 . 4 5 ( 7 )

2
4
4
2

2

About Si

g g . s z o ( g ) *  g g . s o o ( a r )  s s . a 4 o 1 r , o ;  g g . : s o ( : o )
rr4.67 (9) L14,68(22) 1r4,49(25) Lr4,76(20)

About AI

8 1 . 8 7 ( 6 )  8 7 . 8 r ( 2 2 )  8 8 . 2 0 ( 2 3 )  8 8 . 1 9 ( 2 2 )
92, r3 (6)  92 .19(22)  9 r .78(23)  91 .81(20)

g g . r z o ( a e )  o ( 1 ) - s i - o ( 2 )
r r4 .75(25)  0 (1) -s i -o (3)

8 8 . 3 3 ( 2 7 )  0 ( r ) , A r - 0 ( 4 )
9r ,67(28)  0 (1) -A1-0(s )

68 .73(29)  0 ( r ) -ca-o(2)
7 0 . 3 3 ( 2 8 )  0 ( 1 ) - c a - o ( 4 )
73 .60(2s)  0 (4) -ca-o(6)
72 ,78(32)  0 (4) -ca-o(7)
9 3 . 0 8 ( 1 8 )  0 ( L ) - c a - o ( 7 )
1 0 9 . 5 4 ( 3 1 )  0 ( 7 ) - c a - o ( 8 )

About i(g

6 9 . 2 3 ( 2 4 )  6 8 . 9 0 ( 2 7 )  6 8 . 8 1 ( 2 s )
70 .48(23)  70 .60(25)  70 ,42(24)
13.15(2L)  73 .40(23)  73 .43(19)
72,88(26)  72 .s3(29)  72 .8r (23)
9 3 . 5 0 ( 1 4 )  9 3 . 2 7 ( 1 6 )  9 3 . 1 8 ( 1 4 )
L09.45(25)  109.80(27)  109.s3(23)

2

4
2
4
2

About Si

1 0 2 . 5 3 ( 8 )  7 O 2 . 7  ( 3 )

r 1 3 , 0 5 ( 4 )  L r 2 . 9 ( 2 )

About A1

9 r . 4 6 ( 5 )  9 1 , 6 ( 2 )
8 8 . 5 4 ( 5 )  8 8 . 4 ( 2 )

About Ca

6 7 . 2 0 ( 6 )  6 7 . 3 ( 3 )
6 9 , 8 4 ( 4 )  6 9  , 5 ( 2 )
7 6 , 2 8 ( 6 )  7 6 . 6 ( 2 )
7 0 . 2 7 ( 6 )  7 0 , 2 ( 2 )
9 r . 5 1 ( 4 )  9 r . 6 ( 2 )
1 1 1  . 6 6  ( 5 )  l r r  . 1  ( 2 )

r o 2 . ' 1  ( 4 )  r 0 2 . 5 ( 4 )
u 3 , 0  ( 2 )  1 1 3  .  r  ( 2 )

9 1 . 6 ( 2 )  9 1 . s ( 3 )
8 8  . 4  ( 2 )  8 8 .  6  ( 3 )

6 1 . 2 ( 3 )  6 7 . 2 ( 3 )
6 9 . 7  ( 3 )  6 9 . 9 ( 3 )
1  6 . 4  ( 2 )  7  6  . 2 ( 2 )
7 0 , 2 ( 2 )  7 O . 3 ( 2 )
9 1 . 6 ( 2 )  9 1 . 5 ( 3 )
11L.7  (2 )  r r r .7  (2 )

. .  Numbe!  ln  paren theses  re fe rs  to  one es t imated sEandard  dev ia t lon
* '  

Novak  and C ibbs  (1971)
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FIc I A portion of the garnet structure (after Novak and
Gibbs,  l97l)  showing number ing of  atoms

200 300 400 500 600 700 600

T e m p e r a t u r e  o C

o'o 
<r  (xr r  r i i

Ftc. 2. Tetrahedral position angle (7) uersus: (a) temperature for
pyrope, (b) (r{X}) for the aluminum silicate garnets pyrope (Py),

almandine (Al), spessartine (Sp), Mn-grossularite (Mn-Gr), and
grossular i te (Gr) .  Data f rom Novak and Gibbs (1971).

positional angle for the tetrahedron in pyrope

decreases steadily from 27.5(2)" to 26.9(2)" over the

temperature range 25" to 750'C (Fig. 2a), while no

tetrahedral rotation occurs in grossularite. The con-

sequences of this rotation wil l be discussed in a later

section.

Al-Octqhedron

The Al-octahedron in garnet is quite regular, as in-

dicated by its small octahedral bond-angle strain
(Robinson,  Gibbs,  and Ribbe,  l97 l ) .  Nevertheless,
an interesting contrast exists between the distortion
of the Al-octahedron in pyrope and grossularite. The
octahedron shares six of its twelve edges with adja-
cent triangular dodecahedra while the other six edges
remain unshared. The shared edge, O(l)-O(4), at
25'C is shorter in pyrope (Fig. l) than the unshared
edge,  O( l ) -O(5) ,  by 0.10A, as would be predicted

by Pauling's electrostatic bonding principles (1929).

In grossularite, however, the shared edge is 0.03 A
longer than the unshared edge.

Figure 3 i l lustrates the response of the shared and
unshared octahedral edges to heating. In pyrope the
expansion of the shared edge is almost an order of
magnitude larger than that of the unshared edge
(Table 7) whereas in grossularite both edges expand
at approximately the same rate. The difference in the
expansion rates of the two edges in pyrope causes the

octahedral bond-angle strain to decrease with in-
creasing temperature. The octahedral bond-angle
strain is known to decrease in the aluminum sil icate
garnets in going from pyrope to Mn-grossularite as a

T e m p e r o l u r e  ( " C )

Flc. 3. A plot of the shared and unshared octahedral edge lengths
uersus temperature for pyrope and grossularite.
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result of the increased radius of the X-cation (Novak
and  G ibbs ,  l 97 l ) .

Figure 4a i l lustrates the l inear increase in the Al-O
distance with increasing temperature in pyrope and
grossularite. The thermal expansion of the Al-O in-
teratomic distance in grossularite 1.3 X l0-b/.C is
slightly greater than that of pyrope, 7,9 X 10-6/.C.

Triangular Dodecahedron

There are two symmetrically non-equivalent {X}-O
interatomic distances in the eight-coordinated tri_
angular dodecahedron. Consideration of the cation-
cation repulsion across the edge shared with the
Si-tetrahedron would lead one to believe the
X(l)-O(4) distance should .be longer than the
X(2)-O(4) distance (Fig. l), whereas the reverse is ac-
tually true for all silicate garnets analyzed to date.
Zemann (1962) and Gibbs and Smith 0965) have
proposed that the X(2)-O(4) distance is greater for
geometric reasons. If i t were the shorter distance. un-
reasonable I)/]-O and unshared octahedral edge dis-
tances would result.

In pyrope the Mg(2)-O(4) distance increases in
length at a greater rate with increasing temperature
than does the Mg(l)-O(4) distance, whereas in
grossularite both Ca-O distances increase at an
equal rate (Table 7). Mean Ca-O and Mg-O in-
teratomic distances are plotted uersus temperature in
Figure 4b. The linear thermal expansion coefficients
for the mean Mg-O and Ca-O interatomic distances

Trsr-E 7. Mean Thermal Expansion Coefficients
(a) of Interatomic Djstances* and Rates of Increase

of Isotropic Temperature Factors**

Pyr.ope Gnossulanite

Mean Thenmal- Expansion Coeff icients

( e )  x  t o s 7 o g

x-o
A1-0
D f  - U

E. P. MEAGHER

Tempero fure  pC)

Ftc. 4. (a) Variation of the mean Al-O interatomic distance with
temperature. (b) Variation of the mean {X}-O interatomic distance
with temperature.

pyrope and grossularite are 1.3 X l0-5loC and 8.3
l0-' / " C, respectively.

In pyrope the isotropic equivalent of the aniso-
tropic thermal vibration parameters for Mg is greater
at all temperatures than that for oxygen (see Table
2). Zemann and Zemann (1961) have suggested that
positional disorder of the Mg contributes to the
large apparent thermal vibration. Gibbs and Smith
(1965) have attributed the larger B-value to the fact
that Mg occupies a cavity larger than normal and
that it tends to filI ttre cavity with a strong asym-
metric vibration. Difference Fourier maps calculated
through the Mg position for all the pyrope analyses
in this study failed to substantiate the idea of
positional disorder.

The rate of increase of the equivalent isotropic
temperature factor with temperature-dB/dT-for
the {X} carions (Fig. 5) is 2.0 X 1g-srtz1og for Mg in
pyrope but 1.2 I 1g-a[27o6 for Ca in grossularite.
The refinements reveal that dB/dT for Mg is greater
than that for Al or Si in pyrope whereas dB/dT

o <

o <
- 2

o
I

x

tn
X

x
A1
5 1

0

0 . 8
n l

dB/dr  x  10"  A ' loC

2 . 0
n o
N A

0 . 8
1 . 3
0 . 7

r . 2
0 . 8
1.  t_
r . 2

* See text for expTanation.
** (B--8...  ) /  f f-25"5 was determined

bg !7near regression.
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o <

6 ' "

o 4

o

TemDeroture (C)

FIc.  5.  A plot  of  the isotropic equivalent  of  the anisotropic

temperature factor against temperature for Mg in pyrope and Ca

in grossularite.

values for Ca, Al, and Si are approximately equal in
grossularite (Table 7).

Comparison of Structural Changes as a Function of
Heating and of Chemical Substitution

Novak and Gibbs (1971) observed certain trends in
structure variations in the {Xs} [Alr] (Sis) Or2 garnets
as a function of the radius of the {X} cation. The
structural changes which occur in pyrope as a func-
tion of heating in some ways parallel those changes
which would occur as a result of successive increases
in the mean {X}-O distance through chemical sub-

Frc 6. A portion of the garnet structure showing the effect that

rotation of the tetrahedra has on the relative lengths of the [Al]O"
and {XlO. polyhedral edges. The tetrahedra are shown rotating to

smaller 7 values. Note the greater increase in the {X}-O(4) distance

compared to {X}-O(2) with tetrahedral rotation.

stitution. For example, just as the tetrahedra in

pyrope rotate to smaller tetrahedral position angles

with increasing temperature, a similar rotation occurs

in {Xr}[Alr](Sia)Op garnets as a mean radius of the

iX) cation increases (Fig. 2b). In the garnet structure

a rotation of the tetrahedron about the 4 axis in a di-

rection of decreasing 7 in effect increases the size of
the triangular dodecahedron (Fig. 6). Fu{llhermore,

the rotation of the tetrahedron about the 4 axis wil l

lengthen the X(2)-O$) distance at a greater rate than

X(l)-O(4). This trend is observed in the pyrope struc-

ture with increasing temperature (Table 5). In the

{Xa}[Alr](Sis)O,, garnets with the mean radius of {X},
(rl\ l , increasing from 0.89 to l. l2 A, the X(l)-O(4)

distance increases 0.12 A while X(2)-O(4) increases

0.15 A (Novak and Gibbs,  l97 l ) .  The X( l ) -O(a)  in-

crease is somewhat greater than rotation alone would

allow because the shared edge of the tetrahedron also

lengthens with increasing (r{X}).

Novak and Gibbs also showed that the octahedral

distortion in the aluminum sil icate garnets decreases

as (r{X}) increases from 0.89 A to t.0t A. et a radius

of l.0l A, the shared and unshared octahedral edges

are approximately equal in length. The aluminum oc-

tahedron in pyrope responds similarly to increasing

temperature, becoming less distorted as its shared oc-

tahedral edge increases in length at a greater rate with

increasing temperature than does its unshared edge

(Fig.  3) .
The parallelism of pyrope's response upon heating

to substitution of a larger {X} cation may be due in

part to the fact that dB/dT for Mg is greater than for

the remaining cations and, therefore, has a grearet

effective radius at higher temperatures. This cannot

be said for Ca in grossularite since dB/dT for Ca is

approximately equal to that for Al and Si (Table 7).

To aid in the understanding of the response of the

{Xs}[Alr](Si3)O12 garnet structure to heating or to

chemical substitution in the triangular dodecahedral

site, the computer program, Distance Least-Squares
(ols), written by Meier and Vil l iger (1969) was uti l-

ized. In the program, atomic positional parameters

are determined by means of least-squares optimiza-

tion of interatomic distances to prescribed distances.

In this analysis the intent was not to "synthesize" a

given garnet structure, but rather to determine trends

in the response of the Al-silicate garnet structure to

{X} cations of various radii. In an attempt to keep the

analysis as bias-free as possible, the prescribed

cation-oxygen distances were taken as the sum of the

Shannon and Prewitt (1969) radii for the appropriate

coordination, and the O-O distances about each

o a
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polyhedron were calculated from each metal-oxygen
distance assuming an undistorted polyhedron (Drits,
l97l). The cell edges used were calculated from the
Novak and Gibbs (1971) equation relating cell edge
to radii of the {X} and [f] cations.

In the refinements the prescribed interatomic dis-
tances were weighted proportional to their calculated
valence bond strength such that weights for the Si-O,
Al-O, and X-O distances were 1.0, 0.5, and 0.25,
respectively (Pauling, 1929). Unless otherwise stated
the O-O distances were given a weight of 0.07 follow-
ing Baur (1971). If the weights are chosen correctly,
this type of analysis approximates a simple ionic
force model. Cation-cation and anion-anion repul-
sions are considered only through the prescribed
interatomic distances and associated weights.

A series of refinements were carried out with the
{X} cation radius varying from 0.89 A (tnte) to l.l2 A
(Ca). With weights of 0.07 for the oxygen-oxygen dis-
tances in the initial refinements it was discovered that
unlikely O-O distances resulted. For example, in all
the refinements the unshared triangular dodecahedral
edge O(4)-O(7) refined to less than 2.67 A even
though the prescribed value ranged from 2.75 A for
pyrope to 2.89 A for grossularite (Table 8). Zemann
(1962) likewise found in his calculations for an "ideal
garnet" that this edge was far too short and con-

cluded that in the aluminum silicate garnets this dis-
tance could be no shorter than2.75 A. In addition. in
the Dt-s calculations the unshared octahedral edge
O(l)-O(5) refined from the prescribed distance of
230 A to values less than 2.68 A for garnets where r
{X} exceeded 1.0 A. Novak and Gibbs (1971) have
proposed that 2.68 A is a lower limit for the unshared
octahedral edge in silicate garnets.

In an attempt to account for O-O interaction the
unshared triangular dodecahedral edge and the un-
shared octahedral edge were given prescribed dis-
tances of 2.75 and 2.68 A, respectively, in the struc-
tures where these limits were exceeded. In addition,
these distances were given weights of l.0 in the refine-
ment, equivalent to the weight of the Si-O distance.
The final refined bond lengths for pyrope and
grossularite are given in Table 8.

Certain trends became apparent from the distance
least-squares refinements. First, the X(2)-O(a) dis-
tance always refined to values larger than the
X(l)-O(4) distance. This is consistent with deter-
mined distances in all silicate garnets analyzed to date
and confirms Zemann's contention that the
X(2)-O(4) distance must be longer because of struc-
tural constraints. Secondly, the shared tetrahedral
edge refined to a smaller value than the unshared
edge in all cases without cation-cation repulsion be-

Teslr 8. Distance Least-Squares Results for Pyrope and Grossularite
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ing considered in the refinement. This is not to say
that cation-cation repulsion has no influence on the
length of the shared edge, but rather that such repul-
sion is not the only factor in determining that the
shared edge will be shorter than the unshared edge in
the garnet structure (c/ Born and Zemann, 1964).
Thirdly, for increasing values of X-O distances, the
refinements show a continuous trend in which the un-
shared octahedral edge length decreases to the
proposed 2.68 A limit while the shared edge length in-
creases. As shown in Table 8, the two octahedral
edges refine to values in pyrope such that the shared
edge is shorter than the unshared edge whereas the
reverse occurred in the grossularite refinement. This
suggests that the increase in the shared octahedral
edge in {&}[Alr](Sis)O,2 garnets, as the radius of the
{X} cation increases, is more a consequence of struc-
tural constraints than of decreased cation-cation
repulsion between the {X} cation and [Al] as has been
proposed by previous investigators.

In pyrope, although the unshared octahedral edge
does not actually decrease as a function of
temperature (due to the thermal expansion of the unit
cell) its coefficient of expansion is significantly
smaller at 7.4 X l0-"/oc than is that of the shared
edge at 3.6 X 10-6 /" C. The unshared octahedral edge
in grossularite at 25oC is 2.681 A which, as previously
mentioned, appears to represent a lower limit. This
distance increases linearly with increasing tem-
perature to 2.705 A at 675', which probably rep-
resents the lower limit of an unshared octahedral
edge at that particular temperature for a silicate gar-
net, bearing in mind that corrections for thermal dis-
placements have not been made.

The distance least-squares refinements reveal that
the Al-O distance remains fairly constant with in-
creasing r{X} up to the point where the unshared oc-
tahedral edge reaches the 2.68 A limit, whereupon the
Al-O distance begins to increase with further increase
of rlXl. This is consistent with the observed difference
in the thermal expansion of the Al-O interatomic dis-
tance in pyrope as compared to grossularite. In
pyrope where the unshared octahedral edge at 25'C
is 2.719 A, the a(Al-O) is 7.9 X l0-6l 'C. The
a(Al-O) in grossularite, where the shared edge at
25"C is 2.681 A, is somewhat higher at 1.3 X
r l -u/"c.

Although certain trends in the variation of the
SiOl-AlO' polyhedral framework brought about by
chemical expansion of the XO, triangular dode-
cahedron are similar to those resulting from thermal
expansion, the effects of the two mechanisms on

the details of the garnet structure are different.
For example, an increase in (r{X}) of 0.03 A above
that for pyrope causes the mean {X}-O and [Al]-O
distances to increase by 0.031 A and 0.010 A, respec-
tively, while the unshared O-O edges of both the
tetrahedron and octahedron decrease in length
(Novak and Gibbs, l97l). Heating of pyrope to
750'C causes the mean {X}-O and [Al]-O distances
to increase 0.023 A and 0.010 A, respectively, and the
unshared O-O edges of the tetrahedra and octahedra
show no statistically significant change in length.

Based upon the response of the pyrope and
grossularite structures to heating, one might spec-
ulate as to the structural variations an aluminum-
silicate garnet with r{X} intermediate to Mg and
Ca might show with increasing temperature. For
instance, if the response of the SiOn-AlO. frame-
work to increasing temperature is influenced by
the size of the {X} cation, one might predict that mean
thermal expansion coefficient for the [Al]-O distance
would be intermediate to that in pyrope and
grossularite. Likewise, the tetrahedron in these in-
termediate garnets would be expected to rotate to
smaller values of 7 as a function of temperature and
would possess successively lower dz/dZ values as
(r{X}) increases. In an attempt to provide further in-
formation regarding the high temperature crystal
chemistry of sil icate garnets, crystal structure in-
vestigations of spessartine and andradite at elevated
temperatures are planned.
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