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AssrRAcr

Tho crystal structures of vesuvianites from Great
Slavo. Lake, N.W.T., Bancroft, Ontario, and Wake-
field, Quebec, have been determined from data col-
lected on four-circle diffractometers. The three sam-
ples belong to the space group P(lnnc and have
sinilar chemistry and cell parameters (a- L5.5L6,
15.558, 15.543; c=11.769, 11.810, 11.791 A).
Full-matrix least-squares refinement of the struc-
tures, including anisotropic temperature factors,
gave conventional R valu:s of 0.039,0.047 and 0.05.

Ths structures are virtually identical, and very
simil4l to that proposed by Coda et al. (1970).
There are four more oxygen atoms in the unit cell
thao proposed by Warren & Modell (1931) in their
original determination. The formula which most
correcfly describes the contents of one unit cell is

2[Ca'sAlaFe(Al,Mg"Fe) eSireO?o(OH) e]

INrnopucttoN

The crystal structure of vesuvianite from
Bric Camula, Italy was recently described by
Coda et al. (1970), who found significant dif-
ferences when compared with the original struc-
ture of Warren & Modell (1931). Before the re-
cent work was published, the prcsent studies
were underway, and independently almost iden-
tical structures were found.

There has been much discussion concerning
the formula of vesuvianite (which was well sum-
marized by Ito & Arem, 1970). The cell content
proposed by Warren & Modell (1931) was

2[Ca,oAla(Mg,Fe)nSiraOoe(OH)e]
and this fitted into the structure which they in-
geniously derived from that of grossular garnet.
Their proposed structure was checked by com-
parison of 41 observed and calculated strucfure
factors, which gave fair agreement. Study of
this structure suggests that the atoms lying on
the 4-fold axis, the only part not included in the
garnet analogyn should be the subject of further
investigation. IVarren & Modell suggested that
the only atoms on the 4-fold axis were 2 Ca
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atoms separated bv 2.84A, each coordrnated bv
squaro antiprisms which shared one of their
square faces. Coda et al. have determined a
structure which is similar to that of Warren &
Modell but has a new distribution of atoms along
the 4-fold axis. They propose an additional two
oxygens (4 per sell) between which they favour
a hydrogen bond, and four cation positions (8
per cell) which are statistically occupied by two
Ca and two Fe atoms (with minor Ti and Mn).
The d,isordered oscupancy of one-half atom per
site still has Ca in an 8-fold square antiprism
coordination, but the Fe is in S-fold coordination
in a square pyramid. This model, which gave
satisfactory agreement of observed and calsu-
lated structure factors, led them to suggest the
formula

2[Ca's(Mg,Fe,Al,Ti,Mn)aA1.(O,OH)ro(SiOn)'o
(Si,Or)ol.

ExPnnrrvrsNtal

In this work samples of vesuvianite from
three Canadian localities were studied. Speci-
mens from Turnb.ack Lake near Great Slave
Lake, N.W.T., previously described by Meen
(L939), R.O.M. #lN'l19485 kindly supplied by
Dr. R. I. Gait, and #2 the Davis Pegmatite,
York River complex, Bancroft, Ontario, kind-
ly supplied by Dr. G. M. Anderson, were. in-
vestigated at the [-Inivenity of Toronto. Sam-
ple #3 (cat. #4-555, National Mineral Col-
lection, from Wakefield, Quebec, Geological
Survey of Canada) was studied at the National
Research Council.

All three samples were brown in colour witl
chemical and crystal data as listed in Table 1.
Analyses for samples #1 and #Z were per-
formed with an ARL-EMX electron probe
using the method described by Rucklidge el
al. (L970). The analysis for sample S3 w,as per-
formed at the Mines Branch, Dept. of Energy
Mines and Resoutc,es, Ottawa. The actual crys-
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TABLE I. CRYSTAL AI{D CHETiICAL DATA FOR VESUYIAIiIITES

Sl 0t. Slaye L. #2 Bancrcft #3 Hakefleld

diffractometers for intensity data collection.
MoKa radiation was used ior data collection
on all three crystals and several standard reflec-
tions were monitored during this process to
check for stability of the electronic system and
possibl€ crystal misalignment A summary of
the experimental methods employed is given in
Table 2. The data were reduced in the usual
way and corrected for Lp factors.

Scattering factors used in tle least-squares re-
finement of data from all crystals were those
reported by Cromer & Mann (1968). Anomalous
dispersion corrections were made for all atoms
except oxygen and corresponding f and f,
values were taken from Cromer & Lieberman
(re7o).

TABLT 2. Sul'llitARl 0F EXPERIIIEIITIL lrrH0lE AtO R[St!-]:;

st0,
Al r0r
Beb*-
T102
le2U?i
l'lr{t'
ito
Ca0

!"zo
F

H20ri

- U E I

Cell content

36.6
t 5 . t

0 . 1 9

0.50
2 . 1 7

? 6 (

0 .04
2.03
r . 48

100 .5

;;; 0.2410.2410.3)@ 0.3610.21x0.17@ 0.17@ fadt8
zr-flltored t{oe zr-fttt€red lbra ffiDchrc@tlzod
Plck6r FACS-I Ptcker FACS-I auto@ted plcter

crJ6tal sla

Radlatlon used

16tr@ent

rl ' 2lcarr.rFe[Fe.lrri.orh.o:&.mA'.65)7.s8Al*stra0zo.5 - 
*lrfilr '*' ]1T.* ]1T"* :lr"*

(0H.61 F.3g)g.Bel 
.27] 

std. raflstloB @as. 2 eyeqf 60 r6ft. z every 60 refl . 3 ewry 25 refl .

rz. 2[(ca.r4Na.q6)1e.sFe(Fe.14r.zrh.orlte.orAl 
.57)8.13 - il:";',:"[l:":i^' 

^' 
l: 

0'70 o'80
'.iiriitii"i;"iiiia ae. 2045 4281

Al4SiI8070.6(0H)81 fb. of .obseryed. refl. 1727(3d) tTol(3d) 33e00.6r)
#3. zlcare.5Fe(Fe.06ri.04r,re.r7Ar.73)7.88Ar4sirso70.4(0H)81 ffil::['Jf""^ ;:r"::];1 ilLT:l;l :*:*i:",
*Taken frcm l4een (1939). iFe calculated as Fero, Flnrl n value 0.039 0.047 0.050
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itcalculated to sive l6(0H'F) per cell 
Despite initial problems of fitting the data to

tals used for *-ray analysis were different from the sfructure model of Warren t MoO,eU (1931),
lhose -on- which thg probe analyses were per- who had used a left-handed system of axes, it
formed, but are ,believed to be representatiie. became clear that their model was essentially
_ 4ll tht"9 samples contain more than 4Vo correct, though the electron density distribution
Feroa (total 'Fe calculated as FegOr) and may along the 4-fold axes indicated serious discre-
therefore be classed as 'high Fe' vesuvianitei, pancies. The interpretation of this distribution
wten _compared with the variety of analyses is somewhat subjeitive, but it can be satisfac-
given by Deet et al. (1962). The differences-be- torily explained 

'by 
the model of. Coda et al.

tw_een the analyses are unremarkable except that (1970), that there js a statistical djstribution of
#2 contains a relatively high TiOz conteni. The r/z cations over 2 sets of positions with 4-fold
dark brown colour of the crystals is presumably multiplicity, and + o"ve"^,-Oirbl. a. lrr"r" u."
related to the high Fe content. The 3 cell son- many Oifterent possibilities for'assigning the Ca,
tents correspond closely to the 'ideal' one of Al,Fe,Mg,Mn and Ti cations to thJvarious sites,
Coda et al. (7970), which we have chosen to re- least-squires refinement of site occupancies, as
arrange slightly as: well as .positional coordinates, was irndertaken

2[CareFe(Fe,Ti,Mn,Mg,Al)aAl4Six8O?o(OH,F)s] l$oq,lh" qrgglug of Finger (1967), for crys-' tals #1 and #2. This program allows two atom
- All three crystals belong to the space group types to be assigned to each site whose occu-
P4/ nnc, as was unambiguously determined from pancy is to be rifined, and it will then indisate
long-exposure Weissenberg and precession pho- lhe best combination of these atoms in the site.
tographs taken with MoKa and CuKa radia- Where more than two elements may b,e accom-
tions. No extra reflections violating P4/ nnc ex- modated in a single site, as for instance Fe,Ti,
tinction requirements were observed. Mn,Mg and an wtricn may occur together in an

Crystal #1 was a rather irregular tetragonal octahedral site, a composite of mJmajor ele-
prism, crystal #2 an irregular rectangular prism ments of contrasting atomic number wu. ihosen,
flattened in the c direction, and crystal #3 from e.g. Fe and Al to g'ive the same average scatter-
Wakefield, Quebec, was ground into a sphere ing factor as the cimplete set. The reiult, while
in a Nonius crystal grinder. All three crystals nof absolute, indicatJs where the heavier and
were mounted separately on Picker four-circle lighter elements should be placed. For samples
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#1 and #2 this site occupancy refine,ment un-
ambiguously assigned Al alone to the 8-fold cen-
trosymmetric./ site, Fe alone to the 4-fold dis-
ordered half-occupied B site, Ca alone to the
4-fold disordered half-occupied C site, and the
balance of cations Al,Fe,MgMn to the 16-fold
general AlFe site.

For crystal #3, the )RAY (Stewart et a/.
1972) system of programs was used, and in this
case site occupancies of one atomic species were
refined. The refinement was tlerefore an at-
tempt to rnatch tbe observed and calculated
electron density, and no significance was at-
tached to the particular scattering factors used.
The final electron distribution, however, agrees
well with the analyses of crystals #I and #2.
Table 3 shows the final atomic coordinates for
the three vesuvianites. The nomenclature of the
atoms and the coordinates given are shosen so
as to be easily compared with the data of War-
ren & Modell (1931), but because we used a
right-handed system the signs for the .x co-
ordinates are opposite. Anisotropic temperature
factors axe gtven in Table 4, ,and Table 5 shows
some of the more important interatomic dis-
tances in variotrs coordination polyhedra. The
table containing observed and calculated struc-

ture factors, has been deposited with the Na-
tional Ssience Library.*

Figure 1 is a stereodiagram of one unit cell.
In Figure 2 the details of atoms on the 4-fold
axis are shown. Figure 2a shows the two com-
plete sets of occupied C and B positions for
crystal f3, while Figure 2b shows a possible
real arrangement of singly occupied C aad, B
sites as they must exist in one part of the dis-
order.

DtscusstoN

The anions OH and O(1O) are the only ones in
the structure which are not bonded to Si atoms
and this is the reason that OH was so assigned.
Our attempts to locate the H atoms were un-
successful, and for this reason we cannot say
whether there is H associated with O(10) as
Coda et al. (1970) suggest.

Our assignment of pure Al to the centrosym-
metic A site depends upon the mean octahedral

*This table has been deposited with the Depository
of Unpublished Data. Copies may be obtained on
reguest to: Depository of Unpublished Data, Na-
tional Science Library, National Research Council
of Canada, Atawa, Ontario, Canada.
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sito occupancy refinement indicated .999 A1,
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tl-,,u!d 1.019 A1,-.019 Fe in A and, .743 N"
.257 Fe in AlFe for #2. The negative atorr
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cogjtrained to 1.000, and they thus app6ar to
indicate ultra purity of one element spe6ies.

Perhaps it is significant that Fe ii concen-
trated in the less symmetrical of the two octa-
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high symmetry, the distortion is very small, with
the quadratic elongation parameteis of l{obin-
son et al. (1971) being 1.0065 f.or A and t.OWg
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& Strens 1967), or wirh S-fold cooidination sites
as in yoderite @eet & Megaw 1962). This is
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ly with the B site, but further di,scussion of this
must await the results of Mdssbauer m€asure-
ments on this material. The BO(10) distance
seems quite variable wilh 2.245 in #1, 2.100 in
#2 and,2.214 in #3. Coda et al. f.otmd .8-0(6)
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1 .6,43(2)'r .608(2)
1.624(2)
I .659 (r )

2 .3mQ)
2.52112)
2.421
2.490(2)
2.431 (2)
2.383(?)
2.451 (2)
2.426(2)
2.344(2)
2.s08(2)
2 .330 (2 )
2.470
2.454(2)
2 .Aee (2 )
2.547 (2)
2.n]Q)
2.357(2)
2.607(2)
2.588(2)
2.461 (2)
2.502
2.28e(3)
2.66812)
2.479
2.085(2)
2.214(8)
2 . 1 1  1
1.921(2)'I .889 (2)
1.e37(2)
2.057(2)
r .e6o(2)
1 .e" t7 (2)'l .9q7
r.e39(2)
1 .859 (2 )
1.873(2)
1.890

c (ca) -0(6)  (4x)
0(e)  (4x)

R (Fe) -0(6) (4x)
0 ( l o ) ( l x )

Al Fe -00 )
0(2)
0(3)
0(4)
0(5)
OH

A (Ai) -o(4) (2x)
0(8) (2x)
0H (2x)

'r .e44(4)
1.862(4)
I .873(4)

'r .e43(5)
r.8e3(4)
i .e50(4)
2.074(4)
1.982(5)
r .89r (4)
|  . v 5 0

l .e44(4)
1 .874 (4 )
1 .865 (3 )
I .894mean 1.993

Stardard devlatio16 ln parenthss refer to last dtrlma.l place,
o lndrcates brldgtng oxygen ln Slr0? qrouD, (zX) lndlcats
ruI t i pl I cl ty -of_bond. Superscrl pb' rafer i! sydtetry operati on
nmer. Lqulvatent, postttons in space grdp p4lrc btlo|n at
I were.nrfibered I,?....16 fros left to rlght, top to botion as
Prlmeq ln Intamtiml Tobl,@ for X-paA CtAstdllog?oph4
( 1 s 6 2 ) .

Frc. 1. A stereo view ef ffts rlnif cell rooking down the z-axis. Atom tvoes
are indicated by increasing radii: Si, O, O-i{, erc., e,E:Z:-d;'*"



- 2.077 atrd A-O(10) - I.978. The variation of
tho B-O(10) distance must arise from the pecu-
far bonding around the B site. B is almost in
the plane of the square formed by   0(6) atoms,
and so can vibrate freely perpendicular to this
plane, i.e. strongly anisotropically along the 4-
fold axis. The I site could thus be viewed as
having coordination rather like an octahedron
with one corner missing.
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2.too
2.214

?'2n co(3)

Frc. 2. The atomic arrangement along the 4-fold axes. (a) Coordination with each of the B and C posi-- 
tio* occupied. O) An-arratrgement of singly occupied B- and C-sites showing bond lengths derived

for samples 1, 2 an.d 3.

The occuuence of Be-bearing vesuvianite
has been recorded from at least 3 localities
(I{urlbut 1955) including that from Great Slave
Lake (sample #1). Table 6 shows the structural
formula which can be calculated for this sam-
ple, using electron probe analysis for all consti-
tuents except Be and H"O, the former being
determined by Meen (1939) and the latter cal-
culated to give exactly 16 'OH per cell. Fe"*
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ut. % Cation pmp.

sro? 36.6 36.000

C80 35.6 37.5201  ̂-  -^
Na20 O.O4 0.076 J 

rt 'ou

TABLE 6. STRUfiURAL FORiflJLA OF GREAT SIAVE LAKE (fI) VESWIAITITEon this axis. Several ordered models are po$sible,
where the 4 sites presently occupied by 1/z atoms
are reduced to 2 fully occupied sites. Such
ordering necessarily reduces the symmetry of
the structure forcing it into a sub-group of. P4/
nnc, srtch as, for example P4/ n. Certarn viola-
Iations of. P4lnnc extinction requirements would
be observed, such a$ have been noted bv Arem
& Burnha,m (1969). Because the major part of
the structure would conform to P4/ nnc witl
only the ordered, special positions, on tle 4-
fold axis, belonging to the sub-group, it might
not be possible to identify the lower symmetry.
Thus, a structure with true space group P4ln
migbt be expected to have diffraction syrnme-
ty of. P4/nmm ar P4 could appear to be P4/-
mmm, which were the space groups observed by
Arem & Burnham. This would satisfactorily re-
solve the problem of fitting the vesuvianite siruc-
ture into a space group containing an m symbol,
but it is quite possible tlat an alternative ex-
planation, such as zubmicroscopic twinning,
exists. Until a satisfaciory refinement is per-
forrned on a vesuvianite violating P4/nnc reilec-
tion conditions, we must reserye further specula-
tion.
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