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Arsrn-a.ct

_ The crystal structure of a zincian tirodite, Nao.zr
Cas.2dvlgs.ToMnr.oo Zno.za FeP+o.ez Fea+o.oz Alo.oe Siz.ez
O::(9-H).r; c-.9.q(1), b 18.126-(l), - c- s.31(1)4, p
102.63(1)", C2/m; tu;s been refined bv fuli-inatm
lqp!+quares 4ethods to an ^R-index oi S.Z% ,;rsnry
13S observed intensities measured with'-MoKi
radiation on a 4-circle diffractometer. Fe3+ and Fe8+
site--populationp-were assigned from peak intensity
ratios obtained by least-square refinehent of Miiss-
bauer spectra recorded at 273"K and,77"K. and the
distribution of Mg, Mn and Zn over the thre non-
equivalent octahedral sites was refined usinc bulk
chemical constraints from the mineral analvsis. 

-

The results of previous infrared studie of Mn-
cummingtonites are confirmed. Mn is stronsly or-
dered into the M(4) site whereas FeP+ is orderEd inro
M(4) and M(2). Zn strows octahedral site-preference
of M(I) >i14(3)>> M(2)> M(4) and Mn Shows the
site preference M(3) > M(l) > M(D. Z;nciantjro-
dite is isotypic..with other C-centred dummingtonites
prevtously stucued.

Sorarvrem,s

__La sjrqcture cristalline d'une tyrodite zincif0re,
t{46.2,Q2e.61VIga. zoMnr.aoZno.zoFe2io,lgFes+o.ozAlo.o"

Qiz-.qp-:-z (QH) a a 9.606(1),, 18. 126 ( 1), c 5.317(1).8,,
P 1O2.62(L)", C2/tn, a 6t6 affn€r, pai it m6thodi des
moindres carr& ) matrice enti6ere, jusqu'i un rEsidu
de 3.77o sur 1383 intensit6s observ6es- en rayonne-
ment MoKe au moyen d'un diffractom6tre i-4 cer-
cles. Les sites de FeP+ et Fe3+ ont 6t6 choisis i partir
des proportions de I'intensit6 des pics obtenui par
I'affine.rnent par moindres carr6s 

-des 
spectres de

Mftsbauer enregistr6s A, 273' et 77"K. I-a. distribution
de Mg, Mn et Zn dans les trois sites octa€driques
non-6quivalents a 6t6 affin6e ) partir des contraintes
impos€es par I'analyse chimique-du min6ral.

Les r6sultats der 6tudes pr6c6dentes i I'infrarouge
des cummingtonites-Mn sodt confirmEs. Mn est forie-
ment ordonn6 dans le site M(4), tandis que FeP+ est
ordonn6 dans M(4) et M(2):. 

'La 
pr6f6r?nce de Zn

ponr les sites octa6driques est dans I'ordre: M(I) >
M(3) >> M(2) > M(4). Pow Mn, cet ordre est:
M(3) > M(l) > M(2). La tyrodite zincifdre est iso-
structurale avec d'autres cummingtonites centr6es
en C pr6c6demment 6tudi6es.

(Traduit par la R6daction)

It.ttnooucrtoN

The characterization of intracrystalline cation
ordering in minerals has received considerable
afiention from mineralogists and crystallogra-
phers in the past decade, due to its potential use
ns a geothermometer. Of the many experimental
techniques tlat may be used to derive site{olru'
lations, the three most common techniques are
X-ray diffraction (Whittaker 1949; Zussman
1955), Mdssbauer spectrossopy (Bancroft et al.
1967b,1968; tsancroft 1970) and infrared spec-
troscopy @urns & Strens 1966; Burns & Prentice
1968). Ilowever, the precise characterization of
site-occupancies is often limit€d by the applic-
abili,ty of the experimental method used. For
example, Fe and Mn cannot be directly dis-
tinguished by X-ray diffraction due to the simi-
larity of the.ir scattering factors; in most sili-
cates, Mdssbauer qrectroscopy may only be used
to derive site-populations of iron; infrared spec-
tra may be too complex to resolve @ancroft &
Burns 1969) and oxidation can occur during
sample preparation. These problems can be sub-
stantially reduced by choosing a combiaation of
experimental techniques pertinent to the specific
problems encountered during an experirnental
study. Bancroft et al. (L966, L967a) and Ban-
croft & Burns (1969) have shown the utility of
this approach in deriving site-populations by
combined Mdssbauer and infrared studies. Dur-
ing the present study of the crystal structure of
n zinsinn tirodite, the problems involved in de-
riving site-occulrancies were extreme; however, a
combination of Miissbauer spestroscopy and X-
ray diffraction site-population refinement tech-
niques substantially reduced the number of
assumptions necessary to derive complete site-
populations and demonstrates the utility of com-
bined experimental methods in the resolution of
site-chemhtry in complex minerals.

Crystal-structure refinements of cummingto-
nite (Ghose 1961; Fischer 1966) and grunerite
(Ghose & Hellner 1959) first showed that Fez+
preferentially occupies the M(4) site in ferro-
magnesian amphiboles. This was subsequently
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confirmed by Mdssbauer @ancroft 1.9671' Ban-
croft et al, 1967a; Ghose & Hafner 1968; Hafner
& Ghose 1971) and infrared spectroscopy (Strens
1966). Although the X-ray results of Ghose
(1961) indicated some ordering on the octahedral
[M(I), M(2) and M(3)] sites in cummingtonite,
this was not detected by the spectroscopic studies.
However, this has since been confirmed by com-
bined Miissbauer and infrared studies (Bancroft
et al. I967a) and precise site-population refine-
ment of single-crystal X-ray data (Finger 1967,
1969a). It has long been recognized that the pre-
sence of additional cations in a crystal can signi-
ficantly affect the Mg-Fe2+ site-ordering pattern.
This was shown to be the case in Mn cummingto-
nite @ancroft et al. I967a; Buckley & Wilkins
1971), 

"where Mnz+ exhibits a much stronger pre-
ference than Fd'+ for tle M(4) site, thus altering
the Fe'+ site-ordering pattern.

Crystal-structure refinements of PZt/m cvm-
mingtonite and C-centred Mn cummingtonite
were reported by Papike et aI. (1968, 1969).
Prewitt et al. (197O) showed that P2r/ m stm-
mingtonite transforms to C2/m cummingtonite
upon heating, and crystal-structure refinements
of high cummingtonite at various temperatures
have been reported by Sueno et aI. (1972a,b).

E>rppnnvrsNrlr-

The crystals used in this investigation are
from Franklin, New Jersey and were kindly
supplied by Dr. Jun Ito. Chemical analysis and
physical properties are reported by Klein & Ito
(1968), #90384; the structural formula is given
in Table 1.

X-roy dillraction

Single-crystal precession photographs exhib-
ited diffraction symmetry 2/ mC-/ - consistent

TABLE 1.

utt fomula

s r  1 .47
A1 0.09
Tetrahedral.X 7:gi

with space groups C2/ m, C2 and Cn. In line
with previous work (Ghose l96L; Pap*e et al.
1969), tle centric space group was adopted and
found to be satisfactory. A euhedral cleavage
fragment showing the {110} form was selected
ior the intensity measurements. Unit cell dimen-
sions were measured on a Syntex Pf 4-circle au-
tomatic diffractometer and are presented in
Table I together with the unit-cell contents and
other data pertinent to data collection and pro-
cessing. Details of the data collection methods
and data reduction procedures are reported
elsewhere (Hawthorne & Grundy 1976),

Mdssbauer resonance specta

Miissbauer spectra :\ilere recorded with an
Austin Science Associates drive system used
in conjunction with a Victoreen P1P4OOA multi-
channel analyzer. The velocity wave form was
of the asymmetric sawtooth type with the source
velocity varying between i5.5 mm/sec. The
source was 5"Co in a palladium matrix and the
velocity scale calibration was made against the
spectrum of iron foil. In order to reduce asym-
metry effects due to sample orientation, samples
were mixed and finely glound with sugar before
mounting (R. G.Burns, pers. comm.). Absorber
thickness corresponding to 1.6 mg of natural
iron per cm2 was used, as both the iron content
and the amount of sample available were small.
Off-resonance counts in excess of 2.5X100 \rere
accumulated.

fNrenpRErerroN oF MtissseuBn Spncne

The experimental spectrum shows two qua'
drupole-split ferrous doublets; by analogy with
the previous work on ferromagnesian amphi
boles, the outer doublet was assigned to Fe2+ in
M(L), M(2) and M(3) and the inner doublet
to Fe2+ in M(4). The small haf-width of the
outer doublet indicates that either this overlap
is nearly perfect or the octahedral Fe'* ls
ordered into one site.

In addition to these two doublets, an inflestion
is present on the upper velocity side of the
lower velocity component of the M(4) ferrous
doublet. The chemical analysis indicates the pre-
sence of Fe8+ in both octahedral and tetrahedral
coordination, and this inflection can be assiened
to the high-velocity component of an octahedral-
ly coordinated Fee+ doublet. Even allowing for
the hidden Fea+vr cortponent, the total lower
velocity absorption is much greater than the to.
tal higher velocity absorption. The method of
sample preparation precludes significant asym-
metry effects due to preferred orientation. This
suggests the presence of another ferric iron

a e .606(1)R
b 18.126( r )
c  5 . 3 1 7 ( 1 )

t  r 0 2 . 5 3 ( l ) "
v  903.38Rr

Sp.Cp. C2/a
z 2Fe

M!

Z n

Na

M s l

0 . 0 7
0 . 4 2
1 . 6 0
0 . 7 5
1 a n

o . 2 6
o . 2 1
0 . 0 2

t e 8  6 . 9 9

D ^ . - .  3 . 2 4 ( 2 ) e / c s
o " " l  3 . 2 s  -

1t 
earc 

34.5cn-r
Radr.atlod I.|olC
CrydtaL 0.09x0.09
Drrendlog x0.22m
N o .  o f  l F  |  - ^ ^ ^
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o l  r r d r

n .8< l r  l - l r  l ) /E l r  1  F l na l  R  (obs )  3 .72' l  o l  I  c l  "  - l - o l  F t n a l  R  ( a 1 1  d a L a )  t t , 4 z
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doublet in the low-velocity part of the spectrum
as is indicated by the chemical analysis, and an
attempt was made to fit four doublets to tlie
spectrum. The spectrum was fitted using tle
program of Stone (1967).

Starting parameters were estimated visually
froni the experimental spectrum. The position
of the lower velocrty component of the octahe-
dral Fe8+ doublet was estimated from isomer
shift and quadrupole splitting values in other
amphiboles (Bancroft & Buns 1969; Ernst &
Wai 1970). The positions and intensities of the
hidden Fe8+ doublet components were estlmated
by examining the residuals obtained from the
low-velocity absorrption.

During the initial refinement cycles, the area
of the,most intense peak was varied whilst keep-
ing the area ratios and all other parameters con-
stant in order to scale the peak intensities to the
experimental measurements. Attempts to vary
all the positions with the constraints of equal
half-widths for all peaks and equal area for
doublet components resulted in divergence.
Exanination of the iterations prior to divergence
showed that the positions of two peaks (initially
assigned as tle low-velocity component of the
M(4) Fe'+ doublet and the low-velocity compo-
nent of the octahedral Fee+ doublet) were con-
verging on the same value. This was taken as
iadicative of perfect overlap of these two peaks,
and thus they were combined with the intensity
of the resulting peak constrained to be equal to
the sum of the intensities of their high-velocity
counterparts. In addition, all half-widths except
that of the 'double' peak were constrained to be
equal, and refinement resulted in convergence
at a f-value of 415. The half-width of tle dou-
ble'peak was only slightly larger than those of
the single peaks (fable 2), thus justifying the
assumption of complete overlap.

To check the validity of the fitted spectrum,
the low-temperature (iquid nitrogen) ipectrum
was recorded. The refinement converged to a
X'-value of. 421 for 8 peaks with the constraint
of equal half-widths for all peaks. All attempts
to remove this half-width constraint resulted in
divergence, and examinslion of the correlatioo
matrix derived from the least-squares procedurc
showed that there was extreme correlation be-
tween variables of strongly overlapping peaks.
Final parameters for both spectra are given in
Table 2.

The Mdssbauer parameters for the octahedral
Fe8+ doublet are sfunilar to those determined in
alkali @ancroft & Burns 1969; Ernst & Wai
1970) and calcic a-Fhiboles (unpublished data)
for Fes+ occupying the M(2) site. In addition,
these parameters do not corespond with those

IAaLE 2. udss8Auq. REsuLT$ roR zrNcrAN ERoDrrE

1.9.1 Q.S. E.W. At* Raii.o**

*#., 1.078 1.775 0.329 1.ooo

t"i,ir,r,r, r..130 2.808 0.32s 3.614

tdlrl 0.447 0.514 0.32e 0.56e

r4lrt o.u1 0.4e4 0.32e 0.618

.  equa l  a res  fo r  Wper  &  lder  ve loc l ty
@ D S E l a l n t B :  ' -

peak t  a l l  ha l f -dd ths  equa l

x' 42x 1z E 3og ggz - 43s

Id t@€rature aDect@

r * io l  r , r47  r .743 0 .357 1 .ooo

t { r r  0 .454 0 .637 0 .351 0 .s47

t{rr 0.118 0.519 0.357 r..620

Cotrstralnts: s above
f 42r rz - 3o7 99.- - 434

-Is@e! 
shifts (u/eec) are lelatlve to zero for lron-fo1l

*a tl
No@l lzed to  Fq l ) , .  -  1 .0

n ( c '

TABLE 3. AMYIC PARAMETSRS T'OR ZINCIAN TIRODITE

0(1)  0 .1138(3)
0(2 ,  0 .7224(3)
0(3)  0 .1130(4)
0(4)  0 .3751(3)
0(5)  0 .3501(3)

o(6) 0.3492(3)
0(7)  0 .3439(4)

r(1) 0.2864(1)
T(2)  0 .2955(1)

l.l(1) 0
t4<2) 0
t1(3) 0

x(4) o

0 .0864G.)  0 .2116(5)  o .OA( : )R
0.1723(1)  0 .7198(5)  0 .74(3)

0  0 .7104(7)  0 .72(s )

0.2469(1) 0.7767(5) 0.98(4)
0 . r -307(2)  0 .0673(5)  1 .00(4)

0 ,1204(2)  0 .5616(5)  1 .09(4)
0  0 .2787(8)  1 .11(6)

0 .08426(5)  0 .2784(2)  0 .58(1)
0 .L6977(5)  0 .7853(2)  0 .60(1)

0.087rrr3) 7/2 0.70(2)
o . r7744(7)  0  0 .72(3)
0  0  0 .73(4)
0.2625t(5) r/2 0.92(1)

of Fe'+ n M(L) and M(3) for hydrous amphi-
boles (Semet L973). This indicates that the octa-
hedral Fe'+ is ordered into the M(2) site as
would be expected from charge-balance criteria.
The remaining doublet is a little more problema-
tical; it was tentatively assigned to Fee+ in tetra-
hedral coordination as indicated by the chemical
analysis, and the following X-ray refinement re-
sults are marginally improved by inclusion of
this amount of tetrahedral Fes+. In addition. the
isomer-shift values are in good agreement with
values obtained for a doublet in the spectra of
titanium-zirconium garnets (DowO 1971) which
was assigned to tetrahedral Fe8+. However, these
values are low when compared with the isomer
shifts of Fee+ in R.E iron garnets (<I.S.>-0.30
mm/sec, Nicholson & Burns 1964), spinel-type
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cubic ferrites (<I.S.>-0.25 mm/sec, Mizoguchi
& Tanaka 1963) and Fes+-bearing orthoclase
141.5.;=O.46 mm/sec, Brown & Pritchard
1969). Dowty's fitting of the garnet spectra has
been criticized by Burns (L972) who states that
the isomer shift of the tetrahedral Fea+ doublet
is lower than that of tetrahedral Fe3+ in sulfides,
inferring that the Fes+-O bond is more covalent
than the Fe3+-S bond. Comparison with I.S.
values for tetrahedral Fe8+ in RE iron ganlets
and other silicates would indicate that the in-
creased covalent bonding expected in tetrahedral
coordination is not, in general, sufficient to pro-
duce I.S. values as low as those observed here.
However, recent work on synthetic ferri-diop-
sides (Ilafner & Huckenholz I97l), natural ferri-
augites (Virgo L972) and syntletic ferri-phlogo-
pite (Annersten et aJ. 1971) has shown peatrs
with parameters in agreement with those ob:
tained in the present study. In particular, the
ferri-phlogopite spectrum consists of a single
Fe3+ doublet with an I.S. of 0.17 mm/sec. Thus
an oxygen environment can produce I.S. values
smaller than those generally encountered in sul-
fides. The reason for this becomes apparent from
the crystallography of these minerals. The X-ray
results indicate that the Fe'+ occurs in the T(2)
tetrahedron in zinc-cummingtonite, which is
analogous to the tetrahedron in the clinopyrox-
enes. The most apparent feature of these tetra-
hedra is their extremely short 

"-O(nbr) 
bonds.

Brown & Shannon (1973) have suggested that
the covalency of a bond is related to its length;
accordingly, the ?(2)-O(a) and ?(2)-O(2)
bonds in the amphiboles and the Si-O(2) and
Si-O(l) bonds in the pyroxenes will be extre.me-
ly covalent. This is supported by X-ray photo-
electron spectra of the oxygen 1s level in ortho-
and clinopyroxenes (Yin et al. t97l), where the
non-bridging anions are observed to have h
hrgher binding energy than the bridging anions,
indicating a higher degtee of 'covalency'. Hence,
the small amounts of Fe8+ in these tetrahedra
are likely to show very low isomer shifts.

Q6slfining the peak intensities with the chem-
ical analysis gives the site-populations in Table
4. The intensity of the doublet assigned to tetra'
hedral Fee+ is proportionally much greater at
lorn temperature than at high temperature. Al-
though relative changes in the recoil-free fraction
at the octahedral and tetrahedral sites are to be
expected, they are unlikely to be of this magni-
tude, and this effect is probably the result of
sample orientation combined with high correla-
tion of variables in the fitting procedure. Thus
the area of the tetrahedral Fe3* peak was not
usod in the site-population calculation. Fe3+ was
assigned to the 7(2) site to fill it and the remain-
ing populations were assigned from the Miiss-
bauer and chemical analysis results. Two differ-
ent procedures have been used to assign site-
populations from peak-intensity data. Bancroft
et al. (1967a) assumed that the recoil-free frac-
tions of the M(4) and the M(I), M(2) and
M(3) sites differ by LOVo. Conversely, Hafner
& Ghose (L97L) assumed that the recoil-free
fractions at all four M sites in cummingtonites
aie equal. In view of the close agreement be-
tween the site-populations obtained by X-ray
diffraction (Finger L969a) and Miissbauer spec-
troscopy (Hafner & Ghose 1971) on the same
sample of grunerite, we have assumed that the
recoil-free fractions at the four M sites are equal.

Cnvsrel-Srnucrune RTrnIEMENT

Scattering factors for neutral atoms were taken
from Doyle & Turner (1968) and anomalous dis-
persion coefficients were taken from Cromer
(1965). Quoted R-indices are of tle forms given
in Table 1 and are expressed as percentages.
Atomic coordinates and isotropic temperaXure
factors from the X-ray refinement of C-centred
Mn-cummingtonite (Papike et al. 1969) were
txed as input parameters for the least-squares
progra,m SORFIS (Stewart 1967). Initial site-
occupancies were assigned on the basis of the
known crystal-chemical characteristics of ferro-

TABIJ 4. Slff,-lOPUtATlONS TOR ZINCIAN TIRODITE

Standaral devlatloua fr@ leaat-squares*t

Slre PopulatLons
Uethod 1 Method 2

r(1) 0.978St + 0.022AL
T(2)* 6.99tt + 0.0U'e

M(1) 0.2522a + 0.708!'{s + 0.039Mn
!r(2)* 0.t6Sre2+ * 0.020Fe* + 0.o34za + o.TgDrg
!{(3) O,L77Z\+ 0.722Mg + o.10D4a
!{(4)* o.710Mo + 0.045!'E2+ + 0.14oca + o.Lo5Na

10,o42)za, (0.080)lG, (0.06s)lh
(0.053)zn,  (0.0s3)us
(0.083)zn, (0.098)ue' (0.091)l&r

(0.004)z!; (0.004)ugi (0.004)Mo

(0 .004)zn ;  (0 .004) ! , lg

(0 .007)zo ;  (0 .007)18;  (0 .008) rb

Itor esaLgueal f,rou uossbauer spectla results, 
&*see 

text.
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magnesian amphiboles (Papike et al. L969). Nl
large cations were assigned to the M(4) site
together with Fe* where Fe*=Fe*Mn*Zn and
was expressed in terms of the scattering curve
for neutral Fe. The remaining Fe* was assigned
as being randomly distributed over M(1), M(2)
and M(3).

One cycle of refinement varying atomic posi-
tions resulted in an R-index of l4.IVo. One cycle
varying the isotropic temperature factors gave
an R-index of. l2.1Vo and a further cycle vary-
ing positions and isotropic temperature factors
gave an R-value of 8.7Vo. At this stage, the
temperature factors of the octahedral sites were
not equal, indicating a non-random distribution
of Fe*. Thus the site-occupancies were varied by
refining the formal multiplicity of the foar M
sites. Several cycles of refinement gradually in-
creasing the number of variables resulted in an
R-index of. 6.IVo, At this stage, the isotropic
temperature factors for M(L), M(2) and M(3)
were equal within one standard deviation, and
the total scattering power of the M sites from
the refinement was equivalent to that of the
chemical analysis to within less than LVo. T\is
would indicate that tle refinernent had not de-
parted significantly from the actual composition,
as had been observed in some other refinements
(,Finger 1969a; Burnham et aI. L97L). However,
correlations between site-populations, temper-
ature factors and the scale factor were highn and
at this stage the pararneters were used as input
to the least-squares program RFINB (Finger
1969b). Initial site-occupancies were caLculated
from the total scattering power at each site from
SORFIS, the chemical formula, and mean bond-
Iengtl considerations. The total scattering power
at M(4) indicated that it was completely oc-
cupied by Na, Ca, Fe.and Mn. Ferrous iron oc-
cupancy oL M(4) was taken from the M6ssbauer
results, thus giving unambiguous site-occupancies
for the catlons occupy'mg this position. Consis-
tent with previous work @apike & Clark 1968;
Hawthorne & Grundy 1973), tle octahedral
ferric iron was assigned to tbe M(2) site. The
<M(z\-O> distance was 2.0924 at this stage
and the M(2) site-occupancy from the uncon-
strained refinement was 0.742(8)Mg*0.258fe.
For the M(2) site, the mean boqd lengfh is
related to tle mEan ionic radius of its constituent
cations by the oquation

<M(z)-O> : 1.55? +0.733 < ruo)) Q:0.992)
(Ilavrthorne L973). Using the 414(2){) bond
lenglh given above, the mean ionic radius of the
cations occupying the M(2) site may be calcu-
lated. Application of the above rclation to the
structure of C-centred Mn-cumminglonite (Pa-

pike et al. 1969) indicates that there is no Mn
n the M(2) site (see next section). If this is
assumed to be the case for z,incian tirodite, we
have three simultaneous equations involving the
M (2) srte-populations :

avs | 1Fo2+ + r^ + 0.02 (Fes+) : 1.0

(rw )(0.72) * (r"u'* X 0.78) * (xb X0.745)
+ (0.02 X 0.645) : lrao) z'

Qcw x 12) * ((r"u'* + 0.02) x.26) 1(rza ! 30) :
(0.742 xLD + (4.258x26)

Solution of these equations indicates that all the
octahedral Fe2* is in the M(2) srte [M(2)-
0.758 Mg + 0.167 Fe'* * 0.055 Zn + 0.020
Fet+1. This leaves three species, Mg, Zn and Mn
which are distributed over the M(l) afi M(3)
sites. Initial siteaopulations were assigned on
the basis of bond-length considerations and to-
tal scattering powers of each site from the un-
constrained refinement. Then all three species
wero refined over the M(1) and. M(3) siter
using bulk-chemical constraints (Finger L969c).
Each site was split into two half-occupied sites,
each of which may be considered as a combina-
tion of two species; thus the sites

M(l) rMs * yZn * elvln
M(3) zMs + t'Zn * zTil{n

become the pairs of sites

M(L )  ( x -  a )Mg*yZn  r  -  a+y :0 .5
M ( l ) '  a M g * z M n  a + z : O . s  w
M(3) (x' - a')Mg + !'Zn xt -lat I yt :9.5
M(3)' a'Mg * zMn a' I 'zt - 0.5

The Zn-Mg distribution may be refined for the
unprimed sites and the Mn-Mg distribution may
be refined for the primed sites, with the follow-
ing bulk-chemical constraints otrrerative:

Y t : l f i o t - 2 t
Ar : Mniot -Mny1a1 - z

Application of this procedure resulted in an
R-value of 4.4Vo. Convergion to anisotropic tem-
peratur€ factors (Table 1), application of a va-
riable isotropic extinction correLtion (Tacbiaria-
sen 1968), asd several cycles of last-squares
refinement gradually increasing tle number of
variables rosulted in convergence at an R-value
of. 3,9%. Examination of bond lengths calcu-
lated at this stage showed a slight change in the
mean M(2) bond length, indicating ihat the as-
signed populations wgre no longer quite correct;
this was also reflected by the relativc nepitudes
of ttre equivalent isotropic tempenfirre fectory
Blaltl = Bnat lBurot indicating that tlc elcctron
density Ylai slightly too high et the M(2) sitc.
Thus thc bulk-chemistry consfeint for Zn was
appropriately modified and the distribution of

x * y l z : L
r ' a 1 t 1 z ' : r
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Zn was refined over M(1), M(2) and M(3). A
subsequent cycle of refinement, refining the dis-
tribution of Zn and Mg over M(I), M(2) and
M(3) and the distribution of Mn over M(1)
and M(3) together with all other variables, re-
sulted in convergence at an R-index of 3.8Vo.
The equivalence of equivalent isotropic temper-
ature factors at M(L), M(2) and M(3) suggests
that the derived site-populations are correct.

The correlation coefficients encountered dur-
ing the site-population refinement were extreme-
ly large among the population parameters, with
a typical value of 'rO.994; howevero correlations
between site-populations and the scale and tem-
perature factors were without exception very
small. This ill conditioning of the matrix of nor-
mal equations is not the result of the equations
being a poor approximation, as is the case for
an unconstrained site-population refinement, bttt
occurs because the solution is only marginally
defined. Due to these large correlations, the
standard deviations must be extracted from thc
full matrix. This requirement is extremely im-
portant, as the use of a partitioned matrix at this
stage will give rise to a substantial underestima-
tion of the errors. This effect was evaluated for
the zinc-manganese cummingtonite refinement
by performing successive cycles of refinement,
whilst varying the site-populations of two of the
chemical species at a time, with the third held
contant. The final standard deviations for the
site-populations are given in Table 4 (method
2), where they are compared with those from
the full-matrix refinement (method 1). It is ap-
parent that method 2 gives standard deviations
that are too low by at least an order of magni-
tude, and therefore, those standard deviations
in the published literature that have been esti-
mated from partitioned matrices must be viewed
with extrerne caution.

During the later stages of refinement, cycles
of least-squares refinement were performed both
with and without the presence of tetrahedrai
iron. Both bondJenglh comparison with C-Mn
cummingtonite @apike et al. 1969) and crystal-
chemical factors suggest that any tetrahedral
iron should be ordered ulrto T(2), and this
premise is upheld by the refinement results.
Without the presence of tetrahedral iron, the
equivalent isotropic temperature factor of 7(2)
was four standard deviations smaller than the
equivalent isotropic temperature factor of ?(1);
inclusion of the amount of tetrahedral (fenic)
iron indicated by the analysis resulted in equi-
valent isotropic temperature factors at 7(1) and
T(2) that were statistically equal although no
reduction in the R-index occutred. Although this
is a result of marginal significance, it is compa-

tible with the results of the Miissbauer experi-
ment.

Final atomis positions and equivalent isotro-
pic temperature factors are presented in Table
3, site-populations are given in Table 4 and the
final observed and calculated structure factors
are listed in Table 5{'. Interatomic distances
and angles were calculated with the progr.arr
ERRORS (L. W. Finger, pers. comm.) and are
given in Tables 6,7 and 8. Table 9 lists the final
anisotropic temperature factor coefficients and
the magnitudes acd orientations of the principai
axes of the thermal ellipsoids are presented ir
Table 10.

DtscusstoN

Ord.ering

The site-populations obtained from tle re-
finements confirm the non-random distribution
of Mn in rnanganoan cummingtonites that is in-
dicated by both infrared spectra (Bancroft et al.
L967a) and bond-length considerations (Papike
et 01. 1969). Previous results show a fairly good
qualitative agreement with this work; the M(4)
site preference of Mn)Fe)Mg is confirmed,
and ordering of Fe'+ into M(2) is also indicated.
In the zincian tirodite, the mean ionic radii
(Shannon & Prewitt 1,969, l97O) of the cations
n M(2) is 0.73A; substitution of this into equa-

sTable .5 is available, at a nominal charge, from
the Depository of Unpublish.d Data, CISTI, Na-
tional Research Council of Canada. Ottawa. Can-
ada KIA 0S2.

TABLE 6. SEI.ECTSD IMEIATOMIC DISTANCAS

Atds Dlstalce Atomg Dlatdnce

r 4 ( 1 ) - o ( 1 )  z . o e g ( a ) R  *
M ( 1 ) - 0 ( 2 )  2 . 1 2 9 ( 4 )  x
r.r(1)-0(3) z,oe6(4) x

lrean il(1)

M ( 2 ) - 0 ( 1 )  2 . L 5 5 ( 4 )  x
lr(2)-0(2) 2.092(4\ x
}r(2)-0(4) 2.026(4) x

He€tr u(2)

! l (3)-0(1) 2.092(3) x
! r ( 3 ) - o ( 3 )  2 . 0 6 9 ( 5 )

Mea! u(3)

A - 0 ( 5 )  2 . 8 3 5 ( 4 )  3
A - 0 ( 6 )  3 . 2 8 9 ( 4 )  x
A-0(7) 2.327 (5) x
A-0(7) x

Mean for 12 ).962

r ( 1)-r (2)
rhrough 0(6) 3.094(1)

r(r)-r(2)
through 0(5) 3.063(l)

r(1)-r(1)
acrose dlrror 3.055(2)

r (1 ) -o (1)  r .o rg( r )R
r(1)-0(5) r,626(3>
r(1)-0(6) 1,632(4)
r(1)-0(7) 1.624(2)
lrean T(1) 1.32!_

L l z ) - v l z )  r . o z r ( ) ,

r (2 ) -0 (4)  1 .600(3)
r (2 ) -0 (s )  r .63?(3)
r (2 ) -0 (6)  r .658(3)

ueed T(2) 1.630

t { ( 4 ) - 0  ( 2 )
M  ( 4 )  - 0  ( 4 )
r.r  (4) -0 (5)
! l ( 4 ) - 0 ( 6 )

|lean fot 8

flean for 6

2.I95 (4)
2.O99(4)
3 . 1 0 9 ( 5 )

2 . 5 0 8

2.307

!r(1)-u(1) 3.158(2)
n ( 1 ) - u ( 2 )  3 . L 2 2 ( L )
lr(1)-M(3) 3.092(1)
M(1)- l r(4) 3.179(1)
!r(2)-M(3) 3.2L6(L')
l r (2)-M(4) 1.073(r)

x 2

x l



tion (1) forecasts a 1M(2)-O) distance of
2,O9lA in agreement with the experimental re-
sult (Iable 6). Although agreement as exact as
this must be considered as fortuitous, this does
Iend additional weight to the X-ray results tlat
are compatible with complete Fe!+ ordering
into M(2). As the scattering powen of Fe and
Mu are similar and Mns+ is 0.05A larger than
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Fe"*, any substitution of Mn into the M2 site
would lead to a less satisfactory agreement be-
tween the observed and calculated 1MQ\-O)
distances. It should be noted that application of
the above equation to C-centred manganese cum-
mingtonite @apike et al. 1969) indicates that
there is no Mns+ n the M(2) site, resulting in
M(2) site-population of (O.84 Mg, 0.16 Fe'+).

TABIT 9. .AllrsoTnoprc rcupmruRr recrors {/r' x ro5)

o""* P1l /22 431 412 B' R;

TABLE 7. ?OLY TDRAI BDOE LXNClffi

T(1) Terlahedron

0(1) -o (5)  z .ez : (a )8
0(1) -0 (6)  2 .667(8)
0(1)-0(7) 2.668(4)
0(5) -0 (6)  2 .63 ' t (4 ' )
0(5)-0(7) 2.629(3)
0(6) -0 (7)  2 .645(4)
Ueano-o  W

M(1)  Octahedro l

o{ r f ) -o tzd l  2 .840(4)
0( r ; ) -0 (2 ; )  3 . r04(4)
0( I : ) -o (3- )  2 .788(4)
0( r " ) -0 (3 ' )  3 .08r (4 )
0<2) -0(2)  2 .930(9)
0(2) -0 (3)  3 .125(3)
0(3)-0(3) 2.756(9)
l,leaa 0-0

f(2) Octahedron

0 ( 1 ) - 0 ( 1 ) ,  2 . 7 7 4 ( 9 )
0 ( r - - ) - 0 ( 2 : )  2 . 8 a 0 ( 4 )
0 ( r - ) - 0 ( 2 - )  3 . 0 6 0 ( 4 )
0 ( 1 ) . . o ( 4 ) J  3 . 0 2 2 ( 4 )
0 ( 2 - ) - 0 ( 4 : )  2 . 8 6 2 ( 4 )
o ( 2 ' ) - o ( 4 - )  3 , o a 6 ( 4 )
0 ( 4 ) - 0 ( 4 )

!t4a 0-0 2 ,952

T(2) Tetrahedlm

o(2)-o(4)  z. tng19,
0(2)-0(5)  2.646(7)
0(2)-0(6)  2,672(5)
0(4)-0(5) 2.655(4)
0(4) -0 (6)  2 .s51(4)
0(5) -0 (6)  2 .693Q)
llean 0-0 2,312-

N(3) octahedron

o ( r f r - 6 1 1 4 y  2 . 7 7 1 ( o \
o ( 1 ; ) - o ( u )  3 . 1 3 3 ( 5 )
o(1 ; ) -o (3 : )  2 .?88(4)
0( r - ) -0 (3- )  3 .090(4)
Mean 0-0 ?.2!4

l.l(4) Polyhedroo

0(2) . -0 (2) , .  2 .e30(9)
0(2- ) -0 (4 ; )  3 .023(4)
0(2 : ) -0 (4- )  2 .862(1)
0(2 : ) -0 (5 ; :  3 .731 <4)
o(4 : ) -o (5 : )  3 .337(s )
0(4 : ) -0 (6 : )  2 .5s1(4 '
0 (s ; ) -0 (6 , - )  2 .637(4 '
0 (5 ; ) -0 (6 : )  3 .128(e)
0(6- ) -0 (6 ' )  3 . r07(6)
llean 0-0 3.037

r(1) 194(8) 32(2) 557(27)

r(2) 212(9) 34(2) 546(27)

u(1) 274(12'  34(3) 654(37 )
M(2) 257 (r3) 37 (3) 700(39)

l1(3) 279(19'  3?(5) 66?(58)

!{(4) 285(9) 86(2) 694(26)

0(1) 182(22) 34(6) 749(74)

0(2) 201(23) 50(6) 779<73)

0(3) 263(34) 37(8) 735(114)

0(4) 327<27) 42(6) 1102(85)

0(5) 255(25) 86(7) 905(81)

0(6) 237(2s) Lo9(8) 893(81)

0(7) 294(39) 25(9) 1839(146)

3(3) 4r(!2) 3(6)

r4(4) 51(12) 1(6)

0 1r.7(15) 0

0 96c.7) 0

0 90(23) 0

o 226(72) 0

J.2(9) 50(34) 1(r7)

2(r0) 74(32) 1(18)

0 r.45(48) 0

56(10) 78(38) 26(18)

6(1r) 1r.2(35) 161(19)

16(1r.) 24(35) !28(20)

0 200(60) 0

?ABLE 10. VISRATION EL1ITSOIDS

R . U . S .
Dl6plac@6t

Asgle to An81e to
b ads c sl's

.Abgle !o
e alg

o.oz:(s)82
r(1) 0,086(2)

0.096(2)

90
74(6')
16(6)

90
81(12)
9(t2)

u(1)

gs(s )o  r (a )o  go(7)o
111(9) 83(8) 146(9)
22(8) 93(4) 124(9)

\<2)
0.073(3) 74(4)
0.086(2) 98(6)
0.101(2) 18(4)

16(3)
87(E)

x05(4)

90
90

0
90
90

90
176(6)
86(6)

90
r76(l.2)
94$2'

90
r71(9)

25(2'
115(2)
90

90(9)
105(l.9)
1.5(19)

92(8)
159(6) ;
110(6) :BU 8, gl1Mrm ilrERAtollc Al{crs

T(l) Tet.ahedron

0(r)-1(1)-O(5) u:. .0(z)"
0(1)-r(1)-0(6) 1r0.3(2)
o(1)-r(1)-0(7) 110.8(2)
0(5)-r(r)-0(6) 108.1(2)
0 ( 5 ) - r ( r ) - 0 ( 7 )  1 0 8 . 0 ( 2 )
0(6)-r(1)-0(7) ] ! 'a.7e)

uean 0-r(l)-0 !g9l_

U(1) &tahedron

orr l l -urD-orz9l  8s.2(r)
o ( 1 : ) - M ( r ) - o ( 2 : )  e 5 . 4 ( 1 )
o ( 1 : ) - M ( 1 ) - o ( 3 : )  8 6 . 0 ( 1 )
0 ( r - ) - M ( 1 ) - o ( 3 ' )  9 s . 4 ( r )
0(2)-u(1)-0(2) 87,0..2)
0(2)-r(1)-0(3) 95.4(2)
0(3)-u(1)-0(3) 82.2(2)

x*n 0-u(1)-0 9q:9_

u(2) oclahadron

0 ( 1 ) - u ( 2 ) - 0 ( 1 ) r  8 0 . 1 ( 2 )
0 ( I - - ) ! u ( 2 ) * 0 ( 2 ' )  . 8 3 , 9 { 1 )
o(1-)-u(2)-o(2')  92.2(r ' )
0 ( 1 ) . - u ( 2 ) - 0 ( 4 ) ,  s 2 . 5 ( 2 . )
o(2,:)- I1(2)-o(4:)  88.0(1)
0 ( 2 - ) - r ( 2 ) - 0 ( 4 ' )  9 s . 4 ( 1 )
0(4)-M(2)-0(4) e4.9Q)
bn 0-u(2)-0 !!9_

A Poleh€alron

o ( 7 ) - 0 ( 7 ) - 0 ( 7 )  5 9 . 9 ( 1 )

0.334

T(2) Tetrahedro!

0(2)-r(2)-o(4) : . r0. :(z)"
0(2)-r(2)-0(5) 108.5(2)
0(2)-1(2)-0(6) 10e.0(2)
0(4)-T(2)-0(5) 110.2(2)
0(4)-?(2)-0(6) 103.0(2)
0(5)-1(2)-0(6) 109.6(2)

lh 0-r(2)-0 w:!_

U(3) Octahedrop

o t r l l - x < s ) - o ( 1 : )  8 3 . 0 ( 2 )
o ( i : ) - r ( 3 ) - o ( r ; )  e 7 . o ( 2 )
0 ( 1 ; ) - M ( 3 ) - o ( 3 : )  8 4 . 1 ( 1 )
0 ( 1 - ) - H ( 3 ) - 0 ( 3 ' )  9 s . 9 ( r )
eao o-u(3)-0

I(4) Polyhedr@

0(2)-M(4)-0(2)r 83.8(2)
0(2:)-M(4)-0(4:)  83.6(1)
0(2;)-x(4)-0(4:)  8e.5(1)
0 ( 2 : ) - M ( 4 ) - 0 ( 5 ; )  8 7 . 8 ( 2 )

{(4:)-x(4)-o(t)  77.0(1)
0(4:)-M(4)-0(6;)  64.r(1)
0(5:)-M(4)-0(6:)  65.4(r)
o ( s - ) - M ( 4 ) - o ( 6 ' )  s 3 . 9 ( r )
0(6)-u(4)-0(6) 72.4(n

ueu O-rl(4)-0 !!,2_

Tetrah€drotr

1(1)-0(5)-1(2) r : '9.7(2)
1(1)-0(6)-r(2) L40.2(2)
1(1)-0(7)-t(1) 140.3(3)
0(5)-0(6)-0(5) t12.o(2')
0(5)-0(7)-0(6) r71.0(2)

0.0r6(3)
0 .093(3)
0.110(2)

0.079(4)
0 .097(3)
0.107(3)

0.079(5) 90
0.095(4) 86(9)
o.n2(4) 4(9)

0.082(2) t2a(2) 90
0.118(2) 742(2')  90
0.120(2) 90 0

0.073(7) 77(14) 20(15)
0.091(6) 146(18) 71(15)
0.104(5) 117(18) 86(10)

!{(3)

0(6)

90

0.091(6) 103(66) 13(68) 89(20)
0(2) 0.095(5) 159(46) 103(69) 95Qs'

0.104(5) 107(25) 92(20) 5(25)

0.0?9(9) 90 0
0(3) 0.q95I8) 56(22) .90'0ix.10(7) 34Q2) 90

0.067(7) 64<4) 26(4) 98(5)
0(4) 0.119(5) r15(U) 81(7) 141(12)

0.136(5) 143(9) 66<4) 52(12)

90
L54{24'

69(22>

o.07717)
0. r.06(5)
0.144(5)

0.091(6)
0.r02(5)
0.r52(5)

98(9) 131(3) 4r(4)
171(8) 88(7) 87(8)
95(6) 41(3) 49(3)

82(22) 50(9) 36(8)
16r.(10) 71(13) 80(19)
107(4) L44(4'  56(4)

0.065(x1) 90
0(7) '  0 .u (8)  117(7)

0.158(6) 93(7)

0
90

90
80(?)
x0(7)

'a-  goo -  
[ool-oor-o<a] /e0. .
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This strong ordering of Fe'* inlo M(2) is also
shown by analysis of the O-H stretching bands
in the infrared region (Bancroft et al. I967a)*.

Thus all evidence in Mn- and Zn-Mn cum-
mingtonites does indicate stroag or even com-
plete ordering of Fe!+ into the M(2) octahedron.
It should be noted that the Fez+ site-preferences
in zinc and manganese cummingtonites is in
agreement wrth both Ribbe & Gibbs (1971) and
Burns (1970) predictions although each is based
on stightly different crystal-field criteria. This
distribution of Fer+ differs from that observed
in other clinoamphiboles:

1) cummingtonite M(4)>>M(3)-M(L)> M(2)
2) grunerite M(4)>M(3)>M(\)>M(2)
2) glaucophane M(3)> M(l)>>M(z)
4) actinolite M(I)>M(3)>M(2)
5) ferrotschermakite M(3)> M(L)>>M(2)
6) arfvedsonite M(I)> M(3)>>M(2)
7) parsasite M(\):U131;2Y121

1) Ghose (1961); Fischer (1966)
2) Finger (1967), 1969a)
3) Papike & Clark (1968)
4) Mitchell et al. (LW0, t97l)
5) Hawthorne & Grundy (1973)
6) Hawthorne (1976)
7) Robinson et al. (L973)

. . . the Fe3+ distributions of which are difficult
,o tuliqnalize on the basis of C.F.S.E. predictions
(Ribbe & Gibbs L97I). It is apparent that the
ordering patterns in the different amphibole
species are strongly controlled by anion bond-
strength requirements and the presence of addi-
tional cations. In glaucophane and arfvedsonite,
the occurrence of Na at M(4) leads to a bond-
strength deficienry at the O(4) anion that can
only be compensated by the occurrence of tri-
valent cations (Al and Fe8+) at M(2); thus the
M(2) site is not available (or only partly avail-
able) for occr4rancy by Fes+. It is perhaps un-
realistic to expect a single criterion to explain
the sitedistribution patterns of a particular ele-
ment in different mineral species 'when no ac-
count is taken of the additional cations present.

Coordination ol the M(4) site

In his original description of the structure of
grunerite, Finger (1967, L969a) referred to the'M(4) site as six-coordinated on the basis of
bond lengths. Subsequently, Donnay & Allman
(1970) used their bond-strength scheme to 'de-

*There is a misprint in Table 4, && 1021 of this
referencel the quoted Feg+ occupanry of. M(2) ia.
tle unit formula of Ma cummingtonite should read
0.57 NOT 0.07.

monstrate' that the M(4) site in grunerite has
a one-sided fourfold coordination with no bon&
ing interaction bet\treen M(4) and either of the
chain-bridging anions O(5) and 0(6). Con-
versely, Brown & Gibbs (1969, L97O) and
Mitchell et al. (I97O, 1971) implicitly assumed
that M(4) is eight-coordinated in all non-alu-
minous clinoamphiboles, and tleir treatment of
Si-O distances was criticized by Baur (1971) be-
cause of this. The discussion given by Bragg
(1930) would indicate that a one-sided fourfold
coordination is highly improbable here. In addi-
tion, the supposition of a sharp cutoff in the
pairwise interaction of ions is incompatible with
all forms of inter-ion potential (Iosi 1964).

Baur's scheme may be used to test a structlrre
for the most likely coordination number; Tablc
11 shows the observed and calculated bond
lengths for the tetrahedral sites in cummingto-
nite (Cumm), grunerite (Grun) and C-Mn cum-
minglonite (C-Mn), calculated by the methods
outlined by Baur (1971) for [4]-, [6]- and [8]-fold
coordination of. the M(4) site. The results are
rather ambiguousl for C-Mn cummingtonite, a
[6]- or [8Ffold coordination is indicated, whereas
the grunerite results indicate a [4]-fold coordina-
tion; the cummingtonite results show no prefer-
ence. A similar analysis rras made with the bond-
strength scheme of Brown & Shannon (1973).
Table 12 shows the bond-strength sums around
O(5) and 0(6) in the cummingtonites for dif-
ferent coordination numbers ot M(4). In all
cases, the deviations from the ideal value of 2
are least for [8]-fold coordination of. M(4).
However, inspection of the complete bond-
strength tables for the non-aluminous clinoam-
phiboles (Hawthorne 1973) shows that the best
anion sums occur around O(5) and 0(6); com-
parison of the deviations for [4]- and [6]-fold
coordination ot M(4) with other anion devia-
tions (where the nature of the coordination is not
in question) shows them to be of the same order.
Hence it is questionable whether significance
can be attached to this result.

If the interaction between M(4) and the chain-
bridging anions is so weak that a unique coordi-
nation number for M(4) cannot be defined in the
cummingtonite, the question arises as to whether
or not this interaction (if present) oan be of any
significance in the crystal chemistry of these
minerals. There are several factors, unconnected
with any theories of chemical bonding, that are
pertinent to this question. Ross e/ al. (1968,
1969) and Papike et al, (1969) have shown tlat
when significant amounts of Mg occur in the
M(4) site in cummingtonite, the structure as-
sumes the space group P2t/ m rather than the
C2/ rn symmetry that is characteristic of more
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!AXL! 11. BOND tEltgTE C.ALOILAIIONS TOR TEE CIM}TTNSTONITEST

3t7

M(4) gooldl@tlo! [a]-coorarute f6]-coordtnate [6] -coora uate

c,mt cro Cl@ Gtun C@ Grs

r(r)-0(r)

oBs.
T(X)-o(5) UETSoD I

METBOD 2

o3s.
r(1)-0(6) lit!'rf,oD I

UETEOD 2

oBs.
1(1)-0(7) llETEoD r

UETSOD 2

08s.
T(2)-0(2) METEoD 1

!.IETEOD 2

08s.
T(2)-0(4) r.lrlnoD 1

!{rrnoD 2

oBs.
r(2)-0(5) lrETnoD 1

us11i0D 2

oBs.
T(2)-0(6) r.G"rsoD 1

l4EtgoD 2

*  r .6x9  1 .637(4)  1 .610(3)
1 .616 1 .616 1 .616
I.6L9 r.627, X,.620

r.6L4 L.627$) r.622(4)
1 .616 1 .616 1 .616
r.6L9 L.627 t.620

1.628 1 .630(4)  1 .633(3)
1 .616 1 .616 1 .616
!.6L9 !.627 L.620

1.613 1.613 (2) 1.616 (2)
1.616 1.616 r.6L6
r.6L9 \.627 I.620

1.625 1 .533(4)  1 .618(3)
\.634 L.634 L,6X4
r .644 L .637 1 .640

1.609 1 .604(4)  1 .595(3)
1.604 1.604 1.604
r . .614 1 .614 1 .610

r.619 r..511(5) 1.634(3)
1.619 1.619 1.619
L.629 L.62? L.625

1,643 r .638(5)  1 .655(4)
1 .619 1 .619 1 .619
r .629 r .622 1 .62s

0.010 0 .010 0 .013
0.009 0 .009 0 .013

1.619 1.537(4) 1.610(3)
1 .61 i  1 .611 1 .611
1.611 1.619 r,6L2

1,6L4 7.627$' r.622(4)
1.611 1.611 1.611
L.611 1.619 J".6r2

1 .628 1 ,630(4)  1 .633(3)
r ,64L L .64L 1 .641
1.641 1.649 L,642

1.613 1 .613(2)  1 .616(2)
1 .611 1 .611 1 .611
1.611 1.619 I.612

1.625 1 .633(4)  1 .618(3)
r .622 L .622 L .622
!.629 r.622 r.625

1.609 1.604(4) 1.595(3)
L:592 1.592 !,s92
r.599 L,592 1.595

1.639 1 .611(5)  1 .634(3)
7 .622 L .622 L ,622
1.629 !,622 1.625

1.643 1.638(5) 1.655(4)
1 .653 1 .653 1 .653
L.660 L .653 1 .656

0.009 0 ,013 0 ,006
0.008 0 .012 0 .005

1.61e 1 .637(4)  1 .610(3)
1.611 1.611 1.611
1.608 1 .616 L .609

L. 614 L, 627 (5) L. 622 <4)
1 .633 1 .633 1 .633
1.630 1 .638 r .63 .L

1 .628 1 .630(4)  1 .633(3)

1 .630 r . .638 1 .631

1.613 1 .613(2)  1 .616(2)
1 .611 1 .611 1 .611
1.608 1 .616 1 .609

1:625 1 .633(4)  1 .618(3)
I.623 1.623 t.623
t .627 L .620 L .623

1.609 1 .604(4)  1 .595(3)
1.585 1.585 1.565
1.589 1.582 1.585

1.639 1 .611(5)  1 .634(3)

l-.650 1.643 1,646

r.,643 r..638(s) 1.655(4)
r .646 r .646 L .646
1.650 1 .643 r .646

0.009 0 .0r4  0 .007
0.009 0 .014 0 ,007

038
MSrgoD 1
MSrgoD 2

(a)r
1 ) z

icalculated usiDg the dethodd of Bau! (1971); **lGthod 1 6es the vahe of<d(Sf-o)) calcuLat€d fr@ the
eqlatioB: <d(s1-0)> -1.584 + 0.0127 (c.n.). uethod 2 uses the obsemd !e@ boBd I'sgrhs.
tlood lengths taken flod l'ltchetl er al. (1971).

Fe-rich cummingtonit$, and this has since been
confirmed by Kisch (1969) and Rice et al. (1974).
Papike et el. (1969) showed that in the F2t/ m
structure, the tetrahedr,al chains distort indepen-
dently, producing a change in the attitude of the
chain-bridging anions adjacent to the M(4) site;
they suggest that tlis change occurs o'in order to
provide the necessary coordination for the joint
Ca/Mg occupancy" of. M(4). If this inference
is correct, it indicates an interaction between
M(4) and the chain-bridging anions. At ex-
tremely magnesian compositions, the ferromag-
nesian amphiboles crystallize with the anthophyl-
lite structure. The change in the double-chain
configurations (Finger L97O), when compared
to tlat in C-centred cummingtonite, is accom-
panied by major changes in the anion arrange-
ment around tbe M(4) site; a comparison of the
relevant interatomic distances is given in Table
13. It is difficult to explain the occurrence of
these three different structure types with very
similry chemical comporftions if the M(4) site
in C-centred cummingtonite is considered as
[4]-coordinate, as the major structural differ-
ences between these structures involve the con-
figuration of the chain-bridging anions in the
vicinity of the M(4) site. On the other hand,
the relationships among these tlree strucfures
may be adequately rationalized 1f. MG) is con-

TA3r,E 12. SOND StRtrGlrS ARoUID 0(5) A]lD 0(6) rN TEE

CUMMINCIOTITES .

I]NCORRECTED
n(41

C@rdltrstlon 0(5) 0(6) 0(5)

4

4

8

4

6

4

8

1.980 1 .894
1.980 2.020
2.030 2,020

2.034 1 .951
2.034 2.038
2.066 2.038

1.984 1 .899

L.984 2,033
2.033 2.033

L.972 1 .903
\.972 2.029
2.02L 2.029

1.899 1.855

1 . 8 9 9  2 . 0 1 5

r.996 2.015

r.932 1,862

7.932 2.004

2.02L 2.004

1.890 1.818

1.890 1.999

1.991 X.999

1.868 1.818

1 , 8 6 8  1 . 9 9 r

7 . 9 7 9  1 . 9 9 1

'calculated 
f!@ the cwes of Brm C shamoo (1973);

b@al slrdgtbs fu va].eoce slts (v.u. ) .

IABTE 13. nnEnalc[rlc.DrsTANcas (8) anouro u(4) nlrrB
lExBot4ActsSrAs .6ilPE30IES.

czlt vzrlf P-"*

2.120(3)
1.9e6(3)
2.865(3)
2,867 (3'

u(4)-o(2)
-0(4)
-o(5)
-0(6)

2.2a1Q' 2.ae56' 2.208(6t
2.109(4) 2.139(8) 2.074(8)
3.101(3) 3,20r(6t 2.932(6'
2.592(4' 2.511(8) 2.650(8)

2.156(3)
2,044(3>
3.481(3)
2.387(3)

tprpit" 
"t 

a1. O969)t 
*rrogo (rgzo).
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sidered as bonding to the chain-bridging anion(s).
The aniori rearrangements about M(4) that
acconpany the changes in space group occur as
a result of the different bonding requirements
of the M(4) cation(s) as the arnount of Mg at
this site increases. Although tlis suggests that
the coordiiration of the M(4) site is not [4], it
does not indicate whether [6]- or [8J-fold co-
ordination is more realistic.

Another approach to this problem concerns
the Mdssbauer parameters for Fe"* in the M(4)
site. The isomer shift is sensitive to the coordina-
tion of the cation, and should give an indication
of. the M(4) coordination number. Comparison
of the values obtained for Fe2+ in the M(4) sites
of cummingtonite with those obtained for other
ferromagnesian silicates suggests that tbe M(4)
site should be considered as f6]-coordinate. The
isomer shift is slightly less than that exhibited by
Fe'* in regular and slightly distorted octahedra;
this could reflect the extremely distorted nature
of the M(4) polyhedron when considered as an
octahedron, as the bonding will become more
covalent as the bond length variation increases
(see previous section). However, this does not
negate the possibility ot M(4) being [8]-coordi-
nate. Although the observed isomer shift of Fe'+
n M(4) in cummingtonite is much less than that
normally encountered in [8]-fold coordination,
the extreme bond-length distortion could lead
to a considerable decrease in the isomer shift. As
this effect is not very well characterized, this
possibility cannot be dismissed.

Despite the fast that bond-strength arguments
do not yield a decision among the coordinations
[4], [6] and [8] for the M(4) site, the above dis-
cussion suggests that a [4]-fo1d coordination for
M(4) is not valid, and that M(4) does bond to
the chain-bridging anions. The evidence margin-
ally favors [6]-fold over [8]-fold coordination,
although it is certainly not conclusive.
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