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ABSTRAcr

fle.optica] absorption and Mdssbauer spectra of
natural spinel, synthetic FeAl:Oe and staur6fite have
oeen examined at room and low temperatures for
contributions to the spectra from octahedral Fe2+.
,r he major details of the spectra are due to tetra_
hedrally coordinated Fe2+. The assignment oi the
peak at : 10700 crn{ in the optical specirum of
natural spinel has a temperature-dependence in ac_
cord. with the as_signment. of this peak to the 6?ro+
"trs transition of octahedral Fe2+. The Milssbaluer
spectra of the natural spinel contain no evidence of
octahedral Fe2+ but the spectra of FeAl2Oa meas-
ured at 77K or below show a small doubleiwith a
quadrupole splitting of -1.9--7..c, which is as_
signed to Fe2+ in a octahedral site with u o"!utiu"
tri-gonal splitting. Neither type of spectra of stau-
rolite gives clear evidence of octahedial Fes+ though
Miissbauer spectra at 4,2K show magnetic oiJer-
ing.and peak-intensity variations indicaiint a ;i;ri_
bution of Fe2+ cations.

SoMMAIRE

" 
L'absorption optique et les spectres Miissbauer

du sprn€lte naturel, du FeAlrOa synth6tique et de la
staurolite ont 6t6 examin6s i basse temp6rature
ainsi qu'i tempdrature ordinaire afin de d6celer Ia
contribution du Fe2+ octa6drique. Les traits princi_
paux. des spectres proviennent du Fe2+ coor?onn6
t6tra6driquement. L'attribution du pic :10700 cm-1
du spgctre optique du spinelle naturel d6pend de la
temp6rature, conform6ment d l,attribution de ce pic
A la transition "Tnu->"Eu du Fe2+ octa6drique. i,es
spectres Mdssbauer du spinelle naturel n,apportent
aucune preuve de I'existence de Fes+ octa6drique,
mais les spectres du FeAl2Oa, mesur6s d 77K-ou
moins, montrent un petit doublet avec d6double_
ment qrradripolaire de -1.9 mm/sec, qui est attribu6
au Fe2+ sur site octa6drique avec d6doublement
u6gatif trigonal. Aucun des types de spectres de la
staurolite ne prouve la pr6sence de Fe2i octa6drique,
bien que les spectres Mdssbauer d 4.2K indiquenr
une mise en ordre magn6tique et des variation-s de
l'intensit6 des pics indiquent une distribution des
cations Fes+.

INrnopucrloN

Tetrahedral Fe,n in large concentrations is
not commonly found in minerals. The two mosr
well-known examples are spinel (Mg.-"Fe"Al:On)
and staurolite. Although both minelah are re-
puted to contain some octahedral Fer*. the con_
tributions of these ions to the spectra have not
been clearly determined.

Neutron diffraction studies of svnthetic
FeAlzO' show l5/o of the Fe2+ is in the octa-
hedral Al site (Roth 1964) but the Mdssbauer
spectra of this spinel have been interpreted as
due to tetrahedral Fe2+ alone (Ono et al. 1966.-
Rossiter 1965). The room-temperature optical
absorption spectra of natural spinels containing
Fe2+ have been variously interpreted as having
only tetrahedral Fe2+ (Slack 1964) or reinter-
preted as having some octahedral Fe2+ (Gaffnev
1973;Mao & Bell 1975).

Elucidation of the details of the com,position
and structure of staurolite has been a particular-
ly difficult problem. In most studies bf stauro-
Iite, room-temperature Mdssbauer spectra are
used to argue that the majority of ihe iron is
Fe'+ and that the iron is distributed amonssr
tetrahedral and octahedral sites in the apprJx-
imate ratio 3/1. Simitar spectra and aiilyses
have been given by Bancroft et at. (1967), Smith
(1968) and Takeuchi et al. (1972). However, as
the peafts assigned to octahedral Fer+ in the
room-temperature spectra merge into the peaks
due to tetraledral Fe2+ in lAe nf spictra-
Dowty (L972) concluded that all the iron ii
tetrahedrally coordinated. However, as the crystal
chemislry eyidence (Griffen & Ribbe 1973) sug-
gests that octahedral Fe2+ is present in stauro-
lite, there is the possibility thtt these ions have
a lower than usual isomer shift and give peaks
in the same position as the tetrahedral-Fe2f. For
example, the isomer shift of octahedral Fe2+ in
FeO at 295K is 0.89 mrnrsec (Greenwood &
Howe 7972), whereas the centre of the stauro-
lite spectrum at 295K is 0.98 mm/sec (Dowtv
| 97 2). IJow ever, the room-temperature polarizei
absorption spectra of a staurolite frdn pizzo(Traduit par le journal)
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Forno, Switzerland, have been reported (Ban-
croft & Burns 1967) and show only a band
centred at 6000 cm-1 due to the 5E+ uT, transi-
tion of tetrahedral Fe'?+.

We report here an examination of the Miiss-
bauer and optical absorption spectra of spinel
and staurolite using low temperatures in an
attempt to resolve the conflicting interpretations.

Exruntuprlrer, Dnterls

The spinel samples used in this study were a
natural blue crystal and synthetic FeAlzOe pow-
der. Analysis of the natural spinel by electron
microprobe gave the composition Mgo."reFeo.ozr-
Alr.ooezOa, assuming all the iron is Fe'*. The
chromium oxide content was less than the de-
tection limit of 0.08 wt. 70.

The FeAl"Oa was prepared from analar grade
alumina and ferric oxide by heating at 104O"C
for several periods of up to 4O hours under a
II, and COz atmosphere calculated to give an
oxygen partial pressure of 10{' atmospheres. No
phase other than FeALO4 was detected in X-ray
powder patterns.

The staurolite samples are detailed in Table 1.
The optical absorption spectra were meas-

ured using a Cary L7 spectrophotometer over
the range 6O00 to 3106 cm{. The low-temper-

1ABLE 
'I. 

DETAILS OF STAUROTITE SAMPLES.*

BroM crvs ta l l ine  in  auar tz -ser ic i te -sch is t  f rom P lzzo-Forno '
Tess in - ,  Swl tzer land ' (sample  R20704,  Bureau o f  Minera l
Resources, Canberra);

F":. r sAl t z.oaMgo.aaTio. ogsir.ozOqq(0H)c

Reddish-brcm pofous in quartz-muscovlte-biotite mtrix' fron
lhackar inoa.  N.S. l l .

F r t .  ioA l  t  z .zo f lso .ozT 
j  
o .  I  I  Zno.  o5s i  i .5s044(0H)4

Dark broM twlnned porphyroblasts frcn l i lount Isa' N.S.U.
F"r. o/1 r r. osMgo. oBTi o. r 'r Zno. ozssi 2.n7044 

(0H)4

Dark brom twinned porphyrcblasts fron Taos County, New l4exico'
Not analyzed.

Formulae  are  ca lcu la ted  on  a  bas is  o f  44(0)  t  4 (0H) .

ature spectra were obtained using the flow tube
technique. Temperatu,res could be maintained
and measured to f2oK.

The Miissbauer spectra were obtained with a
aonstant acceleration spectrometer using a 30mC
sour@ of "?Co in Pd matrix. The velocity was
calibrated against an iron foil absorber and
zero velocity was taken as the centre of that
spectrum. Spectra at low temperatures were
taken with 1fos sample on a variable tenperature
insert in a helium dewar. Most of the Mtissbauer
spectra obtained in this study contained broad
peaks and were not amenable to conventional
least-squares fitting with either normal or gaus-

sian-broadened Lorentzian lineshapes. Instead,
the spectra were analyzed as a distribution of
quadrupole splittings about a common centre
by a linear least-squares fit to a trigonometric
series (Window l97I), and further approximated
as a sum of two or three gaussian distributions.

SPNEr

Optical study

The spectrum obtained of a natural spinel
crystal at 295K (Fig. 1) is similar to that pre-
sented by Slack (1964) for a blue spinel with
2.4% Fe. Cooling the crystal to 47K leads to a
general decrease in intensity in the near-infrared
and visible producing a number of sharp bands.
The decrease results primarily from the tem-
perature variation of the high energy qdge of
the tetrahedral Fe'+ spin-allowed tE+ uTz ab-
sorption centred at -45W cm-' (Slack 1964;
Slack er al. L965) and the loss of a "hot band"
at -l37OO cm"(b). The steep edge at the ultra-
violet end of the spectrurn is attributed to
oxygen to rnetal charge-transfer processes.

Previous interpretations of the room-temper-
ature spectra of natural spinels containing Fe"*
have been in conflict over the contribution due
to chromium ions (Slack 1964; Gaffney L973).
In the sample under study the ratio Fe2+/Cr3*
is not less than 50. Any Crt* ions would be
situated in the centrosymmetric octahedral site
(Miller 1959). Hence, from considerations of

TABLE 2. DETAILS AND ASSIGNI.IENTS OF THE ABSORPTION SPECTM OF THE
NATUML SPINEL.
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cation concentration and site symmetry, the peak
intensities of the spin-forbidden transitions due
to tetrahedral Fe2+ will be at least one and three
orders of magnitude greater than Cr3+ spin-
allowed and opin-forbidden ftansitions respec-
tively. Thus, all bands in the 1800O to 280O0
cm' energy range are attributed to tetrahedral
Fe2+ spin-forbidden transitions and have been
given assignments (Iable 2) closely following
those of Gaffney '(1973).I{owever, several tan-
sitions not reported by Slack (1964) are seen here
and have been assigned using the energy level
diagram of Marfunin et al. (L968) in conjunc-
tion with the Racah parameters given by Gaff-
ney (1973). The small splitting of the 2614O
cm' (D band is attributed to removal of the or-
bital degeneracy of the 8ftfG) level by either the
Jahn-Teller effect or a s,mall distortion in the
site sy,mmetry. The sharpening of the bands with
decreaso in temperature is consistent with these
being assigued to spin-forbidden transitions.
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Frc. 1. Optical absorption spectra of the natural spinel crystaltaken at295K and47K. The crystal thick-

ness (t) was l.63mm.

253 1.52

The band at -1O700 cm' (a) shows a temper-
ature dependence in accord with the assignment
of this band to the 6Ta + 6En transition of Fe'+
in an octahedral site (Gaffney 1973; Mao & Bell
1975). This transition has a similar energy in
other minerals ,(Faye 1972) and, the decrease in
intensrty of the band with decrease in temper-
ature is indicative of a forced electric-dipole
transition in a centrosymmetric site (Figgrs
1966). The lack of splitting in the 6Eu excited
level is also in accotd with the Doa symmetry of
the octahedral site in spinel.

The presence of octahedral Fe2+ introduces
some uncertainty into the assigrrments of the
peaks fi1 the 120@ to 1800O cm-l region. The
"hot band" at -137O0 cm" (b) is likely to orig-
inate from the tetrahedral Fd+ 6E-> 

"Tr(If)
transition, but, at present, no definite assignment
can be given to the peaks at 15475'(c), 1622A(p)
and, 17O29 cm{(e). It is difficult to attribute
them to the tetrahedral Fea+uE+'?rf/{) and



SPECTRA OF STAUROLITE AND SPINEL

"E-+iE(9H) transitions since this would imply
splittings of -700 cmo in these transitions and
this would be inconsistent with the absence of
large splittings in the previous assi8r,ments. The
energies of the bands are consistent with lower
lying (in energy) spin-forbidden transitions of
octahedral Fe8* and Fe2+ (Manning 1972) but
their intensities would seern to be too large rela-
tive to the 10700 cm{(a) band for either type of
assignnent. It is concluded that although, from
the analysis of the sam.ple, it seems reasonable
to attribute the origin of the peaks in the 12000
to 18000 cm'l region to iron, only a precise
survey of several spinels with varying transition
metal ion concentrations covering a wide range
of site distributions and valence states could
positively determine the correct assignments for
these bands.

The optical E)ectra at 295 and 47K of the
natural spinel, after it had been annealed under
the sarne conditions used to produce FeAlOr
are given in Figure 2. The heating has resulted

in a decrease in the intensity of the bands in the
1200&28000 cm'r region and caused a slight
increase in intensity of the 10700 cm{(a) band-
The 295K spectrum no longer shows sharp
bands. However, in the 120O0-280OO cm-' re-
gion the peaks occur in the same position as in
the spectrum of unheated spinel, and--are as-
signed to the same transitions. The differences
in intensity between the spectra is probably due
to a difference in tetrahedral site symmetry
caused by heating.

As before, the 107(X) cm-l(a) band is assiped
to the sTzs> EEu transition of Fe2+ in the octa-
hedral site and the temperature dependence of
the band has changed to be more characteristic
of a spin-allowed transition of art ion in a rion-
centrosymmetric site. We are unable to deter-
mine if the amount of octahedral Fd+ increased
after the heat treatment as the decrease in sym-
metry of the octahedral site could alone account
for the small increase in intensity of this band
between the two 295K sPectra.
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Frc. 2. Optical absorption spectra of the annealed natural spinel taken at 295K aDid 47K'
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Mdssbauer iludry

n3lural spinel was investigated at 295,
77 and 4.2K (Fig. 3). The spectra obtained are
very sfunilar to those previously published by
9\g.n_d..(1967) for a natural spinel containing
2.4Vo Fez+. The singie peak at room temperature
may_be,assiened to Fe2+ ions in a nearly perfect
telrahedral sitg but the ternperature dqiendence
of the spectra shows there to be small d-istortions
around the Fe2+ ions. Such distortions lift the
grbital degeneracy of the Fe2+ ground state 6.8
doublet. In the absence of spin-orbit coupling, a
splitliSg 8, leads to a tem,perature-depend-'int
quadrupole splitting (qs) which is independenr
of the wave function of the ground state of the
Fe'* ion and is given by (Gerard et at. 1,971):

esa = es6tanh (t/2kT).
The zero temperature qro can be estimated from
the spectrum at 4.2K as 3.O5 mm/sec. Assuming
aI! the ions to have the same isomer shift and
the same valuo of eso, the distribution in qs in
the spectrum at 77K could be approximated as
three gaussian distributions about 8 : 2O. 6O and
120 cm'1 with relative areas of 58, 14 and 2gVo
reryectively.

MINERALOGIST

The distribution in values of 6 may be related
to the variation in number of nearest Fe,"
neighbors around each ion. An ion in a tetra_
dral site has four nearest-neighbor tetrahedral
sites at 3.38A and, for a concentration of .l .4Vo
Fe"' io_ns randomly distributed in the Mg sites,
tho probabilities of 0, l or 2 nearest Fei* ions
are'14,23 and 2.7Vo respectively. The effect of
next-nearest neighbors and invenion of Mg and
Al ions will cause a broadening of the g vilu.",
but the figures show the main distortions.in the
Ttuyl spinel may be related to nearest-neighbor
distributions.

. The spectra taken of the annealed spine!,(Fig.
4) shorv tlat the heating has considerab[,
changed the environment of the Fe2+ iono. The
broad peaks are centred about O.g9 mm/sec.,
indicating the Fee+ is still tetrahedrally coordi-
nated. A "mean" qs splitting of the two peaks
yields a value of 205 cm'x for the splitting of the5E level but the broad peaks indicate 

-a 
.wide

distribution of splittings about this value.
The 295K spectrum of synthetic FeAl"Or

(Fig. 5) is very similar to that of the annealed
spinel as has been previously reported (Ono e/
al. 1966), except that some asymmetry is seen
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Fro. 3. Miissbauer spectra of the natural spinel.
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in the peaks. Cooling the sample to 77K and
26.5K reveals two prominent shoulders at O.3
and 1.9 .mm/sec. Spectra at lower temperatures
contain broadened lines as a result of magnetic
ordering. Previous spectra of FeAlzOa at low
temperatures have been analyzd as one broad-
ened doublet (Ono et al, L966). However, the
two shoulders can be assigned to a doublet due
to octahedrally coordinated Fe'+. Accurate
values of the isomer shif,t and qs of this inner
doublet could not be obtained as the outer lines
still show considerable asymmetric broadening,
but at 26.5K the values are estimated as L,2
and 1.9 mm/sec., respectively.

The assignment of 4 gmall 4s to octahedral
Fe2+ is consistent with the trigonal symmetry of
that site in spinel. In a trigonally distorted octa-
hedral field the Ta ground state is split into an
orbital doublet (0$ and a singlet (00) level. The
value of 4s is determined by whether 0y or rlo
is tle ground state and by their separation. The
two {i+r levels give contributions to the electric
fieH gfadient of %e1r*], or a value of 4s of up
to 2 mm/sec. The singlet rfro grves a contribution
of 4ze1r47 (Ono & lto 1964). Fe2+ ions in an
inverse qpinel such as GeFerOn show a large qs

qnft,'\.tiirt Aiir$rtqrrri

T -^. io i/,, i
Lz[ \. j \  i  2e5K

wa+.rtrnn*-,r, \*-rri]t 
fr : f \ !n^L27" 
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r- i :'i;rii*iqry,.rt'j 
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1 . 1
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Veloc i t y  (mm /sec )

Fro. 4. Miissbauer spectra of the annealed natural spinel.

of -3.0 mm/sec. at a low temPerature, con'
sistent with a singlet ground state (Varret &
Imbert L974). la such a spinel the oxygen para-

meter a : s/a a d the orygen polyhedron is
octahedral. A positive trigonal field arises from
six neishborine Al'* ions at 2.88A with a tri-
gonal ingle o{ 35.26".In a normal spinel, the
i=arge divilent ion in the tetrahedral site results
in an increase in a to O.387 for MgAlrOe (WY-
ckoff 1965) and u :0.3885 for FeAlzOa (Roth
t964\, and causes an expansion of the oxygen
octahedron along the trigonal axis. If the nega-
tive trigonal field of the oxygen ions is greater
than the positive field of the A1'+ ions, the dou-
blet becomes ground state and the qs will have a
maximum value of around 2 mrn/sec.

The crystal field due to the oxygen ions should
dominate the effect of more distant ions and
tre inner doublet in the spectra of the synthetic
spinel is assigned to ootahedral Fez+. The broad
lines of .the higher tem[t€ratuxe spectra preYent
tho temperature dependence of qs of the octa-
hedral Fe'+ being obtained and hence no esti-
mate of the trigonal splitting if tle sTrs level can
be made. The broadened lines in the low-tem-
perature spectra also prevent an accurate de-
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- 2 -1012

Velocity(mmTsec)
Fro. 5. Mdssbauer spectra of the synthetic FeAl2On.

-3

termination of the degree of inversion in the
FeALOT .sample. Area measurement, after ap-
proximating the shape of the low-velocity peak-s,
yields a figure of ISVo, which is of the- same
order as that obtained by neutron diffraction
(Roth 1964).

Having identified tle position of the peaks
from octahedral Fea+, the spectra of the nitural
spinel were examined closely for evidence of
octahedral iron. The 295K spectrum of nnheated
spinel does show slightly asymmetric wings
udrich could be due to a very small contribution
from octahedral Fe2+ but th6 broad peaks of the
tetrahedral Fee+ prevent any definite detection
of ostahedral Fez+ in either tLe natural or ar-
nealed spinel. A final comment on the two-
99"U1"_t r:oom-temp€rature spectrum reported by
Yagnik & Mathu.r (1968) for syntheiic ryinel
needs to be rnade. We were unable to reproduce
that spectrum, which differs from both tle spec-
tra of our synthetic FeAl:On and of the heated
natural spinel, and as shown above, a qs of.2.76
mm/sec is not expected for octahedral Fes+ in
a normal spinel.

FeP+ ions in the octahedral sites in other
normal spinels should also exhibit the doublet
ground state. Octahedral Fer+ in FoTiOa were
proposed to have such a ground state to account
for the high anisotropy of the rnagnetic suscepti-

bility of FerTiOn, but the Miissbauer spectrum
of these ions could not be resolved from the
broad spectrum of the tetrahedral Fez+ (Baner-
jee et al. 1967). Similarly, the normal spinel
FeVzOr has broadened lines which mask anv
doublet of the size predicted for octahedral Fe,;
(Ono er al. 1968).

STAURoLITE

Optical study

We have re-examined the absorption spectra
at 46K of. the Pizzo Forno staurolite Clable 1)
in the expectation that the major transitions of
both octahedral and tetrahedral Fe'+ will give
sha4ler bands at the lower temperature, as with
spinel. However, the q>ectra obtained at 46K
were the sarne as obtained by Bancroft & Burns
(1967) at 29511 and there were no features in
the 1O000 cm-l region. The experiment is incon-
clusive as to observe a band some L@ times
weaker than the 60OO cm{ band of the tetrahe-
dral Fe'+ requires a thick sample. When a stau-
r_olite crystal with a thickness of 1 mm was used,
thg 19qP cm-1 region was .,swamped,' by the
tail oj tle very intense oxygen to metal darg"-
transfer band.
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Mdssbauer studY

The Miissbauer spectra of the four samples
of staurolite were examined over the temper-

ature range 20-55OK and showed no features
that could be used to confirm the presence of
octahedral Fe'+ in staurolite. The spectra taken

at 4.ZK,(Fig. 6) show magnetic ordering and- it

is on this we will concentrate. The four samples
give similar spectra in that the peaks are in simi-

iar positions and extensively broadened, though

of unequal intensities. The Mijssbauer spectrum
at 4.2K of synthetic FeAlaO+ is also shown' The

broad lines in the five spectra are indicative of

a range in the magnitude and orientation of the

magnetic and quadrupolar interactions as a re-

suli of the randorn cation arrangement' Such
sDectra are difficult to 'analyzn in detail because
oi the similar magnitudes of the magnetic and

quadrupole interactions for Fe'+ and the need

tb specifv relative orientations.
However, a compatison may be made be-

tween the origin of ordering in FeAlzOa and
staurolite. since a similarity exists between spinel
and the arrangement of the major octahedra and
tetrahedra in the "iron" layer in staurolite as
shown in Figure 7 (Hollister 1970). The analogy
is approximate as the sym,metry uo6. ossrtpan-
cies-ot the polyhedra vary in staurolite and in
particular the Al octahedra have C" rather than
the Dea sYmmetrY of sPinel.

The magnetic exchange between tetrahedral
ions in spinel could Ue !V direct exchange'
thoueh the distance of 3.5A to tle four nezlrest
tetraEedral neighbors would make the exchange
small. However, the ordering temperature of 8tr(
for FeAl,O, (Roth 1964) imFlies that only small
exchange energies are involved. Other exchange
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FIc. 6. Miissbauer spectra * 4.2K of the four staurolite samples 90 o-t !|e
rptniti" FeAlrOe (E). Spectra labels A to D refer to details of the
staurolite samples given in Table l.
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mechanisms such as super--superexchange via
two anions (Goodenough 1963), or via impw
orbitals of the Al3+ ions @oth 196a) could piay
some role. Neutron diffraction studies of FeAIrO,
show no long-range ordering at 4.2K, whereas
tb normal spinels CoAlzOa and MnAl,On do
order at 6K and 4K respectively (Roth 1964).
The difference was attributed to the strong
superexchange between tetrahedral and octa-
hedral Fe"* ions as a result of the small inver-
sion in FeAl:Oa.

With staurolite there are considerablv fewer
pathways for magnetic exchange apart from the
direct exchange mechanism, yet an ordering
temperafure of.1 t LK was found for the sample
B staurolite. This could indicate Fez+ in ocL_
hedral sites in the "iron" layer giving strong
sr4)erexchange with tetrahedral Fez+. However,
the shorter separation of each tetrahedral ion
from its two neighbors (3.31A and 3.29A) could
also lead to increased direct exchange. The un-
certainty in site symmetry in these sites pre-
cludes quantitative es :mates of the direct ex-
change energy. However, the variation of the
peak intensities in the spectra of the fou.r stau-
rolites does sugges variations in the distributioir
of the Fe2+ ions, since all four have similar
iron concentrations. This could relate to the
conditions of formation and paragenetic details
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of the-particular sample. The two sa.mples from
New Mexico and Mount Isa had sirn]lar form
and gave similar spectra, whsreas the other two
sam-ples, which also gave similar spectla, were
both in micaceous matrices. A distribution ot
f"1. Ir only- possible if the iron occupies octa_
hedral as well as tetrahedral sites. Thus, although
the evidence is not conclusive, it is suggested
that the inner peaks in the loom-tempiiature
sJaurolite spectra with isomer shifts and qua-
drupole splittings in the ranges 0.9g to 1.03 rnm/
sec. and 1.25 to 1.56 mrn/sec., respectively
(Dowty 1972) are due to octahedral ratiher than
tetrahedral iron.

CoNcrusrort

For spinel, the contribution from octahedral
F"'.*_tL the low-temperature optical absorp.tion
and Mijssbauer spectra has been demonstiated.
The Mdssbauer spectrum of these ions has a
quadrupole splitting of less than 2 mm/sec. due
to the negative ,trigonal field giving a doublet
grou_nd state. The position and temperature de_
pendence of the band at 107oo cmtr enable as_
signment to the 5?:s + 5Es transition of the octa-
hedral Fez+ ions.

With staurolite, we have been unable lo reach
any firm conclusion regarding the presence of

Frc. 7.-Schematic drawing of the Al6.7Fe2Oo (..iron layer,,) of staurolite
]|f!19 1rrugs.-*g of Fe t"t un"iiu-l"i X octarredra. Approximatesrte occupancies as determined by Smith frsoa) are-indica;i-;;;il;portions of circles.
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octahed.ral Fe2*, though the sample dependence
of the Miissbauer spectra at 4 2K do indlcate
some distribution of the Fe'* ions.
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