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Ansrnlcr

Measurements of polarized absorption spectra of orthopyroxenes and a staurolite to-
gether with Miissbauer measurements of orthopyroxenes, show that the earlier interpreta-
tion (White and Keester, 1966) of the unpolarized spectra of pyroxenes is incomplete. An
alternative explanation of the pyroxene spectra, taking into account the additional informa-
tion obtained from polarized spectra and Miissbauer measurements, is presented and new
band assignments made. The present study does not support the suggestion made by White
and Keester that Fe2+ ions occur in tetrahedral coordination substituting for silicon in the
SiOr tetrahedra of pyroxenes. This paper shows that some of the spectral characteristics of
Fe2+ in tetrahedral coordination can also be shown by Fee+ in a very distorted octahedral
environment, such as those in many silicate structures. Cation ordering and coordination
site symmetry in the orthopyroxene structure are discussed.

INtnolucttoN

In a recent study of unpolarized absorption spectra of rockforming

silicates (White and Keester , 1966), it was suggested that small amounts

of Fe2+ ions occur in tetrahedral coordination substituting for silicon in

the structures of pyroxenes. Three reasons were given in support of this

suggestion. The first was a correlation of the positions and intensities of

the absorption bands of diopside (4420 cm-I) and enstatite (5430 cm-l)

with bands of Fe2+-doped ZnO (4500 cm-l) and MgAlzOa (4300 cm-r)

where ions are known to occur in tetrahedral coordination. The second

reason was the mathematical relationship that exists between tetrahedral

and octahedral crystal-field splittings in transition-metal ions. The third

reason was a correlation of the iron position in the riebeckite structure

with that of the pyroxene structure.

In the present paper, the authors wish to present an alternative inter-

pretation of the pyroxene spectra based on polarized electronic spectra

and Mrissbauer measurements of orthopyroxenes and a staurolite.

In previous studies of crystal-field spectra of iron-containing minerals
(Farrel l  and Newnham, 1965; White and Keester,1966) i t  has been as-

1 Present address: Department of Chemistry, Victoria University of Wellington, Well-
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sumed, to simplify interpretations of the spectra, that Fez+ ions occur in

coordination sites which approximate closely octahedral and tetrahedral

symmetry. In weak octahedral crystal-fields, only one spin-allowed

transition is permitted for the Fe2+ ion, 5Tz"-5E", which is allowed

through a vibronic coupling mechanism (Cotton, 1963, p. 231). In tetra-

hedral fields, one spin-allowed transition is again permitted for the Fe2+

ion, 5E->5T2, which is allowed by simple changes in the electronic wave-

functions (Cotton, 1963, p. 237). Such transitions should lead to one band

in an absorption spectrum of an iron (II) compound, which may be broad-

ened by the Jahn-Teller effect (Cotton and Myers, 1960). In general,

tetrahedral Fe2+ should give rise to absorption bands 10 to 100 times

more intense than those due to Fe2+ in centrosymmetric, octahedral

coordination (Cotton, 1963, p. 238).
However, coordination sites in crystal structures of ferromagnesian

silicates rarely have octahedral or tetrahedral symmetry. Oxygen co-

ordination polyhedra are invariably distorted, and often strong next-

nearest neighbor interactions exist (Burns, 1965; 1966 a). These effects

Iower from cubic the symmetry of crystal-fields within such coordination

sites. Three consequences are: f i.rst, the degeneracies of the 5T2* and 5E"

states of the Fe2+ ion in an octahederal crystal-field, and the 5E and
5Tz states in a tetrahedral field, are removed making possible additional

spin-allowed transitions; second, the intensities of absorption bands in

low-symmetry crystal-fields are often polarization dependent, which is

not the case in octahedral and tetrahedral crystal-fields; and third,

absorption bands may be greatly intensified if the coordination poly-

hedron is noncentrosymmetric, because the transitions are allowed not

only by vibronic coupling but also by simple changes in the electronic

wave functions.

ExppnruBNr AND RESULTS

Eleclronic Spectra. Polarized spectral measurements over the range

4000-25000 A were made by a microscope technique (Burns, 1966b)'

The polarized spectra of an orthopyroxene with 14.5 percent FeSiOs are

shown in Figure 1a. Each spectrum is distinctive: the a spectrum con-

sists of a very intense band at 10970 cm-1; the B spectrum contains two

intense bands of comparable intensity at 5380 cm-l and 11150 cm-l,

respectively; and the T spectrum consists of a weak bands at 5380 cm-1

and 11140 cm-l. The positions of the absorption bands are comparable

with those measured by White and Keester (1966) at 5430 cm-l and

11000 cm-l in the unpolarized spectrum of an orthopyroxene with about

12 percent FeSiOs. Ilowever, in the polarized spectra (Fig. 1a), the ab-

sorption band at 5380 cm-1 is most intense in the B spectrum, occurs
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Frc' 1' Polarized absorption spectraof an orthopyroxene andastaurolite: (a, above) spec-
tra of a bronzite with 14.5/o FeSiOr. The specimen is from Bamle, Norway. (a:b; p:s.
7: c); (b, below) spectra of a staurolite with 12.22 wt. oft.\ eO. The specimen is frompizzo
Forno, Switzerland. (a:b; g:a., ^y:e).
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weakly in the ry spectrum and is almost absent in the a spectrum. Similar

features have been found in the polarized spectra of other orthopyroxenes
with compositions ranging from 8.1 to 86.4 percent FeSiOs (Burns, to be

published), although absorption maxima of all bands shift to longer

wavelengths with increasing iron concentration. In particular, the in-

tensities of the bands in the regions 5400 4900- cm-1 and 11200-10750

cm-l in the B spectra are comparable throughout the orthopyroxene

series. The band assignments and interpretation of the orthopyroxene

spectra wil l be discussed in detail in a later paper.
The polarized spectra of a staurolite containing 12.22 weight percent

FeO, in which Fe2+ ions are known to occur in tetrahedral coordination,
are shown in Figure 1b. for reference. Each spectrum contains a broad,

intense band spanning the region 14000-22000 A. The intensities

of the bands in all three polarized spectra are comparable and lower than

that of the band at 10970 cm-r in the orthopyroxene a spectrum (Fig.

1b) .

Mijssbauer speclra. The Mcissbauer instrumentation and technique are

described elsewhere (Bancroft; Maddock and Ward, 1965; Bancroft '

Burns and Maddock, 1967). Measurements have been made on seven

orthopyroxenes with compositions ranging from 14.5 to 86.4 percent

FeSiOr (Bancroft and Burns, 1967 a, b). The spectra of the orthopyroxene
Fsr+ s consists of a simple doublet which, at room temperature' has a

chemical isomer shift of 1.25 mm/sec relative to a stainless steel source

and a quadrupole splitt ing of 2.lI mm/sec. These values are in agreemenl

with those measurecl by other workers (de Coster, Poliak and Amelinckx,

1963; Sprenkel-Segel and Hanna, 1964). Lt the temperature of l iquid

nitrogen, the quadrupole splitt ing increases to 2.16 mm/sec. In the Mtiss-

bauer spectra of orthopyroxenes exceeding about 35 percent FeSiOa, a

second quadrupole doublet appears which has values for the chemical

isomer shift and quadrupole splitt ing oI 1.25-1.28 mm/sec and 2.35-

2.46 mm/sec, respectively.

INtpnpnet-q.TroN ol rHE SPECTRA

The orthopyroxene structure contains two positions of six-fold co-

ordination (Bystrcim, 1943; Ghose, 1965;Burnham, 1966). The coordina-

tion polyhedron about the M(l) position is approximately octahedral,
but the M(2) coordination site is strongly distorted from octahedral

symmetry. The Mcissbauer measurements show that Fe2+ ions enler the

M(2) position preferentially in the orthopyroxene structure, and that in
'the 

bronzite, Fsla s, less than ten percent of the total iron is present in

the M(I) position (Bancroft, Burns and Howie 1967). This result is in ac-
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cord with X-ray diffraction measurements of a granulite facies hyper-
sthene, Fsre a, which showed that iron occurs predominantly in the M(2)
position (Ghose, 1965; Burnham, personal communication).

The observed spectra (Fig. 1a) mav be interpreted as transitions
within the Fe2+ ion in the M(2) position of the orthopyroxene structure.
The point symmetry of this position is C1, but for the purposes of the
present discussion, the molecular symmetry of the M(2) coordination
polyhedron may be approximated to Cz". In a crystal-f ield of symmetry

5Arq 
. . . - -54a

"B r ^

5p-,'

5 --  |  c n

5 R ^
- z n x v z

(Y)(pxa)

f i e l d - f r ee  oc tohed ro l  t e t r ogono l  monoc l i n i c
ion Oh Dan Cz"

Fro. 2. Energy level diagram for the Fe2+ ion in crystal-fields of different symmetries:
(a.) octahedral, O1 (b.) tetragonal, Da6, with compression along the tetrad axis. (c.) mono-
clinic, Cz". Allowed transitions are shown.

C2u, the octahedral uTr* ground-state for the Fe2+ ion is resolved into the
lower 5A1, 5B1, and 5B2 states, and the 5E" excited state into the upper
5Ar and sAr states (Fig. 2). Either the 5A1, 5Br or 5Bz states may be the
ground-state for the Fe2+ ion in a symmetry Cr, crystal-f ield. In order to
account for the polarization dependence of the absorption band at 5380
cm-] in the orthopyroxene B spectrum, transitions between only the
three lower states 5A1, 5B1 and 582 need to be considered. Taking each
state in turn as the ground-state, two spin-allowed transitions are pos-
sible to the other lower states, which leads to a total of six different transi-
tions by variation of the ground-state. In addition, each transition may
take place for the three polarizations of the electric vector with respect

5 ô2

uB.,
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to the electronic axes x, y and. z. Therefore, 18 transitions are possible

between the lower states 5A1, 5Br and 5B2 using polarized radiation.

Selection rules, however, show that only four of these transitions are

allowed by the symmetry of the electronic wave function (Cotton, 1963,

appendix II). They are:

5Ar ---+ 5Br, allowed parallel to l;

5A1 --+ 582, al lowed paral lel to Y;

5Br + 5Ar, al lowed paral lel to r;

and

5Bz - 5Ar, al lowed paral lel to y.

' fherefore, no matter what the ground-state may be in a symmetry

Cz" crystal-f ield, a transition between the lower states is allowed in one

electronic direction onll ' , which should produce an absorption band at a

particular frequency in one polarized spectrum only. However, vibronic

coupling and the noncoincidence of the electronic axes n,yandz with the

polarization axes d, B and 7 may result in a small component of the al-

lowed transition producing weak absorption in the other polarized

spectra. Thus, the intense band in the B spectrum and weak band in the

7 spectrum at 5380 cm-1 in the orthopyroxene spectra represent a transi-

tion between the states derived from the octahedral 5T2* state. It is

tempting to designate 5Ar as the ground-state of the Fe2+ ion in the M(2)

position of the orthopyroxene structure, and to assign the two bands at

5430 cm-r and 3100 cm-1 in the unpolarized spectra (white and Keester,

1966) to transitions to the 5B1 and 5Bz states' The absorption band at

11000 cm-1 could represent the transition 5Ar+5Ar. The transition 5A1

--+5Az is not allowed in a symmetry c2" crystal-field, and is not observed

in the polarized spectra of the orthopyroxene with 14.5 percent FeSiOr.

The staurolite structure contains Fe2+ ions in tetrahedral coordination

(N6ray-Szab6 and Sasvdri, 1958). The FeO4 tetrahedron is slightl l '  dis-

torted from tetrahedrai symmetrv, but the distortion is similar to that of

the SiO+ tetrahedra in the orthopyroxene structure (Ghose, 1965)' The

spectra of staurolite (Fig. 1b) represent transitions in the Fe2+ ion be-

tween components of the 5E ground-state and 5Tz excited state. These

transitions lead to the broad absorption bands in all three polarized spec-

t ra spanning the region 14000 22000 A.

DrscussroN

The interpretation of the orthopvroxene spectra shows that the

absorption band at 5380 cm-1 is due to a transition within Fe2+ ions
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situated in a six-fold coordination site of the orthopyroxene structure.
This assignment differs from that given by white and Keester (1966),
who believe that the band at 5430 cm-l in the enstatite spectrum arises
from Fe2+ ions in tetrahedral coord,ination in the orthopyroxene struc-
ture. An absorption band at 4420 cnrL in diopside was also attributed by
white and Keester to Fe2+ ions in tetrahedral coordination. The crystal
structure of diopside (warren and Bragg, 1929) shows that the six-fold
coordination site is distorted from octahedral, although the distortion is
not as large as that of the orthopyroxene M(2) site. The band at 4420
cm-1 in diopside may also be assigned to a transition between resolved
components of the uTr* ground-state of the Fe2+ ion in six-fold co-
ordination.

The energy separations 5430 cm-1 (enstatite) and, 4420 cm-1 (diopside)
between the lower states of the Fe2+ ion in the pyroxene structure are
not unreasonable when a comparison is made with square planar Fs2+
in gil lespite. The spectra of gil lespite (Burns, clark and stone 1966)
show that the octahedral 5T2* state is resolved into 5E* and 58z" states
separated by about 6500 cm-1 in a symmetry Da, crystal_field. In addi_
tion, the quadrupole splitting and the temperature dependence of the
quadrupole splitting in the Mcissbauer spectra of orthopyroxene are
consistent with the large separations between the lower states derived
from 5T2* for the Fe2+ ion in a distorted octahedrar site (rngalis, 1964;
Clark, Bancroft and Stone, 1967).

white and Keester (1966) correlated absorption bands in diopside and
enstatite with bands arising from Fe2+ ions in the zno and spinel struc-
tures, in which Fe2+ is in tetrahedral coordination. This correlation may
be negated by the staurolite spectra (Fig. 1b). rt was noted earlier that
the FeOa polyhedron in staurolite is similar to the SiO+ tetrahed.ron in
the orthopyroxene structure. rf Fe2+ ions were in tetrahedral coordination
in pyroxenes, absorption bands with comparable intensity shourd be
observed in all three polarized spectra by analogy with the stauroiite
spectra. The band at 5380 cm-1 in the orthopyroxene spectra, however,
is polarization dependent: it is most intense in the B spectrum and is
virtually absent in the a spectrum.

White and Keester (1966) note that peaks caused by iron in tetra_
hedral coordination are of much greater intensity (10 to 100 times) than
those arising from iron in octahedral coordination. They conclude that
only small amounts of iron (of the order of 0.1 percent) in tetrahedral
coordination rvould be necessary to account for the intensity of the peak
at 5430 cm-l in enstatite compared with the peak at 11000 cm-1 originat-
ing from octahedral iron. The intensity ratio 10-100:1 for tetrahedral
: octahedral ion transitions applies oniy if the octahedral environment is
centrosymmetric. This is not the case for the orthopyroxene M(2) coor-
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dination site. In fact, the intensity of the band at 10970 cm-1 in the ortho-

pyroxene a spectrum is higher than those of the bands in the staurolite

spectra which originate from tetrahedral iron. Even in the orthopyroxene

B spectr-um the intensity of the band at 11150 cm-1 is more than three

times more intense than those for centrosymmetric Fe2+ complexes

(Cotton and Meyers, 1960). High intensities are also found in the polar-

ized spectra of other ferromagnesian sil icates (Burns 1967). An absorp-

tion band at 10780 A itt the 7 spectrum of fayalite, for example, has

a molar extinction coeficient oi about 8 l. mole-l cm-l, and originates

from Fe2+ ions in the noncentrosymmetric, six-coordinate M(2) site

of the olivine structure. Therefore, the evidence for tetrahedral Fe2+

in pyroxenes based on peak intensities is unfounded. Furthermore,

it would be fortuitous if the ratio of Fe2+ ions in tetrahedral coordination

remained constant throughout the orthopyroxene series, which would be

necessary to explain the equal intensities of the two bands at 5400-4900

cm-l and 11200-10750 cm-l in the orthopyroxene B spectrum'

Other evidence cited by White and Keester (1966) for tetrahedral

Fe2+ in pyroxenes included the relationship between the octahedral

and tetrahedral crystal-f.eld splitting parameters, Ao and 41 respectively.

The relationship Ar:4/9A0, which is derived from the point-charge

model of crystal-field theory, requires that the metal, anions, and metal-

anion distances be identical in the two coordinations. In addition, the

crystal-field parameter, A, is proportional to the inverse fifth power of

the interatomic distance (Dunn, McCIure and Pearson, 1965, p. 81),

which means that a small contraction of metal-oxygen distances pro-

duces a large change in A. White and Keester (1966) noted that the band

at 4420 cm-l in the diopside spectrum is located at an energy almost 4/9

that of the 9730 cm-1 band attributed to iron in octahedral coordination.

They also noted that the band at 5430 cm-1 in the enstatite spectrum

occurs at an energy 25 percent higher than that attributed to tetra-

hedral Fe2+ in diopside. In the diopside structure, the average silicon-

oxygen d.istance is 1.61 A, whereas the average distance is 2'10 cm-l in

the six-fold coordination site (Warren and Bragg, 1929). Similarly, the

orthopyroxene structure (Ghose, 1965) has mean distances Si-O:

1 .628  A ,  MQ) -o :2 .220  h  and ,  M(1 ) -o :2 .092  A .  The re fo re ,  t he

silicon-oxygen distances are comparable in the two pyroxene structures.

If iron were to replace sil icon in both diopside and enstatite, the absorp-

tion bands arising from tetrahedral Fe2+ should occur at similar energies

and not differ by 25 percent. Furthermore, replacement of silicon by iron

in diopside would. lead to a large contraction of the metal-oxygen dis-

tances compared with six-fold coordinated iron. This would result in

41 being considerably larger than the value expected fo-r iron in a tetra-

hedral site with metal-oxygen distances of about 2-10 A- Therefore, the
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absorption bands at 4420 cm*1 and 9730 cm-1 in the diopside spectrrim
cannot be explained by the occurrence of iron in both octahedral and
tetrahedral coordination. A similar argument appiies to the bands at
5430 cm-r and 11000 cm-r in the spectrum of enstatite.

Finally, a recent refinement of the crvstal structure of riebeckite,
Na2Fe32+Fe23+SiaO22(OH)2, was cited as evidence by White and Keester
(1966) for tetrahedral Fe2+ in sil icates. In the riebeckite structure, the
average sil icon-oxygen distance was considered by colvil le and Gibbs
(1964) to be significantlv larger than that expected for amphibole, which
suggested that small amounts of iron replaced sil icon in tetrahedral co-
ordination. colvil le and Gibbs, however, did not designate the oxidation
state of iron which substituted for sil icon. Substitution of sil icon by Fsr+
in sil icates is weil established, and since X-ray diffraction measurements
cannot usually differentiate between Fe2+ and Fe3+, the occurrence of
the smaller Fe3+ ion in tetrahedral coordination in riebeckite rather than
the larger Fe2+ ion, appears to be more plausible. In this connection, it
may be noted that no spectral evidence was obtained by White and Kee-
ster for tetrahedral Fe2+ in actinolite, although Fez+ ions were postulated
to occur in tetrahedral coordination in diopside. This difference between
actinolite and diopside would have been inconsistent with the observa-
tion that Al, and perhaps Fe3+, replaces sil icon with equal facil i ty in
hornblende and augite, implying that Fe2+ should behave similarly.

Substitution of Fe2+ ions (radius 0.76 A) for Sia+ (0.41 A) in sij icates
would not conform with a "rule of thumb" principle of crystal chemistry:
that, for two elements to enter into solid-solution in a crvstal structure,
the sizes of the ions must be comparable or differ by no more than about
15 percent.

CoNcrusroN
Measurements of Mcissbauer and polarized absorption spectra of ortho-

pyroxenes and a staurolite have been used to provide an alternative
suggestion to the proposal that l 'e2+ ions occur in tetrahedral coordina-
tion in pyroxenes. The reasons given by White and Keester (1966) to
explain Fe2+ ions in tetrahedral sites have been repudiated, and the pos-
sibil i ty that Fe2+ ions substitute for sil icon in SiOr tetrahedra has not
been proved. The present paper i l lustrates the usefurness of porarized
absorption spectra and Mcissbauer measurements for providing informa-
tion on coordination site symmetry and distortion, and order-disorder
phenomena in ferromagnesian sil icates.
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