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Abstract

Using the extended Huckel method, the 3d electronic energies of Fe2+ in gillespite,
olivine (Ml and M2 sites) and garnets are calculated using the positions of the oxygen ions
in the coordination polyhedra. These calculated energies are linearly related to the
observed electronic energies, and an empirical relationship is defined so that the extended
Huckel method can be used to calculate electronic energies of Fe2+ in other silicates. This
method is tested by computing the energy levels of Fe2+ in the Ml and M2 sites of the
pyroxene, ortho-ferrosilite. There is rather good agreement between the calculated values
and the previously reported observed values.

Electronic energies of Fe2+ in grunerite in the Ml, M2, M3 and M4 sites are calculated,
and we confirm that the band at 4000 cm-r is due to Fe2* in M4. on the basis of other
evidence we suggest that the band at 10,fi[ cm-r is due to Fe2* in M4 and M2.

Introduction

The polarized electronic spectra of complex fer-
ous silicates have been interpreted in the last ten
years with the aid of crystal field theory (Burns
1965, l970b). In the comparatively simple case of
square planar Fe2* in gillespite (BaFeSiaOl6) the
interpretation was relatively straight forward
(Burns et al., 1966). However for orthopyroxenes
(White and Kees.ter 1966, Bancroft and Burns,
1967, Runicman et al., 1973a, Goldman and Ross-
man l97 6, 1977 a), olivines (Burns 197 0a, Runciman
et al., 1973b, Burns 1974), and, garnets (White and
Moore, 1972, Runciman and Sengupta, 1974, Hlg-
gins 1975), there have been considerable dfficulties
in interpreting the spectra, and each paper corrects
mistakes or oversights in previous papers. It now
appears, however, that the above mineral spectra
are reasonably well understood.

The amphibole polarized spectra (Burns 1965,
l970b, Goldman and Rossman, 1977b) present an
even greater interpretive challenge. Ferrous ion
can, and does, enter four cation sites (labelled Ml,
M2, M3 and M4), each with a distinct shape and
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size (Burns 1970b and Papike et al., 1969). For
example, the M4 site is a large and very distorted 6
or 8 coordinate site, whereas the Ml and M3 sites
are much smaller and more regular 6 coordinate
sites. While Burns (1970b) attributed peaks in cum-
mintonite-grunerites and actinolite in the 9000-
11000 cm-r region to Fe2+ in all of the four sites,
Goldman and Rossman (1977b) have reinterpreted
many of the amphibole spectra claiming that only
iron in the M4 site causes the band at ca 10000
cf,-r, and a newly discovered band at ca 4000

- 1cm ' .

In this paper, we use extended Huckel molecular
orbital theory to calculate the energy levels of
ferrous ions in gillespite, olivine, pyroxene, garnet
and grunerite. The assumptions in the extended
Huckel calculations are inherently nonrigorous-
especially in the case of polar molecules or ions
(Dewar, 1969). However, by using a set of consis-
tent parameters, the calculations should give cor-
rect trends in electronic energies for a series of
silicates. We show that this is indeed the case for
the better understood spectra of gillespite, olivines,
garnets and pyroxenes. Our calculations on amphi-
boles, combined with polarized electronic spectra,
indicate strongly that more than just the M4 ferrous
ions contribute to the spectra.

335

Private Bag,



ALDRIDGE ET AL.: M4 SITE OF CALCIC AMPHIBOLES: D/SCUSS/ON

Results and discussion

The extended Huckel calculations on characterized
spectra

All calculations were performed using a locally
modified version of QCPE program No 256 (Dibout,
1974).The program had been modified to accept the
double zeta type orbitals (a linear combination of
two Slater type functions to approximate one atom-
ic orbital), and the off diagonal matrix elements
were calculated using an approximation suggested
by Cusachs (1965) (see McGlynn et ql., 1972 for
details of this calculation):

Hij : Sij(2 - lSiil)@ii + }Iilz

where:

51 : the overlap integral between the ith and jth
atomic orbitals,

H1 : the valence state ionization energy (VSIE) of
orbital i,

lS1.;l : the overlap integral evaluated in the local
(diatomic) coordinate system defined by or-
bitals i and j.

The Roothaan equation was transformed,

H C : S C E

and followed by Lowdin orthogonalization, new
matrixes were generated:

Ht - S-rt2H S and C' - grtz 6

A Mulliken population analysis (McGlynn et al.,
1972) was carried out to obtain gross atomic
charges. The diagonal matrix elements were modi-
fied through

Hfr: Hi(l - )\') + x (Aq3+ Bqi + C)

where

)t : a damping factor typically 0.01,
q1 : the charge on atom i

A,B,C are parameters taken from Basch et al.
(1965).

These procedures are repeated until successive
values of charge differ by less than 0.05.

Values of vsre and the orbital exponents were
taken from Summerville and Hoffman (1977). A
double zeta basis set was used only for the iron 3d
orbital.

We consider that only the directly bonding oxy-
gen atoms modify the Fe 3d electronic energies.
The choice of charge on those oxygen atoms is

somewhat arbitrary, although for non-bonding sili-
cate oxygens, the formal oxygen charge is consid-
ered to be -1. Our calculations are not expected to
give good absolute energies anyway so we have
performed calculations using mono-negative (case
1) and di-negative (case 2) oxygens for comparative
purposes. Thus, for gillespite we have done calcula-
tions for both FeO?- and FeO!- clusters, and
similar calculations have been performed for six-
coordinate Fe2* in olivine Ml and M2 sites and
eight-coordinate Fe2* in garnet (Table 1). The posi-
tions of the iron and oxygen atoms were taken from
the literature [Hazen and Burnham 1974, Birle et
aI.,1968, and Prandl (197I)1. The electronic transi-
tion energy is taken as the orbital energy difference
between the initially occupied and the virtually
unoccupied molecular orbital.

For minerals, such as olivine, that form solid
solutions in which iron is replaced by other cations,
the atomic positions are taken from the iron rich
mineral.

The results of the calculations are compared with
the observed energies, in Table 1, while the case I
calculated values are plotted against the observed
values in Figure 1. It was found that the ordering of
the Fe d orbitals in gillespite and.garnet are the
same as those given by Burns, Clark and Stone
(1966) and Routclife (1977) respectively. The calcu-

Table 1. A comparison between calculated and observed
electronic energies (cm-l) for Fe2* in gillespite, olivine and

garnet

Trensition Energies fron Groud Statesx

MiDeral Species Calculated** obseryetl***

1 2 ! 2

= 6 _
ci l lesplte FeO)r Feo\

Ol iv ine Mt Fe05 Feo5--

I -  t o -
Ol iv ine M2 Feo; Feo;-

Alxudine Feo; Feo;
Gdnet

28Too 17ooo
520A 3100
2830 18oo
2830 l8oo

15800
t28oo
I400

720

13900
11300
1500

4oo

19O00
7500
2800
28oo

10930
8060

o2qo

1750
750

?5llo
i82o
\)+2O
1200

12000
9300

8oo
160

8300
6Too

720
240

11Soo
9l+oo
78oo
2800

115oo
9300
Sooo
3000

* AfI enelgies *e neasued relative to the leve6t el-ectronlc

enersr vhich is tahen to be zero.
* i  Ttre calcuLated eDergies r)  aod 2) 8e for species 1) dd 2)

respect ivelY.
***Refe"ences to these obaeryed vafues 8e: Gille8pite,Brns

et al  (1955 ) i  c lark and arms (1957) ;  ol iv ine Bums ( 1970a,197\ )  j

m d  R o u t c l i l f e  ( 1 9 7 6 ) ;  d d  f o r  c a r n e t ,  H u g e i n s  ( 1 9 7 5 )  d d  r e f e r e n c e s
therein.
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Fig. l. Plot ofobserved energy against calculated energy and

the least square line (equation 1)

lated trends are obviously in good agreement with
the observed trends. The case 2 results give coinci-
dentally better quantitative agreement than the case
1 results, but the plot of case I against observed
results gives a good straight line with a correlation
coefficient of 0.98.

E.ac : 1.52 Eo6. - 537 (cm-t) (1)

Considering the approximations used in the ex-
tended Huckel method, and the fact that this meth-
od has seldom been used successfully in calculating
the energies of highly ionic compounds, the correla-
tion is excellent. The calculation can predict cor-
rectly trends for silicate minerals.

As a final check, the Fe2+ electronic energies in
the pyroxene ortho-ferrosilite were calculated.
Burnham (1966) has determined the crystal struc-
ture of this mineral. The calculated energies are
compared in Table 2 to the energies determined by
Mao and Bell (1971) and once again a satisfactory
agreement is observed.

The amphibole spectra

Goldman and Rossman (1977b) have argued that
bands at 97M cm-t (in F) and 4050 cm-l (in o) in
calcic amphiboles (and by implication in other am-

phiboles) are caused by Fe2* in the M4 site. They
have based their assignment on four main pieces of
evidence: (1) the similarity of the amphibole spectra
to those of other large distorted sites such as the
pyroxene M2 position , (2) the intensities of the 9700
cm-r and 4050 cm-r bands correlate, (3) the bary-
centre energy of the two bands is close to that
predicted by Faye (1972) and (4) the intensity of the
9700 cm-l band is such that it must be caused by
Fe2* in a very distorted site.

Our calculated results in Table 3 support the
important assignment (Goldman and Rossman,
1977b) of the -4000 cm-r band ro Fe2+ in the M4
site. However the origin of the band at ca 9700 cm-r
is debateable. Our calculations indicate that Fe2+ in
the Ml, M2 and M3 sites could all give rise to a
band in the 10,000 cm-r region as suggested by
Burns (1970b). The evidence given below suggests
that Fe2+ in the M2 will give an observable intensity
in amphibole spectra. Goldman and Rossman's
(1977b) data are then critically evaluated.

Burns (1970b) and Bancroft and Burns (1969)
have published a polarized electronic spectrum of
glaucophane which shows barely discernible peaks
in the region of 10,000 cm-r in the B polarized
spectrum despite the presence of Fe2* in sites Ml
and M3. The chemistry, Mossbauer and infrared
spectra of this sample suggest little or no Fe2* in
M2 or M4. This spectrum strongly suggests that the
Fe2* in the slightly distorted, Ml and M3 sites in
amphiboles will not give appreciable intensity at
10,000 cm-r. However, Fe2+ in M2 may still give
significant intensity at -10,000 because the M2 site
is more distorted than Ml and M3. To indicate this
difierence, we calculate in Table 4 the distortion
parameters of sites Ml to M4 of grunerite using the

Table 2. Calculated and observed electronic energies (cm-t)
for Fe2* in orthoferrosilite

Posltion - . Calculated*-
tsrcenoec lrom

nucKer  Eon.  l

0bserved*s

16100 rogoo
13900 95oo

uoo 6zo
r5o \50

16500 1r2oo
82oo 58oo
1200 1lo0

560 Too

10549
O J J J

LO627
4878
2350

* A11 energiea ae neasued relative to the lovest
electronlc enerry vhich iB tsken to be zero.

*r Mao md Bel1 (j-9?1) ed coldme ud Rossnm (19T2).

20,000
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two distortion parameters recommended by Fleet
(1976), and also the distance of the site from the
center of symmetry. The position of the center of
symmetry is calculated by summing the coordinates
of the oxygen atoms on the coordination polyhedra.
(This is analogous to finding the position of the
moment of inertia of a solid object.) The greater the
distortion ofthe octahedra, the greater the expected
intensity of the band; moreover, the further the
Fe2* is from the center of symmetry, the greater the
intensity of the band. Thus the noncentro-symmet-
ric nature of the olivine M2 site leads to a much
more intense band than the Fe2* in olivine Ml.
Using the e values for olivine and amphiboles given
by Goldman and Rossman (1977b), it is immediately
apparent that these distortion parameters can only
be considered in a qualitative way. However, they
do indicate that the e value for M2 Fe2* is probably
greater than the olivine Ml value of 2.4.

There are other spectroscopic arguments for Fe2*
in M2 giving appreciable intensity at -10,000 cm-r.
For example, the cummingtonite-grunerite elec-
tronic spectra (Burns 1965, 1970b) suggest that
more than one type of Fe species contributes to the
peaks around 10,000 cm-l. The cummingtonite B
spectrum (Burns 1970, p.96, Fe/(Fe*Mg) : 0.38)
has only abott 40Vo of the area of the grunerite B
spectrum (Burns 1970, p.97, Fe/(Fe+Mg) : 0.98);
yet the Mrissbauer spectra (Bancroft, Burns and
Maddock, 1967) show that these two samples have

Table 3. Calculated electronic energies (cm-r) for Fe2+ in
gnrnente

Po6it ioD CaLculateal Energies
ExUended

Table 4. Distortion parameters for grunerite and olivine
posrtrons

MiDeral Posltlon Bond lenSth Bond Angle Distece ftm
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E

Goldme ed
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ol iv lne
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IQ

M3

Mjr

n
w
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0 . 0 1 5
0 . 0 0 3
0 . 1 I l 5

. 0 0 3

. 8 6
0 . 0 0 0
r . 5 2 7

0 . 0 0 0
.1.71+5

20-80

5 . 0

7 . 7
20.5

A11 energies Ee &easueal relative to the Lovest electronlc
energf thlch is ts.l(en to be zero.

The structual parileters were te.l(en fron Finger (1969 ) .

u . 2
1 1 . I

^ A
^ t  =  i  t ( r . - l ) t1 \ ' /6-  _ ' - i  - " _ '

^ 1 2
a' = t  (o-go) ' / t r

vhere Lis one of the 5 boEd lengths sd 0r is oDe
of tbe 12 anaies in a t l istortedl  octahetue. (see-Freet (19"6)

sd €ferences therein).

similar amounts of Fe2* in M4. The additional area
in the grunerite spectrum must come from Fe2* in
sites other than M4 as Burns suggested. The glauco-
phane evidence above suggests that little intensity
will come from Fez* in Ml and M3; so that most of
the additional intensity must come from Fe2* in M2
which increases from 0.11 per formula unit in
cummingtonite to l.92per formula unit in grunerite.
This evidence suggests that eyp could well ap-
proach 50Vo of eya. Clearly more careful experi-
mental measurements must be done on amphiboles
to finalize the interpretation.

Burns (1970) has also published a spectrum of an
actinolite (Berkeley 14785) and the spectrum has an
intense band at 9666 cm-r. From the chemical
analysis of this actinolite (Burns and Greaves 1971),
it can be inferred that all of the M4 position is
occupied by Ca * Na * K * Mn. Thus the peak at
9660 cm=l should be due mostly to Fez+ in one of
the other sites.

Finally, it seems important to comment on Gold-
man and Rossman's evidence that the 10,000 cm-r
and 4,000 cm-r band are caused by the same type of
Fe2* site in M4 (Point 2 above). Their most impor-
tant evidence centres around a heating experiment
in which a tremolite was heated at 535"C for 8
hours, resulting in both bands decreasing by 50Vo.
They themselves point out that this decrease cannot
be made quantitative because of the vibrational
overtones on the already weak peak at ca 4000

- lc m ' .
In conclusion we have shown that very simple

extended Huckel calculations can be used to predict
Fe2* electronic energies with reasonable accuracy.
We have used the method to confirm Goldman and
Rossman's assignment of the 4,000 cm-r band in

0 . 0 2 3
o . o l i 5

2, )+
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r7200
15000

l+80
320

11700
10200
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10?00
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11000

10900
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r5100
15700
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550
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amphiboles to Fe2* in M4 alone and we suggest that
thq 10,000 cm-r band is due to Fe2* in M2 as well as
M4. Further experiments and intensity calculations
are required to finalize the assignment of the 10,000
cm-l band.
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