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ABSTRACT 

The electronic absorption spectroscopy of ferrous iron is sensitive 

to the geometry of the coordination site in which it resides. This 

sensitivity enables ferrous iron in multiple sites in a mineral to be 

distinguished. Tl1-e spectra of ferrous iron in the M(2) site in 

orthopyroxene, (Mg,Fe)Si03 , are used as a model for the spectroscopic 

prop erties of iron in a distorted site. 
5 

The splitting of the T ground 
- ·2_g_ 

-1 
state is observed to be 2350 cm enabling a theoretical point-charge 

model to be developed usiug c
2 

symmetry. The intensity of the near -v 

infrared bands due to the splitting of the SE 
-:& 

state are found to linearly 

correlate with the concentration of ferrous iron in the M(2) site. 

From this correlation, calibrations are established for the intensities 

of the near infrared bands so that quantitative site distributions 

can be determined for single orthopyroxene crystals from optical spectra. 

Thermally induced cation disorder allows assignments to be made for 

spin-allowed and spiri~forbidden ferrous iron bands originating from both 

the M(l) and M(2) sites. 

The electronic absorption and Mossbauer spectra of calcic amphiboles, 

ca2 (Mg,Fe) 5si8o22 (0H) 2 , are reinterpreted to include previously neglected 

contributions from ferrous iron in the calcium-rich M(4) site. Bands due 

to ferrous iron in M(l), M(2) and M(3) sites are examined in the electronic 

2+ 3+ 
spectra and the intensity of the Fe /Fe intervalence charge-transfer 

band is found to linearly correlate with the ferric iron content. Next

nearest neighbor variations of ferric iron and aluminum are found to affect 

the ferrous iron peak parameters in the Mos sbauer spectra of calcic 

amphiboles which impairs the capability of determining accurate site 

distributions. 
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Ferrous iron is found to be present in the channel cavities and 

the octahedral site in cordierite, U1g,Fe)
2

A1
4
si

5
o

18
, osumilite, 

K(Mg,Fe)
2
Al

3
(si

10
Al

2
)o

30
, and beryl, Be

3
Al

2
Si

6
o

18
. In cordierite, 

two types of water are suggested to be present in the channel cavities 

that differ in crystallographic orientation and relationship to other 

channel consti t uents, whereas osumilite is found to be virtually 

anhydrous. In cordierite, cation migration within the channels is 

suggested to occur after delcydration which could explain the observed 

change in the lattice geometry. The blue color in these minerals 

is suggested to be due to intervalence charge~transfer between ferrous 

iron and channel ferric iron. Electronic spectra suggest that 

structural state variations occur in osumilite, whereas significant 

variations in cordierite are not apparent. Ferric iron in tetrahedral 

coordination in osumilite is indicated from Mossbauer spectra. 

The effect of site size and distortion on the spectroscopic 

properties of ferrous iron in terms of band position, intensity and 

polarization anisotropy is examined. As a non-centrosymmetric site 

becomes larger, absorption bands migrate to longer wavelengths (lower 

energy), become more intense, and exhibit greater polarization 

anisotropy among each other. For these sites, intensification is 

correlated with a decrease in the quadrupole splitting determined from 

Mossbauer spectra. The spectroscopy of ferrous iron in large sites 

is distinctly different from that observed from ferrous iron in smaller 

sites. 
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PREFACE 

An important result of mineralogical research over the past few 

decades is the realization that ferromagnesium ions are distributed 

differently among multiple sites in minerals. The differences in 

site distribution are related to the different geometrical configura

tions of each site. Crystallographic analysis has provided quantitative 

site distribution information. However, this technique is least 

sensitive when a variety of different ions occupy the same site or 

when the ferromagnesium ion is a minor constituent of that site. 

Electronic absorption and Mossbauer (
57

Fe gamma resonance) spectroscopies 

are sensitive to the presence of ferrous iron in geometrically distinct 

sites, but only the latter technique, in general, has provided 

quantitative site distributions. As spectroscopic techniques, they 

are subject to interpretational error in assigning spectral peaks to 

ferrous iron in specific sites. One way by which these complications 

can be minimized is to correlate the spectral data from both techniques 

combined with electron microprobe data for the same specimen, and to 

compare these results for a number of different specimens. This approach 

has been applied to study the site distribution of ferrous iron in: 

orthopyroxene, (Mg,Fe)Si0
3

; calcic amphiboles, Ca
2

(Mg,Fe)
5
si

8
o22 (0H) 2 ; 

cordierite, (Mg,Fe)
2

A1
4
si

5
o

18
; osumilite, K(Mg,Fe) 2Al

3
(Si10Al 2)o30 ; and 

beryl, Be
3
Al

2
Si

6
o

18
. It is hoped that by combining independent spectro

scopic data and using stoichiometry constraints from electron microprobe 

data, consistent and understandable site distributions of ferrous iron 

will be obtained in these minerals. 

The overall objective of this research is to examine the possibili t y 
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of determining quantitative infonnation from electronic absorption spectra 

of single mineral crystals. Three types of information will be sought. 

First, the intensities of the electronic absorption bands due to ferrous 

iron in a particular site in a mineral containing multiple sites will be 

correlated to the amount of ferrous iron in that site determined from 

electron microprobe and Mossbauer data (orthopyroxene; Chapter 4). 

Second, the intensities of the electronic absorption bands in the visible 

region that are attributed to intervalence charge-transfer between adjacent 

ferric and ferrous ions and that are responsible for the color and pleo

chroism in most minerals will be correlated to the ferric iron content 

of the mineral determined from electron microprobe and Mossbauer data 

(calcic amphiboles; Chapter 7). Third, the intensities of water absorp

tion bands in the electronic absorption spectra will be correlated to 

the total amount of water in the mineral determined from thermogravi

metric analysis (cordierite; Chapter 8). 

Another major objective of this research is to examine the effect 

of site distortion on the electronic structure and spectroscopic proper

ties of ferrous iron in minerals. These properties include crystal-field 

splitting, molar absorptivity and polarization anisotropy among the 

various bands arising from a particular ferrous ion. This discussion 

will also be extended to include variations in the Mossbauer parameters 

as sites become more distorted. Correlating these properties to the 

type of distortion of the coordination site will establish a further 

basis for using both spectroscopic techniques as diagnostic tools 

in site distribution studies. 

The research presented herein was initiated with calcic M1phibole 
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samples in which electronic absorption and Mossbauer data suggested the 

presence of ferrous iron in the large and highly distorted M(4) site, 

which is predominantly occupied by calcium. These interpretations 

from spectroscopic data conflict with previous work done on the site 

distribution of ferrous iron in calcic amphiboles. It became necessary 

to obtain a better understanding of the spectroscopic properties of 
' 

ferrous iron in a large, distorted site to evaluate the discrepancy 

in spectral assignments. For this reason, the spectroscopic study 

of orthopyroxene was undertaken. Orthopyroxene is ideal for this 

purpose because of its simpler chemistry and smaller number of sites 

than calcic amphiboles. In addition, the calcic amphibole M(4) site 

and the orthopyroxene M(2) site are both large sites and have similar 

distortions consisting of an elongation of two cis metal-oxygen bond 

lengths. The spectroscopic properties of ferrous iron in the ortho

pyroxene M(2) site provided the basis to support the initial conclusions 

from the calcic amphibole spectral study. 

It became apparent during the course of these investigations 

that the spectroscopic properties of ferrous iron in the large sites, 

such as in calcic amphiboles and orthopyroxenes, are different than those 

of ferrous iron in the smaller six-coordinate sites. For this reason, 

it became necessary tn understand the spectroscopic properties of ferrous 

iron in the smaller sites. The six-coordinate sites in cordierite, 

osumilite and beryl meet these criteria in that they are smaller than 

the large pyroxene and amphibole sites. The main distortion in these 

smaller sites is due to a reduction of one cis metal-oxygen bond angle 

0 0 
from 90 to nearly 70, although all of the metal-oxygen bond lengths 
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are nearly equal. In the course of this study, the presence of ferrous 

iron in the channel cavities in cordierite, osumilite and beryl was 

indicated from both Mossbauer and electronic absorption spectra. 

The spectroscopic properties of ferrous iron in a variety of 

six-coordinate sites are correlated to the distortion of the site in 

which it resides. The resulting correlations are presented in Chapter 

11. It is hoped that they may be used as a basis to interpret or 

re-interpret the spectra of other minerals that contain ferrous iron. 
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CHAPTER 1 

IDENTIFICATION OF A MID-INFRARED ELECTRONIC 

ABSORPTION BAND OF Fez+ 

IN THE DISTORTED M(2) SITE 

OF ORTHOPYROXENE, (Mg,Fe)Si0 3 

Publ i shed: Chemical Physics Lette rs, 41, 474-475. 
Co-author: George R. Rossman 



2 

ABSTRACT 

An electronic absorption band of Fe
2+ in the distorted, six-coordinate 

l-1(2) site of the common mineral orthopyroxene, (Mg,Fe)Si0
3

, is identified 

at 2350 cm-
1

. This band is attributed to the A1➔!3 2 tra nsition within the 

5 2+ 
split TZg state of Fe in c

2
v syr,m1etry. 
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Electro1i.ic ahr,,rption bands can be expected to occur in t!1e mid - . 

infrared region arising from metal ions in sites of low symmetry. They 

are generally masked by strong interferences due to absorptions from 

ligands and solvents. Silicate minerals provide useful substances for the 

study of the mid-infrared region because their spectra are comparatively 

free of vibrational activity in this region , high concentrations of metal 

ions can be obtained, and large crystals are generally a va ilable. The 

near-infrared spectra of Fe
2
+have been extensively studied in minerals 

and are characterized by splittings of the octahedral 
5

E state of up 
g 

t:o nearly 6000 
-1 

cm The possibility of observing large splittings of 

the octahedral 
5

T ground state has not been examined in these minerals. 
2g 

The crystal-field splittings of electronic absorption bands due 

2+ 
to Fe in the distorted six-coordinate M(2) site of the orthorhombic 

mineral or t hopyroxene, (Hg,Fe)Si0
3

, are of the larges t known in the 

spectroscopy of ferrous iron. Iron-oxygen bond distances in this site 

vary from 2.037 to 2.519 R [ l]. Absorption bands of Fe
2

+ in t l1is site 

at about 11,000 cm- land 5400 cm- l have been well- documented by Bancroft 

and Burns [ 2 ] , Burns [ J], and Runciman et al. [4 ]. In a theoretical 

treatment based on c
2

v synm1etry, Runciman et al. [ 4 ] assigned these bands 

5 5 .J 5 2L 
to the A

1
+ A

1 
and A

1
+ l\ tr :msitions of Fe 

7 
in tile M.(2) site, respectively. 

Boti1 of these transitions arise from the splitting of the octahedral 

5 1 
E state. A third feature at 3100 cm- . was observed and assigned to 

g 

I SA S · · f " 2+ · I '1 ( 2) . I b . f . t1e · ► B transition o ce 111 t1e r site on t 1e asis o its 
1 2 

polarization properties [4]. 
. -1 

Because the half-width of the 3100 cm 

-1 
band ('vl75 cm · ) seemed unreasonably narrow for n ligand field transition 

2+ 
of Fe , a number of orthopyroxene samples containing different M(2) iron 

contents were studied. 
- 1 

The J.LOO cm band is totally abs e nt in these 

2+ 
s amples and, hence, does not originate from Fe . 
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In the of this study, band 2350 -1 

observed with course a at cm was 

ha lf-Hid th of "-'1100 
-1 

The a cm s pectra in figure 1 indicate that the 

-1 2350 cm band is more intense in samples with highe r iron concentrations 

a ,1ci appears to correlate in intensity with the 5400 cm-l band which 

has 
2+ 

been previously assigned to M(2) Fe The intensity correlation of 

these two bands shown in Fi~ure 2 indicates that the 2350 cm-l band is 

also due to Fe
2+ in the M(2) site. 

1 -1 
The 1100 cm- . half-width of the 2350 cm 

band is reasonable for an electronic transition of Fe
2

+ and is similar to 

the half-width of the 5400 cm-l band. 
-1 

However, because 2350 cm is an 

unusual energy to observe an electronic transition and because of the 

presence of vibrational transitions in this region, a vibrational origin 

due to the substitution of Fe for Mg cannot be discounted. To study this 

possibility, the spectra of pyroxenes containing similar concentrations 

of metal ions with the same charge and similar atomic weights (Mn
2+ and co

2+) 

were obtained. These spectra are featureless in the 2100-4000 cm-l region 

-1 
indicating that the 2350 cm band is due to an electronic transition of 

2+ 
Fe in the M(2) _site . 

. -1 
The 2350 cm band is assigned to a transition within the split 

5r
2

g(Oh) state of Fe
2
+ in the M(2) site. Based on the analysis in Runciman 

et al. [4], this band is assigned to the 
5

A +
5n transition 

1 2 

symmetry. The orthopy roxene spectra will be analyzed with a c
2

v point-

charge model in a forthcoming paper. 

The spectra of a numb e r of additional substances are being examined 

for mid-infrar e d Fe
2+ el e ctronic absorptions. Seve ral other minerals 

are known to exhibit larg e splittings of the octahe dral 
5

E state. 
g 

. d . f d 2+ . I b t. d . h . 1 lloHever, m1. -1.n rare Fe a bsorption 1as not e en .ou11 in t ese m1nera s. 

We thank J. Ito of the University of Chicago for supplying us with 

the synthetic magn e sium, cobalt and manga nese pyroxene s . 
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FIGURE CAPTIONS 

Figure 1. 

Figure 2. 

' Absorption s pectra in the near- and mid-infrar ed r eg i ons 

f . I . . . . f F 2+ o · ort1opyroxenes containing various concentrations o e 

....... synthetic MgSiO3 , 0.0% Fe; - - - - - bronzite from Bamble, 

Norway , 7. 6% Fe; -- hypersthene from Summit Rock, Or egon, 

19.4% Fe. The ban<ls at 11,000 cm- 1 , 5400 cm-land 2350 cm-l 

2+ 
are assigned to el~ctronic transitions of Fe in the M(2) site. 

-1 2+ 
The shoulder at 'v8 500 cm ar is es from Fe in the M(l) site 

[J]. Polarization: ~ II ~ (y). Room temperature. Cryst a l 

thickness= 0.50 mm. 

-1 -1 
Intensity correlation of the bands at 5400 cm and 2350 cm 

from th e three spectra presented in Figure l. 
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CHAPTER 2 

THE SPECTRA OF IRON IN ORTHOPYROXENE REVISITED: 

THE SPLITTING OF THE GROUND STATE 

Published: The American Mineralogist, 62, 151-157. 
Co-author: George R. Rossman 
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ABSTRACT 

The three allowed electronic transitions of Fe2+ in the distorted 

M(2) site of orthopyroxene have been experimentally observed in absorption 

spectra, including a mid-infra red band at 2350 cm-l tha t arises from a 

transition within the split 
5

T2 ground state in the low - symmetry crystalline - ~ 

field. These bands are analyzed with a theoretical point-char ge model 

that is different from previously reported methods, but which results in a 

more accept able energy level scheme for Fe
2+ in this site. 
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INTRO DU CT ION 

For many years, mineral spectroscopists have attempted to explain the 

f F 2+. f spectra o e in a variety o coordination environments with idealized crystal-

field point-charge models. Hence, a variety of interpretations and assignments 

2+ 
have been made for the spectra of Fe , even in the same mineral. The electronic 

absorption spectrum of ferrous iron in the M(2) site of orthopyroxene, 

(Mg,Fe)Si0
3

, has been the subject of many investigations aimed at understanding 

the polarization properties and the crystal-field splittings among the various 

bands that result from iron in a low-synnnetry, coordination environment. White 

-1 
and Keester (1966) assigned a band at 11,000 cm in the _spectrum of enstatite 

2+ -1 
to Fe in octahedral coordination and assigned a band at about 5400 cm to 

Fe
2
+ in tetrahedral coordination. It was subsequently suggested by Bancroft 

and Burns (1967) and later accepted by White and Keester (1967) that both 

bands arise from Fe
2+ in the distorted, six-coordinate M(2) site. Runciman, 

Sengupta and Marshall (1973) pointed out an incorrect classification of c
2 - V 

states used in the previous studies to explain the polarization properties of 

these bands. They presented spectra of enstatite and analyzed the results in 

a crystal-field analysis that was also based upon a c2 model, but with a 
- V 

different classification of states. Because of the large energy splittings and 

the polarization characteristics exhibited by these bands, the spectra of Fe2+ 

in the 11(2) site of orthopyroxene are used as the model for the study of the 

spectra of iron in a variety of low-symmetry environments. 

The degeneracies within the octahedral 
5

T and 
5

E states of Fe
2+ are 

-2~ -~ 

removed in c
2 - ~ symmetry producing five states, among which a maximum of three 

allowed, electric dipole transitions are possible, depending upon the symmetry 

of the ground state. For this reason, a third absorption band was sought in 
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previous studies. White antl Keester (1966) observed a band at 3100 cm-l 

and attributed it to a vibrational overtone of the silicate lattice. Bancroft 

and Burns (1967) assigned this 3100 cm-l band to Fe2+ in the M(2) site. 

Runciman ~ al. (1973) determined the polarization properties of a band at 

3100 -l d 1 . d . F z+ i (2) cm an a so assigne it to e in t,1e M site. 

It was pointed out by Goldman and Rossman (1976) that the half-width 

of the 3100 cm-l band is an order of magnitude smaller than the other M(2) Fe 2+ 

bands. This suggested a vibrational origin and led them to examine a number 

of orthopyroxenes to determine the origin of this band. It was found that this 

band does not arise from M(2) Fe 2+. In the course df that investigation, they 

-1 2+ found a band at 2350 cm which was correlated with M(2) Fe content, had the 

correct polarization properties for the c
2 

model proposed by Runciman, ~ al. 
- V 

2+ 
(1973), and had a half-width similar to those of the other M(2) Fe bands. 

The crystal-field analysis of the orthopyroxene spectral data of Runciman 

~ al.(1973) is quantitatively incorrect due to the incorporation of the 

-1 
incorrectly assigned 3100 cm band. The crystal-field analysis was re-done, 

using their equations with the cor rect energy of the mid-infrared 

band of 2350 cm-l However, an unacceptable energy level scheme resulted from 

these calculations. As will be discussed, the calculated value for the splitting 

5 of the T
2 

state was unreasonably large and the value for 10 Qs (6) was - ~ 

unreasonably small. These results suggest a fundamental problem in this 

computational method. 

Orthopyroxene is the only documented sample in which all three c
2 

allowed 
- V 

transitions are observed. In addition, it is the only sample in which a mitl-

infrared absorption band of Fe
2+ within the split 

5
T ground state has been 
-2~ 

confirmed. Therefore, it is essential to quantitatively understand these data. 

For this reason, the orthopyroxene spectral data will be reanalyzed with a 
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quantitatively different c
2 

point-charge model. It will be shown that this 
- V 

model results in a more acceptable and understandable energy level scheme 

while still explaining the observed absorption anisotropy of the various bands. 

EXPERIMENTAL METHOD 

Self-supporting sections of bronzite from Bamble, Norway were cut 

parallel and perpendicular to c using external crystal morphology for orientation. 

An additional (001) section was set in epoxy on a microscope slide, thinned and 

polished to about 100 µm for measurement of the intense a band at 930 nm. The 

thickness of this section was determined by ratioing the intensity of the 1800 nm 

B band with that from the self-supporting section. Euhedral crystals, tabular 

along (100), of a hypersthene from Summit Rock, Oregon (Kleck, 1970) 

were sufficiently thin so that only polishing was necessary 

prior to obtaining their spectra. The orientation in all cases was confirmed by 

conoscopic interference figures. All spectra presented here i n were obtained at 

room temperature although the mid-infrared spectra of the Bamble bronzite 

were also obtained at 12°K using a Cryogenic Technology, Inc. cryogenic 

refrigerator. Other experimental details are similar to those presented in 

Rossman (1975 a,b). Chemical analyses were obtained with an automated MAC5-SA3 

electron microprobe using the technique of Bence and Albee (1968) for data 

reduction (Table 1). 

Each spectrum and its polarizer baseline were digitized using a Calrna 

X-Y digitizer. A plotting program was written for the IBM 370/155 to correct 

each spectrum for its polarizer baseline, to normalize the intensity to represent 

a desired crystal thickness and to plot a smooth curve through all data points 

using a second-order polynomial interpolation function. 
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CRYSTAL STRUCTURE AND OPTICAL ORIENTATION 

Ghose (1965) analyzed the crystal structure of a hypersLhene, 

Mg_ 93Fe1 _07si2o6 , with space-group Pbca; a= 18.310 R, b = 8.927 R, and 

c = 5.226 R. The optical orientation is a= b, 8 = ~, an<l y = c. All atoms 

have c1 point-group synunetry. (100) and (010) ORTEP (Johnson, 1965) projections 

of the M(Z) site are presented in Figure 1. The position of the metal ion in 

Figure 1 represents an M(Z) site that contains 90 percent Fe2+. The principal 

distortion of this site from octahedral geometry results from an elongation 

of the M(Z)-0(6) and M(2)-0(3) bonds with a reduction in the 0(6)-M(Z)-0(3) 

angle to 72.2°. 
1 

SPECTROSCOPIC DATA 

The room temperature spectra of the Bamble bronzite are presented in 

-1 
the 15000-4000 cm region in Figure 2 to illustrate the absorption bands due 

2+ 
to Fe in the M(2) site. Bancroft and Burns (1967) and Burns (1970) reported 

-1 
room temperature, polarized spectra in the 25000-4000 cm region of a bronzite 

sample from this locality, and the reader is referred to these studies for the 

spectroscopic details that occur above 15000 cm-l ' Mossbauer analysis of 

that sample (Bancroft, Burns and Howie, 1967) indicated that greater than 90 

f h 1 F 
2+ ' . h M(2) ' percent o t e tota e is int e site. In fact, a quadrupole-split 

doublet due to Fe
2+ in M(l) was not detected. The spectra in Figure 2 diffe/ 

from those previously reported in the intensities of the a , 8 , and y components 

of the band at 11,000 cm-l Also, the spectra in Figure 2 and in Bancroft and 

Burns (1967) do not show the broad absorption band of low intensity at about 

8500 cm-l described and assigned to Fe 2+ in the M(l) site by Burns (1970). If 

these differences are inherent to the samples studied, the variation in the 

-1 
intensity of the 8500 cm band suggests that slightly different distributions 
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2+ 
of Fe between the M(l) and M(2) sites occur for different samples of bronzite 

from the Bamble, Norway locality. 

The previous studies of orthopyroxene spectra indicated that the band 

near 11,000 cm-l is predominantly a-polarized and the band at 5400 cm-l is 

predominantly B-polarized. In agreement with these studies, the spectra of 

bronzite in Figure 2 indicate that the intensity ratios among the a, B, and y 

-1 
components of the band near 11,000 cm are 0.86:0.10:0.04 and for the band near 

-1 
5400 cm are 0.12:0.70:0.18. 

The mid-infrared spectra of the orthopyroxenes has also been a subject of 

debate. White and Keester (1966) attributed a band at 3100 cm-l to a vibrational 

overtone of the silicate lattice. Bancroft and Burns (1967), Burns (1970) and 

Runciman ~ al. (1973) assigned this band to Fe
2+ in M.(2). Goldman and Rossman 

-1 
(1976) subsequently found that the 3100 cm band was incorrectly assigned to 

2+ 
Fe • They showed that it was absent from all of the sampl~s which they analyzed 

and, hence, did not correlate with M(2) Fe
2+ content. 

In the course of their study,Goldman and Rossman found an absorption band 

in the mid-infrared at 2350 cm-l (Figure 3). · They assigned this band to Fe
2+ 

in the M(2) site based on the observations that this band 1) has a half-width 

similar to the near-infrared M(2) Fe
2+ bands, 2) is polarized in y as expected 

from the analysis of Runciman ~ al., 3) correlates exactly with the 

M(2) Fe
2+ concentration as measured by the intensity of the 5400 cm-l band, 

and 4) is absent in synthetic Mg, Ni and Co orthopyroxenes. 

Runciman et al. indicated that a mid-infrared band due to Fe
2+ in 

the M(2) site must be polarized mostly in y to conform to a c
2 

point-group 
- V 

-1 -1 
which explains the a and B-polarized bands at 11,000 cm and 5400 cm , 

respectively. The a, 8 and y spectra of the Bamble bronzite have been obtained 

0 -1 
at 12 K to determine the polarization rations for the 2350 cm band. The low 

temperature diminishes the overlap of the 2350 cm-l band with the vibrational 
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-1 
overtones that occur below 2200 cm so tha t more accurate intensity ratios 

can be obtained. -1 
The resulting ratios for the a, Bandy bands at 2350 cm 

are 0.28:0.20:0.52. Therefore, this band is predominantly y-·polarized 

with some a and some B due to the different orientations of the c
2 

crystal-field 
- V 

axes and the crystallographic axes as will be discussed in the next section. 

Coincidentally, these polarization ratios are nearly ident i cal to the 

-·l 
ratios determined for the 3100 cm band by Runciman et al. (1973) which were 

used to compare the theoretical intensities calculated from the selected C 
-2v 

crystal-field axes with the experimental intensities. 

POINT GROUP AND BAND ASSIGNMENTS 

The crystallographic point group symmetry of the M(Z) site is ~
1

• In 

this point group, all transitions are allowed in each polarization. However, 

-1 -1 -1 
the 11,000 cm , 5400 cm and 2350 cm bands are strongly polarized indicating 

that the Fez+ ion experiences an effective electrostatic symmetry higher than ~1 -

Runciman et al. suggested that the spectroscopic symmetry is c2 and 
- V 

proceeded to develop their model based upon this symmetry. They pointed out 

errors made in earlier studies in the assignment of the various absorption bands 

to specific transitions of Fe
2+ in c

2 
symmetry. This process utilizes the 

- V 

descent-in-symmetry method from ~h to ~
4

h to ~2v. Problems arose because 

the assignment of experimentally determined energy values to the specific 

symmetry states of ~2v by reducing the overall symmetry from ~
4

h is not 

unique and depends upon the type of rhombic distortion. There are four types 

of rhombic distortions that can be applied to a ~
4

h polyhedron, each resulting 

in a distinct c
2 

polyhedron whose symmetry element s (a two-fold rotation axis 
- V 

and two mirror planes) are rela ted differently to the original sy~netry elements 

of the ~
4

h polyhedron. Figure 4 illustrates the four ~
2
v types in which each type 
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is designated by the only symmetry elements that remain from ~
4

h (Wilson, 

Decius and Cross, 1955). In addition, the section of each c
2 

type viewed along 
- V 

the former ~4 axis of ~4h is presented to facilitate a comparison of the 

distortions. 

Idealized energy level schemes for each c
2 

type have been constructed 
- V 

from the correlation tables in Wilson, Decius and Cross and are presented 

in Figure 5 in which the descent-in-symmetry from _Oh to C is given. The 
-2v 

polarization properties of the allowed transitions have been determined using 

the character table for ~Zv in Cotton (1963). 

The appropriate c2 model for the H(2) site is C" due to the orientation 
- V -2 

of an approximate two-fold rotation axis between the 0(1)-0(4) and 0(6)-0(3) 

oxygen pairs. The XZ plane of ~Zv(~
2
") symmetry (Figure 4) was approximated 

in the orthopyroxene M(2) coordination polyhedron by the nearly planar group 

of the M(2) metal ion and the 0(1), 0(3), 0(4) and 0(6) oxygens (Runciman et al, 

-1 -1 -1 
1973). Hence, the 11,000 cm 5400cm and 2350 cm absorption bands are 

. d f F. 5 \ A A A. B d A B t ' . of Fe2+ 1· 11 tl1e assigne rom •igure to t1e _1+_1 , ~1-➔-l an _
1

+ 2 rans1t1ons 

M(2) site. Each of these transitions is allowed in only one of the crystal-field 

directions. However, the crystal-field directions are not aligned with the 

principal vibration directions of the indicatrix. Therefore, components of 

each transition will occur in all vibration directions, and the transitions to 

~l' ~land ~2 , polarized in Z, X, and Y, are expected to occur mostly in 

a, Bandy, respectively. 

Runciman ~ al. (Table 1, set 1) calculated theore tical intensity 

ratios of the a, Bandy components for these transitions of 0.85:0.02:0.14, 

0.05:0.67:0.29 and 0,10:0.33:0.58, respectively. Our measured ratios for the 

Bamble bronzite for these bands are 0.86:0.10:0.04, 0.12:0.70:0.18 and 

0.28:0.20:0.52, respectively. The general agreement between the theoretical and 
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experimental intensity ratios for the three M(2) Fe2+ bands is certainly 

suggestive of a c
2 

spectr;oscopy. These data could not be explained using 
- V 

either ~l or ~
2 

poin,t-group symmetry. 

Upon considering the orientation of the five cl-orbitals in each of the 

C polyhedra in Figure 4, a general ordering scheme of the various states 
-2v 

is readily obtained. For instance, by assuming tetragonal compression between 

Qh and ~4h (Figure S), ~lg is expected to be at higher energy than ~lg in ~4h 

symmetry. As a consequence, ~l is expected to be at higher energy than ~l in 

In the same manner, the energy level of the two c
2 

states 
- V 

derived from the E state of Q4h were obtained for the distortions -~ 
presented in Figure 4. Generally, the relative energy levels of these 

states are reversed· if I) the elongation in the XY plane is along Yin 

~
2

,ov; 2) the dihedral angle about Xis greater than 90° in ~2 ,od; 3) the 

elongation in the XZ plane is alohg X in ~
2
'; and 4) the dihedral angle about 

Z i h 900 • C 11 s greater tan in _
2

. 

The 0(3)-M(2)-0(6) and 0(l)-M(2)-0(4) angles about the crystal-field 

Z axis of the M(2) site are both less than 90°. Therefore, ~
2 

is expected 

to be at a lower energy than ~
2 

from the arguments presented above. However, 

Runciman et al. calculated just the reverse, that ~
2 

lies above ~2 

in the energy level scheme. This discrepancy will be examined in the following 

section. 

CRYSTAL FIELD ANALYSIS 

Crystal-field analysis of absorption spectra is a systematic method by which 

the polarization properties of the bands can be explained and possible energy 

level schemes evaluated. Runciman et al. described a general crystal-field 

treatment and applied it to the spectra of enstatite. This method will be 
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used to analyze the spectra of bronzite presented in this paper in light 

of the assignment of a third c
2 

band of; Fez+ in the M(Z) site at 2350 cm-l 
- V 

However, it will be shown that this method does not result in a satisfactory 

energy level scheme, and for this reason, the bronzite data will be re-analyzed 

using a different crystal-field treatment. First, it is helpful to review 

the pertinent aspects of the crystal-field method of Runciman et al. 

Runciman !:.!:. al. (1973) derived a crystal-field potential using a 

~Zv (~ 2") model. Fourth and higher order harmonic terms were excluded from 

the potential, after extracting . octahedral terms, because an exact solution 

for their coefficients would require more data than are available in the spectra. 

Hence, 6 and two additional fitting parameters that relate to the coefficients 

Of the Y O d Y ±Z h · f" d _2 an _2 armonic terms were itte. 

separation between the octahedral 
5

T and 
5

E 
-2~ -~ 

6(10D) refers to the energy 
-9 

states initially needed to produce 

the observed splittings of the c
2 

states, and which also accounts for the effect 
- V 

of configuration interaction between the two~ states. It is important to 

realize that this method does not incorporate the specific bond length and 

bond angle distortions of the C site within the potent. ial and therefore, 
-Zv 

does not distinguish be t ween sites of different ~Zv(~
2
") coordination geometries. 

The values of 6 and of the forbidden ~l + ~
2 

transition have been calculated 

from the energy expressions given in Runciman ~ al. 

bronzite data from Figures 2 and 3: ~l + ~l = 10930 
-1 

cm 

using the following 

-1 A + B = 5400 cm , 
-1 -1 

and ~l + ~ 2 = 2350 cm-l The energy values of 6 and of the ~l + ~ 2 transition 

-1 -1 
are calculated to be 4934 cm and 6178 cm , respectively. These results indicate 

5 -1 
that the splitting of the !

2
G(~

11
) state is also 6178 cm because ~2 is at 

lower energy than ~
2

. However, from the discussion in the previous section, a 

dihedral angle about Z of less than 90° leads to the prediction that ~
2 

is 

at lower energy than ~
2

. As will be shown subsequently, ~2 transforms as an XY 
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wavefunction in ~2v(~2") and ~2 transforms as a YZ wavefunction. An acute 

dihedral angle about Z increases the potential about YZ relative to XY and thus, 

~
2 

is expected to lie _beneath ~
2

• Therefore, the 0(6)-11(2)-0(3) angle of 

72.2° and the 0(l)-M(2)-0(4) angle of 83° suggest that the energy level scheme 

resulting from the method of Runciman ~ al. is incorrect. For this 

reason, the bronzite data will be re-analyzed using a crystal-field treatment 

that incorporates fourth-order contributions of the disto~tion into the 

potential and also considers the effect of specific bond lengths and angles. 

Th~ bronzite da ta have been re-analyzed using the operator-equivalent 

method described in Hutchings (1964) to derive energy expressions for the 

various ~2v(~
2

11
) states using the Z axis in Figure 1 as the axis of quantization. 

O y ±2 0 ±2 ±4 Contributions from the ~
2 

, _
2 

, ~
4 

, ~
4 

and r4 harmonic terms remain in the 

potential after subtracting the octahedral terms. The number of fitting 

parameters in addition tot are reduced to two by deriving the potential 

in terms of one specified bond length, which in this case is taken to . be the 

average metal-oxygen .distance, a; one fitting parameter is related to the second 

order terms and the other is related to the fourth order terms. The method 

assumes that each ligand constitutes a point charge. Hence, there are three 

fitting parameters and the spectra can be analyzed as before. The potential, 

written in operator-equivalent notation, consists of an octahedral term, ~, and 

where 

< 2 · 
- q r ) 

M = 
14a 3 N = 

Ao A2 Ao A4 
02, o2 , 04 and 04 are Lhe operator equivalents of the associated spheric.al 

harmonic terms and A, B, C, D and E are determined by the bond angles and bond 
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lengths of the site. The M(2) site possesses six unequal metal-oxygen 

bond lengths, from which three bond lengths must be selected to conform to a 

C point-group symmetry. Therefore, the averages of the following bond lengths 
-2v 

are used: M(2)-0(6), M(2)-0(3); M(Z)-0(1), M(2)-0(4), and M(2)-0(2), M(2)-0(5). 

The energy expressions for the two ~l states are the eigenvalues of the 

following configuration interaction matrix: 

M(A+3B) +~(3C+40D+70E) + 0.61'.\ M(B-A) ✓3 + N(C+8D-14E) 15/ 3/8 

M(B-A)~+ N(C+8D-14E) 15✓3/8 -M(A+3B) + fi (19C-120D + 70E) - 0. 4L'i 

Table 2 lists the wavefunctions and energies of the other three states. 

The solutions for the bronzite data are: -1 1 
L'i = 6522 cm · A + A = 354 cm

' -1 -2 

M -636 -l d N 9 5 -l = cm ; an = . cm The energy level scheme based upon these 

calculations is presented in Figure 6. As predicted from the acute dihedral 

angles about Z for the M(2) site, the energy level of ~
2 

is calculated below 

!z and the overall splitting of the 
5

T
2 

(Oh) state, determined by the 
- _g_ -_ 

-1 
~l + ~ 2 transition energy, is only 2350 cm This much smaller splitting of the 

5 ! 2~(~
11

) state than previously calculated supports the contention by Faye (1972) 

that the splitting of this state is either small or roughly similar from a large 

variety of mineral spectra. It is unlikely that Faye' · suggestion can be 

accurately tested below 2000 cm-l due to the presence of vibrational absorptions 

in that region. 
2+ -1 

However, the identification of the Fe band at 2350 cm 

represents the largest confirmed splitting of the 
5'!: 2~(~~) ground state known 

to us. Also, the magnitude of splitting indicated by this band arises from one 

of the largest, distorted six-coordinate mineral sites. These observations suggest 
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that the splitting of the 
5

T (0) state is probably not greater than 2000 
-~ -~ 

-1 
cm 

-1 
in most minerals, although further data are needed, especially in the 2000-4000 cm 

region, to examine this possibility further. 

2+ -1 
The calculated value of 6 for Fe in the M(2) site is 6522 cm This value 

is reasonable upon considering the dependence of 6 on l/a 5 (Figgis, 1966). To 

2+ . 
determine a value of 6 for Fe in a more regular, six-coordinate site so that the 

l/a 5 dependence can be evaluated for the bronzite data, use is made 

of a study conducted by Faye (1972). Faye indicated that the barycenter energy 

of the states derived from the splitting of the 
5

~~(Q~) state is approximately 

-1 
10,000 cm for many of the more regular, six-coordinate sites (i.e., the M(l) 

sites in orthopyroxene, olivine, etc.) which have a values of about 2.1 t 
Since the barycenter energy is determined by the transitions from the ground 

state, any splitting of the 

is larger than 6 (see Figure 

5
T

2 
(Oh) state results in - ~ - a barycenter energy that 

6). -1 
Therefore~ assuming that a 6 of 9500 cm is 

produced from a site with a= 2.1 R, a l/a 5 dependence predicts a 6 of 

1 2+ o 
about 7200 cm- for Fe in the orthopyroxene M(2) site using 2.22 A for a 

(Ghose, 1965). Although there appears to be general agreement between the values 

of 6 calculated from the spectral data and from the l/a 5 dependence, it should 

be realized that this dependence assumes octahedral geometry. The validity of 

calculating a value for 6 based upon the average of six M-0 bonds lengths in 

a distorted coordination site is subject to question, especially when four M-0 

bonds are typically 2.1 R in length whereas the remaining two bonds are extremely 

long at gr eater than 2.4 R. However, using a in these calculations may be 

the most appropriate way in which the analysis of the spectral data from distorted 

coordination sites can be compared. From the analysis of the bronzite spectra, it 

is concluded that by incorporating the fourtl1-order contributions into the potential 

and by considering the effec t of bond length and bond ancle distortions o f the 

M(2) site, a more reasonable c
2 

energy level scheme is obtained which still 
- V 

explains the polarization prop e rties of the various ba nds. 
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Finally, it must be pointed out that the 6 and y components of the band 

-1 -1 
near 11,000 cm and the a. and y components of the band near 5400 cm do not 

occur at the same energy at which the main components occur (Figure 2). These 

differences may result from weak spin-orbit coupling interactions. Ham, 

Schwarz and O'Brien (1969) in a study of Fe
2+ doped into octahedrally

coordinated sites in MgO suggested that spin-orbit interactions, affected by 

5 
Jahn-Teller distortions, produce a splitting of the T

2 
state of approximately - ~ 

-1 
100 cm • Runciman et al. pointed out that spin-orbit splittings of 

Fe2+ in the M(2) site are expected to be small due to a quenching effect of a 

low-symmetry environment. It is therefore conceivable that the small differences 

(~lOOcm-l) in the energy locations of the various components of the bands near 

-1 -1 
11,000 cm and 5400 cm are due to spin-orbit interactions, although more 

data are required to evaluate this possibility. 
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CONCLUSIONS 

A third, low-energy absorption band arising from an electronic transition 

among the components of the 
2+ ! 2g(Qh) state of Fe was identified by correlating 

the absorption spectra of a se~ie: of orthopyroxenes of various M(2) Fe
2+ 

concentrations. The energy of this band provided the experimental basis for 

2+ 
a crystal field model of the energy levels of Fe in the M(2) orthopyroxene site 

which is consistent with qualitative crystal-field considerations based on 

angular distortions. This model differs from previous studies through the 

incorporation of specific bond distances and angles of the M(2) site, and the 

inclusion of the fourth-order terms of the crystal-field potential. Most 

minerals show splitting of the ~~ (Q~) state of Fe
2+ which range up to 6000 cm -l 

as a result of distortion from octahedral geometry. However, orthopyroxene 

is the only example among these minerals in which a transition within the split 

!
2

B(Q~) ground state is confirmed. Ort&opyroxene, therefore, provides an 

important spectroscopic and theoretical basis for the discussion of the 

1 · £ F Z+ · h d' d . e ectronic structure o e in ot er istorte sites. 
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FOOTNOTES 

1. Specific bond distances for the M(2) site from the metal ion to the 

0(1), 0(2), 0(3), 0(4), 0(5) and 0(6) oxygens are (in angstroms) 

2.119, 2.066, 2.519, 2.175, 2.037 and 2.405, respectively (Ghose, 1965). 

2. These differences arise from the nature of the experimental methods 

used to obtain the spectra. The spectra of Bancroft and Burns (1967) 

and Burns (1970) were obtained with microscope spectrophotometers 

which necessarily mix polarization components due to the strongly 

convergent light in the optical system. The quantitative aspects 

of this problem will be dealt with in Chapter 4. 
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FIGURE CAPTIONS 

Figure 1. (100) and (010) ORTEP projections of the M(2) coordination site in 

orthopyroxene (hypersthene) based upon the atomic coordinates given 

by Ghose (1965). Both projections are drawn to the same scale. 

Figure 2. Room temperature spectra of bronzite (Fsll~.o) from Bamble, Norway 

illustrating the absorption bands due to Fe
2+ in the M(2) site . 

• • • • • • • • a. spectrum; ------B spectrum; ·--- y spectrum. Crystal 

thickness = 0.10 mm. Optic orientation: a. = ~' B = ~' y = c. 

Figure 3. Room temperature y spectrum(---) of hypersthene (Fs
39

_
5

) from 

Summit Rock, Oregon, and they spectrum(------) of bronzite (Fs
14

_
0

) 

Figure 4. 

-1 
from Bamble, Norway which indicate that the bands at 5400 cm and at 

2350 cm-l are correlated in intensity and arise from Fe
2+ in the 

H(2) site. Crystal thickness= 0.50 mm. 

Four types of c
2 

polyhedra resulting from rhombic distortions of a 
- V 

~
4

h polyhedron. Each ~Zv figure is designated by the only symmetry 

elements that remain from ~
4

h. For each c
2 

figure, the sections 
- V 

viewed along the former ~
4 

axis of ~
4

h and the X,Y,Z axes are also 

shown where Z corresponds to the two-fold rotation axis. 

Figure 5. Correlation diagram showing the idealized descent-in-symmetry from 

~h to ~
2
v. The polarization properties of the allowed transitions 

- -
represent the axial labelings and the distortions presented in 

Figure 4. The effect of configuration interaction between the two 
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~l states in ~
2

v symme try is ignored. Also, tetragonal compression 

between ~hand ~
4

h and the barycenter "rule11 for the split states are 

assumed. ~2v(~2") is applicable t o the orthopyroxene M(2) site. 

2+. 
Energy level scheme of Fe 1.n the M(2) site using a C (C ") 

-2v -2 

theoretical point-charge model. 
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TABLE 1. MICROPROBE ANALYSES 

SAMPLE 1 2 

Weight Pe rcent of Oxides 

Si02 57.83 53.30 
Ti02 .19 
Al 203 .09 .23 
MgO 32.86 19.67 
MnO .51 
FeO 9.77 25.02 
Cao .26 1. 76 

100.81 100.68 

Formula Proportions(Ucations = 4) 

Si 2.00 2.00 
Al(Vl) . 01 
Mg 1. 70 1.10 
Ti .01 
Mn .02 
Fe .28 .79 
Ca . 01 . 07 

1. Bronzite, Bamble, Norway 
2. Hyeersthenez Summit Rockz Oregon 
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TABLE 2. C 
-2v 

CRYSTAL-FIELD LEVELS 
-

State Wavefunction Energy 

Bl nxz -M(A+-3B) 6N (C-10D) + 0.66 

B2 /)yz . M(3B-A) - 6N(C+10D) - 0.46 
3 

A2 13XY 2AM + -N(C-70E) - 0.46 2 
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CHAPTER 3 

THE SPECTRA OF IRON IN ORTHOPYROXENE REVISITED: 

THE SPLITTING OF THE GROUND STATE. 

SUPPLEMENT: 

THE POINT-CHARGE MODEL 
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The Spectra of Iron in Orthopyroxene Revisited: 

The Splitting of the 5T2 g Ground State 

Supplement: 

THE POINT-CHARGE MODEL 

Introduction 

The operator-equivalent point-charge method used to derive energy expressions 

for specified crystal-field states in the analysis of electronic absorption spectra 

is described in detail in Hutchings (1964). Hutchings includes the necessary 

formulas to derive the crystal-field potential and to rewrite it in terms of the 

operator equivalents. Extensive tables are presented that contain the various 

matrix elements of the operator equivalents for coupled wavefunctions so that 

expressions for the crystal-field states can be determined. The operator-

2+ . 
equivalent method, as applied to the spectra of Fe 1.n the M(2) site of ortho-

pyroxene by Goldman and Rossman (1977), will now be outlined. It is hoped that 

the reader will gain sufficient familiarity with the proceclural aspects of this 

method so that it could be applied to spectra arising from a variety of coor

dination geometries. 

THE CRYSTAL-FIELD POTENTIAL 

The general expression for the crysta l-field potential in terms of spherical 

harmonics at point (r, 8 ,<jJ) is 

00 

V(r, 0 ,¢) 
n=o m=-n 

n, ym ( ) 
r "( nm n e' <P (1) 



where 

I 

ynm 
4n 

(2n+l) 
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(2) 

Therefore, y' results from a summation of harmonic contributions from all j point 
nm 

charges in the coordination site. 

Figure 1 represents the idealized geometry of a c2v coordination site con

taining a dihedral two-fold rotation axis. Z coincides with the two-fold axis of 

the site and the two mirror planes are located in XZ and YZ and are mutually 

orthogonal. In equation 2, 0 is the angular measure of point j from Zand ~ is 

the angular measure of point j from X about z. Hence, points 1 through 6 have 

1T 
(r, 0 , ~) coordinates (a1, 81,1r), (a1, 81,0), (a2,82,1r) (a2 ,8 2 ,0), (a 3, 83 ,2) and 

(a 3,83,~
1
r), respectively . 

The derivation of the Y~ spherical harmonic contribution to the crystal

field potential serves to illustrate the procedure to derive the remaining terms. 

Given that (Hutchings, 1964, table 3) 

and assuming that each point contributes the same charge, q, equation 2 over all 

six points in figure 1 becomes 

(3) 

I Q 
Substituting y 20 into equation 1, the contribution to the potential from Y2 ls 

(4) 
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In this way, the remaining terms in the potential are derived. Excluding harmonic 

0 ±2 0 terms with n > 4 (Figgis, 1966, p. 32), contributions from the Y2, Y2 , Y4, 

Y ±44 and harmonic terms occur in this potential. 

The potential is now rewritten in terms of the operator equivalents. The 

operators that are formed, which operate on the angular part of the wavefunctions, 

possess the same transformation properties under rotation as the poten t ial. 

Hence, they allow for the matrix elements of the crystal-field potential between 

coupled wavefunctions that are specified by one particular value of angular 

momentum (LLZ) to be evaluated. Rewriting Yg in cartesian coordinates brings 

In operator equivalents, Yg becomes (Hutchings, 1964, table 8) 

2 
L(L+l)] = 

where °:J is a constant multipl~cative factor which 

ions su~h as Fe
2+ (Hutchings, 1964, table 7), and 

is equal to 
2 
21 

(5) 

6 
for 3d 

og is the standard notation 

0 
for the operator equivalent of Y2. Substituting equation 5 into equation 4 

brings 

V 20 = (6) 

Continuing for the remaining terms, the potential is then entirely rewritten using 

the operator equivalents. 

In c
2

v symmetry with Z as a dihedral axis, three electronic transitions are 

parameters whereas five coefficients occur in the potential. After subtracting 
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the octahedral terms from the potential in order to solve for 6 (=10 Dq), the 

five coefficients that still remain are reduced to two by rewriting each a. i n 
J 

terms of a, the average metal-ligand bond distance (or any other specified 

distance). 0 
For 02, equation 6 becomes 

V 
20 

_ _ q r LI __ ....,-._....,,_ . oc o 1 < 2 )t"(3cos
2

8J•-l) t] - 42 A3 j Ca/a)~ - v20 02 (7) 

TT 3TT TT 
Since a1=a2=a3=a, 81=82-

4
, 83=844 , and 85=86-2 in octahedral geometry (Figure 1), 

oct 
the summation in equation 6 over all six points is zero, and v20 = 0. Hence, 

there are no octahedral contributions to be extracted from v 2a and the summation 

in equation 7 within the brackets results in a numerical value for the A coeffi

cient used in Goldman and Rossman (1977). Similarly, the remaining terms in 

the potential are: 

::::, 

5 
504 (a. /'d.) 

J 

(8) 

(9) 

(11) 

where the numerical values of the bracketed terms in equations 8 through 11 are 

the B through E coefficients in Goldman and Rossman (1977), respectively. 

(10) 
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Certain terms that occur in the general expressions for the B, D and E coefficients 

are zero in c2v syunuetry and these terms have been omitted. 

Because of the presence of mirror planes in XZ and YZ in Figure 1, bond 

distances from the metal ion to points 1 and 2 are i.dentical (as are the distances 

to points 3 and 4, and 5 and 6). However, the crystallographic point-group 

symmetry of the M(2) coordination site in orthopyroxene is c
1 

in which there are 

six unequal metal-oxygen bond distances. To conform to a c2v symmetry with Z 

along the bisector of the 0(3)-M(2)-0(6) angle, the averages of the bond lengths 

from M(2) to 0(6) and 0(3), 0(1) and 0(4), and 0(2) and 0(5) are used as a
1

,a2 
0 0 9 

and a
3 

which have values of 2.462A, 2.147A and 2.052A, respectively. a has a 

0 

value of 2.220A (Ghose, 1965). Because the 0(6)-M(2)-0(3) angle is 72.2° and 

the 0(l)-M(2)-0(4) angle is 83°, 8 1 and 8 2 (Figure 1) are 36.1° and 138.5°, 

respectively. 8 3 is set at 90°. Using these values for 8_j and <1j and the values 

for cpj shown in Figure 1, the coefficients A,B,C,D and E, calculated from equations 

7 through 11, are 0.38066, -1.05474, 14.5148, 0.48616 and 0.56845, respectively. 

The c
2

v potential is written by defining two parameters 

M = - 1 q (r2 ) 

14 a. 3 and N = 

and substituting A,B,C,D and E for the bracketed terms in equations 7 through 11, 

respectively. The potential, V, consists of an octahedral portion, and 

(12) 

Hence, there are three parameters, 6, Mand N, to be fitted from the spectra. 
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d - ORBITAL WAVEFUNCTIONS 

Using the octahedral form of the c
2
v potential 

the five linear combinations of the d orbitals that transform as A1 : A2 ,B2 , B1 and 

A
1 

in the c
2

v symmetry group are found. This involves determining the elements 

of the 5 x 5 matrix of d orbitals. For instance, neglecting the counnon factor 
l 

(5/4n) 2 , the matrix elemen t for (YgJvoctJYg) is found using Hutchings (1964, 

table 9). In this case, 1=2 and 1
2
=0. Letting q(r4 ) Voct', table 9 in 

8a5 = 0 in 

Hutchings (1964) indicates that 

0 

I . 

so that the matrix element for (YgJvoct JYg) is -26. Upon determining the 

remaining matrix elements, it is found that Yg, Y~ and Y22 and Y~ and ~21 mix. 

The appropriate linear combinations are then determined in the conventional 

manner (Ballhausen, 1962) and the following wavefunctions are obtained: 
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/Jxz 1 ( 1 -1) d = II Y2 - Y2 xz 

d = /Jyz = lcy 1 + Y2l) 
yz /2 2 

d = 13xy = j (Y~ - Yi°2 ) xy 

/3 2 13:o 1 1 2 +y-2) dx2-z2 = -(x2-z ) = - 2Y2 +2 rzCY2 2 2 

which transform as A
1

,B
1

,B
2

,A2 and A
1

, respectively, in c
2

v synnnetry. Applying 
, 

oct 
V to the above wavefunc t ions rememb ering that o = 0 . 756 (Figgis, 1966, page 35), 

the energy of dy2 and d is O. 66 and the energy of d , d and d 2 2 is - 0 . 41::,. 
xz xy yz x - z 

There fore, dy2 (A1) and dx
2

(B1) arise from the splitting of the octahedral 5Eg 

s tate of Fe2+ as is indicated in the correlation tables for c
2
v(c

2
ll) in Wilson, 

Decius and Cross (1955) . 

ENERGY EXPRESSIONS 

The energy expressions for the five d wavefunctions in c
2
v symmetry are found 

by applying the c
2

v potential in equation 12 to each one of the wavefunctions 

using table 9 in Hutchings t o evaluate the matrix elements. The expression for 

the A
2 

state is 
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Taking the first term 

(21¥o~ 12) = ~(6) = 2MA 

(2 I MBO ~ 12) = MB (0) = 0 

-(21~ o~l-2) = MACO) = o 
3 3 

- (2 I MBO ~ 1-2) = -MB (0) = 0 

and the second term 

= NC(l2) 
8 

(2 I SNno l I 2) = SND(O) 

(2 li-½Eott I 2) = ~E(O) 
4 

- <2 I ~c oa I -2 > = NC(O) 
8 

- (2 I SNDoa I -2 ) = SND(O) 

= ~c 
2 

= 0 

= 0 

= 0 

0 
= 

~NE (12) = -105NE 
4 

I 

and remembering that (d Jvoctld ) = -0.4~, the entire energy expression for the 
xy xy 

A
2 

state is 

3 
2MA + ?C - 105NE - O. 4~ 
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which is given in Goldman and Rossman (1977, table 2). In this way, energy 

expressions for the remaining four states are determined. 

Since the two A
1 

states have the same transformational syunnetry, they can 

mutually interact. To account for this configurational interaction, a 2x2 matrix 

is formed ford 2 and d 2 2· The two eigenvalues of this configuration interaction . 
y X -z 

matrix are the resulting energies of the two A
1 

states. The energy expression for 

the two A
1 

states derived from the configuration interaction matrix is 

[i
6 

(3C+40I>+ 70E) + i6 (19C-120I>+ 70E)] N + 0.10 ± 

- ¾(3C+40D+70E)(A+3B) - 1s (C+8D-14E)(B-A~M·N 

+[2; 6 (19C-120I>+70E) 2 + ~~6 (3C+40I>+70E) 2 + ::s(C+8D-14E) 2 

- l~~(3C+40D+70E)(_l9C-120D+70E)]N 2 + (A+3B)•fl·M 

where the (+) combination is the energy of the upper A
1 

state derived from E (Oh). g -_ 

The energy expression for the A
1 

ground state is then subtracted from the 

expressions for the excited A
1

, B
1 

:1,i d B
2 

states. The three resulting expressions 

are equivalent to the experimentally determined energies for the A1➔A1 , A1➔B1 
d A B 1 · . . f F 2+ i C an 1➔ 2 

e ectronic transitions o e n 2v symmetry. Hence, there are three 

equations containing three unknowns, ll , Mand N, and the point-charge model can be 

solved exactly. 
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y 

X 

5 I 
2 
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3 

6 

Figure 1. Idealized c
2

v coordination site in which Z, the two-fold 

rotation axis, is a dihedral axis. Points 1 through 6 have 

(r,8, ¢) coordinates of (a
1
,e

1
,n), (a

1
,e1 ,o), (a2 , e2 ,n), 

(a2 , e2 ,o), (a
3
, e3 ,n/2) and (a3 , e3 ,3n/2), respectively. 
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CHAPTER 4 

DETERMINATION OF 

QUANTITATIVE CATION DISTRIBUTION IN ORTHOPYROXENE FROM 

ELECTRONIC ABSORPTION SPECTRA 



so 

ABSTRACT 

Electronic absorption, Mossbauer and electron microprobe 

data are correlated for iron-bearing orthopyroxenes. The 

correlation provides a means of quantitatively determining the 

distribution of Fez+ among the M(l) and M(Z) sites of orthopyro-

xene crystals from electronic spectra and electron microprobe 

analysis. A spin-allowed transition of Fez+ in the M(l) site 

-1 
is identified at about 13,000 cm in y, E values for spin-

allowed Fez+ absorption bands in the near-infrared region are 

determined, and the origins of spin-forbidden transitions in the 

visible region are examined. 
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INTRODUCTION 

The distribution of ferrous iron between the two non-

equivalent six-coordinate sites in o r! hopyroxene, (Mg,Fe)Si0
3

, 

has been extensively analyzed, using MHssbauer spectroscopy and 

X-ray structural refinements, because of its potential applications 

in geothermometry. Ghose (1965) 2+ found that Fe preferentially 

occupies the large, highly-distorted M(2) site. Evans et al. 

2+ 
(1967) observed that the distribution of Fe between the M(l) 

and M(2) sites is dependent upon temperature. Ghose and Hafner 

2+ . 
(1967) showed t hat Fe is more strongly partitioned into the 

M(2) site in slowly cooled metamorphic rocks than in quickly 

cooled volcanic rocks. These observations suggested that the 

cation distribution depends on the rate of cooling, which led 

Virgo and Hafner (1969, 1970) and Saxena and Ghose (1971) to 

2+ 
determine rate constants for the Fe - Mg order-disorder 

process. 

Electronic absorption spectra are also sensitive to the 

site distribution of _ferrous iron in orthopyroxene. The spectre-

scopic features of Fe 2+ in the M(l) and M(2) sites differ in 

energy and intensity due to the structural dissimilarities of 

the two sites (Burns, 1970; Goldman and Rossman, 1976, 1977). 

Previous electronic absorption studies of orthopyroxenes have 

not provided quantitative site distribution information. The 

purpose of this study is to establish a method from which a 

quantitative site distribution can be determined from electronic 

absorption spectra of single orthopyroxene crystals. The 

advantages of this method are that 1) it can be used to analyze 
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orthopyroxene crystals in a thin-section in which the textural 

relationships among the various phases are retained, and 2) it 

can be used to analyze the site distribution in single ortho

pyroxene crystals to examine the petrologic implications of 

compositional zonation. 

The method results from correlating the intensity of the 

absorption bands due to Fe 2+ in the M(2) site in the electronic 

spectra with the molar concentration of Fe 2+ in this site, which 

is determined from Mossbauer spectra (taken at 77 K) and electron 

microprobe analysis. A linear correlation between the spectro-

scopic techniques over the compositional range spanned d~pends 

on the constancy of the ratio of the recoil-free fractions for 

both sites in the Mossbauer spectra and the constancy of molar 

absorptivity for Fe 2+ in the M(2) site in the electronic absorp-

tion spectra. Virgo and Hafner (1968) and Burnham et al. (1971) 

indicated that differences in recoil-free fraction for Fe 2+ between 

both sites are small and assumed that the ratio is equal to one. 

The linearity of absorbance with concentration in electronic 

spectra is generally found in solution chemistry and has also 

b f d f F 2+ · ·1· t een oun or e in si icate garne s (White and Moore, 1972). 
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EXPERIMENTAL METHODS 

The electronic absorption spectra of the bronzite from 

Bamble> Norway are p r esented in Goldman and Rossman (1977). 

The spectra of a bronzite from the Barton garnet mine (Cal 

Tech ref. 3403) and the hypersthene from Summit Rock, Oregon 

(Kleck, 1970) have been obtained on polished, self-supporting 

(010) and (100) slabs. To obtain t he intense band in a near 

-1 
11,000 cm on scale for spectroscopic measurement, the (100) 

slabs were epoxied onto a glass slide, thinned to less than 

0.05 mm and spectroscopically examined. The epoxy was then 

dissolved in n,n-dimethylformamide, the samples were removed 

and their thicknesses were determined directly. The thick-

ness of the slab of eulite from Greenland used to obtain the 

B spectrum was determined similarly, except on a (001) 

orientation. Methods of sample preparation and data reduction 

have been described in Goldman and Rossman (1977). Electron 

microprobe analyses of samples 1, 2 and 3 (Table 1) have been 

taken within the area in which the optical spectra were 

obtained. The chemical analysis of the eulite sample is 

given in Virgo and Hafner (1969). Site distributions from 

77 K Mossbauer spectra have been determined directly from the 

area ratios. 
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SPECTROSCOPIC CONSIDERATIONS 

Spin-all owed bands 

The electronic absorption spectra of the spin-allowed transi

tions due to Fe
2+ in the M(2) site are best illustrated in the 

spectra of a bronzite (Fs
14

_
0

) from Bamble, Norway (Goldman and 

Rossman, 1977, Figure 2). The Mossbauer spectrum of that sample 

taken at 77 Kasa part of the present study indicates that 96.1 

percent of the iron is in the M(2) site. Bands assigned to the 

5 A 5 A 5 A SB d 5 A 5 B .. -1 ➔ -1' -1 ➔ -1 an _ 1 ➔ _ 2 transitions occur at 10,930, 

S(~) and 5400 and 2350 cm-land are polarized mostly in a(l), 

y(~), respectively. The transitions to the 5~ 1 and 5~
1 

states 

are considered to originate from a removal of the degeneracy of 

the octahedral 
5fK state due to the low symmetry of the site and 

similarly, the 5~ 2 state is considered to arise from the splitting 

of the octahedral 5r 2~ state. 

An absorption band near 8600 cm-l that is polarized mostly 

in y has been assigned t c Fe 2+ in the M(l) site by Burns (1970). 

Burns considered this band to represent the transition to the 

lower energy component of the split 5fi state. The higher energy 

component was considered to be beneath the main band in y due 

2+ . 
to Fe in the M(2) site. It is important to understand the 

extent to which the M(l) absorptions will interfere with the 

calihrations for the M(2) peak intensities. For this reason a 

series of experiments were· performed to more clearly identify 

the location of the higher energy M(l) band. In the course of 

that study, the origin of the spin-forbidden bands in the 15,000-

25,000 cm-l region was also examined. These experiments make 
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use of the ability to disorder the iron distribution between the 

M(l) and M(2) sites by heating single crystals to temperatures 

above 500 °c and then by quickly quenching the sample. 

They spectrum of a bronzite (Fs
29

_
5

) from Gore Mountain, 

New York is presented in Figure la. The Mossbauer spectrum of 

this sample taken at 77 K indicates that 94.9 percent of the 

iron is in the M(2) site, and consistent with this result, the 

intensity of the M(l) band near 8600 cm- 1 is weak. The oriented 

slab used to obtain this spectrum was sealed in an evacuated fused 

silica tube and placed in a furnace at 850°c for 24 hours to 

disorder Fe 2+ between the two sites. After heating, the sample 

was removed from the furnace, quickly quenched in liquid nitrogen, 

and spectroscopically examined at room temperature (Figure lb). 

The reduction in the intensity of the M(2) feature near 5400 cm-l 

with the increase in the intensity of the M(l) feature near 

8600 cm-l is an independent spectroscopic verification of the 

cation disordering phenomenon previously described from Mossbauer 

spectroscopy (Virgo and Hafner, 1969; Saxena and Ghose, 1971). 

The absorption tail originating from the ultraviolet region has 

moved further into the visible region and the intensity of the 

2+ 3+ 1 Fe /Fe intervalance charge-transfer band near 17,000 cm-
, 

(Burns, 1970, page 72) appears to have increased after heating. 

In particular, the transmission valley near 13,500 cm-l (Figure la) 

is replaced by absorption after heating (Figure lb), which is 

attributed to the presence of the higher energy 5 E component of -_g_ 

Fe 2+ in the M(l) site. This band becomes evident in a difference 

plot (Figure le) in which the unheated spectrum was subtracted 
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from the heated spectrum. The higher energy M(l) band is clearly 

evident in the 77 Ky spectrum (Figure ld) of a volcanic hyper-

sthene (Fs
3 

) from Summit Rock, Oregon that has been heated at 
9. 5 

0 
900 and then 800 C, each for 48 hours. From these observations, 

the upper 5 E component for Fe 2+ in the M(l) site is estimated -_g_ 

to have an energy of 13,000 cm- 1 , which produces a barycenter 

(mean) energy of both components of 10,800 cm- 1 . 

Spin-forbidden bands 

Five narrow bands of low intensity occur in y at 23,470, 

22,400, -1 20,800, 19,760 and 18,250 cm (Figure la). They are 

considered to arise from spin-forbidden transitions of Fe 2+ in 

the M(2) site. After heating (Figure lb) the bands at 23,470 

and 22,400 cm-l have diminished in intensity as shown in the 

difference plot (Figure le), supporting their assignment to the 

M(2) site. After heating, new bands appear at 20,500 and 

19,700 cm- 1 that are attributed to Fe 2+ in the M(l) site. At 

greater M(l) con c~ ntrations (Figure ld), another band near 

21,370 cm- 1 appears that is attributed to Fe 2+ in the M(l) site. 

Site assignments are summarized in Figure le in which absorp

tions due to Fe 2+ in the M(l) and M(2) sites are annotated 

with arrows pointing up and down, respectively. 



57 

THE CALIBRATION 

The spectra of the two bronzites and the hypersthene sample 

form the basis for the calibration of optical intensities. The 

77 K Mossbauer spectrum of the hypersthene sample indicates that 

82.1 percent of the total iron content resides in the M(2) site. 

The B spectrum of a eulite (Fs 86 ) from Greenland containing nearly 

full Fe 2+ occupancy of the M(2) site is also included which has 

bands at 10,850 and 4890 -1 cm The cation distribution in this 

sample was determined by both X-ray and Mossbauer analyses in 

Burnham et al. 

In order to calculate the concentration of Fe 2+ in the M(2) 

site for any sample, the density must be known. It would be 

particularly advantageous to obtain the density of a crystal in 

a thin section without having to extract it. Howie (1963) showed 

that the density o f orthopyroxene regularly increases with 

increasing iron content. Therefore, an equation can be deter-

mined to relate density to iron content, enabling densities to be 

calculated from electron microprobe analyses of orthopyroxene 

crystals in a thin-section. From the thirty-eight chemical 

analyses and density measurements in Howie (1963), two in Deer 

et al. (1966), and using the density measurement for the Bamble 

sample in Gibbons (1974), the following least-squares equation 

is obtained: 

D(g/1) = 13.37 (± .02) (wt. % FeO) + 3186.13 (± .47) (1) 

where Dis the density in grams per liter and FeO is the total 

iron content in the sample. The densities of the Gore Mountain 

and Summit Rock samples were determined from equation 1, whereas 
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the density of the Greenland sample was calculated from the 

chemistry and cell axes given in Burnham~ tl• The Fez+ 

concentration in each site and the intensities o f the M(2) 

electronic absorption features are listed in Table 2. 

The intensities of a, Bandy polarized components of the 

5 
B1 transitions in the 10,500-11,000 and 

4900-5400 cm- 1 regions are correlated with the Fe2+ concentrations 

in the M(2) site in Figures 2 and 3, respectively. The spectr a l 

intensities are linearly related to Fe 2+ concentration in the 

range up to 10 moles/liter of Fe 2+ in the M(2) site determined 

from the Summit Rock hypersthene, which represents nearly 66 

percent occupancy of the M(2) site by Fe 2+. The intensity of the 

band in B for the eulite sample in the 4900-5400 cm-l region also 

falls on the linear trend determined by the other samples (Figure 

3). Therefore, molar absorptivity for this band is a constant 

across the entire composition range of Fe 2+ in the M(2) site and 

is equal to 9.65 from a least-squares solutions of the four 

samples. The slight curvature of the band in Bin the 10,500-

11,000 cm-l region (Figure 2) is attributed to a weak M(l) 

component that is superimposed on the main B peak in the eulite 

sample. A weak component of the 8600 cm-l M(l) band that is 

dominantly polarized in y, also occurs in Bin this sample. 

Molar absorptivity ( E ) values for all bands in Figures 2 and 3 

have been determined from least-squares solutions of the data 

and are presented in Table 3. From these results, the M(2) iron 

concentration can be determined from any band using the following: 

(moles/liter) = Abs 
~ 

(2) 
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where Abs is the optical absorbance (log Io/I), Tis the 

thickness (in centimeters) and Eis the molar absorptivity for 

that band given in Table 3. Equation 2 can be rewritten to give 

the iron content in weight percent as: 

Fe2+ (wt. %) = Abs (5584. 7) 
M(2) T"E"D 

( 3) 

where Dis the density determined from equation 1. To determine 

the iron content as FeO, replace 5584.7 by 7184.7 in equation 3. 

The values determined from these equations are then subtracted 

from the total iron content to obtain the M(l) Fe 2+ content. 

The E value for the M(l) band near 8600 cm-l in they 

spectrum of the Summit Rock hypersthene (Goldman and Rossman, 

1977, Figure 3) is calculated to be 4.6. An E value of 4.7 is 

calculated for this band from the Gore Mountain bronzite after 

heating (Figure lb) using equation 2. 

The band in a in the 10,000-11,000 cm-l region is the most 

sens irive mearis for determining the cation distribution and is 

-1 
about four times as intense as the band in Bin the 5000-5500 cm 

region. For a 30 µm thick orthopyroxene crystal which contains 

0.5% FEO, all of which is in the M(2) site, the absorbance in a 

-1 
at about 11,000 cm would be about 0.03 which is readily 

detectible in the spectra. For the Bamble bronzite in a thin-

section, this indicates that about a 5 percent change in the M(2) 

iron content can be detected at this thickness from the spectra. 

Similarly, a 2 percent change in the M(2) iron content of the 

Summit Rock hypersthene can be detected. 
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TECHNICAL PROBLEMS 

It is particularly important to accurately determine the 

thickness of the crystal, especially when it is in thin section. 

For example, by incorporating oriented sections of quartz into 

the thin-section, the final thickness after polishing can be 

obtained using the appropriate refractive index of quartz with 
• 

the Due de Chalnes method (see Bloss, 1961, page 48). If a 

universal stage is used for orientation, the appropriate thick-

ness corrections must be made. It is also important to realize 

that the calibrations presented in this paper are derived from a 

spectrophotometer that is not equipped with polarizing microscopes 

in the sample and reference chambers used in some laboratories. 

Therefore, additional convergent light problems necessarily 

introduced by the microscope optical system which mix polarization 

intensities of the various absorption bands in the electronic 

spectra are avoided. 

The effect of convergence in the optical path can best be 

understood in an example of a typical spectroscopic exper i ment. 

This is illustrated in Figure 4. A polarized beam of light, with 

a convergence angle 8, interacts with an oriented crystal in the 

aB plane in which a and B have absorb a nces per unit thickness of 

0.0 and 1.0, respectively. The resulting intensity leaving the 

sample is: 

(4) 

Ratioing this intensity to that in the re f erence chamber (I
0

) in 

a dual-beam spectrometer results in: 

Abs/t = -log (I/I
0

) = -log [<IB/I
0

) cos 2 s + (Ia/I 0 ) sin
2

8 J (5) 
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Integrating this equation to account for the total convergence 

as: 

( 6) 

results in 

't1 sin0cose [~ :.. ~] Abs/t = -log ~ 0 I I 
· 0 0 

( 7) 

Using equation 7, the reduction in the intensity of the S feature 

as the convergence angle increases is shown in Figure 5. Therefore, 

with a 30° convergence angle, the S feature will only be about 

75 percent of its true intensity. The convergence angle in the 

Cary 171 spectrometer used in this study is less than 3°. 
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CONCLUSION 

The linear correlation of band intensity with the concentra

tion of Fe 2+ in the M(2) site enables quantitative cation distri

butions to be determined from electronic spectra and microprobe 

analyses for single orthopyroxene crystals. The linearity of the 

correlation suggests that the molar absorptivity of Fe 2+ in the 

M(2) site and the ratio of the recoil-free fractions for Fe 2+ 

in both sites are constant over the compositional range examined. 

Site populations can now be determined for orthopyroxene crystals 

in petrographic thin-section without sacrificing important textural 

relationships among the coexisting phases. This technique may 

be particularly useful in studying the site distribution in zoned 

or partially exsolved orthopyroxene crystals. 
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TABLE 1. Microprobe analyses 

1 2 3 4 

Si0 2 57.83 52.83 53.30 47.38 
Ti0 2 0.07 0.19 
Al20 3 0.09 2.94 . 2 3 0. 7 9 
MgO 32.86 25.08 19.67 3.83 
FeO 9. 7 7 18.82 25.02 48.57 
MnO 0.17 . 51 
CaO 0.26 . 44 1. 76 .84 

100.81 100.35 100.68 101. 41 

Formula proportions (II cations = 4) 

Si 2. 0 () 1. 92 2.00 
AlIV . 08 
AlVI .05 .01 
Ti .01 
Mg 1. 70 1. 36 1.10 
Fe . 28 . 5 7 . 7 9 
Mn .01 . 02 
Ca .01 .02 . 0 7 

1 Bronzite Bamble, Norway 
2 Bronzite Barton garnet mine, Gore Mountain, New York 
3 Hypersthene Summit Rock, Oregon 
4 Eulite (XYZ) Greenland (Virgo and Hafner, 1969) 

1. 98 
. 02 
. 02 

. 2 4 
1. 70 

.04 



a 
B 
y 

a 
B 
y 

Fe cone. 
(moles/1) 

M ( 1) 
M ( 2) 

1 

172 
20 

8 

6 
42 
11 

0. 2 
4. 3 

TABLE 2 . 

2 

347 
44 
20 

15 
85 
20 

0. 5 
8. 5 
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Optical 

SAMPLE 
3 

410 
54 
27 

15 
99 
26 

2.2 
10.0 

intensities* 

4 

90 

138 

11. 5 
14. 7 

* absorbance per centimeter crystal thickness 

10,500 -
11,000 cm-l 
region 

4,900 -
5,400 cm-l 
region 
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TABLE 3. Molar absorptivity (E) for M(2) Fe 2+ 

Region a 8 y 

10,500 -1 40.83 5.24 2. 51 
11,000 cm 

4,900 - 1. 59 9. 65 2.48 
5,400 cm- 1 
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FIGURE CAPTIONS 

1. Room temperature y electronic absorption spectra of a 

bronzite from Gore Mountain, New York taken before heat-

treatment (a) and after heating in a vacuum at 850 0 
C for 

24 hours (b) . The unheated spectrum was subtracted from the 

heated spectrum to produce the difference plot (c) in which 

2+ 
features due to Fe in the M(l) and M(2) sites are denoted 

by arrows pointing up and down, respectively. They 

spectrum taken at 77 Kofa hypersthene from Summit Rock, 

Oregon (d) which was heated in a vacuum at 900 and then 

800 °c for 48 hours clearly shows the two spin-allowed M(l) 

-1 absorptions near 8600 and 13,000 cm . 

2. Correlation of the intensities of the M(2) bands in the 

-1 2+ 
10,500-11,000 cm region with the concentration of Fe in 

the M(2) site. 

3. Correlation of the intensities of the M(2) bands in the 

-1 
4900-5400 cm region with the · f F 2+ . h concentration o e int e 

M(2) site. 

4. A typical optical absorption experiment in which plane 

polarized light with a convergence angle 8 interacts with 

a crystal in the aS plane. 

5. The reduction in the intensity of an absorbance band in an 

optical experiment as a function of the convergence angle, 

8. The Sand a absorbances are initially assumed to be 1.0 

and 0.0, respectively. 
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CHAPTER 5 

THE IDENTIFICATION OF Fez+ IN THE M(4) SITE 

OF CALCIC AMPHIBOLES 

Published: The American Mineralogist, 62, 205-216 
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ABSTRACT 

2+ 
Evidence is presented for the occurrence of Fe in the predominantly 

Ca-filled M(L,) site of calcic amphiboles. Absorption bands in the electronic 

spe ctra at 1030 run in Band at 2470 in a provide a sensitive means for 

'f . F 2+ . h' . ident1 -y1ng e int is site. The large E value for the 1030 band, the 

larg e energy separation be tween both bands, and the similarity to the 

spectra of Fe
2+ in large, highly distorted coordination sites in other 

minerals provide the basis for the M(4) site assignment. The energy 

splittings and polarization anisotropy of these bands are analyzed using 

a point-charge model based on c
2 

symmetry. Spectral data indicate that 
- V 

2+ 
the Fe content in the M(4) sitL significantly varies among the calcic 

amphiboles. 
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INTRODUCTION 

Little is known about the Fe
2+ cont ent of the M(l1) site of calcic amphiboles . 

M(4) Fe
2
+ has been difficult to identify because calcium ge nerally occupies 

85-95% of this site (Leake, 1968) and therefore, only a small percentage of 

the total iron in most samples can occupy the M(4) site. llence, it is difficult 

to analyze for M(4) Fe
2+ in the complex Mossbauer spectra, and to detect small 

quantities of Fe
2+ in a predominantly Ca-filled M(4) site by crystallographic 

analysis. The purpose of this paper is to identify Fe 2+ in the M(4) site 

with electronic absorption spectra and to show that this t ec hnique is sensitive 

to small concentrations of Fe
2+ in this site. 

The electronic absorption spectra of the calcic amphiboles consist of a 

superposition · of absorption bands that arise from ferrous iron in several 

sites of different coordination geometries. Amphiboles contain three sites, 

M(l), M(2) and M(3), that more closely resemble regular octahedra than the 

fourth site, M(4), that is highly distorted from octahedral geometry. Fe 2+ 

in the M(4) site oi calcic amphiboles has not been previously identified in 

absorption spectra. Burns (1970) presented absorption spectra of two actinolites, 

2+ 
Ca

2
(Mg,Fe)

5
si

8
0

22
(0H)

2
, in the 350-1500 nm region in which all Fe features 
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were attributed to Fe
2+ in the M(l), M(2), and M(J) sites. It can be inferred 

from this discussion and from Burns (1965) that the main band at about 1035 nm 

arises 
2+ 

from Fe in the M(2) site. Whit e and Keester (1966) assigned a band 

in the 2300-2500 nm region to Fe
2+ in tetrahedr a l coordination also in a spectrum 

of actinolite. Both of these bands occur in the spectra of the orthorhombic 

amphiboles of the anthophyllite-gedr ite series, (Mg,Fe,A1)
7

(Si,A1)
8
o

22
(0H)

2
; 

however, Mao and Seifert (1973) assigned both bands to Fe 2+ in the M(4) site. 

The high degree of distortion of the M(4) site is expected to produce 

2+. 
large crystal-field splittings analogous to the spectra of Fe 1n the distorted 

M(2) site of or thopyroxene, (Mg,Fe)
2
si

2
o

6
. Burns (1970), Runciman et~-, (1973), 

and Goldman and Rossman (1977) studied a variety of orthopyroxenes in which 

bands at about 930 nm and 1850 r~ were assigned to transitions to excited 

states derived from the splitting of the octahedral 5
E state. These inter
-~ 

pretations provide a basis for the analysis of the calcic amphibole spect r a . 

A third absorption band at 2350 cm-l was identified in orthopyroxene 

(Goldma n and Rossman, 1976) and assigned to a tra nsition within the split 

5r (0) state of Fe 2+ in the M(2) site. Pola rized spectra will be presented 
-2g -h 

to examine if a similar band arising from Fe
2+ in the M(4) site occurs in the 

-1 
1200-4000 cm region. 

Sample Description 

Tremolite: Mt. Bity, Malagasay Republic (Lacroix, 1910); CIT ll8038; a 

2 cm prismatic, euhedral crystal that is green, transparent and free of inclusions. 

Microprobe analyses of various chips from the crystal show a range of iron 
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content from 1.6 to 2.8 wt % Fe0, but the microprobe analysis of the sample us ed 

for optical spectra indicated 2.06% Fe0 and the wet chemical 

analysis of the Mossbauer sample indicated 2.09% FeO. 

Actinolite: Zillerthal, Tyrol, Austria; CIT #4916; dark green, prismatic, 

euhedraJ laths up to 15 mm long and up to 4 mm across the basal section in 

a talc-mica schist. The absorption spectra were taken in areas on tl1e oriente d 

slabs that were free of micaceous inclusions common to these samples. The 

microprobe analyses are similar to those reported for actinolites from this 

locality in Leake (1968). 

(Fluoro)Pargasite: Pargas, Finland; CIT #2573; large crystal clusters 

in which the individual crystals are black, tabular along (010), and have 

other well-d eveloped crystal faces. These crystals occur in marble and commonly 

have calcite inclusions. The spectra were obtained in inclusion-free areas. 

The composition of this sample differs from those reported for other pargasites 

from this locality in Leake (1968). 

These minerals did not show chemical zonation in the area in which 

the optical spectra were taken on the (100) slabs. 

Experimental methods 

All spectral data presented in this paper have be en obtained at room 

temperature on s elf-supporting (010) and (100) slabs. The method of preparation 

and data analysis have been described (Goldman and Rossman, 1976b). 

The Mossbauer spectrum was obtained at room temperature using a MCA unit 

driven by a conventional loudspeaker drive system with moving source geometry . 

A 16 me 5 7 Co source in a palladium matrix was used which produced a minimum line 

width of 0.27 mm/sec. The velocity increment was cipproxirnately 0.04 mm / sec / channel 

and was calibrated with laboratory standards. The sample concentration·was 

2 approximately 1 mg Fe /cm. The sample was ground under acetone, meshed to 

obtain a grain size from 43-74 11m and set in lacquer in the bottom of a shallow 
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l" diameter plastic dish. Nearly 3 x 106 counts per channel were accumulated 

and the spectrum was analyzed using the computer program MOSFT (W. A. Dollase, 

personal communication). Other experimental details are similar to Dollase 

(1973). 

The MBssbauer spectrum of the Mt. Bity tremolite was -analyzed for six 

2+ 
peaks which included two quadrupole doublets from Fe (AA' ,BB') and one 

3+ 
quadrupole doublet from Fe (cc'). The half-widths for the two components 

of each doublet were constrained to be equal, although the half-widths of the 

different doublets were allowed to vary. 
3+ Due to the small percentage of Fe 

in this sample, the position of peak C was fixed, the areas of C and C' were 

constrained to be equal and tt1eir half-widths were specified. The sinusoidal 

variation of the background was also fitted. The resulting parameters are 

given in Table 2. A x2 value for the 200 channels analyzed is 196. 

The electron microprobe analyses (Table 1) of the three arnphiboles have 

been obtained within the areas in which the optical spectra were obtained on 

the (100) slabs. The analyses of the Mt. Bity and Zillerthal samples were 

. 2+ 
normalized to charge assuming 23 oxygens and that al] Fe 1.s Fe . Mossbauer 

data presented in this paper for the Mt. Bity sample and the analyses given in 

Leake ll968) for actinolites from the Zillerthal area indicate that less than 

10% of the total Fe is Fe3+. Using an Fe3+/Fe ratio of 0.10 does not change 

these formula proportions. The formula proportions for the Pargas sample have 

b d . · 1 1 1 . '- F J+/ . 0 30 d een obtaine s1.m1. ar y. C1ang1.ng t11e e Fe ratio up to . oes not 

appreciably change the resulting formula proportions. The sum of 

Alv1 , Fe, Mg, Ti and Mn is close to 5.0 and the sum of Ca, Kand Na is 

approximately 3.0 with Fe3+/Fe ratios of less than 0.30. 
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CRYSTAL STRUCTURE 

Calcic ampl1iboles are monoclinic with s pace-group g
2

/m " The M(l), M(2) 

and H(4) sites have point-group symmetry g2 and the M(J) site h;:is point-group 

symmetry ~211 . 

The structural differ ences between the M(l), M(2) c1nd M(J) site.s and the 

M(4) site suggest that the s pectroscopic features of ferrous iron in these sites 

will markedly differ . . (c*-b) and (a-c) ORTEP (Johnson, 1965) proj ec tions of 

the M(l), M(2) and M(J) sites of actinolit e are presented in Figure 1. The se 

sites approach octahedral geometry, witl1 similar average metal- oxygen (M-0) 

bond distances of 2 .105 .i\, 2.098 R, and 2 .09 8 ~, respectiv e ly (Mit chell, Blos s 

and Gibbs, 1971). In comparison, the M(4) site of actinolite shown in Figure 

2 is highly distorted and is eight-coordinate when occupied by calcium. 

Ideally, absorption spectra would be analyzed using the specific bond 

an~les and bond lengths of a particular me tal ion in a coordination polyhedron. 

For a metal ion in a site that is occupied predominantly by a diff erent meta l 

. h 1 d . 1 k . 1 f I' 2+ . 1 ion, t ese structura etai s are not nown, as is tie case or ·e in t1e 

M(4) site of actinoliti. The projections of the actinolite K(4) site relate 

primarily the position of calcium. The ~
2 

point-group does not constrain 

2+ 
Fe to occupy the calcium position; the only constraint is that it must, on 

the average, occupy a position on the two-fold rotation axis parallel to b. 

The position of Fe
2+ in the M(4) ·site of monoclinic amphiboles has been 

determined in grun erite, Fe
7
si

8
o

22
(0H)

2 
(Finger, 1969). A comparison of the two 

. (I" · 2) · <l · l F 2+ · cl • 1 d 1 f 1 d . t d sites •igure in icates t1at e is isp ace on t1e two- ·o . ax is owar 

th e 0(2) oxygens r e lativ e to the calcium position. An important consequence 

2+ 
of this displacement is the increase of the Fe -0(5) bond distances to nearly 

3.3 R. For this r eason; the grunerite site is considered as a highly distorted, 

six-coordinate site (Papike ~~ al., 1969) with the principa l clistortions being du e 
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2+ . 2+ 
to 1) an elongation of the Fe -0(6) bonds with a reduction in the 0(6)-Fe -0( 6) 

bond angle; 2) a twisting of the 0(6)-0(6) bond about b relative to the 0(2)-0(2) 

2+ 
bond; 3) a relative compression of the Fe -O(l1) bonds; and 4) a removal of the 

center of symmetry. The grunerite M(4) site will be used as the structural model 

2+. 
to analyze the bands due to Fe 1u the M(4) site of aclinolit e . This assumes 

2+ 
that Fe occupies a " grunerite position" in the actinolite M(4) site. 

DESCRIPTION OF SPECTRA 

The spectra of the Mt. Bity tremolite are present ed in Figure 3 to 

illus trate the features that characterize most calcic amphibole spectra. 

These spectra will serve as a basis for the identification, assignment and 

2+ crystal-field analysis of the absorption bands due to Fe in the M(4) site . 

Many of the features shown in Figure 3 have been described and assigned in 

previous studies. 

Wh i te and Keester (1966) presented an unpolarized sp e ctrum of an actinolite 

d . d b . b d 1020 F 2+ . . f ld d. . an assigne an a sorpt1on an at nm to e in six- o coor ination, 

a sharp band at 1399 nm to the first vibrational overtone of the OH stretching 

mode and a set of sharp bands at 2320 nm and 2392 nm to infrared combination 

modes. Burns (1970) presented the spectra of two actinolites and assigned 

72 d 66 . 2+/ 3+ . l absorption bands at 7 nm in y an at 1 nm in 13 to Fe Fe 1nte rva ence 

charge-trans fer (IVCT) and described four sharp absorption bands in a at about 

1400 nm arising from Oll- vibrational overtones. Burns attributed the 



83 

absorptions in the 800-1300 nm region to Fe 2+ in the M(l), M(2) and M(3) 

sites. The band assigned by White and Keester to tetrahe dral Fe 2+ is 

-1 located in a at approximately 2470 nm (4050 cm ) in Figure 3. The correct 

interpretation of this band is crucial for the site assignment to be discussed 

in the next section. 

In addition to the features discussed in previous investigations, the 

sharp peaks of low intensity in the 400-550 nm region in Figure 3 are identified 

. f b . dd 1 · · · f 2+ d 3+ as spin- or i en, e ectronic transitions o Fe an Fe . Sharp bands 

at 2297 nm and 2384 nm in Band at 2315 nm and 2387 nm in y correspond to the 

locations of the combination bands described by White and Keester. 

Fe 2+ in M(4) 

The prominent absorption bands at 1030 nm in Band at 2470 in a are 

2+ . 
assigned to transitions of Fe in the M(4) site. The evidence supporting this 

) h I f 2+ . h assignment is derived from 1 t e similarity to t1e spectra o Fe int e 

M(4) sites of the Mg-Fe amphiboles and in the M(2) sites of ortho- and 

clinopyroxene, 2) the intensity correlation between these bands, 3) the 

barycenter energy of the two bands, and 4) the intensity of the 1030 nm 

band. 

Similarity of Spectra 

The locations of the 1030 nm and 2470 nm bands are similar to those re-

ported for other large, distorted sites . 2+ . The spectra of Fe in the M(4) 

sites of cummingtonite-grunerites (Burns, 1970) show a dominant absorption band 

in the 1000 nm region. In the spectra of anthophyllite and gedrite, 

2+ 
Mao and Seifert (1973) assigned bands near 1000 run and 2500 nm to Fe in the 

M(4) site. Fe
2+ in the distorted M(2) sites of orthopyroxene (Burns, 1970; 

Runciman, Sengupta and Marshall, 1973; Goldman and Rossman, 1976, 1977) and 
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clinopyroxene (Bell and Mao, 1972; Burns, Abu-Eid and Huggins , 1972) also 

have bands in the 1000 nm and 1800-2500 nm regions. Therefore, it is apparent 

that these large, distorted sites produce a crystal-field splitting of about 

-1 
5500 cm which results in one band in the 1000 nm region and the other in the 

2000 nm region . 
. 2+ 

Absorption bands due to Fe in the smaller pyroxene M(l) 

sites do not occur above 1200 nm. If it can be shown that these two bands 

arise from the same Fe
2
+ ion, tl1en these observations support an M(4) site 

origin for the two calcic amphibole bands and exclude their origin from the 

M(l), M(2) and M(3) sites. 

Band Corre lat ions 

Sections of the Mt. Bity tremolite were heated in air at 535°C for 8 hours. 

After the sample was heated, the 1030 nm band in B retained only 50 percent of 

its unheated intensity (Figure 4). A si111ilar value is obtained for the 2470 nm 

band, although the vibrationa l absorptions superimposed upon this band preclude 

an exact determination of the reduction factor. These data suggest that both 

the 1030 nm and 2470 nm bands arise from the same Fe2+ ion. 

The spectra of two additional calcic amphiboles have been obtained to 

. f I b l b d . . f l F 2+ · veri y t1at ot1 ans originate rom t1e same e ion. Spectra of an actinolite 

are presented in Figure 5 in which the 1030 and 2470 nm ba nds are approximately 

3.1 ti.mes as intense as the analogous bands in Figure 3. Stoichiometry con-

VI 
siderations for this sample (Table 2) indicate tha t tl1ere is an excess of Al , 

Mg, Cr, Mn and Fe that cannot be accommL1 ,: ; Led in the five M(l), M(2) and M(3) 

sites in the half-unit cell. Hence, the excess must be accommodated in M(4), 

which has only 1.82 of 2.0 possible sites occupied by Ca. In addition, there 

is not enough Ca and Na to completely fill the M(4) site . Furthermore, .the 

spectra of pargasite, Naca
2

(Mg,Fe
2
+)

4
(Al,Fq 3+)S i

6
AI

2
o

22
(0ll,F,Cl) 2 , (Figure 6) 
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indicate that the absence of the 1030 nm band is correlated with the absence 

of the 2470 nm ba nd. 3+ 2+ 
Regardless of the Fe /Fe ratio assumed for this sample, 

the resulting formulas fron t the rnicroprobe a nalysis indicatr that the M(4) site 

is fully occupied by Ca and that the sum of the rema ining octahedral cations 

is approximately 5.0. In summary, these spectra indica te tha t both absorption 

bands are either simultaneously present or a bsent and henc e, they must arise 

from the same Fe2+ ion. 

Barycenter Energy 

The M(2) Fe
2+ absorption bands at about 930 nm and 1850 nm in orthopyroxene 

5 are derived from the splitting of the E (0
1

) state due to the low symmetry 
-~ - l 

of this site. Based upon the interpretation of Runciman ~ al., Hao and 

Seif ert concluded that the similar bands in anthophyllite and gedrite were 

due to the splitting of this state. The r esults of a study by Faye (1972) 

support these interpretations, and hence, support the assignment of the 

1030 nm and 2470 nm bands as electronic transitions to the separated 
5

E (0) 
-~ -~ 

2+ 
components of Fe in the M(4) sit e. Faye corre lated the barycenter ener gy 

of the two components with the average H-0 bond length of six-coordinate 

sit e s in a varie ty of minerals . Upon slightly modifying the average M-0 

bond distance to account for the effect of the substitution of othe r metal 

ions into each site, it was found that the barycenter e nergy decreased linearly 

with increas ing average M-0 bond l ength. Using the average fo r the six M-0 

bond l eng ths in the grunerite M(L1) site of 2. 29 R (finge r, 1969), a barycenter 

-1 
energy of 6880 cm · i s predicted from Faye's correlation. This is the same 

valu e that i s obtained from th e tremolite spectra in Figur e 3. For compariso n, 

the smaller M( 2) site in the orthopyroxene , bronzite, having an ave r age M-0 

o -1 
bond di s tanc e of 2.22 A, has a barycen ter e nergy of about 8160 cm In addition, 

Fay e 's correlation a r gues aga inst the possibility tha t the 2470 nm band and 
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hence, the 1030 nm band, arise 2+ 
fr om Fe in the M(l), M(2) or M(3) s ites. The 

predicted barycenter energies of absorption bands arising from these sites, 

having average M-0 bond lengths of about 2.1 R, are about 10,000 cm-l which 

precludes the occurrence of one component at 2500 nm (4000 cm-1). The remaining 

2+ . 
Fe bands in the near-infrared region occur between 850 nm and 1150 nm. Taking 

. 5 ~ 
these limits as the maximwn extent of the ~

8 
sp litting for Fe in the M(l), 

-1 
M(2) or M(3) sites, a barycenter energy of 10,200 cm is obtained. The agree-

ment with Faye's correlation supports their assignment to Fe2+ in the M(l), M(2) 

or M(3) sites. It is concluded that both the 1030 nm and the 2470 nm absorption 

bands in the spectra of cal2ic amphiboles arise from Fe 2+ in the M(4) site and 

that these bands result from the splitting of the 5~~(2~) state in the low

symmetry environment. 

Intensity Considerati ons 

The intensification of absorption features in distorted sites lacking 

centers of symmetry is a wel l-known phenomenon (Burns, 1970; White and Keester, 

1967). The greater intensity of the 1030 nm band in B, in comparison with 

2+ other Fe features in the 800-1300 nm region provides an indication 

d F 2+ . . . t that this band is ue to e in a non-centrosymmetric si e. Although the 

M(l) and M(2) sites lack centers of symmetry, they are not nearly as distorted or 

non- centrosymmetric as the M(4) site. Therefore Fe 2+ in the M(4) site is 

the most likely candidate for the 1030 nm band. This assignment, indicated 

by the band position, can be evaluated by comparing the absolute intensity of the 

10 30 nm baud (expressed in terms of molar absorptivity, c
1030

) with c values 

from site of various coordination geometries. Although an accurate value for 

2+ c1030 cannot be dete r mined becaus e th e Fe content of the M(4) site is not 

known, electron microprobe and MBssbauer analyses of the Mt. Bity tremolite 

provide constraints to derive a lower limit. 
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An absolute lower limit for E
1030 

of 16 is obtained from the formula, 

. 11 . . F 2+ d l 11 f . 'b h b d assuming a iron is e an t1at a o it contri utes tote an. 

2+ 3+ 
However, the presence of Fe /Fe IVCT bands in y and 8 in the 600-750 nm 

"" 
region, as well as aspects of the Mossbauer spectrum (below) indicate that 

some iron is Fe 3+. If the 1030 nm band is due to Fe
2
+ in M(4), the presence 

of 1.95 formula units of calcium in this site implies an E
1030 

of at least 

. 2+ 
80, assuming that Fe occupies the remainder of the site. 

The Mossbauer data for the Mt. Bity tremolite provide further 

constraints on the lower limit of E
1030

. The room temperature 

Mossbauer spectrum of this sample (Figure 7) shows two distinct peaks in the 

2+ 
high velocity region (2.0-2.5 mm/sec) that are attributable to Fe . in at least 

two distinct environments. The presence of Fe3+ in this sample is suggested in 

the +0.5 mm/sec region, although a distinct peak is not observed. 

The Mossbauer studies of the calcic amphiboles by Bancroft, Maddock and 

Burns (1967), H~ggstrom, W~ppling and Annersten (1969), Burns and Greaves 

(1971) and Bancroft and Brown (1975) have assumed that Ca, Na and K completely 

fill the M(4) site, and hence, peak assignments have been made only for Fe 2+ 

in the M(l), M(2) ,rnd M(3) sites, with the peaks having the smallest 
2+ 2+ quadrupole splitting assigned to Fe in the M(2) site. Fe in the M(4) site has 

been identified in the Mossbauer spectra of cu~ningtonites and grunerites (Bancroft, 

Burns and Maddock, 1967; Hafner and Ghose, 1971). These spectra are characterized 

by two distinct quadrupole doublets: the outer doublet has a quadrupol~ splitting 

of about 2.7-2.8 mm/sec and is assigned to Fe
2+ in the M(l), M(2) and M(3) sites; 

the inner doublet has a quadrupole splitting of 1.5-1.8 nun/sec and is assigned 
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to Fe
2+ in the M(4) site. 

Making the reasonable assumption that the band at 1030 nm 

is due to Fe 2+ h ~ one site only, the existence of two doublets in the 

spe ctrum of Mt. Bity tremolite establishes that i::
1030 

mus t be greater 

than 16, i.e. at least 27 if the band is due to the site giving rise to 

peaks AA', and at least 40 if it is due to the site giving rise to BB'. 

If the Mossbauer peaks in question represent more than one site, the value 

of i::
1030 

could only be higher. 

Thus, if we assign AA' to M(l) and M(3), and BB' to M(2) in 

accordance with previous work on calcic amphiboles, we obtain minimum 

values of i::
1030 

equal to (a) 40 if the band is due to M(2); (b) 27 if it 

is due to M(l) or M(J), and (c) very large (well over 40) if it is due to 

M(4). If we assign peaks BB' to M(4) and AA' to M(l), M(2) and M(J), 

we obtain minimum values for i::
1030 

of (a) 40 if the band is due to M(4), 

and (b) 27 if it ii due to M(l), M(2) or M(3). 

The E: values for Fe
2+ absorption bands in other sites (Table 3) 

can be compared with the lower limit determined for i::
1030

. The smaller 

sites such as the M(l) sites in olivine and orthopyroxene have E: values of 

less than 10 even though these sites have different distortions and 

departures from centrosymmetry. The larger sites in the pyroxenes and 

amphibole s have larger E value s. Based on this comparison, and E: value 

for the 1030 nm band of great e r than 27 is consistent with an assignment 

2+ 
to Fe in the M(4) site, but probably inconsistent with assig11ment to any 

other site . 
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Other Considerations 

Due to similar types of distortions of the calcic amphibole M(4) site 

and the orthopyroxene M(2) site involving elongation of two adjacent M-0 bonds 

5 and due to the similar crystal-field splittings of the ~~(~h) state for these 

minerals, the spectra of the Mt. Bity tremolite were obtained in the 

-1 
1200-4200 cm region (Figure 8) to search for a low energy absorption band 

-1 
analogous to the 2350 cm band in orthopyroxene. The absorption bands in the 

-1 
3600-3750 cm region arise from OH stretcl1ing motions, and the absorptions 

-1 2+ 
below 2000 cm also have a vibrational origin. Another band due to M(4) Fe 

does not occur in this region above 2000 cm- 1 . 

It was shown that both the 1030 nm band in Sand the 2470 band in a 

in the spectra of pargasite are absent. The absorption band in a at 1030 nm 

is also absent in Figure 6, although it is present in both the tremolite 

and actinolite spectra. Furth " rrnore, this band was reduced in intensity 

in the heat-·trea ted tremolite spectra. To examine the possibility that this 

band may be due to Fe
2+ in the M(4) site, the intensities for the a and B 

bands at 1030 nm were compared for fourteen calcic amphibole samples 

(Figure 9). The trend of these data suggests that the a and B bands are 

correlated. Consequently, the absorption band at 1030 nm in a is assigned 

2+ 
to M(4) Fe . The possibility that the a band results from the mixing of 

intensities from the intense B peak due to experimental problems do es not 

app ear like ly because the re is little evidence for 1nixin g of polarizatio n 

intensities in the 2000-2500 nm region. 
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CRYSTi\L- FlELD ANALYSIS 

The crystallographic poin t-group symmetry of the calcic amphibole M(4) 

site is ~
2 

with the two-fold rotation axis parallel to b which bisects the 

0(6)-M(4)-0(6) and 0(2)-M(4)-0(2) bond angles. For spectroscopic analysis, 

the Z crystal - field axis is taken along~ to coincide with the axis of 

highest symmetry of the site . The relative ordering of the crystal-field 

states and the polarization properties of the allowed tra11sitions for ~
2 

in 

which Z is a dihedral axis are presented in Figure 10. The classification 

of states is derived from the "descent in symmetry" method from O_h to D 
-4h 

to ~
2
v(~

2
") to ~

2
(~

2
") using the correlation tables in Wilson, Decius and 

Cross (1955) and the polarization properties of the allowed transitions are 

obtained from the character table for ~
2 

in Cotton (1963). Tetragonal 

compression between 2h and ~
4

h and ac~te dihedral ang les abou t z are used 

based on the structural data. The upper two states and tl1e lower three states 

5 5 2+ 
are derived from the octahedral E and T

2 
states of Fe , respectively. 

-~ - ~ 

Although ~
2 

explains the polarization of the 1030 nm band mostly in Z(S), it 

cannot explain the complete polarization of the 2470 nm band in a. 

This transition is expected to occur in both a(X) and y(Y) . Therefore, 

the polarization properties of these bands are indicative of a higher, 

effective electrostatic symmetry. 

The effective electrostatic symmetry of the calcic amphibole M(4) site 

is taken to be ~
2
v(~

2
11

) based upon the similar interpretation of the analogous 

bands in the spectra of orthopyroxene by Runciman ~ al., and Goldman and 

Rossman (1977), and anthophyllite and gedrite by Mao and Seifert. From the 

classification of states and the allowed transitions for c
2 

, the 1030 nm and 
- V 

24 70 nm absorption bands are assigned to the 61➔61 and 61➔~ 1 traRsitions, 

respectively. The t1-►~ 2 transition within the split 
5r

2 
(0

1
) state, which 

- ~ -.2 . 
-1 

was identified at 2350 cm in the ~pectra of orthopyroxene, does not occur 

-1 
at energies greater than 2000 cm . For c

2 
symmetry, this transition is 

- V 

expected to be polarized in y(Y) as shown in Figure 10 . 
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The operato r-equival e nt method described by Hutchings (1964) to derive 

energy expressions for the crystal-fi e ld states was used by Goldman and 

Rossman (1977) to analyze tl1~ spectra of Fe
2+ in the M(2) site of 

orthopyroxene. In orlhopyroxene, all three allowed transitions of c
2 

were 
- V 

observed experimentally and hence, the three crystal-field fitting parameters 

were calculated; 8(= 10 D ), Mand N. From these parameters, the energy of -g 
the forbidden t 1+ ~

2 
transition was calculated. However, the energy of the 

~
1

+ ~
2 

transition due to Fe
2+ in the M(4) site of calcic amphiboles is not 

known, although the mid-infrared spectra of the Mt. Bity tremolite indicate 

that it does not occur above 2000 cm-
1

. Using this value as an upper limit 

for the ~
1
+~

2 
transition, 

and ~(>-~
2 

= 976 cm-l 

the following results are obtained: 8 = 4629 

-1 
If ~1➔~2 occurs at 1400 cm , the crystal-fie ld 

-1 
parameters change as follows: 8 = 4760 cm , and t

1
+!!

2 
= 524 cm-1 . 

-1 
cm 

The value determined for 8, the energy separation between the octahedral 

5 5 -1 
T and E states, in the 4600-4800 cm rang e has been obtained from the 
-2~ -g 

point-charge model in which the crystal-field potential was derived in terms 

of the average M~O bond distance of the M(4) site. Although a 8 of this 

magnitude for a six-coordinate site at first seems low, its value is 

acceptable upon considering orthopyroxene spectral data. The ~
1

+ ~
1

, t\->-~
1 

-1 -1 -1 
and ~1➔~ 2 transitions of bronzite occur at 10,930 cm , 5400 cm and 2350 cm 

respectively. Using the average M-0 bond distance of the M(2) site of 2.22 R, 
-1 

8 was calculated to be 6522 cm • In comparison, the smaller 8 value for 

M(4) Fe
2+ in calcic amphiboles reflects the larger size 0f the M(4) site as 

5 
expected from the 1/r dependence of 8 . The energies of the transitions to 

-1 -1 
the 6

1 
and g

1 
states are about 1000 cm and 1400 cm smaller than the energies 

of the analogous transitions in orthopyrcxene, respectively. This indicates that 

the energy of the ~g(~~) state, from which ~land 12
1 

are derived, is also at 
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-1 
least 1000 cm lower in the calcic amphibole M(4) site and hence, 6 is 

expected t~ be reduced from the orthopyroxene value by about this magnitude. 

2+ -1 
Therefore, a 6 for M(4) Fe in the 4600-4900 cm range is reasonable. 

Goldman and Rossman (1977) indicated that the 0-M-0 bond angles about 

the crystal-field Z axis plays a significant role in determining the energy 

of the ~1+~2 transition within the split 
5! 2~(~h) state. The 0(6)-M(4)-0(6) 

angle of 62° is 10° smaller than the 0(6)-M(2)-0(3) angle in orthopyroxene. 

The smaller angle about Z is expected to raise tl1e energy of the ~
1
+~

2 
tran

sition. However, the two elongated M-0 bonds in orthopyroxene are about 

2. 5 R, whereas they are nearly 2. 8 R in grunerite. This longer bond distance 

explains the lower energy of ~
1

-~~
2 

transition in the amphibole M(4) site. 

Finally, it was suggested that Fe
2
~ in the M(4) site also produces a band 

in a at 1030 nm. Since A -+A
1 

is expected to be polarized entirely in S, the 
-1 -

presence of the a band at 1030 nm is difficult to explain. Similarly, in the 

f ~ (2) F 2+ · I h 1 . . . . . f h spectra o · ~ e in ort1opyroxene, t e po arization intensities o t e 

subsidiary components of the main bands were not accounted for using the most 

intuitively reasonable selection for the c
2 

axes, although the polarization 
- V 

intensities of the main bands were correctly explained. It must be remembered 

that these results are based upon a theoretical treatment that is highly 

idealized, both with regard to the presumed effective symmetry and the 

assumption of equivalent point-charge contributions from each of the ligands. 

Neverthele s s , on a compa1·ative level, the crys tal-field analyse s of the c.alcic 

amphibole and orthopyroxene spectral dat a produce consistent results. 
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CONCLUSION 

The electronic absorptions arising from fe rrous iron in the M(4) sit e 

of calcic amµhiboles have been identified. The absorption bands due to 

2+ 
M(4) Fe occur at 1030 nm in B, with some intensity in a , and at 2470 nm in 

a . The spectra of a wide variety of calcic amphiboles indicate that the Fe
2
+ 

content in the M(4) site is variable. In particular, M(4) Fez+ has been found 

in absorption spectra of all actinolite samples studied in this laboratory. 

The indication from the absorption spectra that the M(4) Fe
2
+ content exhibits 

significant variation may be important petrologically due to the temperature 

and pressure dependencies of the various elemental partitions that involve 

iron, either between coexisting minerals, or among the crystallographically 

distinct sites within each mineral. 
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TABLE 1. MICROPROBE ANALYSES 

SAMPLE 1 2 3 
Weight percent of oxides 

Si02 57.65 57.01 42.91 
Ti0 2 .07 .88 
Al 203 1.31 1.06 12.69 
Cr 203 . 24 
MgO 23.62 21.36 14.44 
MnO .22 .09 
FeO 2.06 5. 72 10.25 
Cao 13.42 12.30 13.00 
Na20 .61 .41 2.45 
K20 .20 .05 1.57 
F . 21 .06 1. 66 
Cl .04 

99.19 98.43 99.94 
-0 ::F . 09 . 03 .70 
-0::Cl .01 

99.09 98.40 99.24 
Formula Proportions* 

Si 7.81 7.87 6.28 
Al(IV) .19 .13 1. 72 

Al (VI) .02 .04 .47 
Mg 4. 77 4.40 3.15 
Ti .01 .10 
Cr 5.03 .03 5.16 4.99 
Mn .03 . 01 
Fe .23 .66 1. 26 

Ca 1.95 1. 82 2.03 
Na .16 .11 .6 9 
K . 03 . 01 . 29 
1. Tremolite, Mount Bity, Malagasay Republic 
2. Actinolite, Zillerthal, Tyrol, Austria 
3. Fluoro-pargasite, Pargas, Finland 

*The formula proportions are obtained by normalizing the total 
positive charge to 46 assuming all Fe is Fe 2+. 
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.. 
TABLE 2. MOSSBAUER PARAMETERS 

ISOMER* QUADRUPOLE 
PEAKS SHIFT SPLITTING HALF-WIDTH % AREA 

AA' 
2+ 

1.14 2.82 .32 51.4(±0.92) Fe 2+ 
BB' Fe3+ 1.17 1. 84 . 34 41.4(±1.22) 
cc' Fe 0.48 0.74 .53 7.2(±1.20) 

*Relative to Fe 0 in mm/ sec 
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TABLE 3. E: VALUES FOR COMMON MlNERALS 

MINERAL SITE -1 BAND (cm ) E: (t / mole cm) REFERENCE* 

OLIVINE H(l) 10,930 2. t, (1) ,{l}, [2], [3] 
(FAYALITE) M(2) 9,290 8.6 

ORTHOPYROXEN E M(2) 10,930 41 (4),{4},[5] 
(BRONZITE) 

ORTHOPYRO XENE M(l) 8,560 'vl0 (1),{6}, [5 ] 
(ORTHOFERROSILITE) 

Mg-Fe A11PHIBOLE M(4) 'vl0,600 'v20 (7),{8},[8] 
(GEDRITE) 

Mg-Fe AMPl!IBOLE M(4) 9,980 'v80 (1),{9},[9] 
(GRUNERITE) 

GARNET 8-fold 7,830 1.1 (10), {10} 
(PYROPE-ALMANDINE) 

CORDIERITE 6-fold 8,200 4 (11) ,{11}, [11] 

1. Burns (1970) 7. Mao and Seifert (1973) 
2 . Bush et al. · (1970) 8. Papike and Ross (1970) 
3. Birle et al. (1968) 9. .Bancroft, Burns and Maddock -(1967) 
4. Goldman and ~ossman (1977 ) · 10. White and Moore (1972) 
5. Bancroft, Burns and Howie (1967) 11. Goldman and Rossman (in preparation) 
6. Kuno (1954) 

* ()=Spectral Data [ ] = Site Population Data { } = Chemcical Da ta 
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Figure Captions 

Figure 1. 

Figure 2. 

Figure 3. 

Figure 4. 

Figure 5. 

Figure 6. 

(c*-b) and (a-c) ORTEP projections of the M(l), M(2) and M(J) 

coordination si tes in actinolite based on the atomic coordinates 

given in Mitchell et al. (1971). All figures have been drawn to 

the same scale. Bond distances are given on page 142. 

(c >'<-b) and (a-c) ORTEP projections of the M(4) coordination sites 

in actinolite and grunerite based on the atomic coordinates given 

in Mitchell~ ..§l. (1971) and Finger (1969), respective ly. These 

projections illustrate the different positioning of iron in the 

grunerite site from calcium in the actinolite site. All figures 

are drawn to the same scale. Bond distances are given on page 142. 

Room temperature spectra of tremolite from Mt. Bity, Malagasay 

Republic. a spectrum( .•••. ), S spectrum (-------), and 

y spectrum (-_ ---). y r, ~ = 17°. Crystal thickness = 1. 0 mm. 

Spectra of tremolite from Mt. Bity, Malagasay Republic before heating 

(----) and after heating in air at 535°C for 8 hours (-------). 

The bands at 1030 nm in Band 2470 nm in a are reduced to nearly 

half of their original intensity after heating which suggests a 

common Fe
2+ origin. Crystal thickness = 1.0 mm. The S-spectra have 

been displaced vertically for clarity. 

Room t emperatur e spectra of actinolite from Ziller tha l, Tyrol, Austria. 

a spectrum( .•... ), S spectrum (------), and y spectrum(----). 

Y /\ ~ -- 16°. C 1 I . k 1 0 rysta t 11.c ness = • nun. 

Room temperature s pectra o f pargasite from Pargas, Finland. 

a spectrum (. . .), B spectrum (--------),and y spectrum(---). 

YA~ -- 24°. Crystal thickness= 0.10 run. 



Figure 7. 

Figure 8. 

Figure 9. 
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Mossbauer speclr um of trcmolite, Mt. Bity, Malagasay Republic, 

taken at room temp erature. The spectrum is presented r e lative to 

57C . l' o o in 'e • 

Room tempe rature , mid-infrared spectra o f tremolit e from Ht. Bity, 

Malagasy Republic, s howing that a second 
2+ 

M(4) Fe absorption 

does not occur in th is r egion above 2000 
-1 

cm a spectrum(. 

B spectrum(---------), and y spectrum(----). YAC = 17°. 

Crystal tl1lckness = 1. 0 nun. 

band 

. . . . ) , 

Intensity correlation of the calcic arnphibole absorption bands in 

B and a at 1030 nm suggesting that the a-band is also due to Fe
2
+ 

in the M(4) site. All points represent room temp era ture spectra 

normalized to 1.0 cm thickness. 

Figure 10. Energy level schemes for ~z and ~Zv symmetries in which the 

crystal-field Z axis is a dihedral axis. The ~Zv energy leve l 

scheme explains the polarization properti e s of the M(4) Fez+ 

absorption bands. ~
2

, the crystallographic point-group symmetry 

of the M(4) site, cannot explain the polarization of the 2470 nm 

band in a. 
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Figure 2 
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CHAPTER 6 

.. 
A RE-EVALUATION OF THE MOSSBAUER SPECTROSCOPY OF CALCIC AMPHIBOLES 

Submitted to The American Mineralogist 
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ABSTRACT 

The Mossbauer spectra of calcic amphiboles have been reassessed to examine 

the validity of previous peak assignments. A brief review of previously 

established peak assignments for curnmingtonite-grunerite, calcic and sodic 

amphiboles is presented. The Mossbauer spectra of tremolite-actinolites are 

reinterpreted in terms of Fe
2+ in the M(l) and M(3) sites (quadrupole splitting, 

/::, "' 2.8 mm/sec), the M(2) site (t:, "' 2. 2 mm/sec) and the M(4) site (t:, "' 1.8 mm/sec). 

F b f h . . d" h F 2+ f ram a num er o spectra, t ese assignments 1n 1cate tat e pre ers to enter 

the M(4) site prior to the M(l) and M(3) sites, and it discriminates against 

the M(2) site. This is the same ordering scheme found in cummingtonite-grunerites. 

Evidence is presented to show that increasing the Al and Fe3+ contents in calcic 

amphiboles reduces/::, for Fe2+ in the M(l), M(2) and M(3) sites from t he values 

in tremolite-actinolites, and separates the M(l) and M(3) doublets. It is 

suggested that next-nearest neighbor effects on the already closely overlapping 

peaks limits the accuracy of determining site populations from Mossbauer spectra. 
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INTRODUCTION 

In a recent study of the electronic absorption spectra of calcic amphiboles, 

Goldman and Rossman (1977) identified features due to Fe2+ in the Ca-rich M(4) 

site, and found that these features are characteristic of tremolite-actinolite s 

(TA), Ca2 (Mg,Fe)
5
si

8
o22 (0H) 2 . They also presented a Mossbauer spectrum of a 

tremolite which is unlike other reported spectra of calcic amphiboles (Decoster 

et al., 1963; Bancroft et al., 1967a; Haggstrom~ al., 1969; Burns and Greaves, 

1971; Bancroft and Brown, 1975; Goodman and Wilson, 1976) because it has two 

distinct, well-separated Fe
2+ quadrupole doublets. As shown in Figure 1, it 

bears a striking similarity to the Mossbauer spectra of cumrningtonite-grunerites 

(CG), (Mg,Fe) 7si8o22 (0H) 2 . However, the peak assignments for these amphibole 

groups differ considerably. In particular, the inner doublet in CG spectra 

has been assigned to Fe
2+ in the M(4) site (Bancroft et al., 1967 a,b) whereas 

2+ 
it has been assigned to Fe in the M(2) site in TA spectra (Burns and Greaves), 

and possible contributions from Fe
2+ in the M(4) site, in general, have not been 

considered. 2+. The resulting difference in quadrupole splitting, 6, for Fe in 

the M(2) sites of these amphibole groups is surprisingly large (0.9-1.0 mm/sec), 

considering their structural similarity. In addition to the similarity of the 

M~ssbauer spectra of tremolite and grunerite, the similarity of their electronic 

2+ 
absorption spectra (Figure 1) suggests that Fe occurs in similar types of sites. 

The arrows point to absorption bands near 1000 nm in B polarization and 2500 nm 

2+ . in a polarization that are due to Fe in the M(4) site in both samples. 

A notable difference exists in the Mossbauer spectra of CG and TA amphiboles 

when they are examined across their compositional range. CG spectra retain a 

two doublet character across their compositional range. The transmission valleys 

between the inner and outer doublets in tremolite are replaced by resonant 
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absorption at higher iron contents (Burns and Greaves), and are generally absent 

in more chemically complex amphiboles, such as hornblendes (Bancroft and Brown), 

2+ 
where an asynunetric Fe resonant envelope is typically observed. 

This paper (1) briefly traces the interpretation of the Mossbauer spectra 

of CG, calcic and sodic amphiboles, and amphiboles intermediate in composition 

between calcic and sodic amphiboles, (2) evaluates the peak assignments in TA 

spectra with particular emphasis on identifying peaks due to Fe
2+ in the M(4) 

site, and suggests a new peak assignment scheme that better explains the change 

· h F 2+ 1 . h . . . d (3) . int e e resonant enve ope wit increasing iron content, an examines 

the effect of additional chemical complexities on the spectral parameters in 

calcic amphiboles. 
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EXPERIMENTAL METHODS 

The experimental methods used to obtain the Mossbauer, optical and 

chemical data have been presented previously (Goldman and Rossman, 1977). All 

quadrupole splitting and isomer shift values for the Mossbauer data discussed 

in this paper are room temperature values unless otherwise specified. All 

Mossbauer spectra are presented relative to metallic iron. Only the fitted 

envelopes to the Mossbau ,-r spectra in Figures 1 and 3 are presented, but these 

1 d b · F z+/F J+ · · d 1 1 h spectra were ana yze too t a in e e ratios in or er to ca cu ate t e 

formula proportions from the electron microprobe data in Table 4. The half

widths of all Fe
2+ peaks in Figures 4 and 6 were constrained to be equal 

and the half-widths of the two ferric peaks were also constrained to be equal. 

Because of the low Fe3+ content of the actinolite sample in Figure 4, it was 

necessary to specify the half-widths of the ferric peaks and the location of the 

low velocity component. Sample locations and electron microprobe analyses are 

tabulated in Table 4. All site population data reported here in are obtained 

directly from the area ratios. X-ray precession photographs of the tremolite 

sample did not show the presence of an exsolved cummingtonite phase. 
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CUMMINGTONITE-GRUNERITE SERIES 

The M"ossbauer spectra of CG are generally characterized by two well

separated doublets (Figure 1) with the outer and inner doublets having 6 va lues 

of about 2.8 and 1. 5-1. 8 mm/sec, respectively. Bancroft et al. --- (1967a,b) gave 

four reasons for assigning the inner doublet to 
2+ . 

Fe in the M(4) site and the 

outer doublet to F 2+. h e int e M(l), M(2) and M(3) sites. First, X-ray studies 

(Ghose, 1961; Fischer, 1966) indicated that Fe2+ prefers to enter the large, 

highly distorted M(4) site. Consistent with this result, the inner doublet 

is more intense than the outer doublet in cummingtonite. Second, the area ratio 

of the inner to outer doublet in grunerite is approximately the value expected 

for Fe
2
+ in the M(4) site from the site multiplicities. Third, 6 is expected 

to be smaller for Fe
2
+ in the distorted M(4) site in comparison to 6 for Fe

2
+ 

in the more regular M(l), M(2) and M(3) sites. Fourth, the half-width of the 

outer doublet is always larger than that of the inner doublet, consistent with 

a close superposition of Fe
2
+ absorptions from the M(l), M(2) and M(3) sites. 

The Fe
2
+ distribution determined from Mossbauer spectra of CG (Hafner and 

Ghose, 1971) have been collated with X-ray site refinements (Ghose, 1961; 

Fischer, 1966; Finger, 1969) for two samples, and the comparison is presented 

in Table 1. There is excellent agreement for Klein 1, but poor agreement for 

DI-17-482 which was not discussed by Hafner and Ghose, nor was the discrepancy 

between the results of the two X-ray studies for this sample explained. 
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CALCIC AMPHIBOLES 

Bancroft~ al. (1967a) presented a Mossbauer spectrum of an actinolite 

which contains two visually identifiable peaks in the high velocity region with 

the inner peak occurring as a shoulder of lower intensity on the outer peak. 

2+ 
The doublets associated with these peaks were assigned to Fe in the M(2) 

site (6 ~ 2.0 mm/sec) and the M(l) and M(3) sites (6 ~ 2.8 mm/sec), respectively, 

because of the slightly greater distortion of the M(2) site. They attributed 

2+ 
the large difference in 6 for Fe in the structurally similar M(2) sites in 

2+ CG and TA to the presence of Ca, rather than Fe or Mg, in the neighboring 

M(4) sites, which is a premise also adopted by Haggstrom et al. (1969). 

2+ 
Burns and Greaves (1971) added a third Fe doublet in analyzing actinolite 

Mossbauer spectra Jndicating that statistical tests warranted its addition. 

They also presented spectra to show that the three doublets become more dis

tinguishable at 77 K. Assuming that Ca, Na and K occupy most of the M(4) sites, 

2+ 
they assigned the three doublets to Fe in the M(l), M(3) and M(2) sites, in 

order of decreasing 6. The M(l) assignment was made because this site is con

sidered to be least distorted of the three sites, these peaks are the most 

intense in the spectra, there are two M(l) sites to one M(3) site, and Fe
2
+ 

3+ should discriminate againq t the smaller M(2) site, which is favored by Fe . 

The remaining peaks were assigned based on their similarity to sodic amphibole 

M~ssbauer assignments (Bancroft and Burns, 1969) in which the M(2) doublet is 

3+ least intense due to the preferred occupancy of Fe and Al in this site. 

Bancroft and Brown (1975) also used these assignments in their hornblende study, 

but reversed the Fe3+ and M(2) Fe2+ peaks in the low velocity region so that 

2+ 2+ 
6 of the Fe doublets decreases with decreasing isomer shift, o, as for Fe 

in the M(4) site in CG spectra (Bancroft~ al., 1967a). They noted that this 

1 d d h h 1 . F z+ . 1 . h F 3+/F z+ . reversa i not c ange t e resu ting e si te popu ation or t e e e ratio. 
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Goodman and Wilson (1976) analyzed their hornblendes with doublets a s s igned to 

Fe2+ i n the M(l), M(3), M(2) and M(4) sites, in order of dec reasing 6 , and Fe
3+ 

in octahedra l and t e trahedral coordina tions. 

The peak assignments for calcic amphiboles have been tested in two 

experiment s reported by Burns and Greaves. They examined the Mossba uer spec trum 

of synthetic fer r otremolite, Ca
2
Fe

2
;si

8
o

22
(0H) 2 , expecting to find M(l):M(2): 

M(3) area ratios of 2:2:1 ba sed on the site multiplicities . However, s epa rate 

k d F z+ · h f h · 1 h d f peas ue to e in eac o t ese sites, simi ar tot ose reporte or their 

other samples, were not obtained. The outer and intermediate peaks were assigned 

to Fe
2+ in the M(l) site and the M(2) and M(3) sites , respectively. In addition, 

an inner shoulder appears in the high velocity region which occurs at lower 

velocities than the M(2) peaks in other samples. Although a complementary shoulder 

was not observed in the low velocity region, computer fitting resulted in a 

6 of 1.37 mm/s ec for this doublet, which they assigned to Fe
2+ in the M(4) site, 

noting that this assignment raised crystal-chemical problems given the assumed 

stoichiometry of the synthetic sample. 

The Fe
2+ site distribution of an actinolite (USNM 44973) has been determined 

by both X-ray (Mitchell et al., 1971) and Mo s sbauer (Burns and Greaves, sample 6) 

methods, and the results are compared in Tab l e 2. There is an exact agreement 

for the M(3) site, but poor agreement for the M(l) and M(2) sites. However, as 

pointed out by Burns and Greaves, the sum of the formula units of Fe2+ and Fe3+ 

from the X-ray study is greater than the value specified by the chemical analysis 

of this sample. Mitchell et al. also constrained all Mn
2+ to the M(4) site whereas 

2+ 
some Fe may be included in this result due to the similar scattering factors 

of the two ions. 
3+ 

In addition, they constrained the Fe and Al to the M(2) site, 
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whereas Burns and Greaves concluded that these ions occur in a number of different 

sites. These problems make it difficult to evaluate the discrepancy between 

both methods. 
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"INTERMEDIATE" AMPHIBOLES 

The intermediate amphiboles referred to in this study are considered to be 

intermediate in composition between the sodic and calcic amphiboles and include: 

richterites, Na(Na,Ca)(Mg,Fe2+)
5
si

8
0

22
(0H)

2
; edenites, Naca

2
(Mg,Fe

2
+)

5 

(Si
7
Al)0

22
(0H)

2
; and paragasite-ferrohastingsites, Naca

2
(Mg,Fe

2
+)

4
(Al,Fe3+) 

(Si
6

A1
2
)o

22
(0H)

2
. A Mossbauer spectrum of synthetic ferro-richterite taken at 

2+ 
77 K (Virgo, 1972) exhibits one visually apparent doublet from Fe (l:i'v3.09 mm/sec) 

3+ 2+ 
and one doublet from Fe . The Fe envelope was fitted with two doublets 

assigned to Fe
2+ in the M(l) and M(3) sites and the M(2) site in order of 

decreasing tJ. 

Semet (1973) studied the Mossbauer spectra of magnesiohastingsite synthesized 

at generally the same pressure and temperature, but with different values of 

. 2+ 3+ 
oxygen fugacity which resulted in different proportions of Fe and Fe Two 

2+ · 2+ 
doublets were fitted to the asymmetric Fe envelope and assigned to Fe in 

the M(l) and M(3) sites (t:,'v2. 7 mm/sec) and the M(2) site (t:,'v2.0 mm/sec). 
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SODIC AMPHIBOLES 

The Mossbauer spectra of sodic amphiboles have been studied by Gibb and 

Greenwood (1965), Whitfield and Freeman (1967), Bancroft~ al. (1968), Bancroft 

and Burns (1969) and Ernst and Wai (1970). 
2+ 

The Fe envelope in the high 

velocity region i.s either asymmetric, or it has a prominent inner shoulder on 

the more intense outer peak. Bancroft et al. (1968) and Bancroft and Burns 

2+ 
fitted two Fe doublets to their spectra and assigned them to the M(l) site 

(/J.~2.8 mm/sec) and the M(3) and M(2) sites (/J.~2.3 mm/sec). For a glaucophane, 

2+ 3+ . Na
2

(Mg,Fe )
3

(Al,Fe )
2 

s1
8

0
22

(0H)
2 

(Bancroft and Burns, sample 1), this assign-

2+ 
ment resulted in an Fe site population that agrees with a structural refinement 

of that specimen (Papike and Clark, 1968) in which Al and Fe3+ were constrained 

to the M(2) site. For one sample (Bancroft and Burns, sample 7), the sum of Al 

and Fe3+ (1.79) is not sufficient to assume that these ions completely occupy 

2+ 
the M(2) site, and hence, a substantial proportion of the total Fe (~25 percent) 

could enter this site. They fit this spectrum with three Fe
2+ doublets assigned 

to the M(l), M(3) and M(2) sites with /J. values of 2. 79, 2.40 and 2.00 mm/sec, 

2+ 
respectively, and found that about 17 percent of the total Fe was in the M(2) 

site. However, for other samples in which the sum of Al and Fe3+ is greater than 

about 1.9, they were unable to fit three Fe
2+ doublets without imposing additional 

constraints in the fitting process that were not considered justified. 
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DISCUSSION 

Cwrmingtonite-grunerites 

Perhaps the most important characteristic of CG M"ossbauer spectra is the 

1 · · f F 2+ k f h M(l) M(2) d M(3) ' near y exact superposition o e peas rom t e , an sites, 

which prevents their distinction even in computer analysis. The connnonly quoted 

model of Ingalls (1964) predicts that 6 decreases with increasing distortion of 

a site from octahedral geometry. Using the maximum ·variation of metal-oxygen 

(M-0) bond lengths as a mr isure of distortion, the M(4) site is much more distorted 

2+ than the other sites (Table 3), and 6 for Fe in this site is 1.0 - 1.3 mm/sec 

smaller (Bancroft ~ al., 1967a). Although this result is predicted by the 

I 11 ' d 1 . d 1 . h . · f F 2+ k nga s mo e, it oes not appear to exp ain t e superposition o e peas 

from the other sites where the M(l) and M(2) sites are more distorted than the 

centrosymmetric M(3) site. 

The M(l), M(2) and M(3) sites become sJ i shtly larger with increasing total 

iron content (Table 3), but these modifications do not systematically change 6 

f F 
2+ · l · h . ( . 2 ) o e in t1ese sites across t e series Figure a. In contrast, the M(4) 

site retains about the same average M-0 bond length across the series, but 6 

of Fe
2+ in this site decreases with increasing Fe

2+ content in the M(4) site 

(Figure 2b) and also with increasing total Fe
2+ content (Figure 2c). An 

explanation for the M(4) trends may relate to structural modifi cations that the 

M(4) site experiences across the series. These modifications appear to result, 

in part, from readjusting the fit of the tetrahedral chain to the expanding 

octahedral chain with increasing iron content, 3S suggested by Hafner and Chose. 

The 0(6) oxygeus of the M(4) site each bridge two corner-shared tetrahedra. 

Furtl1ermore, structural projections of the M(4) site indicate that the position 

2+ 1./ 
of Fe in cummingtonite (Fischer, 1966) is further from the 0(2) oxygens and 

the adjacent M(l) site than in grunerite (Finger, 1969). Both types of 
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modifications result in a further distortion of the site, particularly by 

increasing the M(4) - 0(6) bond lengths (Table 3), which makes the site less 

centrosyrrnnetric. It is likely that these modifications are also responsible 

for changing the absolute intensity (i.e. molar absorptivity, E) of the M(4) 

absorption band near 1000 nm in B polarization in the electronic absorption 

spectra of these minerals, because band intensities are related to the degree 

of centrosynnnetry of the site. The E value for this band in cummingtonite 

(sample 118125, Ghose and Weidner, 1972) is about 120 (Goldman, unpublished 

data) whereas it is about 150 for the grunerite sample in Figure 1. 

2+ 
The anomalous sample in Figure 2b contains 23.7 mole percent Mn and 

much of this is in the M(4) site (Bancroft et al., 1967a,b); but this sample 

f 11 h h d . Fi 2 C b. . h F z+ d M z+ a s near t e smoot tren in gure c. om 1n1ng t e e an n components 

(i.e. 43.7 mole percent), this sample falls on the trend in Figure 2c. This 

supports the suggestion of Hafner and Ghose that the octahedral-tetrahedral 

chain fit, which is controlled by the overall composition of the mineral, is 

dominantly responsible for changing the value of~ for Fe
2+ in the M(4) site. 
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Tremolite-actinolites Fe 2
+ in M(2) 

The non-coincidence of Fe2+ peaks from the M(l), M(2) and M(3) sites in 

TA M'ossbauer spectra is perhaps their most surprising characteristic. Bancroft 

~ al. (1967a) and Haggstrom et al. (1969) suggested that 6 of Fe
2+ in the 

M(2) site is reduced due to Ca i.n the neighboring M(4) sites. Next-nearest 

neighbor effects involving Ca have been invoked to explain certain anomalies in 

the Mossbauer spectra of clinopyroxenes synthesized along the hedenbergite 

(CaFeSi
2

0
6

) - ferrosilite (Fe
2
si

2
0

6
) join by Dowty and Lindsley (1973). They 

found that the area of the M(2) doublet was larger than expected from the 

stoichiometry of each specimen (assuming Ca only occurs in the M(2) site) when 

only one doublet was fittP.d for each site. They concluded that some of the M(l) 

intensity overlaps and augments the M(2) peak intensities due to the changing 

2+ 
occupancy of the surrounding M(2) sites from Ca to Fe across the join. By 

fitting four M(l) doublets and one M(2) doublet for samples of intermediate 

con~osition, M(l)/M(2) ratios were in better, but not exact, agreement with the 

expected stoichiometry. Consistent with this model, only one M(l) doublet was 

analyzed in hedenbergite (6 = 2.22 mm/sec) and ferrosilite (6=2.49 mm/sec). 

2+ 
Hence, 6 for Fe in the clinopyroxene M(l) site is reduced by about 0.3 mm/sec 

2+ 
upon changing the occupancy of the three adjacent M(2) sites from Fe to Ca. 

2+ 
However, the 0.9-1.0 mm/sec difference in 6 between the inner and outer Fe 

peaks in actinolites is difficult to explain using these arguments because the 

M(2) site shares only two edges with neighboring Ca sites. Note that the M(l) 

site also shares an edge with the M(4) site. Considering the close structural 

(Clark et al., 1969; Cameron~ al., 1973; Mitchell~ al., 1971; Sueno ~ al., 

1973) and topological similarity of the clinopyroxene M(l) and actinolite M(2) 

sites, it also becomes difficult to explain the large difference in 6 to a 

significant difference in geometric distortion. 
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An assignment of the doublet having a 6 of 2.16 mm/sec in the spectrum 

2+. 
of synthetic ferrotremolite (Burns and Greaves) to Fe in the M(2) site is 

consistent with the hedenbergite M(l) site data. This is expected due to the 

similar structural and next-nearest neighbor configurations of the two sites. 

The similar area ratio of this doublet to the outer doublet in synthetic 

ferrotremolite further supports an M(2) site origin. However, the peaks of 

this doublet would occur in the transmis sion valleys between the inner and 

2+ . . outer Fe doublets in tremolite, corresponding to the position of the inter-

mediate doublet analyzed by Burns and Greaves and assigned to Fe
2+ in the M(3) 

site. Based on the synthetic ferrotremolite and clinopyroxene data, it is 

suggested that the intermediate doublet in TA spectra does arise mostly from 

Fe2+ in the M(2) site. This possibility necessitates a reassignment of the 

2+ 
other Fe resonance. h d bl ( 2 8 / ) . . d F 2+ Te outer ou et 6~. mm sec is assigne to e 

in the M(l) and M(3) sites and the inner doublet (6~1.8 mm/sec) is assigned to 

2+ Fe in the M(4) site. The basis for these assignments will be discussed in 

the next section. 

The M(2) doublet in the Mossbauer spectra of intermediate and sodic 

amphiboles has a 6 of approximately 2.0 mm/sec (Bancroft and Burns, 1969; 

Semet, 1973). This value is approximately 0.2 mm/sec smaller than 6 for the 

proposed M(2) doublet in TA spectra. It can be seen from Table 3 that the M(2) 

site becomes smaller and more distorted in the sequence cummingtonite-actinolite

glaucophane as it accommodates more Al and Fe3+ (Papike and Clark). The 

relative distortion of the M(2) site in hornblende occurs between actinolite 

and glaucophane in this sequence (Robinson et al., 1973). Therefore, as more 

Al and Fe3+ enter the calcic amphibole crystal structure, 6 for Fe
2
+ in the 

M(2) site is expected to be reduced from the TA value. 



127 

Fe 2+ in M(4) 

A fundamental assumption used to arrive at peak assignments in calcic 

amphibole spectra is that Ca, Na and K occupy most of the M(4) sites, and 

2+. therefore, peaks due to Fe in the M(4) site have not been sought. However, 

2+ the occurrence of M(4) Fe for the actinolites reported by Burns and Greaves 

is indicated from their stoichiometry and optical spectra. The sum of 

Alvi, Ti, Fe2+, Fe3+, Mg and Mn ranges from 5.07 to 5.39 for six of seven 

samples, whereas a total of five M(l), M(2) and M(3) sites are available for 

these ions. The excess is most likely accommodated in the M(4) sites, which 

have a maximum of 1.83 of two possible sites occupied by Ca. An indication 

that some of these excess ions in the M(4) site are Fe
2+ comes from the electronic 

absorption spectra of their samples 1 and 5 in Burns (1970). These spectra 

have intense bands at 1030 nm in S polarization. This band has been shown to 

b d F z+ · h M(4) · b Gld d R (1977) e ue to e int e site y o man an ossman . The large size 

of the M(4) site also produces Fe
2+ absorption bands in the 2500 nm region in 

both tremolite and grunerite optical spectra (Figure 1), and anthophyllite

gedrite spectra (Mao and Seifert, 1973). These results suggest that the inner 

doub l et observed in the Mossbauer spectrum of tremolite is predominantly due 

to Fe
2+ in the M(4) site. 

As suggested earlier, an assignment of the inner doublet in tremolite 

(~ = 1.84 mm/sec) to Fe
2+ in the M(2) site is not supported by the synthetic 

clinopyroxene or ferrotremolite data. The M(4) assignment is supported from 

2+ 
cunnningtonite-grunerite data (Figures 2b,c), which show that~ for Fe in the 

M(4) site increases from 1.5 mm/sec to about 1.8 mm/sec as the total iron and 

the M(4) iron contents decrease. From an extrapolation of these data, a~ 

2+ 
of about 1.8 mm/sec is expected for Fe in the M(4) site in tremolite. 
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Ca generally occupies 85-95 percent of the M(4) sites in calcic amphiboles 

(Leake, 1968). The M(4) doublet should therefore become relatively less intense 

as the iron content in the other sites increases. To examine this possibility , 

the fitted resonant envelope of the tremolite spectrum in Figure 1 can be compared 

to those of two additional amphiboles of the TA series in Figure 3. These 

samples have been selected based on their different iron contents and the obser

vation of M(4) Fe
2+ bands in their electronic absorption spectra. The Fe

2+ 

2+ 
content and the locations of the inner Fe peaks in tremolite are annotated 

h M.. b Th h h h F 2+ · on eac oss auer spectrum. ese spectra sow tat as t e e content increases 

in the M(l), M(2) and M(3) sites, there is a progressive reduction in the relative 

intensity of the inner doublet, which is visually distinct in tremolite, but 

barely discernible in ferrotremolite. This observation supports the assignment 

of the inner doublet to Fe
2+ in the M(4) site. The reduction in the relative 

intensity of the M(4) doublet with increasing iron content also provides an 

explanation for the disappearance of the transmission valley between the inner 

and outer doublets observed in tremolite. The chemical, Mossbauer and electronic 

absorption data for the samples reported by Burns and Greaves are consistent 

for an M(4) assignment for the inner doublet. 
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Fe2+ in M(l ) and M( 3) 

2+ 
The outer Fe doublet (/':,:v2. 7-2. 8 nnn/ sec) is interpreted differently among 

the various amphibole groups. It is assigned to the M(l), M(2) and M(3) sites 

in CG (Bancroft et al., 1967a,b), to the M(l) and M(3) site s in the intermediate 

amphiboles (Virgo, 1972; Semet, 1973), and to the M(l) site in sodic amphiboles 

(Bancroft and Burns, 1969). Absorptions from Fe2+ in the M(l) site occur in 

the outer doublet region in each of these groups. However, there appears to 

be a progressive separation of the M(3) doublet from the M(l) doublet as more 

Fe3+ and Al enter the crystal structure. The cause of this separation is 

unlikely to be due to significant differences in geometric distortions of the 

M(3) site between curnrningtonite and glaucophane because these sites are 

structurally similar (Table 3). TA have compositions that occur between CG 

and the intermediate amphiboles in this progression. The outer doublet in TA 

is therefore assigned to Fe
2+ in the M(l) and M(3) site because absorptions 

from these sites remain superimposed (or nearly superimposed) between CG and 

the intermediate amphiboles. 

It is likely that the separation of the M(l) and M(3) doublets will increase 

in calcic amphiboles as more Fe 3+ and Al preferentially enter the adjacent M(2) 

sites. The separation appears to reach a limiting value of ~o.4 mm/sec in 

glaucophane (Bancroft and Burns, 1969) in which the M(2) site is almost fully 

3+ occupied by Fe and Al. The assignment made above is therefore more safely 

applied to calcic amphiboles, such as TA, in which these compositional problems 

are less severe. 



130 

Temperature dependency 

The temperature dependence of 6 is one way by which the proposed peak 

assignments for TA can be evaluated . Hafner and Ghose (1971) showed that 6 

for Fe
2+ in the CG M(l), M(2) and M(3) site increases from 2.8 to about 3.1 mm/sec 

as the temperature decreases to77 K, whereas 6 for Fe
2+ in the M(4) site r emains 

nearly constant. The M"ossbauer spectrum of an actinolite taken at 77 K is 

presented in Figure 4 to examine the temperature dependency of the three Fe2+ 
1_/ 

doublets. The stoichiometry (Table 1) and electronic absorption spectra of this 

sample indicate the presence of Fe
2+ in the M(4) site. The outer doublet has a 

6 of 3.10 mm/sec, which is 0.3 mm/sec larger than its typical room temperature 

value. A similar 6 at 77 K was found for the outer doublet in synthetic ferro

richterite, which was assigned to Fe2+ in the M(l) and M(3) sites (Virgo, 1972). 

The intermediate Fe2+ doublet in Figure 4 has a 6 of 2.50 mm/se c , which is about 

0.3 nnn/sec larger than the room temperature value of the proposed M(2) doublet 

in synthetic ferrotremolite (Burns and Greaves). The similarity in the temper

ature dependency of the outer and intermediate doublets in TA M'ossbauer spectra 

to that found for the outer doublet in CG spectra supports their assignment to 

Fe
2+ in the M(l) and M(3) sites and the M(2) site, respectively. The inner 

Fe
2+ doublet in Figure 4 ha s a 6 of 1.86 mm/sec which can be compared to the 

room temperature value of 1.84 mm/sec determined for the inner doublet in 

tremolite (Goldman and Rossman, 1977). The lack of a temperature dependence 

f h . d bl . TA . . F 2+. h M(4) or t e inner ou et in spectra supports its ass i gnment to •e int e 

site, based on the CG data. Although Bancroft and Burns indicated that 6 

for Fe 2+ in the sodic amphibole M(2) site does not appear to have a significant 

temperature dependency, it must be remembered tha t this site is much more distorted 

than the TA M(2) site (Table 3), and a comparison between these groups is likely 

to be l ess va lid. 



13 1 

Site pr e f e1°ences 

The observation from Figure 1 that Fe
2+ is nearly equally distributed 

between the M(4) site and the other sites in tremolite suggests that Fe
2+ will 

attempt to occupy available M(4) sites prior to Mg. The presence of a trans-

mission valley between the M(l) and M(3) doublet and the M(4) doublet suggests 

h F 2+ d' i · h (2) tat e iscr minates against t e M site. These observations indicate that 

2+ 
Fe prefers to enter the M(4) site prior to the M(l) and M(3) sites, and dis-

criminates against the M(2) site. This is the same ordering scheme found in 

cummingtonite (Chose, 1961; Fischer, 1966) and grunerite (Ghose and Hellner, 

1959; Finger, 1969) from X-ray studies. In addition, this ordering scheme is 

consistent for a suite of tremolite-actinolites as shown in Figures 1 and 3 and 

from the spectra in Burns and Greaves. These interpretations provide an additional 

reason for the disappearance of the transmission valleys between the inner and 

outer doublets as the iron concentration increases. The change in the appearance 

2+ 
of the Fe envelope involves a progressively less intense M(4) doublet and a 

continuously more intense M(2) doublet as the iron concentration increases. 
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Peak variations 

It was suggested earlier that the substitution of Al and Fe3+ into the 

calcic amphibole crystal structure produces a separation of the M(l) and M(3) 

doublets, and reduces~ for Fe
2+ in the M(2) site. The Mossbauer spectra of 

the hornblendes studied by Bancroft and Brown are likely examples of this 

process. The stoichiometry of most of their samples (Dodge et al., 1968) 

suggests that there is not sufficient Fe
2+ in the M(4) site to be an important 

contribution to the M6ssbauer spectra. This is also indicated from the electronic 

absorption spectra of two of those samples taken as a part of this study. The 

2+ 
~ values for the doublets assigned to Fe in the M(l), M(3) and M(2) sites are 

approximately 2.8, 2 . 4 and 2.0 mm/sec, respectively. The possibility that 

2+ 2+ 
hornblendes may also have Fe in the M(4) site suggests that four Fe doublets 

may be required for certain samples, such as those reported by Goodman and Wilson 

(1976). However, such fits should be viewed with caution without supporting 

evidence from chemical and electronic absorption data for the occurrence of 

Fe2+ in the M(4) site. N h 1 h b . f d. . . F 2+ evert e ess, t e o servation o a 1st1nct inner e 

peak or shoulder in a calcic amphibole M'ossbauer spectrum probably signifies 

the presence of Fe
2+ in the M(4) site. 

It is also possible that Al and Fe3+ influence the peak parameters for 

the outer Fe
2+ doublet in hornblendes. As shown in Figure 5, the Mossbauer da ta 

for the hornblendes reported by Bancroft and Brown correlate with the Al and Fe3+ 

3+ 
Fe contents of these samples (Dodge et al., 1968; Burns and 

Greaves,1971). These trends show that~ for the outer doublet decreases with 

3+ 3+ increasing Al, Fe and (Al+ Fe ) contents. Although variations in the Na 

content of the M(4) site may be involved in these correlations, the Mossbauer 

spectrum of a low-Fe richterite (Goldman, unpublished data) is virtually identical 

to the tremolite spectrum in Figure 1 which indicates that significant variations 
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2+ 
of the Na content in the M(4) site does not affect the peak positions of Fe 

in the M(l), M(3) or M(4) sites. 

The trends in Figure 5 also suggest that two different mechanisms are 

responsible for producing the variation in 6, because the Al in these samples 

is mostly in tetrahedral coordination and bonding occurs through one Al-0-(Fe,Mg) 

bridge, whereas the Fe
3+ is most likely in octahedral coordination and bonding 

with adjacent octahedral sites occurs by sharing a common edge. An indication 

that the amount of tetrahedral Al is the dominant factor comes from the Mossbauer 

and structural data for the intermediate and sodic amphiboles. In glaucophane, 

the M(2) site is almost fully occupied by Al and Fe3+ (Papike and Clark) and 

there is very little tetrah~dral Al, but 6 of the outer peaks is about 2.8 mm/sec 

(Bancroft and Burns). In synthetic magnesiohastingsite, less than half of the 

M(2) sites could be occupied by Al and Fe3+, but there is significant tetrahedral 

Al. 6 of the outer peaks is about 2.7 mm/sec (Semet). It appears likely that 

the amount of tetrahedral Al affects the fit of the octahedral and tetrahedral 

chains. This fit, in response to changing composition, was discussed earlier 

as a possible cause for the variation in 6 of Fe
2+ in the M(4) site in CG spectra. 

Regardless of the mechanisms responsible for producing the trends in Figure 5, 

h 1 ld b . " 11 " f h F 2+ 1 1· f h 1 . t e resu t wou ea progressive co apse o t e e enve ope, t e ocations 

of the inner peaks remain about the same. This can be seen in the MBssbauer 
f!j 

spectrum of a pargasite in Figure 6. This pargasite was selected because its 

electronic absorption spectra indicate the presence of Fe
2+ in the M(4) site. 

The 6 values for the outer, intermediate and inner doublets are 2.59, 2.26, and 

1. 88 nun/ sec, respectively. The smaller 6 of the outer doublet does result in a 

2+ 
"collapse" of the Fe envelope, because the inner doublet remains at about the 

same position as in tremolite (Figure 1, 6 = 1.84 mm/sec ). This produces a much 

2+ 
closer overlap of all Fe peaks, and therefore, the ability to determine accurate 
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2+ 
site distributions by assuming that one peak represents Fe in only one site 

is further impaired. 

It was found that convergence in the computer fitting of the pargasite 

spectrum in Figure 6 was obtained, using only half-width constraints, only 

if all of the Fe
2
+ peaks in the low velocity region occurred at lower velocities 

than the Fe3+ peaks. The positioning of the inner Fe
2
+ peak and the low velocity 

Fe
3

+ peak in this region is similar to the fits for hornblendes in Bancroft and 

Brown, but reversed from the fits for actinolites in Burns and Greaves. Bancroft 

and Brown preferred their placement of these peaks, because it resulted in 

2+ 
decreasing o values as the~ decreases for the Fe peaks. It is true that as~ 

for Fe
2
+ in the M(4) site in cummingtonite-grunerites decreases, o also decreases 

(Bancroft~ al., 1967a,b). However, the o values for the inner and outer 

doublets for tremolite in Figure 1 show just the reverse, being 1.17 and 1.14 mm/sec, 

respectively (Goldman and Rossman, 1977). ~ for the inner doublet in Figure 6 

2+ 
is sufficiently close to the expected value for M(4) Fe based on the tremolite 

spectrum that it was felt that imposing additional constraints to reverse the 

M(4) and Fe
3
+ peaks in the low velocity region was unnecessary. Bancroft and 

Brown indicated that the same Fe2+ site population and the same Fe
2
+/Fe3+ ratios 

were obtained with either positioning within the error of measurement. 

The effect of next-nearest neighbor chemical variations in calcic amphiboles 

has been discussed in terms of reducing~ for Fe
2
+ in the M(l), M(2) and M(3) 

sites as more trivalent ions enter the crystal structure. It is realized that 

F 
2+ · · 1 · · · f . hb e in a particu ar site may experience a variety o next nearest neig or 

environments within a crystal structure which would tend to broaden the spectral 

region in which it absorbs. Fitting one peak to this broadened region for iron 

in that site will lead to erroneous site distributions, as shown for synthetic 

clinopyroxenes by Dowty and Lindsley. Because of the chemical complexities 
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that are characteristic of calcic amphiboles, and the large number of sites 

available for Fe
2+, these problems may always be inherent to the method. Hence, 

a compromise between the number of peaks that can be fitted to a complex 

M~ssbauer spectrum and the ability to decipher the origin of each peak must be 

reached. Figure 7 summarizes the conclusions reached in this paper regarding 

the site assignments for calcic amphibole Mossbauer spectra. 
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Table 1. Fe
2+ site occupancies* for a cummingtonite and grunerite 

Sample X-ray Mossbauer 
M(l,2,3) M(4) M(l,2,3) M(4) 

Dl-17-482 
a 1.48d 1. 16 1.34b 1.02 

0.62 1. 88 

Klein 1 4. 16 1. 98c 4.21 1. 93d 

* formula units; a. Ghose, 1961; b. Fischer, 1966; c. Finger, 1969; 
d. Hafner and Ghose, 1971 
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* Table 2. Site occupancie s for an actinolite 

method 

a 
X-ray 

.. b 
Mossbauer 

M(l) 

1.22 Fe 2+ 
0. 78 Mg 

1. 53 Fe 2+ 

* formula units 

M(2) 

0.92 
2+ 

Fe3+ 
0.32 Fe 
0.68 Mg 

0.40 Fe 2+ 

a . Mitchell, Bloss and Gibbs (1971) 
b. Burns and Greaves (1971) 

M(3) 

0.58 Fe 2+ 
0.42 Mg 

0.58 Fe 
2+ 

M(4) 

1. 7 6 Ca 
0.16 Mn 
0 .08 Na 
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Table 3. Metal-oxygen bond distances for the M sites in amphiboles 

bond 

M(l)-0(1) 
M(l)-0(2) 
M(l)-0(3) 

mean 
max. var. 

M(2)-0(l) 
M(2)-0( 2) 
M(2) - 0(4) 

mean 
max. var. 

M(3)-0(l) 
M(3)-0(3) 

mean 
max. var. 

M(4)-0(2) 
M(4)-0(4) 
M(4)-0(6) 
M(4)-0(5) 

mean 
max. var. 

>°c 

. . a cumm1ngton1te 

2.07i 
2.14 
2.10 

2.10 
0.07 

2.14 
2.08 
2.04 

2.08 
0 . 10 

2.11 
2. 08 

2.10 
0.03 

2.17 
2.02 
2.70 

2.30 
0.66 

a. Fischer (1966) 
b. Finger (1969) 
c. Mitchell, Bloss and Gibbs (1971) 
d. Papike and Clark (1968) 

. b gruner1te 

2.082i 
2.160 
2.122 

2.121 
o. 07 8 

2.161 
2. 128 
2.075 

2.121 
0.086 

2.118 
2.103 

2.113 
0.015 

2. 135 
1. 988 
2. 7 57 

2.293 
0.769 

actinolitec 

2.090f 
2.115 
2. 114 

2.105 
0.025 

2. 151 
2.114 
2.022 

2.098 
0.129 

2.100 
2.093 

2.098 
0.007 

2.388 
2.301 
2.561 
2.816 

2. 517 
0.515 

d 
glaucophane 

2.078i 
2. 082 
2.100 

2.087 
0.022 

2.038 
1. 943 
1. 849 

1. 943 
0.189 

2.103 
2.077 

2.094 
0.026 

2.411 
2.337 
2.446 
2. 798 

2.498 
0.461 

* The M(4)-0 bond lengths in cummingtonite and grunerite represent the position 
primarily of Fe 2+, whereas they represent the positions primarily of Ca and 
Na in actinolite and glaucophane, respectively. 



oxide 

Si02 
Ti02 
Al203 
Cr203 
MgO 
FeO 
MnO 
CaO 
Na20 
K20 
Cl 
F 

L(-O•F,Cl) 

Fe3+/Fet 
(Mossbauer) 

Si 
Aliv 

Alvi 
Ti 
Cr 
Mn 
Fe 2+ 
Fe3+ 
Mg 

Ca 
Na 
K 

1 

57. 65 
0.07 
1. 31 

23. 62 
2.06 

13 . 42 
0.61 
0.20 
0.04 
0.21 

99.09 

0.10 

7.81 
0.19 

0.02 
0.01 

0.21 
0.02 
4. 77 

1. 95 
0.16 
0.03 
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Table 4. Electron microprobe analyses 

2 3 4 

weight percent of oxides 

51. 97 

8.61 
36. 96 
0.82 
1.01 
0.04 

0.05 

99.45 

n.d. 

8.00 

0.11 
4. 76 

1. 98 

0 . 17 
0.01 

56.99 
0.01 
0.92 
0.08 

20.66 
5.48 
0.22 

12.15 
0.85 
0.02 
0.01 

97.38 

0.12 

48.61 

1. 86 

3.83 
30. 27 

2.22 
10.59 
0.26 
0.15 
0.04 

97.88 

0.18 

'"k 
formula proportions 

7. 92 
0.08 

0.07 

0.01 
0.03 
0.56 
0.08 
4.28 

1. 81 
0.23 

7.59 
0.34 

0.29 
3. 24 
0. 71 
0.89 

1. 77 
0.08 
0.03 

1. Tremolite, Mt. Bity, Malagasay Republic (CIT 8038) 
2. Grunerite, Smallwood mine, Heath Lake, Canada (CIT 7223) 
3. Actinolite, Berkeley, California (CIT 299) 

5 

54.68 
0.05 
2.45 
0.69 

20.47 
5 . 87 
0.30 

12.16 
0.73 
0.06 

0.33 

97.65 

0.08 

7.66 
0.34 

0.06 
0.01 
0.08 
0.04 
0.63 
0.06 
4. 27 

1. 82 
0.20 
0.01 

6 

39 . 82 
2.18 

16.06 

14 . 98 
9.09 
0.08 

12.43 
2. 46 
0.67 
0.02 

97.80 

0.34 

5. 77 
2.23 

0. 52 
o. 24 

0.01 
o. 7 2 
0.37 
3. 23 

1. 93 
0.69 
0.12 

4. Ferrotremolite, Biwabik iron formation, Babbitt, Minnesota (UCLA MS2625) 
5. Actinolite, Chester, Vermont (CIT 6191.) 
6. Pargasite, Chelan, Washington (CIT 1188) 
* the formula proportions are obtained by normalizing the total positive charge 

to 46 including both ferric and ferrous iron 
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FOOTNOTES 

1. 

2. 

3. 

4. 

The M(4) site of this sample contains 84 percent Fe 2+ 
(Fischer, 1966). 

The M(4) site of this sample contains nearly 99 percent Fe2+ (Finger, 1969). 

The computed values for t,., o, and the relative area of each Fe2+ doublet 

are: 3.10, 1.?r,; nun/sec, 52.1%; 2.50, 1.26 mm/sec, 20.0%; 1.86, 1.23 mm/sec, 

20.2%. The values for the Fe3+ doublet are: 0.41, 0.64 mm/sec, 7.8%. 

The ferrous and ferric half-widths are 0.36 and 0.46 mm/sec, respectively, 

2 
and x for the 200 channels analyzed is 274. 

2+ 
The computed values fort-.,., o, and the relative area of each Fe doublet 

are: 2.59, 1.15 nun/sec, 30.6%; 2.26, 1.14 mm/sec, 23.0%; 1.88, 1.10 mm/sec, 

12.6%. The values for the Fe3+ doublet are: 0.55, 0.61 mm/sec, 33.8%. 

The ferrous and ferric half-widths are 0.31 and 0.49 mm/sec, respectively, 

2 
and x for the 210 channels analyzed is 240. 
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FIGURE CAPTIONS 

1. Mossbauer and electronic absorption spectra of a tremolite from the 

Malagasay Republic and a grunerite from Canada taken at room temperature. 

Fe2+ 1.·n the M(4) s1.·tes f th h"b 1 . t d t d 1 o ese amp 1. o es 1.s sugges e o pro uce t1e 

intense electronic absorption band near 1000 nm in S polarization and 

2500 nm in a polarization and the inner quadrupole doublet in the Mossbauer 

spectra. The Fe0 value represents only Fe2+. The electronic spectra of 

tremolite and grunerite represent crystal thicknesses of 1.0 and 0.1 mm, 

respectively. 

2. Variations in the quadrupole splitting at room temperature in the 

cunnningtonite-grunerite series. 

a. quadrupole splitting of the outer doublet with the total iron content. 

b. quadrupole splitting of the inner doublet with the iron content in 

the M(4) site. 

c. quadrupole splitting of the inner doublet with the total iron content. 

The open circles, filled circles, triangles and x's represent data from 

Hafner and Ghose (1971), Bancroft et al. (1967a,b), Buckley and Wilkins 

(1971) and Kamineni (1973), respectively. The sample labeled Mn has 23.7 

. 2+ 
mole percent Mn • 

3. Mossbauer spectra of an actinolite from California and a ferrotremolite 

from Minnesota taken at room temperature which show that as the total 

Fe2+ content (given as Fe0) increases, the relative intensity of the 

inner Fe
2+ doublet is reduced. The arrows mark the locations of the 

inner Fe
2+ peaks in the tremolite spectrum in Figure 1. 
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4. Mossbauer spectrum of an actinolite from Vermont taken at 77 K showing 

the increased peak separation. 
2+ 

The FeO content represents only Fe 

2+ 
and the arrows mark the locations of the inner Fe peaks in the 

tremolite spectrum in Figure 1. 

5. Correlations between the quadrupole splitting of the outer Fe
2+ doublet 

and the Al
2
o

3 
and Fe

2
o

3 
contents in the hornblendes reported by Bancroft 

and Brown (1975). Chemical data are from Dodge~ al. (1968) and Burns 

and Greaves (1971). 

6. Mossbauer spectrum of a pargasite from Washington taken at room temperature. 

2+ 
The FeO content represents only Fe and the arrows mark the locations of 

h · F 2+ k · h 1· . F' 1 t e inner e peas int e tremo ite spectrum in igure . The electronic 

2+ 
absorption spectra of this sample indicate the presence of Fe in the 

M(4) site. 

7 S f h 1 f d 1 1 . · f F 2+ · 1 . h 'b 1 . ummary o t e va ues o- qua rupo esp itting or e in ca cic amp i o es. 

2+ 
The lower values in each range for Fe in the M(l), M(2) and M(3) sites 

3+ represent samples having more Al and Fe . 
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CHAPTER 7 

OTHER SPECTROSCOPIC FEATURES OF CALCIC AMPHIBOLES 
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ABSTRACT 

Absorption bands in the 800-1300 nm region in the electronic spectra 

of calcic amphiboles are examined in regard to possible assignments to the 

M(l), .M(2) and M(3) sites. h f F 3+ C 3+ d M 3+ · 1 · Te spectra o · e , r an n in ca cic 

amphiboles are presented. 
. . 2+ 3+ 

The intensity of the Fe /Fe intervalence 

charge-transfer band at about 730 nm in y is found to correlate with the 

Fe3+ concentration. 
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INTRODUCTION 

The study of Fe2+ in the electronic absorption spectra of calcic 

amphibole.s has mainly focused on the origin of the band near 1030 nm 

in 8 polarization, because of its dominance in most spectra. Goldman 

and Rossman (1977) presented evidence to show that this band, a weak 

component of this band in a, and a band near 2470 nm in a are due to 

Fe2+ in the M(4) site. Bands originating from Fe2+ in the remaining 

M sites are considered to occur in the 800-1300 nm region. This study 

discusses possible site assignments for those bands, and presents spectra 

of other ions (e.g. cr3+, Fe3+ and Mn3+) in calcic amphiboles. The 

relationshi.p between Fe J+ content and the intensity of the Fe2+ /Fe3+ 

intervalence charge-transfer bands in the visible region is also explored. 

EXPERIMENTAL METHODS 

a and y spectra were obtained on (010) slabs and the B spectra were 

obtained on ( 100) slabs. Samples used in this ,,tudy include a ferri

richteri te from Langban, Sweden (_g_al I_ech Reference 2482), a chrome 

tremolite from the Magadi District in Kenya, an actinolite 

from Cloverdale, California (UCLA MS2843), an Mn-tremolite (hexagonite) 

from Gouverneur, New York ( 11/2974), a tremolite from Mt. Bi ty, Malagasay 

Republic (CTR8038), an actinolite from Chester, Vermont (CTR6191) and a 

hornblende from Kragero, Norway (CTR2913). Mossbauer data for the 

Mt. Bity tremolite occur in Goldman and Rossman (1977) and those for 

the Chester actinolite are given in Goldman (1977). Electron microprobe 

data were obtained on crystals from the same hand specimen. 
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2+ . Absorption bands considered to be due. to Fe 1.n the M(l), M(2) and 

M(3) sites a re most clearly illustrated in the spectra of a pargasite 

from Finland (Goldman and Rossman, Figure 6), because the features due 

2+ 
to M(4) Fe are absent. Bands occur at about 870 nm in a and B, 900 

and 1100-1300 nm in y, and at 1150 nm in a . The bands in y are present 

in all Fe
2
+-bearing calcic amphiboles examined, whereas the features in 

a and Sat 870 nm are always less intense than those in y and are variable 

in intensity. It is difficult to analyze the relationship of these 

bands with the band at 1150 nm in a due to the presence of the 1030 nm 

M(4) band in a in most samples. 

2+ The bands in y are considered to be due to Fe mostly in the M(l) 

site. X-ray (Mitchell ~ al., 1971) and Mossbauer (Goldman, 1977) 

2+ analyses of actinolites suggest that Fe prefers to enter the M(l) and 

M(3) sites and dis criminates against the M(2) site. Since the re are two 

2+ 
M(l) sites to every M(3) site, most of the Fe among these sites should 

be in the H(l) site. These results suggest that the bands in y are 

2+ 
probably due to Fe mostly in the M(l) site. The M(2) and M(3) sites 

are slightly smaller than the M(l) site in actinolites (Mitchell~ al . ). 

The smaller size of these sites is expected to produce bands at shorter 

wavelengths, so that Fe2+ in either of these sites could be responsible 

for the band at 870 nm. The variability of these bands with regard to 

those in y supports an M(2) assignment. M(2) features are expected to 

be more intense than absorptions from the centrosymmetric M(3) site 

(see chapter 11). However, these interpretations must be regarded as 

tentative without further experimental verification. Although the 870 nm 

band becomes pronounced in Fe-rich samples, this is consistent with more 
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2+ 
Fe entering either the M(2) or .M(3) site. 

Fe3+ 

The spectra of most calcic amphiboles contain a sharp band at about 

3+ 
440 nm which has been attributed to Fe by Goldman and Rossman. This 

is supported from the S spectrum of a ferri-richterite from Langban, 

Sweden containing2.3 percent Fe (Figure 1). A wet-chemical analysis 

of a richterite from this locality (Deer et al., 1966, page 153) 

3+ 
reports only Fe to be present. This is confirmed by the absence of 

2+ any Fe features in the 800-1300 nm region in Figure 1. The broader 

6 4 
bands at about 800 and 600 nm can be assigned to the A

2 
➔ T

1 
and 

- _g_ - .& 
6A ~r . f b"dd . . d h h b d 440 · _ 2_g_+ _ 2.& spin- or i en transitions an t es arp an at nm is 

assigned to the 6A ➔ ( 4A 4E) spi n-forbidden transition. Assuming 
-2 .& - l._g_. -_g_ 

that all of the Fe3+ resides in one site, the€ values for these bands 

are 0.6, 0.3 and approximately 3 . 5, respectively. The € value for the 

( 4A
1 

, 4
E) band is 

-_& -:g_ greater than the value expected for completely 

. 1 dF 3+. iso ate e ions (Rossman, 1975), which may suggest Fe3+ clustering 

in calcic amphiboles. 

The spectra of a chrome-tremolite from Kenya containing 0.22 percent 

Cr3+ are presented in Figure 2. 3+ 
Cr bands are interpreted using the 

assignments for Cr3+ in emerald by Wood (1965). The bands in the 400-500 

and 600-700 nm regions are assigned to the 
4
~ 2_g_+

4
.Il_g_ and 

4
~ 2_g_+4.I2_g_ 

spin-allowed transitions, respectively, and the sharp bands at 687 and 

4 2 2 
695 nm are assigned to spin-forbidden ~2'12.➔( ~• 1:.1.&) transitions. 

The polarization of the Cr3+ bands and the different energies of the 

components of each main band prob ably r epresent the effect of a low 
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symmetry crystalline field removing the degeneracy of the quartet triplet 

states, as has been suggested in emerald by Wood. 

The E values for the 4T
1 - _g_ and 4r bands in a, Sandy are determined 

-2_g_ 

to be 24 and 2~, 41 and 41, and 18 and 9, respectively, assuming that 

the Cr3+ is in one site. From E values of l:his magnitude, it only requires 

a few tenths weight percent Cr3+ to intensify the green color in calcic 

amphiboles. Upon examining a number of actinolites for Cr3+, a sample from 

Cloverdale, California was found to contain dark green veinlets surrounding 

cracks in a light green actinolite host. Spectra of these different areas 

3+ 
(Figure 3) show that the darker green areas are enriched in Cr relative 

to the host. The dark green areas also contain more Fe2+, but it appears 

2+ 
that Fe became relatively more enriched in the M(4) site than in the 

other M sites. 

Mn3+ 

The spectra of an Mn-tremolite (hexagonite) from Gouverneur, New 

York containing 6.6 percent Mn are presented in Figure 4. The bands 

in the 500--650 nm region that produce the purple color of this sample 

are due to electronic transition of Mn 3+. The multiplicity of bands in 

this region likely results from Jahn-Teller splitting of the excited 5E 
-_g_ 

state. The E values for these bands are approximately 3.3. The presence 

of sharp bands in the 400-500 nm region may represent spin-forbidden 

3+ 2+ 
transitions of Mn or Mn , so that the calculated value of E must be 

2+ 
taken as a lower limit due to the possible presence of Mn . 

Fe
2
+/Fe3+ INTERVALENCE CHARGE-TRANSFER 

Absorption bands near 680 nm in Sand 730 nm in y have been attributed 

2+ 3+ . 
to intervalence charge-transfer between Fe and Fe (Burns, 1970; Faye 
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and Nickel, 1970). These bands are responsible for the color and pleochroism 

3+ observed in most calcic amphiboles (without significant Cr ). Burns 

suggested that the intensity of these bands is related to the Fe3+ content of 

the sample, 
3+ 

A correlation between the Fe content and the band intensity 

3+ 
would enable Fe contents to be determined from polarized optical spectra. 

To test this possibility, the molar concentrations of Fe3+ were determined 

for three calcic amphiboles using Mossbauer and electron microprobe data. 

Densities were taken from samples of similar chemistry in Leake (1968). 

3+ . The Fe concentration is plotted against the intensity of the 730 nm 

band in yin Figure 5. The intensity of the band for sample 2 has been 

adjusted for the presence of Cr3+ using the intensity of the cr3+ band in a 

and the intensity relationship between the cr3+ bands in a and yin Figure 

2. The resulting correlation in Figure 5 appears to be linear, although 

the errors in determining intensities are large due to difficulties in 

estimating the contribution of the absorption tail coming from the 

ultraviolet region. From this relationship, the molar concentration 

3+ 
of Fe in calcic amphiboles can be determined from the intensity of 

the intervalence charge-transfer band in y using ans value of 40. 
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FIGURE CAPTIONS 

l. Room-temperature B spectrum of a ferri-richterite from Langban, 

Sweden containing 2.3 percent Fe
3+. Crystal thickness= 0.2 mm. 

2. Room temperature spectra of a chrome tre.molite from the Magadi District 

3+ in Kenya containing O. 2 percent Cr Crystal thickness= 1.0 mm. 

3. Room temperature spectra of an actinolite from Cloverdale, California 

containing dark green regions (dashed lines) in a light green host 

(solid lines). Crystal thickness= 1.0 nnn. 

4. Room temperature spectra of a hexagonite from Gouverneur, New York 

5. 

containing 0.6 percent Mn. The spectra suggest that much of this 

. 3+ 
Mn 1.s Mn Crystal thickness= 3.0 mm. 

2+ 3+ Correlation of the intensity of the Fe /Fe intervalence charge-

transfer band at 730 nm in y and the molar concentration of Fe
3+ in 

calcic amphiboles. 1. Tremolite, Mt. Bity, Malagasay Republic. 2. 

Actinolite, Chester, Vermont. 3. Hornblende, Kragero, Norway. 
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CHANNEL CONSTITUENTS IN CORDIERITE 

Submitted to The American Mineralogist 
Co-authors: George R. Rossman and W.A. Dollase 



169 

ABSTRACT 

Chemical, optical and infrared absorption, Mossbauer and X-ray data 

are reported for eight cordierite samples. Fe
2
+ in the octahedral and channel 

sites is identified in optical and Mossbauer spectra, which indicate 

that less than 5 percent of the total iron is Fe
2
+ in the channels. The 

single-crystal Mossbauer data of Duncan and Johnston (1974) are reinterpreted. 

Two types of H
2

0 are identified and are found to be oriented in the (100) 

plane with their H-H directions parallel to [001] (Type I) and [010] (Type II). 

Type II H
2

0 is found to correlate to the amount of cations in the channels. 

Optical spectra provide a measure of the hexagonality of cordierite, but 

these measurements are not correlated with the distortion index,~- The 

color and pleochroism are suggested to arise from intervalence charge

transfer between octahedral Fe
2
+ and channel Fe3+. The strong enhancement of 

intervalence intensity after dehydration is interpreted in terms of migration 

3+ 
of Fe from the six-membered tetrahedral rings to the walls of the channel 

cavities. It is proposed that migration of Na+ from the rings into the 

cavities is primarily responsible for changes in the distortion index which 

accompany dehydration. 

determined. 

2+ 
E values for the Fe and H

2
0 absorption bands are 
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INTRODUCTION 

The structure of cordierite, (Mg,Fe)
2
Al

4
si

5
o

18
, consists of six-

membered rings of corner-shared Si and Al tetrahedra linked by additional 

tetrahedra and octahedra. The stacking of the rings forms large cavities that 

extend parallel to [001] (Gibbs, 1.966). Ionic and molecular species such as 

water, carbon -iioxide, argon, helium, and alkaline earth and alkali metal ions 

have been found in the cavities (Damon and Kulp, 1958; Sugiura, 1959; Smith and 

Schreyer, 1962; Gibbs, 1966: Farrell and Newnham, 1967; Tsang and Ghose, 1972; 

Zimmerman, 1972; Cohen ~ al., 1977). 

In a recent Mossbauer study, Duncan and Johnston (1974) concluded that 

Fe
2+ also occurs in the channel cavities. Optical absorption spectra should 

1 . d' h f F z+ · 1· · 1 . a so in icate t e occurrence o e in mu 1tip e sites. However, the optical 

spectra of cordierite have previously been interpreted only in terms of Fe
2+ 

in the octahedral site (Farrell and Newnham, 1967; Faye et al., 1968; Faye, 1972; 

Smith and Strens, 1976). 1 
This discrep ancy between the Mossbauer and optical 

interpretations of cordierite has not been explained. 

This paper reports the findings of a combined optical absorption, Mossbauer 

and X-ray study of eight cordierite samples to 1) identify octahedral and 

channel Fe
2+ in optical and Mossbauer spectra, 2) determine the site distribution 

of iron, 3) re-interpret the single-crystal Mossbauer data of Duncan and Johnston 

(1974), 4) identify two types of water in the channels and determine their 

orientation, 5) evaluate the effect of structural state upon the optical spectra, 

and 6) examine the origin of color and pleochroism. 
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EXPERIMENTAL METHODS 

Single slabs of cordierite were cut and polished using conoscopic inter

ference figures for orientation. The optic orientation for cordierite given 

in Strunz ~ ~- (1971) is ~(~17 A.)= y, ..!?_(~9. 7 A)= S and _£(~9.3.A) = a. 

Thicknesses for the optical slabs were determined with a micrometer and the 

thicknesses for the slabs used for infrared spectra were also checked by 

band intensity ratios and by propping them on their edges, placing them next 

to a standard of known thickness, and measuring their thickness in a scanning 

electron microscope. Data reduction for both the optical and Mossbauer spectra 

have been described previously (Rossman, 1975b; Goldman and Rossman, 1977a). 

Heating experiments were conducted in air at 200, 500, 800, 900, 1150 and 

1250 °c for 15 . 0, 16.3, 6.3, 0.5, 1.0 and 2.0 hours, respectively. Heating 

experiments on other slabs of different thicknesses produced nearly identical 

results. Densities for some samples in Table 1 were calculated from the 

following: 

p(g/cm3) = 0.00036[X] 2 + 0.00394[X] + 2.572 

which is a least-squares solution to the data for 45 samples in Leake (1960) 

and S trunz et ~. where X = (FeO + Fe
2
o

3
) in weight percent. 

The Mossbauer spectra of single (001) slabs of samples 3 (1.128 mm thick) 

and 8 (0.180 mm thick) were obtained on a constant acceleration spectrometer with 

a Kankeleit-type drive system in which the velocity increment was approximately 

0.03 mm/sec/ch. The results of Duncan and Johnston (1974) indicate that these 

thicknesses represent ideally thin absorbers. 
6 

Approximately 1.8 x 10 and 

2 . 3 x 10
6 

counts per channel were collected in the off-resonance region for 

6 
these two samples, respectively, and nearly 4.3 x 10 counts were collected 

for the powder spectrum of sample 3. The velocity calibration was determined 
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using laboratory foils and the spectra a nd spectral parameters are reported 

relative to iron metal at room t emperature. 

The distortion index (6) in Table 1 was determined from repeated scans 

0 
in the 28.5-30.5 20 region in X-ray diffractograms of powdered material where 

6 = (20( 131) - (20(421) + 20(
5
ll))/2). Electron microprobe data were obtained 

in the area on the slab that the optical spectra were taken for each of the 

eight samples and the results are presented in Table 1. Emission spectro

graph analyses of samples 2, 5 and 8 indicate less than 0.01 percent 

boron and beryllium. 
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CHANNEL Fe 2+ 

Optical spectra assignment 

The optical spectra of a low-Fe cordierite (Figure 1) has absorption bands 

near 995 nm and 1170 nm in a polarization and 935 nm an<l 570 nm in S and y 

polarizations that were assigned to Fe
2+ in the octahedral site by Farrell and 

Newnham (1967). Faye et al. (1968) alternatively suggested that the bands near 

570 nm, which produce the intense color and pleochroism exhibited by co~dierite, 

2+ 
originate from intervalence charge-transfer between octahedral Fe and tetra-

3+ 
hedral Fe . Faye (1972) indicated that the barycenter (mean) energy for 

-1 
all bands, approximately 13,000 cm , is much larger than expected for the 

size of the octahedral site. A charge-transfer assignment for the 570 nm band 

-1 
results in a barycenter energy for the remaining bands of about 9800 cm , which 

2+ 
is in better agreement with spectral data for Fe in other sites of this size. 

C . bl . . h h F 2+ . b h ertain pro ems remain wit t e e assignment ecause t ere are too 

many absorption bands arising from the octahedral site. Only two spin-allowed 

electronic transitions to the split 
5

E states are expected in the near-infrared 
-:& 

region. The observation of three bands at 935, 995 and 1170 nm suggests that 

they originate from more than one source. To test this possibility, the intensity 

relationships among these bands can be compared to those in an Fe-cordierite 

(sekaninaite) in Figure 2. It is evident that the two bands in a retain the 

same intensity relationship between each other, which indicates a common origin. 

These bands are more intense than the bands in Sandy, contrary to the 

relationship in Figure 1. Hence, the bands in Sandy originate from a different 

Fe
2+ source. 

Site assignments for the various absorption bands can be clarified utilizing 

the stoichiometry of each sample, which suggests that most of the iron is in 

the octahedral site (Table 1). Consequently, only the intensities of the bands 



174 

. 2+ . 
due to octahedral Fe are expected to correlate with the total iron content 

among these samples. The intensities of the band in a near 1170 nm and those 

in Bandy near 935 nm are plotted against the total iron concentration in 

Figure 3. Gaussian analyses of the a envelope was performed on five samples 

and the resulting intensities of the two components are also shown. Their 

nearly linear correlation with the total iron concentration suggests that 

they are due to Fe
2+ in the octahedral site. The erratic variation for the 

2+ . . bands in Bandy is consistent with variable amounts of Fe in a second site. 

The shoulders in Bandy near 1250 nm (Figure 2) are pronounced only 

in the high-Fe samples. The shoulders are attributed to components of the 

1250 nm transition of octahedral Fe
2+ which is most intense in a.

2 
The 

different y/B intensity ratios for samples 7 and 8 (Table 1) suggest that a 

component of the 995 nm a band is present in Bandy. For samples 7 and 8, 

the intensities of the Bandy bands are corrected for this component using 

the intensity of the shoulder and the observed intensity relationship for the 

bands in a (shown in Figure 3 by the partially filled triangles and squares, 

respectively). The resulting y/B ratios are more consistent with those for 

other samples. 

The second Fe
2
+ site in cordierite could be either a tetrahedral site 

or a position in the channel. The nearly linear correlation between Gaussian 

intensity of octahedral Fe
2+ absorption bands in a and the total iron concentra

tion suggests that a small amount of Fe
2+ in the second site produces the intense 

bands in Bandy. Hence, the molar absorptivity (E) for Fe 2+ in this site must 

be very large, but large E values can represent Fe
2+ in either tetrahedral sites 

or large, distorted sites. Goldman and Rossman (1977b) indicated that Fe 2+ 

in large, distorted sites produce absorption bands in both the 1000 and 2000 nm 
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regions. Bands in the 2000 nm region are less intense and are polarized in a 

different direction than the band near 1000 nm. The band near 2230 nm in a 

(Figures 1 and 2) has these characteristics to represent the electronic transition 

5 
to the remaining E component of 

-:g_ 
F 

2+ · h d . h 11 e int e secon site. Te exce ent 

correlation between this band and those in Sandy (Figure 4) supports their 

assignmr nt to the second site. Note that the corrected bands in Sandy for 

samples 7 and 8 fall on the respective trends. The observation that the bands 

near 950 and 2230 nm are both produced by Fe
2+ in the second site suggests that 

the second site is a position in the channel. Fe
2+ in a tetrahedral site is 

not expected to produce absorption bands at wavelengths below about 1500 nm. 

The crystal-field splitting of E state for channel Fe
2+ is about 6200 cm-l -_g_ 

which is nearly three times the splitting observed for octahedral Fe
2+ in 

cordierite. 
2+ -1 

The barycenter energy for channel Fe (~7200 cm ) suggests an 

0 

average metal-oxygen bond distance of 2.26 A for the coordination site from 

Faye's (1972, Figure 3) correlation. 

Duncan and Johnston (1974) determined that 20 percent of the total iron 

content for sample 4 is Fe
2+ in the channel cavities. However, a significant 

but variable channel iron content would not result in a linear correlation for 

2+ 
the octahedral Fe bands with total iron concentration. To examine the apparent 

discrepancy between the two spectroscopic techniques, Mossbauer spectra of 

2+ 
single crystals of samples 3 and 8 have been obtained to identify channel Fe 

resonance so that the peak locations can be used to determine the site distri-

bution from the powder spectrum of sample 3. 

Site distribution from Mossbauer spectra 

Mossbauer spectra of (001) slabs of samples 8 and 3 are presented in 

Figure 5. The spectrum of sample 4 with this orientation appears in Duncan and 

Johnston (1974, Figure 3). The sh ,l_der near 2.0 mm/sec is pronounced only in 
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2+ 
low-Fe samples suggesting that it is due to channel Fe , because the channel: 

octahedral Fe
2+ ratio is more favorable in these samples. The smaller quadrupole 

1 . . d f h b . · f F 2+ · spitting suggeste rom t e M~ss auer spectra is consistent or e in a 

distorted channel site. Heating experiments also support this assignment. 

Duncan and Johnston found that as (001) slabs were heated in air to temperatures 

up to 1380 °C, Fe
3+ resonance appeared in the low-velocity region with a con

comitant disappearance of the shoulder near 2.0 mm/sec. Our optical spectrosco

pic examination of slabs heated in air to similar temperatures indicated that 

2+ 
proportionately more channel Fe was oxidized. The assignment of the shoulder 

2+ 3+. 
to Fe /Fe intervalence charge-transfer by Pollack (1976) is unlikely because 

the charge-transfer optical bands near 570 nm increase upon heating. It is also 

2+ 
noted that the intensity ratio of the octahedral Fe resonance at 0.1 and 2.4 mm/ 

sec for both single crystal spectra are the same. This indicates that the remain-

2+ 
ing channel Fe peak in the low velocity region does not have significant 

intensity. 

Single crystal orientation affects the probability of observing each 

quadrupole transition differently, but does not affect their energy (Zory, 1965). 

Therefore, the position of the shoulder can be used as a guideline to analyze 

the powder spectrum of sample 3 (Figure 5). The equal intensities of the main 

peaks indicates a randomly oriented powder. In fitting the spectrum to two 

doublets with equal area and halfwidth constraints, the channel Fe
2+ peak in 

the high velocity region freely converged to within 0.01 nun/sec of the position 

determined in the single crystal spectrum. The resulting octahedral: channel 

Fe
2+ ratio of 17:1 is much different than the 4:1 ratio determined for sample 4 

3 by Duncan and Johnston. Samples 3 and 4 have nearly the same total iron con tent, 

but sample 3 has more intense channel Fe
2+ optical bands, which indicates that 

the results of Duncan and Johnston are incorrect. They determined the site 
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distribution in Mossbauer spectra of heated powders assuming only channel Fe 2+ 

was oxidized. However, optical spectra of slabs heated to similar temperatures 

demonstrate the partial oxidation of octahedral Fe
2
+, as will be discussed in 

a later section. 

Duncan and Johnston determined the orientation of the electric field 

gradient (EFG) for iron in each site. Their computational method depends on an 

~ priori knowledge of the correct site distribution, but the results of this 

study indicate that the site distribution which they used is incorrect. 

Therefore, their resulting EFG orientations are also incorrect. This problem 

will now be reanalyzed. 
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SINGLE CRYSTAL MOSSBAUER ANALYSIS 

The electric field gradient (EFG) at a particular site within a crystal 

is a traceless, symmetric, second-order tensor (Zory, 1965). It is described 

by the magnitudes of the axial components and by their orientation relative 

to the crystal axes. The principal axes are conventionally chosen so that 

the magnitudes of the axial components in ascending order are IV I~ IV Is IV I xx yy zz 

where (V + V + V ) = 0. Only the relative magnitudes of the axial 
zz yy xx 

components are recovered from Mossbauer observations. Therefore, only one 

variable is needed to describe any inequality among them. This variable is 

referred to as the asymmetry parameter, n, which is equal to (V - V )/V 
xx yy zz 

The sign of the EFG is determined by the sign of V 
zz 

The two absorption lines of a quadrupole split 57Fe doublet represent two 

separate nuclear transitions (± 3/2 + ± 1/2 and± 1/2 + ± 1/2) whose probabilities 

depend upon the orientation of the ganuna-ray beam relative to the EFG at that 

site. The relative intensities (peak areas) of the two transitions are given 

2 ½ 2 2 
by Zory (1965) as; I(3/2)=4(l+n /3) +[3+n)(g-z) +2n(g•x) -n-1] and 

I(l/2)=4(l+n
2

/3)½ ~[(3+n)(g-z)
2 

+ 2n(g•x)
2 

-n-1], where (g·x), etc. are the 

direction cosines of the gamma-ray beam relative to the EFG axes. A positive 

value of V results in the ±3 /2+±1/2 transition lying at higher energies while 
zz 

a negative V means that the lower energy line represents this transition. 
zz 

The EFG orientation is given by specifying the orientation of its orthogonal 

principal axis set (x,y,z) relative to a conveniently chosen orthogonal reference 

axis set (a,b,c). For cordierite, the reference axis set may be chosen as coin

cident with the orthorhombic crystal axes,~,~. c. The orientation is 

specified by the matrix of direction cosines; 

R = 
x-b 
Y·~ 
z•b 
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where x•a is the cosine of the angle between principal axis, x, and crystal 

axis,~, etc. The EFG orientations at two different, symmetry-related sites 

are given by; 

R' =RS 

where Sis the symmetry operation which relates the site at coordinates u'v'w' 

to the site at coordinates, uvw, such that; 

[u'v'w'] = [uvw]1. 

Only those symmetry operations which produce different EFG orientations need 

be considered; cons equently, translational or inversion components of symmetry 

operations can be ignored. The result of having several different EFG orienta

tions within a crystal is that the equations giving the intensities of the two 

transitions will then be a sum of terms, as given above, for each of the EFG 

orientations present. For iron in the octahedral site in cordierite, there 

are two EFG orientations related by a two-fold rotation about the crystallographic 

c axis. 

At a site within the crystal, the EFG must be invariant to the symmetry 

of that site, i.e. B.1 must give the same orientation as B_ for each symmetry 

element of that site. For example, the octahedral site lies on a two-fold axis 

which is parallel to [100). As a result, one of the principal axes of the EFG 

must lie along [100). For analogous cases see e.g., vivianite, (Greenwood and 

Gibb, 1971, p. 137), FeF
2 

(Wertheim, 1961) or sodium nitroprusside (Grant, et.~-, 

1969). 

A least-squares refinement routine has been programmed to fit the observed 

Mossbauer intensities to those calculated as a function of the asymmetry 

parameter, n, and the orientation matrix, R. For this purpose, the terms (g•x) 

and (g·z) in the intensity equations given above are replaced with expressions 
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involving the orientation matrix, viz; 

(
g·x) (g•a) g.y = R g•E_ 
g•x g·_£ 

where the direction cosines of the gamma-ray beam relative to the reference 

(crystal) axes are known for each Mossbauer spectrum. This refinement procedure 

has been applied to the fifteen observed intensities reported by Duncan and 

Johnston (1974). Although they assigned 79% of the total iron to the octahedral 

site and 20% to a channel site, t his study has concluded that their cordierite 

has about 95% of the total iron in the octahedral site. Their observations 

57 
are therefore considered to be due to Fe atoms in the set of symmetry equivalent 

octahedral s i tes only, with contributions to the area from channel iron 

being negligible. A constraint on the refinement of the orientation matrix 

is that one of the principal axes must parallel [100] (a constraint not applied 

by Duncan and Johnston). The value of the asymmetry parameter will l ie between 

zero and one when the axes are labeled in ascending order. It is computation

ally expedient to refine n without constraint on its value and then to rearrange 

the axial labels tb give their conventional order. This procedure eliminates 

having to refine six models diffe ring in the choice of the sign of V and which zz 

principal axis is constrained to lie along [100]. 

The results of the refinement of the Duncan and Johnston observations are 

summarized in Table 2. The model results inn= 0.16 ± .05 and V being nega tive. 
zz 

The two symmetry-related orientation matrices are; 

( 1.0 
0.0 o.o ) ( 1.0 

0.0 0.0 ) 0.0 .9044 -.4267 and 0.0 .9044 .4267 
0.0 .4267 .9044 0.0 .4267 -.9044 

which results in the X principal axis of the EFG lying along [100]. The probable 

error in orientation of the EFG is about 20. 



181 

The line intensities calculated from this model agree with those observed 

by Duncan and Johnston and show significantly better agreement than their 

calculated values. It should be pointed out that the EFG axes reported by 

Duncan and Johnston are not orthogonal. The excellent agreement fo r our model 

supports the initial interpretation from optical data that essentially all the 

Fez+ in cordierite is present in the octahedral site. The success of this fit 

with an EFG axis constrained parallel to [100] further supports the assignment 

of this iron to the octahedral site. 

Because a small amount of the area of the Mossbauer spectrum is due to 

Fez+ in a second site, EFG calculations made ignoring this contribution must be 

somewhat in error. To assess the magnitude of this error, a trial calculation 

was made as follows. If the EFG orientation (and asynnnetry pa r ameter) of the 

second Fez+ site was the same as that of the octahedral site Fez+, no error in 

recovering this orientation from the data would occur. Consequently, a "worst 

case" EFG orientation (and its symmetry equivalent orientations) was chosen 

for the channel site Fez+ which gave, as far as possible, a doublet asymmetry 

always opposed to that of the octahedral site doublet. Then, assuming the 

channel site Fez+ contributed 5% of the total intensity, its effect was subtracted 

from the Duncan and Johnston observations. The "corrected" Mossbauer da ta were 

then refit by least-squares methods yielding a negative V , n = 0.07, V = a 
zz xx 

and z A b= 69°. The differences between the two sets of results for the 

octahedral site Fez+, even assuming the worst orientation of the second site 

EFG, are small, amounting to only about twice the estimated errors in these 

parameters. 
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WATER 

Orientation 

It was suggested from early studies of water in cordierite that it is 

present as molecular H
2

0 and as (OH)
4 

groups replacing some of the tetrahedral 

Si0
4 

groups (Sugiura, 1959; Iiyama, 1960). Subsequently, Schreyer and Yoder 

(1964) suggested from infrared spectra that molecular H20 is the sole hydrous 

component. Later studies confirmed the presence of molecular H20 and 

deciphered its orientation in the channel cavities. Farrell and Newnham (1967) 

and Tsang and Ghose (1972) concluded that the H20 molecules are oriented in 

the (100) plane with their H-H direction parallel to [001] based on infrared 

and nuclear magnetic resonance spectra (NMR), respectively. However, Cohen~ al. 

(1977) concluded from a combined X-ray and neutron diffraction study of sample 1, 

that the H
2

0 molecules are disordered into four positions with their molecular 

planes near (001). 

Combination and overtone modes of H
2

0 occur near 1900 and 1400 nm, 

respectively. An examination of these absorption bands among the eight samples 

studied revealed two independent sets of bands. One set, referred to as Type I, 

has absorption bands polarized in a at 1401 and 1898 nm . The other set, referred 

to as Type II, has absorption bands in f3 at 1406 and 1903 nm. The distinction 

between these sets of H
2

0 absorptions can be best seen in Figure 6. The bands 

near 1900 nm arise from a combination of the fundamental bending (v 2) and 

asymmetric stretching (v
3

) modes, and are polarized in the H-H direction of the 

n2o molecule (assuming _f2v symmetry). Hence, the two types of H
2

0 in cordierite 

are oriented 90° apart with their H-H directions parallel to [001] (Type I) and 

[010] (Type II). This result is similar to the findings of Wood and Nassau 

(1967) from the infrared spectra of beryl. Their nomenclature with regard to 

orientation has been adopted in this study. 
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The polarization of the combination band near 1900 nm defines the H-H 

direction of the H
2

0 molecule, but does not provide information about the 

orientation of the molecular plane. This information is obtained from the 

fundamental modes in which v
1 

(symmetric stretch) and v
2 

are polarized along 

the molecular two-fold rotation axis, and v
3 

is polarized along the H-H direction. 

Infrared spectra of samples 5 and 6 (Figures 7 and 8, respectively) show three 

-1 
prominent bands in the fundamental stretching region (3500-3700 cm ). The 

greater breadth of the band in S results from a close overlapping of two bands, 

which are resolved at 78 K. In addition, the intensity of the band in a at 3689 cm-l 

correlates with the Type I combination mode at 1898 nm and the band in a at 3574 

correlates with the Type II combination mode at 1903 nm. The observation of 

four bands in the fundamental stretching region and their correlation with the 

combination modes near 1900 nm confirm the presence of two different types of 

molecular n
2
o in cordierite. The polarization of the fundamental stretching 

modes almost entirely in a and S indicates that the molecular planes of both 

types of n
2
o are parallclto (100). Therefore, they only differ in the orienta

tion of their H-H direction, either parallel (Type I) or perpendicular to 

(Type II) the channel axis in the (100) plane. 

The Type II fundamental modes are obtained using the correlation between 

-1 
the combination mode at 1903 nm and the band at 3574 cm , and the intensity 

relationships among the remaining infrared bands. These correlations indicate 

-1 
and v

2 
occur in a at 3574 and 1630 cm , respectively, and v

3 
occurs 

at 3632 
-1 

cm ins. The combination mode from (v
2 

+ v
3

) expected in Sat 

1900 nm is observed in Sat 1903 nm. 

The Type I fundamental modes are more difficult to identify. v
1 

and v
2 

are expected in Sand v
3 

is expected in a based on the complete polarization 

of the combination mode at 1898 nm in a. v
3 

is easily identified at 3689 cm-l 

-1 
cm 
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in a based on its intensity correlation with the combination band. Low 

-1 
temperature spectra suggest that v

1 
occurs near 3650 cm in a and is less 

intense than v
3 

at 3689 cm-1 . The subordinate intensity of v
1 

explains why 

there exists an excellent correlation between the main peak in B (v
3 

of Type II) 

and v
1 

of Type II H
2
0. The fundamental bending mode of Type I H

2
0, expected 

-1 
in 8 is also much less intense that v

3
. It is predicted to be at 1580 cm 

based on the difference between the combination mode (v
2 

+ v
3

) at 1898 nm 

(5269 

1638 

-1 -1 
cm ) and v

3 
at 3689cm . Three features occur in 8 at 1550, 1600 and 

-1 
cm which disappear with the other fundamental modes as the sample is 

-1 
dehydrated, also show a correlation with v

3 
of Type I at 3689 cm We do 

not understand the marked distinction between the two types of H
2

0 in the 

fundamental bending region. Nevertheless, the polarization of the fundamental 

stretching modes and the combination modes near 1900 nm clearly indicate that 

the molecul ar plane of each type of H
2

0 is parallel to (100). 

Relationship to other channel constituents 

Wood and Nassau (1967) found a correlation between the alkali content and 

the amount of Type II H
2

0 in beryl. They proposed that the presence of an 

alkali ion in the channel reorients an H
2

0 molecule into a Type II position. 

A similar correlation is also found in cordierite (Figure 9) in which the 

alkali content is dominantly Na. The unusually high Na content of sample 6 

explains the dominance of the Type II H
2

0 absorption bands in this sample 

(Figure 6). The scatter about the alkali trend in Figure 9 is further reduced 

by accounting for the channel Fe
2+ content of each sample. 2+ 

The channel Fe 

content for each sample was obtained based on the amount determined from the 

Mossbauer data of sample 3, the ratio of optical band intensities for channel 

F 
2+ 

e ' and a correction for differences in density. The excellent correla tion 

that results suggests that the Type II H
2

0 content is controlled by the 
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positively charged ions that reside in the channels. Further evidence for 

this control is suggested from the cord i erites studied by Berg and Wheeler 

(1976). Spectroscopic examination of those samples confirms their 

suggestion that these cordierites are nearly anhydrous, and their microprobe 

data indicate that these samples contain only 0.02 percent Na
2
o. 

The least-squares solution to the data in Figure 9 i s: 

Abs/cm= 13.Sl[CAT] + 1.58 

where [CAT] is the concentration (in moles/liter) of Na, Ca and Fe
2+ in the 

channels. The observation that this trend does not intersect the origin 

suggests that other ions are present in the channels which are involved in 

this relationship. The relationship between the concentration of Type II 

H
2

0 and [CAT] is obtained by dividing the above equation by the E value for 

this absorption band, which is determined in the next section. 

Relative amounts of Type I and Type II H
2
.Q 

The relative proportion of each type of H
2
o can be determined from 

infrared spectra once the E values are known. They can be determined from 

two or more samples using the absorption band intensity for each type of H
2
o 

and the total H
2

0 content. This has been done for the Type I band at 1898 nm 

in a. and the Type II band at 1903 nm in 8 for samples 1, 3 and 6. The H
2

0 

contents were determined by conventional thermogravimetric analyses of 

powdered material for sample 1 (G. V. Gibbs, personal communication) and 

sample 6 (Iiyama, 1960), and by dehydration of a single slab in which we i ght 

loss and infrared spectra were sequentially monitored (sample 3, this study). 

Microprobe analyses of the dehydrated slab of sample 3 did not detect alkali 

loss. The least-squares solution to this problem, written in matrix notation as, 
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Abs o rb ance/cm 

Type I 

( 

31. 36 
21. 91 
12.68 

Type II 

4 . 04 ) ( lhI) 3. 87 
20.06 1/E:II 

H
2

0 

(moles /liter) 

( 

2. 84 ) 
2. 31 
3.62 

is: E: = 13.1 
I and E:II = 7 .54. These results indicate that 84, 77 and 27 

percent of the total H
2

0 content is Type I in samples 1, 3 and 6, respectively . 

The low proportion of Type II H
2

0 in most · samples is consistent with the NMR 

results of Tsang and Ghose (1972) who failed to detect Type II H
2
o. They 

studied a sample from the same locality as sample 3. It should be pointed 

out that these calculations are strongly biased by the accuracy of the data 

for sample 6. Any loss of co
2 

during dehydration will also affect these results. 

The least-squares solution to the data in Figure 9 given in the previous 

section is divided by E:II resulting in 

(C]Type II= l.79[CAT] + 0.21 
H

2
0 

The ne arly 2:1 ratio between the concentration of Type II H
2

0 and [CAT] 

suggests that most of the channel cations, located in or near the center of the 

six-membered rings (Gibbs, 1966), are additionally coordinated to one Type II H
2
0 

molecule in the cavity above and one in the cavity below the ring. This 

would result in a more uniform coordination about the channel cation. Assuming 

a 2:1 ratio, and by accounting for other cations in the channels by moving 

the least-squares line in Figure 9 to the origin with the same slope, the 

relative amounts of Type I H
2
o in samples 1, 3 and 6 are determined to be 

79, 75 and 18 percent , respectively. Hence, there is good agreement in 

calculating the rel a tive proportions of both types of H
2

0 using the spectral 

intensities and from an intuitively reasonable coordination relationship 

between the channel cations and the Type II H
2
0. 
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STRUCTURAL STATE 

Miyashiro (1957) suggested that cordierite exists in all intermediate 

structural states between orthorhombic and hexagonal symmetries and attributed 

the variation to Al/Si ordering in the six-membered rings. Miyashiro defined 

a distortion index,6 (6=20(131) - (20( 421 ) + 20(5ll))/2), measured from X-ray 

diffractograms, to represent the deviation from hexagonal symmetry. Later 

structural refinements (Gibbs, 1966; Meagher, 1967) found the same Si/Al ordering 

in samples having very different 6 values, which led Stout (1975) to suggest that 

6 is also dependent upon compositional factors, such as H
2

0 in the channels. 

Optical spectra must also be sensitive to differences in structural state. 

In a hexagonal crystal, all directions normal to the channel axis are equivalent 

and the channel Fe
2+ bands in Bandy must merge into one band (i.e. y/13 = 1). 

Therefore, y/B ratios of the channel Fe
2+ bands from optical spectra also 

represent deviations from hexagonal symmetry. However, there does not appear 

to be any correlation between this "optical" hexagonality of cordierite based 

on the y/B ratios and the dimensional hexagonality, as measured by the 6 index. 

Therefore, these scales ar~ measuring different phenomena. It must be remembered 

that 6 (and~ - v'Jb) can be equal to zero in which case the crystal is dimension

ally hexagona l but still may possess orthorhombic symmetry. 
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ORIGIN OF COLOR 

Smith and Strens (1976) suggested that the color and pleochroism in 

cordierite are due to intervalence charge-transfer between Fe
2+ in the octahedral 

· d F 3+ · h h d 1 . site an e int e T
1 

tetra era site. There are two T
1 

sites that each 

share one edge with the octahedron such that the metal-metal vectors make 

angles of 31.5° with [010] in the (001) plane. Three independent observations 

support this interpretation. First, the structural refinement of Gibbs (1966) 

indicates that T
1
is an Al-rich tetrahedron, and therefore is a likely site for 

3+ 3+. Fe . The presence of Fe in this site is consistent with the electron para-

magnetic resonance (EPR) data of Hedgecock and Chakravartty (1966). Second, 

the energy of this charge-transfer band (17,500 cm-1 ) is significantly higher 

than most intervalence c.harge-transfer bands arising from adjacent octahedral 

sites (Loeffler et al., 1976). Third, components of the charge-transfer process 

should occur in B ~ • ~ y, but not in a, as is observed. The observed B:y 

intensity ratio of 2.67 is exactly the value predicted using the squares of 

the direction cosines of the metal-metal vector with [010] and [100]. Despite 

this strong support for an octahedral-tetrahedral intervalence charge-transfer 

mechanism, optical spectra taken on slabs of heat-treated cordierite do not 

support this interpretation. 

Sequential heating experiments conducted in air on a (100) slab of sample 

5 were performed to moniter changes in the intervalence band intensity, the 

. d . f F 2+ d l 1 f O Af h . 1 1 d oxi ation o e , an t1e oss o H
2 

. ter eating, samp es were coo e to 

room temperature and spectroscopically examined. The sample was almost totally 

dehydrated after 2 hours at 800 °C. Examination of another slab,used to better 

define the dehydration temperature, did not detect H
2

0 loss up to 775 °C. 

h h . 1 h f d F 2+ b d · · · C anges int e interva ence c arge-trans er an e an intensities are 

summarized in Figure 10. Octahedral and channel Fe
2+ begin to oxidize above 
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1150 and 200 °C, respectively. The intervalence intensity decreases slightly 

near 500 °C, but continuously increases above 500 °C. 

Spectroscopic evidence was presented in an earlier section to suggest that 

Fez+ occurs in only the octahedral and channel sites. The continuous decrease 

of the channel Fe2+ absorption bands after heating suggests that Fe
3
+ is being 

produced in the channels. Note that octahedral Fe
2
+ does not begin to oxidize 

below about 1150 °C. Above 500 °C, these data suggest that the intervalence 

charge-transfer in cordierite is due to octahedral Fe
2
+ and channel Fe

3
+. 

Support for this interpretation comes from the observation that the same inter

valence band at 570 nm increases as more Fe
3
+ is produced in the channels. 

Furthermore, the same sharp bands of low intensity in the 400-450 nm region, 

3+ 
attributed to spin-forbidden transitions of Fe , also increase after heating. 

It is most important to realize that new intervalence and Fe
3
+ absorption bands 

were not produced after heat treatment. Therefore the observation of the same 

intervalence and Fe3+ bands in all unheated samples indicates that the color 

and pleochroism in cordierite are due to intervalence charge-transfer between 

octahedral Fe2+ and channel Fe
3
+. 

It is particularly interesting to note that there is an excellent correlation 

between the oxidation of Fe
2
+ in the channels and the increase in intervalence 

charge-transfer intensity only above 800 °C, the temperature at which the sample 

was dehydrated. Below 800 °C, the intervalence intensity remained nearly the 

same. The slight decrease near 500 °C may arise from difficulties in accounting 

for overlapping absorptions on either side of the intervalence band in B polar-

ization. It . d h 2+ is propose tat the larger channel cations (Na, Ca and Fe ) occur 

at or near the center of the six-membered rings (Gibbs, 1966) and are coordinated 

to Type II H
2

0 molecules as discussed in a previous section. Smaller cations, 

Such as Fe3+, d are suggeste to already be present in the channel cavities based 
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on the presence of intervalence bands in all unheated samples. It is reasonable 

to expect that these ions would situate near the unsatisfied o
4 

and o
5 

oxygens 

that bridge Al- and Si-rich tetrahedra. They would then be in the same (001) 

plane at z = 1/4 as the octahedral sites, and the resulting Fez+ - Fe3+ vectors 

would be similar to those between the octahedral and T
1 

sites to produce a 

simila r pleochroism. Most of the Fe
3
+ that is produced from oxidation by 

heating remains in the rings due to the coordination by Type II H
2
0. The 

characteristic absorption band intensity of Fe
3
+ in the rings is suggested to 

be low because it is isolated from interacting with Fe2+, and hence, is not 

observed. After dehydration at 800 "C, these cations continuously migrate to 

the walls of the cavities to produce the dramatic increase in the intervalence 

charge-transfer intensity. There is an indication of electron density loci 

near the walls of the cavities of sample 1 at fractional coordinates (0.11, 

0.16, 0.25) and the synnnetry related positions from room temperature data 

(G. V. Gibbs, personal connnunication). X-ray data for a dehydrated sample, 

particularly a Na-rich sample, is required to evaluate the model proposed 

above. The above interpretation does not preclude the presence of tetrahedral 

* * Fe . It does suggest that any tetrahedral Fe that is present is not responsible 

for the color and pleochroism in cordierite. 
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DISCUSSION 

Structural models 

Stout (1975, 1976) proposed a model to explain the increase in the 

distortion index (6) that occurs when cordierite powders were heated in air 

for 2 hours at 900 °C. The model attributes the structural readjustment to 

the loss of H
2

0 and its influence on the crystal structure from hydrogen 

bonding to the aluminosilicate framework in the channel cavities. Langer and 

Schreyer (1976) objected to the influence of H
2

0 on the crystal structure 

pointing out that the infrared frequencies of H
2

0 in cordierite suggested 

only weak hydrogen bonding interactions. Both authors left open the possi

bility that compositional factors other than Al/Si ordering may be responsible 

for the observed structural readjustment after heating. 

The model proposed in the previous section provides a plausible explanation 

of Stout's observations in terms of cation migration from the center of the 

six-membered tetrahedral rings to the wall of the channel cavities after 

dehydration. The migration is suggested to occur mainly after dehydration 

in which the coordinating influence of Type II H
2

0 with these cations is no 

longer present. Note that the loss of Na or Fe was not detected from slabs 

dehydrated at 800 °C for 2 hours. Evidence for cation migration after 

dehydration is based on the rapid increase in intervalence charge-transfer. 

2+ 3+. This increase is interpreted in terms of the oxidation of Fe to Fe in the 

rings which migrate to the cavity wall after dehydration. The incorporation 

of these ions near the cavity wall is a likely mechanism to affect the lattice 

geometry without invoking an Al/Si redistribution in nearly totally ordered 

cordierites. 
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Quantitative aspects of H
2

_Q_ 

The relative proportions of the two types of H
2

0 were determined for 

three samples using their total H
2

0 content, the spectral intensities of the 

combination bands, and the suggested 2:1 relationship between Type II H
2

0 

and the channel cations. These results are used to determine the£ values 

for the fundamental modes of sample 6, which are tabulated in Table 3 . Only 

v
3 

for Type I H
2

0 was readily observed for a determination of£. It is 

important to realize that the c values for v
3 

of both types of H
2

0 are about 

the same, considering the probable errors in their determination. Consequently, 

the relative proportion of each type of H
2

0 can be readily determined from 

infrared spectra of powdered cordierite. 

Yinogradov and Linnell (1971) suggested that hydrogen bonding decreases 

the intensities of overtones. We suggest that this relationship may be used to 

interpret the intensities of combination bands. For example, the£ values of 

the combination bands of both types of H
2
o in cordierite are greater than those 

of liquid water (£~0.9). An£ value of approximately 5 is observed for the 

combination band in joaquinite (Rossman, 1975a), which is interpreted to have 

weakly hydrogen bonded H
2

0 based on fundamental stretching frequencies. 

2+ 
Quantitative aspects of Fe 

Goldman and Rossman (1977b) indicated that the£ values for Fe
2+ become 

greater as the site becomes larger and more distorted. 

l 1 F z+ d · · · d b 1 c1anne e in cor ierite is expecte to every arge. 

Hence, the£ value for 

The Mossbauer data 

for the powder of sample 3 indicate that 5.8 percent of the total iron content 

is Fe
2+ in the channels. Using the optical data for this sample (Figure 1) and 

this site distribution, an £ value of 294 is determined. This is the largest 

1 h h d . d F . h 1 f F z+ · £ va ue tat we ave etermine . or comparison, t e c va ues or ·e in 

the highly distorted grunerite M4 site and orthopyroxene M2 site are 150 and 
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40, respectively. The E value for octahedral Fe
2+ in cordierite is 3.5 for 

the higher energy band, and is nearly independent of composition. 
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CONCLUSIONS 

(1) Fe2+ is present in both the octahedral (€~3.5) and channel ( €>200) sites 

in cordierite. 2+ 
Channel Fe accounts for less than about 5 percent of 

the total iron content in most samples. 

(2) The calculated intensities of the absorption lines in single crystal 

Mossbauer spectra better match the observed intensities by assuming that 

all of the iron is present in the octahedral site and by constraining 

one of the principal EFG axes to coincide with the symmetry axis of the 

octahedral site. 

(3) Two types of molecular H
2

0 are present in the channels. They are oriented 

in the (100) plane with their H-H directions parallel to [001] (Type I) 

and [010] (Type II). Type II is less abundant in most samples and is 

correlated to the amount of channel cations. It is suggested that there 

are two Type II H
2

0 molecules, one in the cavity above and one in the 

cavity below the six-membered tetrahedral ring, that coordinate a cation 

in the ring. 

(4) Optical spectra provide a measure of the hexagonality of cordierite, but 

a relationship between this "optical" hexagonality and the t,, index was 

not found. 

(5) The origin of color and pleochroism is suggested to arise from intervalence 

charge-transfer between octahedral Fe2+ and channel Fe3+. 

(6) It is suggested that after dehydration, the channel cations in the six

membered rings migrate to the wall of the channel cavities. 

(7) The E values for the asynnnetric stretching mode are nearly the same for 

both types of H
2

0 indicating that their relative proportions can be 

determined from infrared spectra of powdered samples. 
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FOOTNOTES 

1we refer to the six-coordinate metal site described by Gibbs (1966) as the 

"octahedral" site to distinguish it from the "channel" site. This does not 

preclude the possibility of six-coordination for the channel site. 

2There is a regular decrease in the energies of the octahedral Fe 2+ bands as 

the total iron concentration increases (Figure 3). This result is consistent 

with the octahedral site becoming larger as it accommodates more Fe2+. 

3The resulting parameters from the powder Mossbauer spectrum of sample 3 

for quadrupole splitting, isomer shift and relative area are: (channel Fe2+) 

1.60, 1.21 mm/sec and 5.8 percent; (octahedral Fe 2+) 2.31, 1.22 mm/sec and 

94.2 percent. The peak half-widths are 0.31 mm/sec and x2 for 200 channels 

is 648 with ~4 x 106 background counts. The presence of Fe3+ is suggested 

in the 0.4-0.5 mm/sec region. Upon removing the intensity constraint for 

the components of the channel Fe2+ doublet, the low-velocity component 

became more intense suggesting additional resonance in this region. However, 

an Fe3+ doublet was not fitted because its peak positions are not known at 

295 Kand it accounts at most for only a few percent of the total resonance. 
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TABLE 1. Cordierite analyses 

1 2 3 4 5 6 7 8 

weight percent of oxides 
Si02 50.37 49. 70 49.54 49.97 49.38 48.75 48.16 46.41 
Ti02 0.04 .09 0.04 
A1 203 34.24 32.91 33.47 33.03 33.05 30.69 31. 77 32.29 
MgO 13. 72 12.66 12.42 12.06 10.49 8.99 7 .19 2.55 
FeO 1.03 2.28 2.46 2.99 5.30 7.35 10.13 16. 71 
MnO 0.05 0.06 0.03 0.31 0.49 0.33 0.68 
CaO 0.03 0.02 0.01 0.01 0.01 0.02 0.03 
Na20 0.20 0.36 0.22 0.15 0.21 1.53 0.04 0.55 

99.66 98.00 98 .78 98.24 98.85 97.82 97.69 99.22 

formula proportions 0:cations-Na-Ca = 11) 
Si 4.94 5.00 4.97 5.02 5.00 5.05 5.04 4.97 
Al 3.96 3.90 3 . 96 3. 91 3.94 3.75 3.92 4.07 
Ti 0.01 
Mg 2.01 1.90 1.86 1.81 1.58 1. 39 1.12 0.41 
Fe2+ 0.08 0.19 0.21 0.25 0.45 0.64 0.89 1.49 
Mn 0.03 0.04 0.03 0.06 
Na 0.04 0.07 0.04 0 . 03 0.04 0.31 0.01 0.11 

r+ 35.86 36.02 35.94 35. 96 36.02 36.16 36.01 36.12 

p (g/ c:m3) 2.570 2.583* 2.584* 2.587* 2.603* 2.665 2.649* 2. 738* 
6. (20°)t 0.25 0.27 0.24 0.25 0.27 0.12 0 .22 0.22 

0 

a (A) 17 . 079 17.08 17.036 17.20 
b (A) 9.730 9.74 9.758 9.83 
C Ol) 9.356 9.38 9.323 9.30 
y/8** 2.31 2.25 2.03 2.05 2.08 2.12 1.73 2.04 

1. White Well, Australia. Occurs in a phlogopite schist near intrusive granite 
(PY.yce, 1973). X-ray and neutron diffraction data are reported in Cohen et al. 
(1977). 

2. Tanga aPea neaP Umba River, Tanzania. Occurs with mica schists in alluvial 
deposits. 

3. Mt. Tsilaizina, Malagasy Republic. 
4. Malagasy Republic. Mossbauer, X-ray and chemical data aPe reported in 

Duncan and Johnston (1974). 
5. Manitouwadge, OntaPio, Canada. Occurs in a gaPnet-anthophyllite schist 

(Pye, 1957). 
6. Haddam, Connecticut, U.S.A. Occurs in a pegmatite in a biotite gneiss 

(Heinrich, 1950) . X-ray diffraction data aPe from Meagher (1967). This 
sanrple contains 0.52 BeO (Newton, 1966) resulting in 0.13 Be foY'f71ula units. 

7. Snyder group northwest of the Kiglapait intrusive, Nain, Labrador. Occurs 
with biotite and andalusite in a contact aureole (Speer, 1975). 

8. Dolni Bory, Moravia, Czechoslovakia. Occurs in a pegmatite as massive layers 
sepaPated by mica (±anthophyllite). (Heinrich, 1950; Stanek and Miskovsky, 
1964). Cell axes are reported in Strunz et al. (1971). 

*Calculated density (see text). t6. is the distortion inq.ex of Miyashiro 
(1957). **y/8 is the intensity ratio of the channel Fe+ optical absorption 

bands neaP 950 nm. 
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Table 3. <- values for H20 in cordierite* 

Type Mode -1 a b cm E: E: 

I 

II 

\/ 3 3689 204 308 
\/2 + \/3 5269 13.1** 

\/1 3574 256 228 
\/2 1630 584 520 
\/ 3 3632 269 239 
\/2 + \/3 5255 7.5** 

*Spectral data are from sample 6 (Figure 8). 
**Determined from a least-squares solution to the data from samples 

1., 3 and 6. 
a.Based on the spectral intensity determination from which 27 percent 

of the total H2o content is Type I. 
b.Based on the assumed 2:1 relationship between Type II Hi and the 

channel cation content from which 18 percent of the total H20 content 
is Type I. 
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FIGURE CAPTIONS 

1. Room temperature optical spectra of a low-Fe cordierite from Mt. Tsilaizina, 

Malagasay Republic (sample 3). Crystal thickness= 1.20 mm. 

2. Room temperature optical spectra of a high-Fe cordierite from Dolni Bory, 

Moravia, Czechoslovakia (sample 8). Crystal thickness= 0.70 mm. 

3. Upper: 2+ 
Intensity data for the Fe absorption bands from optical spectra 

as a function of the total iron concentration for channel Fe2+ near 950 nm 

2+ 
in B (~) and y (□), and octahedral Fe near 1170 nm in a (e). Gaussian-

fitted intensities to the octahedral Fe
2
+ bands in a near 1000 nm (o) and 

1170 nm(+) are also presented. The half-filled squares and triangles are 

2+ corrections to the intensity of the channel Fe bands (see text for explan-

ation). 

Middle: 

Lower: 

Intensity of the intervalence charge-transfer band in B near 570 nm. 

2+ 
Energies of the octahedral Fe absorption bands in a near 1000 nm 

(o) and 1170 nm(+) from Gaussian fits. 

4. Correlation of channel Fe
2+ absorption bands. Symbols are described in 

Figure 3. 

5. Upper: Single crystal Mossbauer spectrum of a high-iron cordierite from 

Dolni Bory, Moravia, Czechoslovakia (sample 8) taken at room temperature on 

a 0.180 mm thick (001) slab. 

Middle: Single cryslal Mossbauer spectrum of a low-iron cordierite from 

Mt. Tsilaizina, Malagasay Republic (sample 3) taken at room temperature on 

a 1.128 mm thick (001) slab. 

Lower: Powder Mossbauer spectrum of a low-iron cordierite from Mt. Tsila. J zina, 

Malagasay Republic (sample 3) taken at room temperature. 

6. Room temperature optical spectra of cordierite from Haddam, Connecticut 

(sample 6). Crystal thickness= 0.70 mm. 
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7. Room temperature infrared spectra of cordierite from Manitouwadge, Ontario 

Canada (sample 5) showing the fundamental stretching and bending modes of 

water. Crystal thickness= 0.050 mm. 

8. Room temperature infrared spectra of cordierite from Haddam, Connecticut 

(sample 6) showing the fundamental stretching and bending modes of water. 

Crystal thickness= 0.025 mm. 

9. Correlation of the Type II water band intensity at 1903 nm in Sand the 

amount of Na+ Ca (e) and the amount of Na+ Ca+ Fez+ (o) in the channels 

in cordierite. 

10. Results of heating experiments conducted in air on a (100) slab of sample 5. 

2+ 
The absorption band intensities for channel Fe at 950 nm in S (t), 

2+ 
octahedral Fe at 1170 nm in a (e), and intervalence charge-transfer at 

570 nm in S (o) were monitored after each heating step. Water loss was 

not detected until 800 °C. After 2 hours at 800 °C, the sample was completely 

dehydrated. Crystal thickness represented= 0.5 mm. 
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CHAPTER 9 

THE SITE DISTRIBUTION OF IRON AND STRUCTURAL 

STATE VARIATIONS IN OSUMILITE 
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INTRODUCTION 

Osumilite, K(Mg,Fe)
2

(Al,Fe3+)
3

(Si,A1)
12

o
30

, is a rare mineral found in 

rhyolite or rhyodacite volcanic rocks, high grade metamorphic rocks in contact 

aureoles, and an iron meteorite (see Berg and Wheeler, 1976). The crystal 

structure of osumilite (Brown and Gibbs, 1969) is similar to that of cordierite 

and beryl, because it contains channel-like cavities that are fonned by the 

tetrahedral framework. In cordierite and beryl, the channels are formed by 

a superposition of six-membered tetrahedral rings whereas the channels in 

osumilite are formed by a superposition of double hexagonal rings (Figure 1). 

The tetrahedral rings in these minerals are linked together by octahedra and 

additional tetrahedra. 

In the first paper in this series examining cordierite, Goldman et al. 

(1977) concluded that 1) Fe
2+ occurs in the octahedral and channel sites, 2) 

there are two types of water molecules in the channels that differ in crys

tallographic orientation and interaction with other channel constituents, 

3) the blue color of cordierite originates from intervalence charge-transfer 

. 2+ 3+ 
between octahedral Fe and channel Fe , and 4) electronic spectra should be 

sensitive to structural state, but major differences in structural state were 

not evident from spectroscopic analyses. These interpretations provide a 

basis for the study of osumilite. 

Samples of osumilite from the type locality in Sakkabira Japan (Miyashiro, 

1956), Obsidian Cliffs, Oregon and Nain, Labrador (Berg and Wheeler) are used 

in this study. The fonner two samples occur in volcanic rocks, are blue in 

color, exhibit uniaxially positive optic figures, and are inferred to contain 

Fe3+ in tetrahedral coordination based on stoichiometry (Olsen and Bunch, 

1970) and X-ray (Brown and Gibbs) considerations. In contrast to these 

samples, the Nain osumilite occurs in a granulite, is pink in color, exhibits 
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biaxially positive optic figures with 2V measurements ranging from 13 to 40° 

for different crystals in one hand specimen, and is inferred to contain 

2+ . . . 3+ (Mg,Fe ) in tetrahedral coordination, but little Fe (Berg and Wheeler). 

This paper reports the findings of a combined electronic absorption and 

Mossbauer study of the three osumilite samples to examine the site distribution 

of iron and the origin of color. Changes in the electronic absorption spectra 

are compared to variations in 2V and inferences are made regarding structural 

state. In addition, infrared spectra have been taken to evaluate the con

tention by Olsen and Bunch that osumilite is primarily an anhydrous mineral, 

and to see if spectral differences exist between the uniaxial and biaxial 

samples. 
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EXPERIMENTAL METHODS 

Methods of sample preparation, data reduction and data presentation have 

been described previously (Goldman and Rossman, 1977 a,b). The Sakkabira 

(Stanford collection number 7753) and Obsidian Cliffs osumilites are uniaxial 

and polarized electronic absorption spectra were taken on polished ac slabs. 

There are three different optic directions in the Nain osumilite. Zero and 

upper level precession photographs were t aken on one of the slabs used to 

obtain electronic spectra (2V=30°) to determine the optic orientation. 

Deviations from hexagonal PG/ symmetry were not apparent, so that the 
mcc 

orientation of the a and B indicatrix directions in the plane normal to c 

is not known. y is parallel to the_£ axis. They direction for spectros

copic measurement was obtained by first orienting a slab to center the Bxa 

figure and then rotating this slab 90° about B to obtain a centered flash 

figure. After obtaining they spectrum, the sample was rotated 90° to 

reproduce the centered Bxa figure, and thinned for measurement of the a and 

B spectra. Electron microprobe data were taken on the slabs used for the 

optical spectra and these results are presented in Table 1. Microprobe 

data for Nain osumilites having 2V's of 24, 30 and 36° were taken to see if 

variations in 2V can be related to compositional differences, but no such 

correlation is evident. Microprobe analyses of a Nain osumilite heated at 

700°C for 13 hours did not differ from the analyses of the unheated samples. 

494, 561 and 520 µg of the Sakkabira, Obsidian Cliffs and Nain samples, 

respectively, were each ground with 200 mg of KBr and pressed into a pellet 

for infrared spectroscopic investigation. The pellets were heated in vacuo 

at 80°C overnight, and repressed to minimize water absorption. All infrared 

spectra were taken against a KBr reference pellet. Concentrations for the 

Obsidian Cliffs and Nain samples used in the Mossbauer experiments are about 
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2. 3 and 1. 3 mgFe/ cm
2 

with the off-resonance regions having about 2. 9 X 10
6 

and 1.1 X 10
6 

counts/channel, respectively. All Mossbauer spectra and 

parameters are reported relative to metallic iron. A Mossbauer spectrum of 

the Nain osumilite was also taken after heat treatment at 813°C for 13 hours, 

b · "f" F 3+ b d ut signi icant e resonance was not o serve. 
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SITE DISTRIBUTION OF IRON 

Electronic absorption spectra 

The electronic absorption spectra of the uniaxial osumilites from 

Sakkabira, Japan and Obsidian Cliffs, Oregon are presented in Figures 2 and 

3, respectively. They consist of absorption features at 10,280, 15,480, 

-1 
22,220 and 24,150 cm (973, 646, 450 and 414 nm) in w polarization and 4650, 

-1 
7020 and 10,280 cm (2150, 1425 and 973 nm) in w polarization. Faye (1972) 

attributed the asymmetry and greater breadth of the band at 15,480 cm-l in 

thew spectrum of the Obsidian Cliffs sample to a superposition of two 

absorption bands. The dominant, lower energy band was assigned to inter

valence charge transfer between tetrahedral Fe3+ and octahedral Fe 2+, and the 

3+ subordinate higher energy band was assigned to tetrahedral Fe . Faye 

1 3+ 
assigned the weak band near 22,220 cm- to tetrahedral Fe and the band near 

- 1 2+ 
10,280 cm to octahedral Fe . 

The electronic absorption spectra of an osumilite from Nain, Labrador 

having a 2V of 40° (Figure 4) clearly illustrate the three distinct optical 

directions. They spectrum (which has the same crystallographic orientation 

-1 as E in Figures 2 and 3) consists of bands at 4686, 7020 and 10,280 cm (2135, 

1425 and 973 nm). Peak maxima differ slightly for the main band in a and S 

polarizations and occur at 10,360 and 10,400 cm-l (965 and 962 nm), respec

tively. The band in the visible region in a and S has a broad maximum between 

-1 -1 -1 
18,000 and 21,000 cm and has a weak shoulder at 22,220 cm (450 cm ), 

corresponding to the position of the band observed in win the other samples. 

-1 
Some of the intensity of the 4686 cm band occurs in a, but it is only 

observed in very thick sections. 

2+ Absorptions due to Fe can be assigned using the criteria established 

for cordierite by Goldman et al. 
-1 

Therefore, the bands at 10,280 and 7020 cm 
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· ( ) · d v 
2+ · h h d 1 . in y or E are assigne to ~e int e octa e r a site. Bands in the 

-1 -1 
10,200-10,400 cm region in a and B (or w) and the 4650-4700 cm region 

in y (or c) are assigned to Fe
2+ in the channels. The two absorption bands 

2+ 
arising from each type of Fe are considered to represent electronic trans-

itions to the components of the split 5E state. The bar ycenter (mean) -_g_ 

energies of the two transitions 
2+ 

for octahedra l and channel Fe are 8650 and 

-1 
7590 cm , respectively. For comparison, the barycenter energy for octahedral 

Fe
2+ in cordierite is about 9200 cm-l (Goldman et al.). The larger barycenter 

energy in cordierite reflects smaller size of the octahedral site (2.12X; 

Gibbs, 1966) than in osumilite (2.lSX; Brown and Gibbs). The barycenter energy 

can be used as an estimator of lODq, the theoretical energy difference between 

the 5T and 
5
E electronic states, if the splitting of the 5T state is -2_g_ -:g_ -2_g_ 

small or similar among the samples to be compared (Faye, 1972). It should 

1 - 5 -therefore vary as /a , where a is the average metal-oxygen bond distance 

of the coordination site. Using the cordierite data, a barycenter energy of 

8575 cm-l is expected for octahedral Fe2+ in osumilite from the ideal 
1
;~ 5 

dependence. These results support the assignment of the octahedral Fe
2+ 

bands in osumilite spectra. 
2+ 

In both minerals, the two octahedral Fe 

bands are polarized parallel to the c axis and have similar intensities 

between each other . 

The barycenter energy of channel Fe2+ in os umilite of about 7600 cm-l 

is slightly larger than observed in cordierite ('v 7200 cm-1). In both 

minerals, the higher energy band is polarized in the plane normal to the c 

axis and is much more intense than the lower energy band, which is polarized 

parallel to the c axis. As in cordierite, heating experiments support the 

assignment to channel Fe
2+ in osumilite. After heating an ay slab in air 

at 700°C for 13½ hours, the sample was cooled to room temperature and 
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spectroscopically examined. The bands assigned to octahedral Fe2+ retained 

the same intensity after heat-treatment, whereas both bands assigned to 

2+ 
channel Fe reduced to about 85 percent of their intensity prior to heating. 

Berg and Wheeler suggested from 

the 
3+ 

presence of graphite and pyrrhotite in the rock, that Fe is "virtually 

absent" in the Nain osurnilite. Using this assumption and the molar absorp

tivity determined for octahedral Fe
2+ in cordierite of 3.5, the intensity of 

2+ -1 
the octahedral Fe band at 10,280 cm indicates that only about 60 percent 

of the total iron in the Nain osumilte is in the octahedral site and L10 percent 

is in the channels. Spectroscopic evidence for tetrahedral Fe
2+ is not 

observed. The site distribution of iron in the Natn and Obsidian Cliffs 

osumilites will now be analyzed using Mossbauc· 1. spectroscopy. 

MBssbauer spectroscopy 

The Mossbauer spectrum of the Nain osumilite (Figure 5) supports the 

contention of Berg and Wheeler that Fe3+ is negligible in this osumilite. 

The Fe
2+ resonant absorption is more intense in the low velocity region 

although both regions have asymmetry in their absorption profiles with the 

high velocity absorption being broader. It is unlikely that the intensity 

asymmetry is produced by preferred orientation in the absorber because these 

crystals do not possess good cleavage. 

occurs in multiple environments. 

2+ 
These observations suggest that Fe 

A two doublet fit to the spectrum is presented in Figure Sa and the 

resulting spectral parameters are listed in Table 2. The areas of the 

two lines of each doublet and the halfwidths of all peaks were constrained 

to be equal. The large halfwidths of the peaks (0.42 mm/sec) and the inability 

to fit the main peak intensities and the region near +0.6 mm/sec suggests that 

this fit is inadequately modeling the data. This poses a problem because the 
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electronic absorption spectra of osumilite suggest that Fe
2+ resides in only 

two types of sites; the octahedral and channel sites. Although a three doublet 

fit to the spectrum (Figure Sb) provides a better overall spectral fit, a 

physically meaningful interpretation for ea.ch of the three doublets is unclear. 

In addition, the peak half-width in the three doublet fit (0.38 mm/sec) is 

·11 b d f F 2+ · · 1 · sti roa or e in a singe site. It is possible that spectral broaden-

ing results from variations in next-nearest neighbor chemistry, as has been 

proposed in clinopyroxenes (Dowty and Lindsley, 1973), orthorhombic Mg-Fe 

amphiboles (Seifert, 1977) and calcic amphiboles (Goldman, 1977). It is 

suggested that the outer doublet arises mostly from Fe
2+ in the octahedral 

site based on the similar quadrupole splitting and isomer shift found for 

octahedral Fe
2+ in cordierite (Goldman et al.), and the inner two doublets 

are mostly due to Fe
2+ in the channels. The smaller quadrupole splitting 

and isomer shift values of the inner doublet(s) are consistent for the more 

distorted channel environment. The results from the two and three doublet 

fits indicate that about 68 and 53 percent of the total iron is octahedral 

F 2+ 
e ' respectively. Considering that the three doublet fit probably under-

2+ 
estimates octahedral Fe content due to increased peak overlap and vice versa 

for the two doublet fit, an approximate value of 60 percent of the iron in 

the Na.in osumilite being in the octahedral site is reasonable. This would 

then be in agreement with the site distribution predicted from the electronic 

absorption spectra. 

The Mossbauer spectrum of the Obsidian Cliffs osumilite (Figure 6) also 

2+ 
shows asymmetry in the profile and intensity of the Fe resonance which is 

again fitted with three doublets. The three doublets have similar quadrupole 

splitting and isomer shift values (Table 2) as found in the Nain sample, and 

the area ratio of the outer doublet to the total Fe
2+ resonance is 56 percent, 
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which is also similar to that found in the Nain osumilite. In addition, 

2+ 
octahedral Fe (the outer doublet) accounts for about 45 percent of the 

total iron in agreement with value predicted from the electronic absorption 

spectra (41 percent). The Obsidian Cliffs Hossbauer spectrum contains two 

additional peaks, not found in the Nain spectrum, that occur near +0 . 9 and 

-0.8 nun/sec and have equal intensities. Fitting a doublet to these peaks 

results in isomer shift and quadrupole splitting values of 0.25 and 1.71 

nun/sec, respectively. The isomer shift is indicative of high-spin Fe
3+, but 

3+ this value is much smaller than expected for Fe in octahedral coordination 

('\J 0.4-0.5 mm/sec). This doublet is assigned to Fe
3
+ in tetrahedral coordin-

3+ 
ation based on the similar parameters reported for tetrahedral Fe in 

ferri-diopside (Hafner and Huckenholz, 1971) and sapphirine (Bancroft et al., 

1968), although this assignment is not consistent with the data reported for 

iron orthoclase (Brown and Pritchard, 1969). Peaks at +0.5 and -0.1 were 

3+ placed in the spectrum for "octahedral" Fe to improve the fit, but whether 

this doublet represents Fe3+ in the octahedral or channel sites is uncertain. 

The molar absorptivity in the electronic ab s r•rption spectra for octahedral 

2+ 
and channel Fe in osumilite from the site distribution determined from the 

Nain sample is 3.5 and 130, respectively. 
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STOICHIOMETRY 

The average of the three electron microprobe analyses of the Nain osumil-

ite (Table 1) has been normalized to the theoretical 30 oxygens in which all 

2+ .. iron is considered to be Fe based on the Mossbauer data. The resulting 

formula is: 

2+ XII 2+ VI IV . 
(Na0.10K0.89Fe0.37) (Mgl.43Fe0.53Mn0.01) (Al2.66) (S 1 10.24All. 76)030 

2+ 
There is clearly more Fe and Mg available than can be accommodated in the 

octahedral site. Berg and Wheeler placed the excess in the tetrahedral (T2) 

site with Al. They based this interpretation from a plot of osumilite formulas 

with regard to two coupled substitutions: the first involves (Mg,Fe) replacing 

Al in tetrahedral coordination and Si replacing Al; and the second involves 

(Na,K) entering the channels with Al replacing Si. The observation that 

2+ 
natural osumilites have more than 2.0 formula units of Mg and Fe suggested 

the presence of these ions in tetrahedral coordination. However, the results 

of the present study do 
2+ 

not indicate the presence of tetrahedral Fe , and 

2+ 
therefore, Fe should not be included in the first coupled substitution. In 

this case, natural osumilite compositions would plot in the field (Mg <2) which 

does not necessitate tetrahedrally coordinated Mg, although some of this sub

stitution may occur. The 0.34 vacancies in the T2 site only amounts to 2 percent 

vacancies in the 15 tetrahedral sites. The resulting octahedral Fe
2
+ to total 

Fe ratio of 59 percent in consistent with the determinations from Mossbauer 

and electronic absorption spectra. 

3+ T 
The resulting formula of the Obsidian Cliffs osumilite using an Fe /Fe 

ratio of 0.20 determined from the Mossbauer spectrum is: 

2+ XII 2+ 3+ VI 3+ IV 
(Na0.06K0.69Fe0.10) (Mg0.75'Fel.01Fe0.06Ti0.01Mn0.17) (Al2.66Fe0.23) 

(Si10.30A11.70)IV030 
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The resulting site distribution of Fe
2
+ from this formula does not agree with 

the distribution expected from Mossbauer and electronic absorption spectra, 

and the reason for the discrepancy is unclear. Again, there appear to be 

vacancies in the T2 site containing the Al and Fe
3
+ ions, which is in general 

agreement with the findings of Olsen and Bunch for natural osumilites. The 

formula for the Sakkabira osumilite may be found in Olsen and Bunch and will 

not be analyzed herein without knowledge of the Fe3+/Fe
2
+ ratio. 
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WATER 

Olsen and Bunch found that the weight percent of the oxides in microprobe 

analyses of osumilites sutmned near 100 percent, and concluded that natural 

osumilites are virtually anhydrous. Infrared spectra of single crystals of 

osumilite support this interpretation. The fundamental stretching modes of 

water occur in the 3300-3700 cm-l region, but this region is free of absorption 

features in the Sakkabira and Obsidian Cliffs osumilites. The Nain osumilite 

does have water absorptions in this region, but the water content is calculated 

to be less than 0.01 percent (by weight) using the molar absorptivity for 

water determined in cordierite by Goldman ~ al. The presence of the combin

ation mode at 5250 cm-l in y (Figure 4) indicates that this water is oriented 

with its H-H direction parallel to the_£ axis. 

Brown and Gibbs found electron density in the center of cavities between 

the double hexagonal ring groups and attributed it to (Na,K,Ca) ions. They 

also found electron density near the center of the cavity within the double 

hexagonal rings and attributed it to H
2
0. However, the results of this study 

indicate that the Sakkabira osumilite is anhydrous. This suggests that cations 

also occur within the double hexagonal rings. 
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ORIGIN OF COLOR 

Heating experiments on cordierite (Goldman~ al.) suggested that the 

blue color originates from intervalence charge transfer between octahedral 

Fe
2+ anc channel Fe

3+. Heating experiments were conduc ted on the Obsidian 

Cliffs osumilite at 813°C, but after prolonged heat treatment the intensity 

of the spectral features in w remained the same. The Nain osumilite was 

heated for one hour at 813°C and then one hour at 869°C. Intensities of 

the octahedral features remained the same after heat treatment, but signifi

cant changes occurred in the unpolarized spectrum normal to the.£ axis, as 

h . Fi 7 Th h 1 2+ d 10 400 -l d d . . . sown in gure . e c anne Fe ban near , cm re uce in intensity 

and the sample turned from pink to blue in color after heat-treatment. Anala

gous to the results for cordierite, this suggests that the blue color in 

osumilite is due to intervalence charge transfer between octahedral Fe
2+ and 

F J+ · h · · b h d bl h 1 . e int e cavities etween t e ou e exagona ring groups. The origin of 

the pink color in the Nain osumilite is unclear. The possibility that an 

intervalence charge transfer between octahedral Fe
2+ and Fe3+ in the adjacent 

tetrahedral site is responsible for some of the blue color in the Sakkabira 

and Obsidian Cliffs osumilites cannot be excluded. It may be a possible 

cause for the asymmetry of the main charge-transfer band. 

It is interesting to note that water in the channels appears to correlate 

with the ease at which channel Fe
2+ will oxidize upon heating. 

2+ 
Channel Fe 

was not oxidized at 869°C in the anhydrous Obsidian Cliffs osumilite. About 

2+ 
15 percent of the channel Fe was oxidized at 700°C in the Nain osumilite, 

which contains minor amounts of water. Nearly 45 percent of the channel 

F 
2+ · · d · d h . b i d . . e is oxi ize at t ese temperatures in water- ear ng cor ierites. 
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STRUCTURAL STATE 

There exists an interesting discrepancy between the electronic absorption 

and X-ray data concerning the structural state of the Nain osumilite. X-ray 

precessionphotographs of the Nain osumilite taken as a part of this study are 

consistent with a hexagonal P61 space group. This result has been inde-
mcc 

pendently confirmed by Professor Gordon Brown (personal corrnnunication) at 

Stanford University. However, the three distinct optic directions indicate 

that the overall symmetry must be lower than hexagonal. In the Sakkabira 

sample, there are only two optic directions and the 2V is zero. Therefore, 

if the Nain osumilite was truly hexagonal, the bands in a and B due to channel 

2+ -1 
Fe near 10,400 cm would have equal intensities, being in the plane normal 

to the c axis. Since the Nain samples exhibit a wide range of 2V, the 

relationship between 2V and the B/ a intensity ratio of the channel Fe
2+ bands 

was explored, and the results are presented in Figure 8. The hexagonal 

Sakkabira and Obsidian Cliffs osumilites are also included in this correlation, 

which shows that the intensity asymmetry in the plane normal to c increases 

as the 2V increases. The trend is not linear and appears to have an upward 

curvature. This trend intersects typical values for cordierite which have 

asymmetry values near 2.0 with 2V values of 80-90°. 

The correlation in Figure 8 was not expected initially because the band 

intensity differences are due to the effect of the coordination about the 

channel Fe
2+ ion on its electronic structure whereas 2V is determined by 

differences in refractive index along the different crystal directions in the 

visible region. For instance, the refractive indices along a and B must 

have changed after the Nain samples became blue in color from heating. Never

theless, the 2V remained the same after heating. It is important to realize 

that cordierite, which has a completely ordered Al and Si tetrahedral frame

work (Gibbs), has a large 2V and band intensity difference. In contrast, 
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the Sakkabira osumilite, which has a disordered tetrahedral framework (Brown 

and Gibbs), has a 2V equal to zero and no difference in band intensity. 

These results suggest that the Nain osumilites have variable degrees of Al 

and Si order in the double hexagonal rings which control the overall optics 

of the crystal. A greater degree of order is expected in the slowly cooled 

Nain osumilite compared to the quickly cooled volcanic osumilites from Sakka

bira and Obsidian Cliffs. 

The infrared spectra of the three osumilites have been taken to see if 

differences exist between the Nain sample (Figure 9) and the hexagonal 

osumilites from Sakkabira (Figure 10) and Obsidian Cliffs (Figure 11). 

Although differences exist in the band near 1150 cm-land in the 800-500 cm-l 

region among these samples, major differences in band complexity in the Nain 

sample are not apparent. 
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TABLE 1. ELECTRON MICROPROBE ANALYSES OF OSUMILITE 

oxide weight percent 

Si02 
Ti02 
Al203 
MgO 
MnO 
FeO* 
Na 20 
KaO 

Labrador 
2V=36° 

60.3 
0.2 

22.0 
5.7 
6.3 
0.1 
0.2 
4.0 

99.0 

Labrador 
2V=30° 

61. 2 
0. 2 

22.2 
5.7 
6.4 
0.1 
0.4 
4.3 

100.5 

*total iron reported as FeO 

Labrador 
2V=24° 

60.8 
0.2 

22.4 
5.6 
6.6 
0.1 
0.3 
4.2 

100.1 

Japan Oregon 

60.6 60.7 
0.0 0.1 

22.0 21. 8 
3.0 3.0 
9.4 9.7 
1.0 1. 2 
0.7 0.2 
3.2 3.2 

99.9 99.9 
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TABLE 2. MOSSBAUER PARAMETERS 

Sample Peaks Isomer Quadrupole Half- % Area x2 
Shift Splitting Width 

Nain AA' 1. 20 2.35 0.42 68 392* 
Labrador BB' 1.14 1. 86 0.42 32 

Nain AA' 1.21 2.41 0.38 53 313* 
Labrador BB' 1.16 2.03 0.38 35 

CC' 1.17 1.48 0.38 12 

Obsidian AA' 1.19 2.33 0.33 45 539"'* 
Cliffs BB' 1. 20 1.86 0.33 20 
Oregon CC' 1. 21 1.40 0.33 15 

DD' 0.25 1. 71 0.33 16 
EE' 0. 40 0.60 0.33 4 

*200 channels fitted **330 channels fitted 
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FIGURE CAPTIONS 

1. The tetrahedral framework in cordierite and osumilite (after Brown and 

Gibbs, 1969). 

2. Room-temperature electronic absorption spectra of an osumilite from 

Sakkabira, Japan. Optic orientation: E = _£; w = a. Crystal thickness= 

0.01 mm. 

3. Room-temperature electronic absorption spectra of an osumilite from 

Obsidian Cliffs, Oregon. Optic orientation: E = _£; w = a. Crystal 

thickness= 0.01 mm. 

4. Room temperature electronic absorption spectra of an osumilite from 

Nain, Labrador. Optic orientation: y =_£;a and B occur in the plane 

normal to the c axis. Crystal thickness= 0.01 mm. 2V = 40°. 

5. Room temperature Mossbauer spectrum of osumilite from Nain, Labrador, 

2+ 
fitted with two (a) and three (b) quadrupole doublets due to Fe . 

6. Room temperature Mossbauer spectrum of osumilite from Obsidian Cliffs, 

Oregon. 

7. Electronic absorption spectra of an osumilite from Nain, Labrador, 

before heat treatment and after heating at 813°C for 1 hour and then for 

8. 

1 hour at 869°C. The sample turned from pink to blue after heating. 

2+ 
Correlation between 2V and the intensity ratio of the channel Fe 

absorption bands in the plane normal to the_£ axis in osumilite. 

9. Room temperature infrared spectrum of osumilite from Nain, Labrador. 

10. Room temperature infrared spectrum of osumilite from Sakkabira, Japan. 

11. Room temperature infrared spectrum of osumilite from Obsidian Cliffs, 

Oregon. 
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CHAPTER 10 

Fe 2+ BAND ASSIGNMENTS IN BERYL 
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ABSTRACT 

2+ 
The electronic absorption spectra of Fe in non-chromium beryls are 

examined. Bands at about 830 and 1000 nm in E polarization are assigned to 

2+ 
Fe in the Al-rich octahedral site, and bands at 830 nm in w and 2100 nm 

· d F 2+ · ' ' . h h 1 in E are assigne to e in a position int e c anne . A band at 620 nm 

in E that is responsible for the blue coloration in some beryls (Wood and 

2+ 3+ 
Nassau, 1968) is interpreted in terms of an Fe /Fe intervalence 

charge-transfer. 
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INTRODUCTION 

The variation in intensity among the absorption features in the 600-

1000 nm region in non-chromium varieties of beryl, Be
3

A1
2
si

6
o

18
, has been 

attributed to ferrous iron in multiple sites (Wood and Nassau, 1968). 

A b d 810 ( ) · d F 2+ . h Al . h h d l an at nm w was assigne to e int e -ric octa era site. 

2+ 
A broad band centered at 810 nm (E) was assigned to Fe in a position 

in the channels, and a band at 620 nm (E) was assigned to Fe
2+ in a 

different channel site. These spectral features varied independently 

among the samples examined. These features are similar to those observed 

in cordierite (Goldm1 n EU al., 1977) and osumilite (chapter 9). However, 

the band assignments for cordierite and osumilite are not consistent with 

those for beryl, and this apparent discrepancy forms the basis for this 

study. 

EXPERIMENTAL METIIODS 

Sections of a golden beryl from Goyaz, Brazil (GRRS/25/76) and a 

yellow beryl from an unknown locality (GRRll/11/74) were oriented in the 

ac plane using external morphology and conoscopic interference figures. 

These crystals were thinned, polished and spectroscopically examined at 

room temperature. Additional spectroscopic data from other beryl samples 

were provided by Professor George Rossman (Cal Tech). 
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SPECTRAL INTERPRETATION 

The spectra of a yellow beryl from an unknown locality and a golden 

beryl from Goyaz, Brazil are presented in Figures 1 and 2, respectively. 

Sharp bands between 900 and 2000 nm have been attributed to vibrations 

of water molecules in the channel cavities by Wood and Nassau (1967). 

These figures demonstrate that the two bands in Eat about 830 and 1000 nm 

are related to each other, and therefore originate from the same Fe
2+ ion. 

They are not related to the band in w at 830 nm, which must arise from a 

different Fe 2+ ion. 

The two bands in cordierite (Goldman~~) and osumilite (chapter 9), 

2+ 
attributed to Fe in the octahedral sites of these minerals, occur in the 

direction parallel to the c ax is in the 900-1500 nm region. Based on these 

interpretations, the two bands in beryl at 830 and 1000 nm in 1:: are assigned 

2+ 
to Fe in the octahedral site. The barycenter (mean) energy of the two 

2+. 
bands from octahedral Fe 1n these minerals decreases as the size of the 

site becomes lf.l1 '" "r (Figure 3). 

A band at 830 nm in w is assigned to Fe
2+ in a channel site. The 

bands due to channel Fe 2+ in this region in cordierite and osumilite are 

also polarized in the direction normal to the£ axis. Due to the large 

size of the channel site, the remaining band from the splitting of the 

5
E electronic state is expected to occur in the 2000 nm region. It is 
-a 

expected to be polarized parallel to the£ axis based on the cordierite 

and osumilite spectra. It is apparent from Figures 1 and 2 that the 

yellow beryl, which has an intense channel Fe
2+ band at 830 nm in w, 

also has broad intensity in E in the 1800-2300 nm region. In contrast, 

2+ 
the channel Fe band in the golden beryl is weak, and there is not 

appreciable intensity in the 1.800-2300 nm region. To test whether the 
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second 
5
E component of channel Fe

2
+ occurs in this region, the intensity 

~ 
2+ at 2100 nm in E: has been compared to the intensity of the channel Fe 

band at 830 nm in w for a number of samples, and the results are presented 

in Figure 4 . The resulting linear correlation indicates that both bands 

d db h 
2+. 

are pro uce y t e same Fe ion. Their barycenter energy of about 
-J 

8400 cm supports their assignment to a position in the large channels. 

The band at 620 nm reported by Wood and Nassau (1968) probably 

originates from an Fe
2

+/Fe
3

+ intervalence charge-transfer process. It 

is unlike the assigned charge-transfer bands in cordierite and osumilite 

because it is polarized parallel to the Saxis, and not normal to it. This 

2+ 3+ 
may suggest that the Fe - Fe couple occurs in the channel parallel 

to the c axis. Because there is also a "cavity" between the octahedral 

sites along the Saxis (independent of the channels), a possible couple 

b F 
3+ · h' · d F 2+ · h h d 1 . 1 etween e int is cavity an e int e octa era site may a so 

be responsible for the 620 nm band. Clearly, more data are required to 

examine these possibilities. 

CONCLUSION 

The results of the spectral study of silicates that contain large, 

channel-like cavities 
2+ 

show that Fe occurs in both the ocu1nedral site 

and the channels. No evidence was found for the presence of tetrahedral 

2+ 
Fe . Although the blue color in many of these minerals probably arises 

from Fe
2

+ interacting with channel Fe
3
+, more work is required to identify 

the positions of the metal ions in these intervalence couples. 
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FIGURE CAPTIONS 

1. Room temperature electronic absorption spectra of a yellow beryl 

from an unknown locality. Crystal thickness= 5.0 mm. 

2. Room temperature electronic absorption spectra of a golden beryl 

from Goyaz, Brazil. Crystal thickness = 5.0 mm. 
2+ 

3. Correlation between the barycenter energy of the octahedral Fe 

absorption bands and the size of the octahedral site in beryl, 

osumilite and cordierite. 

4. Correlation between the inte nsity of the absorption bands assigned 

2+ 
to Fe in the channel site in beryl. 
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CHAPTER 11 

THE EFFECT OF SITE DISTORTION ON THE 

ELECTRONIC PROPERTIES OF FERROUS IRON 
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ABSTRACT 

The effect of site size and distortion are correlated with 

the properties of ferrous iron in the electronic absorption 

spectra of minerals and compounds. Site size affects band 

positions and site distortion enhances band intensity and polar-

ization anisotropy. In addition, as band intensity increases 

due to a greater distortion of the site, the quadrupole split-

ting from M~ssbauer spe c tra is found to decrease. The results 

of this study suggest that as a site becomes larger, it becomes 

more distorted. 
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INTRODUCTION 

The electronic absorption spectroscopy of ferrous iron in 

minerals and compounds exhibits a varied array of absorption band 

positions, polarization properties and intensities. These spec-

troscopic characteristics are related to the size and geometry 

of the coordination site in which ferrous iron resides. The 

size of the site affects band positions, with larger sites pro-

ducing bands at longer wavelengths (lower energies). The further 

distortion of a site from octahedral geometry enhances absorption 

band intensity and polarization anisotropy. 

This study correlates the effect of site size and distortion 

on the spectroscopic properties of ferrous iron in minerals and 

compounds. The quadrupole splitting parameter in MHssbauer 

spectroscopy is also considered to be sensitive to the distortion 

of a site from octahedral geometry (Ingalls, 1964), and it will 

also be incorporated into the correlation. The properties of 

ferrous ~ran in cubic (e.g. garnet; White and Moore, 1972), 

tetrahedral (e.g. staurolite; Burns, 1970a) and square planar 

(e.g. gillespite; Burns!::_! al. ,1966) coordinations have special 

spectroscopic characteristics and therefore, they ~ill not be 

discussed herein. 
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OLIVINES AND BORACITES: SPECTROSCOPIC ANOMALIES? 

The absorption pattern of Fe 2+ in the near infrared region 

is nearly always characterized by two absorption bands that 

result from a removal of the degeneracy of the 5 E electronic -_g_ 

state. The interpretation of the spectra of Fez+ in boracites 

and olivines provide notable exceptions. The spectra of a 

fayalite from Coso, California are presented in Figure 1. The 

bands and shoulders in the 850-920 and 1050-1280 nm regions 

have been assigned to Fez+ in the M(l) site and the main band in 

y polarization in the 1040-1080 nm region has been assigned to 

Fe 2+ in the M(Z) site by Burns (1970a,b; 1974). Burns considered 

the spectroscopic symmetry of the M(Z) site to be CJv' in which 

case the degeneracy of the 5 E electronic state is not removed. -_g_ 

As Burns pointed out, the M(l) assignments are supported by the 

spectra of monticellite, Ca(Mg,Fe)Si0 4 , which is isostructural 

with olivine (Onken, 1965) and only contains Fez+ in the M(l) 

site. 

The mineral triphylite, LiFe(P0
4
), is also isostructural 

with olivine, but it only has Fez+ in the M(Z) site (Finger and 

Rapp, 1970). The spectra of triphylite from New Hampshire 

(Figure 2) show two bands near 1070 and 1380 nm. Hare (1976) 

studied the spectra of triphylite and concluded from the presence 

of these bands that the main band in yin olivine (1040-1080 nm) 

and the prominent shoulder near 1250 nm in y originate from Fez+ 

in the M(Z) site. 

Pisarev et al. (1970) studied the spectra of iron boracites, 

Br or I. They found one absorption 
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band near 910 nm and assigned it to the 5 T
2 -~ electronic 

transition of Fe 2+ in the large, octahedral site. In contrast 

to these observations, the unpolarized spectrum 0 (~30 off w) 

of a synthetic iron fluoroboracite (Bither and Young, 1974) in 

Figure 3 shows two bands at 933 and 2675 nm. The latter band 

has a half-width (full-width at half-maximum intensity) of about 

1100 cm- 1 , which is consistent for an Fe 2+ absorption band. In 

addition, this band is not present fluoroboracites containing Cr
2+ 

in place of Fe 2+. These observations suggest that both bands 

originate from Fe 2+ in the octahedral site. 



263 

SITE SIZE AND BAND POSITION 

5 
The energy separation between the 

5 

T 
-2_g_ 

and 
5

E -_g_ electronic 

states theoretically varies as 1/~, where a is the average 

metal-ligand bond distance of the site (Figgis, 1966, page 35). 

Ideally, the barycenter (mean) energy of the two near-infrared 

absorption bands represents the energy of the 5]._g_ state. There-

fore, the barycenter energy will also vary as 1{~ 5 , if the 5 T -2__g_ 

state remains degenerate. Although the 5 T2 state is probably - __g_ 

split in most minerals (e.g. orthopyroxene; Goldman and Rossman, 

1977a), a regular trend is expected for a correlation between 

a and the barycenter energy if the 5 T splitting is either small 
-2__g_ 

or similar among the samples compared. Faye (1972) found a 

nearly linear, negative correlation between these parameters, after 

adjusting a for the substitution of other ions in the site (e.g. 

- 2+ 0 a for Fe in a dominantly Mg site was increased by 0.03A). 

However, many of the spectral assignments used by Faye are con

sidered to be incorrect and have been reinterpreted by the author. 

Using the spectral data collected by the author and the X-ray 

data reported in the literature (Table 1), the resulting correla

tion between a and the barycenter energy is presented in Figure 

4. The filled circles represent spectral data for sites that are 

2+ -mostly occupied by Fe , and the a values represent X-ray data 
1 

for sites that are nearly fully occupied by Fe. The open circles 

represent spectral and X-ray data for Fe
2+ in Mg-rich sites and 

the half-filled circles represent data for Fe 2+ in sites that 

2+ have approximately equal proportions of Fe and Mg. The values 

of a for the M(l) sites in ortho- and clinopyroxenes (samples 8 
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and 9, respectively) were determined by interpolating between 

the Mg and Fe end-memb e r values 2+ (shown by the bars) to the Fe 

occupancy of the site in the sample used for the spectral study. 

2+ The triangle represents Fe in the Al-rich site in beryl. For 

most of these data a regular, but not linear, negative correla-

tion is evident. The curvature extends toward higher values of 

a at lower barycenter energies. A similar curvature is obtained 

5 -1 
assuming a 1/a dependence using a barycenter energy of 10,000 cm 

0 
for a site with a equal to 2.lA as a basis for calculation. The 

trend defined by the Fe-rich samples is similar to the data 

presented by Faye after making adjustments to a. Beryl (sample 

12) plots significantly off this trend because a represents the 

Alv
1 -o, but not Fe 2+-o bond lengths from the X-ray data. The 

0 
deviation of beryl from the trend of the other data (~0.22A) is 

consistent with the difference in effective ionic radii of Al 

d F 2+ · · f ld d' . an e in six- o coor ination (Shannon and Prewitt, 1969). 

The deviation of anthophyllite (sample 4) from the trend may be 

related to its unusual seven-fold coordination and three long 

bonds (Finger, 1970). The deviation of the fluoroboracite 

(sample 15) may result from the replacement of two trans oxygen 

ligands by fluorine ions, although the hexaquo coordination about 

Fe 2+ in FeSiF 6 ·6H
2
o does not produce a deviation from the trend. 

The relationship between the 5 E splitting is compared to 
-K 

a and the barycenter energy in Figures 5 and 6, respectively. 

The 5 E splitting appears to be independent of site size in the 
-K 

0 
2.1-2.2A range, but it shows a positive correlation with sites 

0 
that are larger than 2.2A. There is a negative correlation 
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5 
between the barycenter energy and E splitting in Figure 6, 

-~ 

although there is considerable scatter in the data. This 

scatter may result from differences in distortion of sites 

having similar size. 
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SITE DISTORTION AND BAND INTENSITY 

The intensification of absorption features of "+ Fe,. in sites 

lacking centers of symmetry is a well known phenomenon in the 

spectroscopy of minerals (Burns, 1970a). Goldman and Rossman 

(1977b) indicated that molar absorptivity ( E) increases as a 

site becomes larger. The E value for the most intense absorption 

band for each site is also listed in Table 1. It was calculated 

from the peak intensity and the concentration of iron in that 

site determined from either Mossbauer or X-ray data or the stoichio-

metry of that sample. The correlation between a and Eis 

presented in Figure 7 in which centrosymmetric and non

centrosymmetric sites are plotted with open and closed circles, 

respectively. Th 1 f F 2+ . . . e Eva ues or e in non-centrosymmetric sites 

regularly increase (except for anthophyllite, sample 4) as a 

increases. These results indicate that sites become more distorted 

as they become larger. 2+ The E values for Fe in centrosymmetric 

sites are less than 12, regardless of the size of the 

site. This result is consistent with the fact that electronic 

transitions in centrosymmetric sites are orbitally forbidden by 

selection rules, and intensity must come about by vibronic coupling 

or intensity stealing (Figgis, 1966, page 203). 

One way by which distortions occur in mineral sites is from 

an elongation of two cis metal-ligand bonds so that increased 

distortion involves a greater metal-ligand bond range. The range 

of bond distances, normalized to a, is plotted against E in 

Figure 8 which shows a regular trend for the data (except 
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SITE DISTORTION AND BAND ANISOTROPY 

were 

It became apparent as more polarized spectroscopic data 

5 collected that the higher energy ~_g_ component became more 

5 intense than the lower energy E component as the site became -_g_ 

more distorted. This relationship is presented in Figure 9 in 

which the low/high energy intensity ratio for the near-infrared 

bands approaches unity as the E value of the higher energy band 

decreases. For the large, distorted sites, the lower energy 

band is mostly polarized in a different direction than the 

higher energy band. 
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MOSSBAUER AND OPTICAL CORRELATION 

The quadrupole splitting parameter determined in Mossbauer 

spectra is expected to decrease as a site becomes distorted 

from octahedral geometry (Ingalls, 1964). It should therefore 

correlate with the molar absorptivity determined from electronic 

absorption spectra. This correlation is presented in Figure 10 

in which centrosymmetric and non-centrosymmetric sites are desig-

nated by open and filled circles, respectively. The quadrupole 

splitting data were obtained at room temperature either by the 

author on the same samples used to determine E , or from values 

reported in the literature on samples of similar chemistry. 

The centrosymmetric sites in Figure 10 do not show a correlation 

because E for Fe 2+ in these sites is typically small. The data 

for the non-centrosymmetric sites show that as the quadrupole 

splitting decreases below about 2 mm/sec, E begins to increase 

rapidly. ~owever, for E values that are less than about 5 , 

it appears that the quadrupole splitting may take on a wide 

range of values. 
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DISCUSSION 

The results of this study point to the importance of the size of the 

coordination site in controlling the spectroscopic properties of ferrous 

iron. Smaller sites (-:i < 2 .15 i) generally have 5E splittings of less 
-~ 

-1 
than 3000 cm , E values that are less than 10, and nearly equal intensities 

of the two near-infrared bands which are polarized in the same direction. 

5 
In contrast, the larger sites generally have E splittings that are 

-_g_ 
-1 

greater than 5000 cm , E values that a re typically much greater than 40, 

5 
and large differences in the intensities of the two main E components 

-_g_ 

which are polarized in different directions. These results may suggest 

that the Jahn-Teller mechanism remains the dominant spectroscopic control 

in the smaller sites, despite the fact that their symmetries are lower 

than~- The spectroscopy of ferrous iron in the larger sites appears 

to be controlled by the distortion (i.e. the low symmetry) of the site. 

The distortion common to most larger silicate sites results from 

an elongation of two cis metal-oxygen bonds. In these sites, the most 

intense absorption band is polarized in the direction of the elongation, 

and the resulting spectroscopy overall confonns to the polarizations 

expected in c2 symmetry. Difficulties arise in attempting to analyze the -v 

polarization properties of the bands due to ferrous iron in the smaller 

sites. For example, many of these sites have _f
2 

point-group symmetry. 

This symmetry would require at least one of the 

polarized parallel to the _f2 axis of the site. 

5 
E components to be -_g_ 

However, both bands 

are found (e.g. cordierite, clinopyroxene Ml, clinoamphibole Ml,M2,M3) 

to be polarized in the plane normal to the c2 axis and have nearly equal 

intensity. The success in modeling the spectroscopy of iron in the larger 

sites and the failure to do so in the smaller sites supports the contention 

that different mechanisms are operable in each case. 
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CONCLUSION 

The size and distortion of a coordination site are found to have 

a pronounced influence upon the spectroscopic properties of ferrous iron 

in terms of band position, intensity and polarization anisotropy. There 

is an overall relationship between the size of the site and these 

properties, because larger sites are generally more distorted than 

smaller sites. The spectroscopic properties of ferr0us iron in large 

and small sites are clearly different suggesting that different mechanisms 

are dominating the spectroscopy in each case. 
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FOOTNOTES 

l. The spectrum of iron fluoroboracite was taken on synthetic Fe3n
7
o13F. 

The X-ray data used for this sample were taken on a natural Mg-rich 

bora c. i t e . 
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FIGURE CAPTIONS 

1. Room temperature electronic absorption spectra of a fayalite 

from Caso, California. Crystal thickness= 0.06 mm. 

2. Room temperature electronic absorption spectra of a 

tryphylite from New Hampshire. Crystal thickness 0.1 mm. 

3. Room temperature electronic absorption spectrum of 

synthetic Fe 3 B7o13 F taken unpolarized on a section that is 

approximately 30° off w. Crystal thickness= 0.12 mm. 

4. Correlation between the barycenter energy of the two near

infrared Fe 2+ absorption bands and the size of the site, a. 

5. 

The dashed line represents the trend expected for an ideal 

1/a 5 dependence of the barycenter energy (see text). 

Correlation between the 5 E splitting and the size of the -_g_ 

site. 

6. Correlation between the barycenter energy of the two near

infrared Fez+ absorption bands and the energy splitting 

between them. 

7. Intensification of Fe 2+ absorption bands as a function of 

the size of the site. Molar absorptivity (E) values are 

d . d f h . F 2+ b . b d etermine or t e most intense e a sorption an . 

8 · f · · f F 2+ b . b d . h . d . Intensi ication o e a sorption ans wit increase 

radial distortion in the site determined from the range of 

metal-ligand bond distances normalized to the mean metal

ligand bond distance. The symbols are described in Figure 7. 
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9. Relationship between molar absorptivity (E) and the change 

in the intensity of the two near-infrared Fe 2+ absorption 

bands. The intensity anisotropy was determined by a ratio 

of the most intense lower energy SE component to that of -_g_ 

the higher energy SE component. 
-_g_ 

10. Relationship between molar absorptivity (E) determined from 

electronic absorption spectra and the quadrupole splitting 

determined in MHssbauer spectra. All data have been 

obtained from room temperature spectra. 
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APPENDIX: GENERAL EXPERIMENTAL PROCEDURES 

Polarized spectra were obtained with Ahrens prism calcite polarizers 

in a Cary 171 spectrometer in the 300-2700 nm range and gold wire grid 

polarizers on a silver bromide substrate in a Perkin Elmer 180 spectrometer 

-1 
in the 4000-1000 cm region. The Cary 171 is not equipped with polarizing 

microscopes in the sample and reference chambers, which is a connnon method 

used in other laboratories. 

Polarized spectra were obtained on oriented single crystals. 

For pyroxenes an<l amphiboles, external morphology was used for initial 

orientation. Aluminum blocks were constructed to fit in a microsaw and 

to have specific angles so that these crystals can be glued onto the 

surface with their~ axes parallel to the direction of the cutting blade 

such that the resulting cuts would closely approximate (100) and (010) 

planes. A Buehler Isomet microsaw with diamond studded 3-4 inch diameter 

copper blad e s was used to cut all crystals. After cutting, these crystals 

were held on a glass slide with black apiezon sealing wax or orthodontic 

acrylic resin. Glass slabs of thicknesses similar to the crystal were 

glued onto the four corners of the glass slide using Eastman 910 

cyano-acrylate glue to insure uniform thinning of the crystal. The crystal 

was thinned using 320, 400 and 600 grit sandpaper and polished using 

1.0 and 0.3 microm alumina powder until a smooth surface was obtained 

in reflected light in a microscope with a 40X objective lens. The sample 

0 
in wax was removed by heating the glass slide on a hotplate at 200 C 

for a few minutes. It was then fljpped over, polished, removed and innnersed in 

M6 organic solvent and then acetone to clean the sample. Samples held 

in acrylic were pried loose with a razor blade, flipped over and held 

on a clean glass slide with Eastman 910 (making sure this glue only 
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adhered to the acrylic and not the crystal). The sample was polished and 

removed with a razor blade. The polished slabs were reoriented, if 

necessary, using conoscopic interference figures in a microscope by 

propping the crystal with tackiwax to center the figure, embedding 

the crystal and wax in acrylic and polishing as described above. For 

amphibole and pyroxene grains that were too small to use the aluminum 

blocks, these crystals were oriented with the acrylic technique on a 

glass slide. For other minerals such as cordierite, osumilite and 

beryl which lack good cleavages, the initial orientation was done 

using their pleochroism characteristics which indicated that the darkest 

color is normal to their c axes. For these samples orientation was 

much more dependent upon centering conoscopic interference figures. 

Acrylic was used for all thinning and polishing work for these samples. 

Universal stage and X-ray precession photographs of some samples 

indicated that the final orientations were usually within 5° of the 

desired direction which suggests that at most only a few percent 

of the true peak intensity is lost in spectral measurement based upon 

calculations similar to those at the end of Chapter 4. The thicknesses 

of the slabs were determined by the ability to obtain all spectral data 

within the first two pen ranges of the Cary 171 and were measured by 

a hand held micrometer unless otherwise stated in text. 

The oriented crystals were held in place over an aperture in a 

copper disk, using the largest aperture appropriate for the size of 

the crystal, with electrical tape or vaseline. Aluminum holders 

for the calcite polarizers were constructed to fit in the sample and 

reference chambers of the Cary 171. The copper disk containing the 

sample was place on the aluminum holder in the sample chamber between 
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the calcite polarizer and the detector. The polarization direction of 

the calcite polarizers is 45° from the polarization direction of the 

Cary 17I caused by the position of its gratings. In many instances, 

the copper disk was removed from the aluminum holder and directly 

transferred to the Perkin Elmer 180 for measurement in the infrared 

region. Absorbance mode was used in the Perkin Elmer 180 and the 

absorbance was calibrated with a wire grid screen with a known 

absorbance at 4000 cm-l (2500 nm) determined in the Cary 17Io 

The baseline spectra for each experiment were obtained solely with 

the copper disk without the sample using the same spectrometer settings. 

-1 Spectral resolution was better than 5 nm for the Cary 17I and 10 cm 

for the Perkin Elmer 180. The spectra were digitized on computer 

cards and plotted by computer using the program SPPLOT which is 

briefly described in Chapter 2. A listing of this program may be 

obtained from the author for the cost of duplication. 

Spectra taken at 77 K were obtained in a locally constructed 

liquid nitrogen dewar. The sample was held in a vacuum on a copper 

block that is in contact with liquid nitrogen. 

A variety of ovens were used to heat single crystals. Temperatures 

were calibrated against a chromel-alumel thermocouple. The accuracy of 

the thermocouple was verified at 100°c in boiling n
2
o and at other 

temperatures using the millivolt readout and standard tables. The 

estimated error in reported temperatures is+ 10°c. 

Electron microprobe data were obtained mostly by the author 

(A.A. Chodos kindly obtained some of the data for osumilite in Chapter 9) 

on Cal Tech's computerized MAC5-SA3 electron microprobe using the 

program ULTIMATE (Chodos et al., 1973). Operating voltage was 15 kV 

with a current of .05 ma with approximately an 18 micron spot diameter. 
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Microprobe analyses were taken in the areas on the oriented slabs used 

for optical work. X-ray precession photographs were obtained in Cal 

Tech's chemistry department under the supervision of Dr. Sten Samson. 

Details of the procedure to obtain the Mossbauer data are given in Chapter 5. 

The Mossbauer data were obtained at the University of California, Los 

Angeles with Dr. W. A. Dollase and at the Rockwell International Science 

Center in Thousand Oaks, California with Dr. R. M. Housely. 

Absorption peak positions in the electronic absorption spectra 

were obtained by estimating the slope of the baseline upon which 

the main peak is superimposed, drawing tangents at a point on the 

baseline and the main peak, and finding a particular position at 

which both tangents are parallel to each other. The intensity 

difference between these two points of tangency is used as the intensity 

of that absorption band. Gaussian fitted intensities and positions were 

determined only for some of the cordierite samples because of the 

2+ 
closely overlapping octahedral Fe bandso However, the results 

from these computer fits were similar to those estimated using the 

tangency procedureo The error bars for the intensities of the 

intervalence bands in calcic amphiboles on page 167 were determined 

by taking the least possible intensity of the band by drawing a straight 

line between the tails of the band and a reasonable maximum intensity 

by giving the baseline a much greater curvature in this region. 

2+ 
Typical errors for Fe site occupancies from Mossbauer data (Chapter 5, 

Table 2) are typically less than a few percent when peaks are well 

separated. Including possible differences in recoil-free fractions 

among the various sites, the estimated uncertainties in these values 

probably is less than 10 percent. The Mossbauer data of Bancroft and 
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Brown (1975) agreed within about 10 percent of the Fe3+/Fe2+ ratios 

determined on their samples from wet-chemical analysis. 
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