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Abstract

57Fe Mcissbauer spectra and polarized absorption spectra in the region 4000-6800A are
reported for 14 common pegmatitic muscovites, 12 of which were selected from an
extensive pegmatite complex. They were chosen to cover a wide range of color types (dpep
green' green, red-green and ruby-red) and ferric/ferrous ion ratios. Optical absorftion
properties are discussed in terms of the Fe2+, Fe3+ distribution in the Ml and M2 sites.
Background absorption, and hence depth ofcolor, appears to be determined primarily by
an intense metal-ligant charge transfer which peaks in the UV and the intensity of which
correlates linearly with the Fe2+ concentration in the normally unoccupied M2 site. The
presence o^r absence of the Fe2+-Fe3+ metal-metal charge transfer bands in the region
5000-60004 gives rise to the red and green hues observed in the muscovites studied.

Introduction

There have been a number of Mossbauer studies
of iron distribution within micas in general (e.g.,
Bowen et al. 1969; Hogg and Meads, 1975; Good-
man 1976) and also a number of studies of optical
absorption in muscovite, lepidolite and related min-
erals (e.9., Finch, 1963; Ruthberg et al., 1963
Faye, 1968a, b; Robbins and Strens, 1972). Howev-
er, there have been only limited attempts to relate
Mcissbauer spectra to absorption spectra in micas
(Richardson , 1975, 1976; Marfunin et al., 1969). Of
these, only that by Richardson dealt with muscovite
and it was the uncommon rose variety. This study is
an attempt to correlate Mossbauer parameters with
absorption characteristics in a more ubiquitous va-
riety of muscovite.

Those muscovites variously described as pale
green, ruby, buff, yellowish, greenish-brown and
reddish-brown are by far the most common and are
colored to a major extent by iron in one or both of
its +2 and +3 oxidation states. Those described as
emerald green, olive green, pink (rose), gray and
blue are rare and the extent to which these colors
are due to one or more of the possible chromo-
phores Fe, Mn, Ti, V and Cr is not always certain.
The aim then was to limit the study to closely
spaced members of a coherent compositional and
structural group containing iron as the most likely
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chromophore and containing only a limited range of
colors. In particular it was desirable to choose a
single polymorphic form of muscovite (the 2Mr
polymorph) and select material which was free of
such complicating factors as inclusions, cracks,
distortion patterns and growth phases that are fre-
quently associated with observable color zones.
Therefore, pegmatitic muscovites which contained
areas free from any of these irregularities and in
which there was the least likelihood of absorption
being influenced by Mn, Ti, V and Cr were chosen.
By this means, the number of peripheral parameters
liable to effect absorption were minimized.

One of us (Finch, 1963) had earlier selected
specimens on the above basis from an extensive
pegmatite complex in the Harts Range, Australia,
and indicated by polarized absorption studies that
there could be as many as five mutually indepen-
dent curve characteristics. Accompanying optical
crystallographic studies suggested the probability of
structural factors being involved. Also, by careful
selection of specimens, similar absorption results
were obtained by Ruthberg et al. (1963) for seven
muscovites, of varying colors, from widely different
world sources. From their work of correlating non-
polarized absorption features, apparent 2Y and
color, they obtained three basic spectral types
which they related to chemical and structural varia-
tions.
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Having established iron as the most probable
chromophore in the samples, the principal aim of
the present work was to see if the distribution of
Fe2* and Fe3+ in the Ml. M2 sites. as determined
by Mossbauer spectroscopy, could be related to the
absorption characteristics. All the selected musco-
vites exhibited considerable pleochroism in the
basal plane and a secondary aim sought relations
between this pleochroism and iron distribution. In a
subsequent study we shall present single crystal
Mc)ssbauer results on a selection of the present
muscovites from the high ferrous and high ferric
ends of the series.

Determinative procedures

Sample preparation

Pieces of the selected muscovites (mainly from
the Australian Harts Range collection, Finch, 1963)
required for absorption spectra were cut from
sheets 0.2-0.4 mm thick to give plates with 20-30
mm edges parallel to the a and b crystallographic
axes. Each such plate was selected from the ap-
proximate center of a larger area having no color or
other discernable changes. Material for Mcissbauer
and composition studies consisted of flakes cleaved
from these plates and sample material adjacent to
them. The analytical solutions and the buttons for
XRF analyses were prepared from this flake materi-
al by borate fusion methods.

Powders for the Mcissbauer studies were pre-
pared by grinding the flake material for 55-60
seconds in a tungsten carbide swing mill, floating off
the fine fractions from a suspension in methyl
alcohol and evaporating this float material to dry-
ness. (Microscopic examination showed the particle
size to be <0.5 pm.) In order to check that this
method of sample preparation did not alter the
muscovite, powders were also prepared by collect-
ing the drillings from a sheet of one of the muscovite
samples while using a slowly revolving tungsten
carbide burr. Indistinguishable X-ray and Moss-
bauer spectra were obtained from samples prepared
by these two methods.

Chemical composition Total iron was deter-
mined spectrophotometrically and the borate solu-
tions were then used for atomic absorption determi-
nations of Si, Al, Ca, Mg, Na, K, Ti, Mn, V and Cr
and to confirm the Fe determinations. Further
analyses by XRF were carried out on a few select-
ed, but widely representative, samples to check and
supplement the spectrophotometric and atomic ab-

sorption analyses. All of the analytical results are
summarized in Table 1.

Polarized absorption spectra. Absorption spectra
for each of the Y and Z vibration directions were
initially determined with a double beam recording
spectrophotometer in which both exit beams were
polarized by a polaroid sheet set against the base
plate of the exit windows. As the polarized compo-
nents of the reference and sample beams were not
identical before they reached the polarizing filter,
this gave an undulating base line. A correction, in
effect giving a straight base line, had therefore to be
applied at specific wavelengths (20A intervals)
throughout the region scanned. These appropriate
corrections were calculated by reference to one
wavelength at which the polarized differential be-
tween the two beams was zero.

Absorption measureinents were taken from the
recorded curves (at these 204 intervals), corrected
for baseline undulation as described above, correct-
ed for reflection losses and finally converted to
absorbances for a standard thickness of 0.381 mm.
These corrected measurements were then plotted
logarithmically against wavelength to give tr vs. log
A curves, where A is the corrected absorbance.
This method of presenting the spectra allows direct
and simple comparison of absorption features such
as hue, pleochroism and peak intensities.

Mossbauer spectra. Mcissbauer spectra of about
200 mg (2-5 mg Fe/cm2) of the powders were
measured on a constant acceleration Mcissbauer
spectrometer utilizing a Harwell velocity transduc-
er. Spectra were stored as mirror images in the two
halves of the 1024 channel memory of an onrrc
Model 6240A multi-channel analyzer. The source
used was 5 mC sTColPd. Isomer shifts were mea-
sured with respect to an iron foil (99.999% purity).
The number of counts per channel accumulated
varied between 106 and 107 for each spectrum. All
spectra were recorded at room temperature.

The mirror image spectra were fitted lo Lorentz-
ian line shapes, the program and method used being
similar to that of Bancroft (1973). The spectra were
all fitted with quadrupole doublets, two ferrous and
one ferric (three doublets) and two ferrous and two
ferric (four doublets) constrained so that the intensi-
ties and half-widths of the components of each
doublet were kept equal. All ferrous half-widths
were constrained to be equal, but allowed to be
different from the ferric half-widths. In the four
doublet fit, all ferric half-widths were constrained to
be equal.
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Table l. Analytical results
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Results

Table 2 summarizes the Mossbauer parameters of
the fourteen muscovites studied. For convenience,
the results are tabulated in descending order of
Fe3*/Fe2* ratios. Column 2 of the tabie lists the

colors of the muscovite sheets based on the color
classification suggested by Finch (1963). Typical
room temperature Mossbauer spectra of four select-
ed muscovites, covering a wide range of Fe3+/Fe2*
ratios, are given in Figure l Goodman (1976) has
been followed regarding assignment of ferrous ions

Table 2. Mossbauer parameters and colors (293K)
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Fig. I Typical room temperature Mcissbauer powder spectra of four selected muscovites. Velocities shown are taken relative to a
metallic iron standard absorber.
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and site nomenclature; Fe2+ with the larger quadru-
pole splitting is assigned to the smaller cis-hydroxyl
Ml site and the Fe2+ with the smaller splitting to the
larger, normally unoccupied, trans-hydroxyl M2
site.

Chemical formulae based on analytical results
(Table 1) and the Mossbauer results are given in
Table 3. Polarized absorption spectra (4000-6800A)
for the above four muscovites are shown in Figure
2 .

Discussion

The names used in this study to describe colors
are not necessarily the same as those used by
Ruthberg et al. (1963) but the range of colors (hues)
and the accompanying absorption peaks in both
instances are very similar.

It is ii,nportant to note that the 'red' muscovites in
this work are not to be confused with the so-called
red ferrian muscovite from Sogn, Norway, reported

Table 3. Chemical formulae-muscovite micas
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Fig. 2 Optical absorption spectra (I-log absorbance curves) for the two principal vibration directions in the basal plan€ of the four
selected muscovites in Fig. l.

63

E

o

c

6

o

e
o
I

by Askvik (1972) and later studied by Mossbauer
spectroscopy by Goodman(1976); this sample is in
fact a 'rose' muscovite in which the color probably
arises (Askvik, 1972) from Mn3+ (the Mn2O3 con-
tent is given as 0.87%). The muscovites in the
present work contain no more than 0.13%o Mn2O3,
the highest being in the 'pure green' sample PG2
and the bluish-green sample BG4. It is clear, then,
that Mn does not contribute significantly to the
colors of the muscovites studied. Apart from this,
the significant differences in Mn contents of the
samples could not be correlated with any of the
absorption features. Specimens were also chosen
with the hope of being able to disregard any influ-
ence due to vanadium and chromium. It is most

unlikely from the analytical results for these two
elements (<0.01% in all the specimens) that either
of them have contributed to any of the absorption
features observed in these muscovites.

From Table 2, the color correlates approximatell
with the Fe3*/Fe2* ratios; the "pure green" (Finch,
1963) muscovites are those with the highest ferric
iron and the "reds" are those with the highest
ferrous iron concentrations. Inasmuch as this
shows a basic chemical variation related to color, a
similar observation for their series was made by
Ruthberg et al. (1963). As discussed below, the
overall absorption in the visible region is strongly
influenced by an intense UV band which "tails"
into the visible region. Observed colors, or hues,
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depend only to a minor extent on the tail of this
absorption, being largely controlled by the spectral
response curve of the human eye which peaks in the
green-yellow region of the spectrum. Consequently,
factors controlling absorption in the 4900-5800A
region are crucial to any discussion on colors in
muscovite.

Absorption of visible light in dioctahedral and
trioctahedral micas is then (Robbins and Strens
1972, Smith and Strens, 1976, Kliem and Lehmann,
1979) a function of the intense absorption band
which peaks in th'e UV and "tails" into the visible
(region A, Fig. 2), together with several weaker
bands in the visible region. These latter are various-
ly described as intervalance charge transfer (Smith
and Strens, 1976), ferric iron clusters (Kliem and
Lehmann, 1979) and Fe3+ ligand field transitions
(Faye, 1968a), and determine the observed colors.
For a series of biotites, Robbins and Strens (1972)
assigned the intense band in the UV to a metal-
ligand (Fe2+-+O) charge transfer band and showed
a linear relation between absorbance at 5900A and
FeO content. For a different group of biotites,
Kliem and Lehmann (1979) on the other hand,
present good evidence for regarding the band in the
UV as being an absorbance due to ferric iron
clusters. These two options in the case of musco-
vites are dealt with later in the discussion but first,
the distribution of Fe2* and Fe3* in the Ml and M2
sites of the muscovites studied must be examined.

It was assumed, following Bancroft and Brown
(1975), that the experimentally determined Mciss-
bauer peak areas could be used quantitatively to
assign ferrous and ferric iron to the appropriate
sites. The distribution of Fe2* and Fe3+ in the Ml
and M2 sites is then shown in Table 2.

Fe3* has been assigned to the Ml site only.
However, there is some doubt as to the distribution
ofFe3* in the sites ofthe octahedral and tetrahedral
layers. For every sample, we have tried to refine 8
peaks, assuming two ferric doublets, but in no case
have we been able to obtain parameters which are
realistic and for which x2 was less than that for a 6
peak fit, assuming one ferric doublet. This could be
taken to indicate, in agreement with Goodman's
(1976) results for the Sogn ferrian (rose) muscovite,
that ferric ion enters only the Ml site, even though
the half-widths of the Fe3* peaks are about twice
that of the Fe2+ peaks (see Table 2). As half-widths
of this magnitude obtained for Fe3+ are strongly
indicative of multiple site occupancy, there remains
the possibility, unproven, that Fe3* enters both the

Ml and M2 sites and may also occupy the tetrahe-
dral sites in the mica structure although, as noted
above. we have found no direct evidence for this.
There is also the possibility that the relatively wide
half-widths for both Fe2* and Fe3* are due to
disorder in the occupancy by iron in the sites and
the influence of the next neighbor as described in
pyroxenes (Dowty and Lindsley, 1973) and ompha-
cites (Aldridge et al., 1978).

Fe2* was found in both the Ml and M2 sites
(Table 2) in all the muscovites studied, with the M2
occupancy normally less than that of Ml and never
significantly greater. Goodman (1976) has suggested
that the M2 site in dioctahedral micas is only
occupied when the Ml site is filled, with Al3* in the
ideal structure, but with varying amounts of diva-
lent and trivalent replacement cations such as Fe3*,
Fe2*, Ti3*, Mg2+ and Mn3* in most natural micas.
There appears to be no adequate way of checking
this proposal but, assuming it is correct, M<issbauer
assignments and chemical formula calculations for
the five muscovites of this study for which precise
analytical data were available, indicate (Table 3)
that the only significant occupancy of M2 which can
be established is by Fe2*. We find this inference
somewhat surprising and, in particular, there re-
mains the strong possibility, as discussed above,
that Fe3+ also occupies the M2 site.

Following earlier studies of biotites (Robbins and
Strens, 1972, Kliem and Lehmann, 1979) the rela-
tionship between background absorbance and iron
distribution in the muscovites was examined. There
was no evidence of correlation between total Fez+
and absorbance in region A (Fig. l) as found for a
series of biotites by Robbins and Strens. Nor could
absorbance be correlated with Fe3+ content, a
circumstance which might occur if, as suggested by
Kliem and Lehmann for three biotites, the absorp-
tion band arises from clusters of Fe3* ions. It is
possible, of course, that the absorbance may de-
pend on the extent of clustering rather than simply
being related to total Fe3* concentrations. Howev-
er, as discussed below, it is reasonable to reject the
Fe3* cluster proposal apart from it making only a
minor contribution to the background absorp-
tion.

In Figure 3(a) absorbance at 51504 is plotted
against percentage, by weight, of iron as Fe2+ in the
normally unoccupied M2 site; a reasonable correla-
tion is apparent. Figure 3(b) reveals better defined
relationships between absorbance and this Fe2* for
the green muscovites in one grouping and the red
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and red-green muscovites in another. (Substantially
the same plots were obtained at other wavelengths
between 4000 and 50004). Finch (1963) showed rhat
log absorbance at 49504 and optical crystallograph-
ic properties were linearly related within musco-
vites of particular color groupings. It is of interest
therefore that within somewhat similar color group-
ings of the present study, the background absorp-
tion is related to the Fe2+ concentration of the M2
site. In view of this relationship it is reasonable to
propose that the absorption arises predominantly
from metal-ligand (Fe2++Q; charge transfer as
suggested by Robbins and Strens (1972) for some
biotites, but with the additional point that for these
muscovites it is the Fe2*1M2; + O charge transfer.
The possibility of absorption due to Fe3+ clusters
(Kliem and Lehmann, 1979) cannot be dismissed
entirely but, in the present muscovites, it is unlikely
to be a dominant mechanism for absorption in the
UV-blue region in view of the lack of correlation
with the Fe3+ content. Further, there is no evidence
of clustering of Fe3+ in muscovites from ESR
measurements. Published spectra by Kemp (1973)
established clearly that the Fe3* resonances arise
from single, magnetically dilute Fe3* ions. Similar
results were obtained at this laboratory for some
green muscovites (i.e., probably high in Fe3*)
which were similar to those used in the present

0 0.1 0-7 0.3 0.4 0.5

ToFe (as Fez') in M2
( b )

study. Again, in the PG2 specimen (comparatively
high in Fe'*), the absorption is low in the 4800-
58004 region where, by comparison with biotites,
one might expect to observe two Fe3* cluster
absorption peaks (Kliem and Lehmann, 1979). This
was even more clearly demonstrated in a very pale
green muscovite (PGl) reported by Finch (1963), in
which a sharply defined peak at 44304 (shown
below to arise from an Fe3+ ligand field transition)
was accompanied by such a sharp drop in absorp-
tion r','lth increasing wavelength that it could not be
measured above 50004.

The sharp absorption maximum (B, Fig. 2) at
44304 (22600 cm- r) is clearly correlated with Fe3+
content of the muscovites and has been assigned by
Faye (1968a) as the spin forbidden d-d transition
uAr - oAr,oB. There seems no reason to doubt this
assignment. Faye also assigned peaks at 19650
cm-t 1s080A),17200 cm-t 158t0A) and 14700 cm-r
(6800A) to spin forbidden d-d transitions of Fe3+.
Features were certainly observed at the two former
wavelengths (see for example WD, Fig. 2) in many
of the muscovites but, as discussed below, we
cannot agree that they arise from d-d transitions.

It is convenient to treat the absorbance maximum
(C) at 50804 and the broad band (D) together (Fig.
2); indeed it may be that they are both part of the
same metal-metal charge transfer system. Howev-

Fig. 3. The relationship between background absorption at 51504 and Fe2* in the M2 site in the studied muscovites.
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er, in many of the samples studied (see also Finch,
1963) there seemed to be evidence of a reasonably
well defined absorbance maximum at 50804. Peaks
in this region have been assigned to spin-forbidden
uA, -- 4Trd4 transition of Fe3+ (Faye, 1968a), and
to a composite band consisting of metal-metal
charge transfer bands (both mixed and similar met-
als) and to Ti + O metal-ligand charge transfer
(Robbins and Strens, 1972 and Smith, 1977). The
present work, however, establishes that the 50804
peak and the broad band at 5000-60004 are clearly
related to the Fez+ concentrations in the musco-
vites but in no simple way. The features are, for
example, most pronounced for the red muscovites
(see WD, Fig. 2) and almost absent for the 'pure

green' (PG2, Fig. 2). The peak at 50804 cannot
therefore generally be a spin-forbidden d-d transi-
tion of Fe3* as suggested by &ye; the very small
absorption maximum at 50804 in PG2 (Fig. 2),
which is highest in Fe3*, may however be such a
transition. Further, there are no possible d-d transi-
tions of Fe2* in this spectral region; the spin-
allowed tT, -- 5E d-d transition of octahedrally
coordinated Fe2+ is exp-ected to be in the near
infrared close to 10,0004. (In a few of the high
ferrous muscovites of this study, absorption bands
were observed near 90004 and ll,000A corre-
sponding (Faye, 1968a) to the Jahn Teller compo-
nents of the sT2 --+ 5E transition of Fe'").

It follows that the 5000-6000A features of the
present spectra arise from Fe2* - Fe3+ charge
transfer together with, possibly, contributions from
Fez* -> Tia* charge transfer and/or Ti + O metal-
ligand charge transfer. Such titanium charge trans-
fer contributions are suggested by DG-2 which (Fig.
2) has the greatest absorbance and the highest
titanium content (Table 1). However, there is no
consistent relationship between the absorbance in-
tensity scale of Figure 3(b) or any other absorption
feature and the titanium content. We therefore
propose that the spectral features from 5000 to
6000A are dominantly determined by Fe2+ -- Fe3*
charge transfer bands which will tend to mask
absorption from other charge transfer bands. The
intensity of the former bands depends upon Fe2*,
Fe3* ions in adjacent edge-sharing octahedra. In the
dioctahedral micas, there are two possibilities: first,
charge transfer between ions in edge-sharing Ml,
M2 sites and, second, charge transfer between two
edge-sharing Ml sites. The first of these is twice as
probable as the second in the absence of any
preferential ordering, or pairing ofFe2* and Fe3* in

the Ml and M2 sites. Such preferential ordering or
pairing could be expected to profoundly affect the
intensities of Fe2+ + Fe3* charge transfer bands
(see for example Smith, 1978). Present results seem
to indicate that there are contributions from both
Fe2* (M2) + Fe3* (M1) and Fe2* 1M1; - Fe3*
(Ml) with the former being predominant. For exam-
ple, Figure 4 shows the_ plot of the integrated
intensity of the 5000-6000A band versus the ratio of
relative number of ions Fe2*(M2yFe3*(Ml). Ex-
cgpt for three of the muscovites studied the linear
cdrrelation is convincing.

The small broad absorption maximum at 47004
occurs in all the muscovites studied but it cannot be
related to any of the various properties discussed
above. Faye (1968a) assigned a peak at this wave-
length to the zTze- 2E, transition of Ti3+ but the
analytical results of Table 1 do not show any
correlation between Ti content and peak intensity.
This assignment must therefore be regarded as
rather uncertain. Alternatively it could be suggested
that the peak may co^rrespond to the^middle one of
three bands (at 41404,4880A, 58404) assigned by
Kliem and Lehmann (1979) to Fer* clusters in
biotites. However, there is no correlation between
the intensity of the observed peak and Fe3* concen-
tration in the muscovites of this study.

It had been hoped, as part ofthis study, to relate
the pleochroism observed from the polarized spec-
tra in the basal plane to the various properties
discussed above. Although some colrelations ap-

Reta t ive  Nes o f  a toms Fez ' {  H? l  I  Fe1 ' l  M1 )  (  x  102)

Fig. 4 Integrated intensity of the 5000-60004 band vs. ratio of
relative number of ions Fe2+(M2)/Fe3+(Ml) in the studied
muscovites.
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peared possible, they were usually applicable only
to a limited color grouping, as for example within
the medium-dark green group or within the pure
green specimens. No significant conclusions could,
therefore, be drawn for the overall series of musco-
vites. One interesting, but unexplained, feature of
the Y,Z absorption spectra was observed for the
bands at 5000-53004 and the peak at 5080A (previ-
ously noted within members of the SG-SR series for
this peak only (Finch, 1963)). In the green-red
muscovites SG-SR/2A, SG-SR/6A. SG-SR/7A and
VLS/G, the intensities of these bands is measurably
greater inthe Z vibration direction; for all the other
specimens, the reverse is true. In contrast, the peak
(B) at 4430A, which has been assigned to an Fe3*
ligand field transition, and which correlates well
with Fe3+ concentration, is always more intense in
the Z than in the Y vibration direction in all the
specimens studied. It seems likely, theref-ore, that
the observations above for the 5000-5800A region,
which do not appear to correlate with any of the
structural, compositional or color factors discussed
above, could be an indication of Fe2* and/or Fe3+
ordering in the Ml and M2 sites.

Conclusion

In agreement with earlier suggestions for musco-
vites it has been shown that color arises dominantly
from Fe2+ and Fe3* in common pegmatitic musco-
vites. By judicious choice of samples, complicating
contributions from other transition metals such as
Mn, V and Cr and probably also from titanium have
been eliminated. Crucial to the understanding of
color and absorption of the muscovites studied is
the distribution of Fe2+ and Fe3* in the octahedral
layer. In particular the concentration of Fe2+ in the
normally unoccupied M2 site appears to have a
dominant affect on the absorption properties. Back-
ground absorption is determined largely by the
intense Fe2* 1M2; -+ O metal-ligand charge transfer
band which peaks in the UV and "tails" in the
visible. The presence or absence of various Fe2*-
Fe3+ metal-metal charge transfer bands then pro-
vide, alternatively, transmission "blinds" or "win-
dows" giving rise to the various green and red hues
common in pegmatitic muscovites.

In further work it is planned to study absorption
and Mossbauer Fe2*, Fe3* assignments for a larger
number of common pegmatitic muscovites within a
single well defined color grouping with the expecta-
tion of obtaining more quantitative relations. Also,

single crystal Mossbauer measurements are to be
carried out on specimens similar to the "end mem-
ber" muscovites PG2 and WD with a view to
relating electric field gradient (EFG) and optical
absorption features.
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