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Abstract

Sillimanite occurs in three colored varieties: yellow, brown, and blue. The yellow color

is characteristic of unaltered single crystals of sillimanite from high-grade metamorphic

rocks and associated pegmatites. Such sillimanites contain up to 1.8 wt.VoFe2O3 and up to

0.3/o Cr2O3. The yellow color is due to Fe3+, or in a few cases' to Cr3*. The ion dominant

in the optical spectrum of sillimanite containing negligible Cr3* is Fe3* in tetrahedral

coordination. However, Mdssbauer data suggest that about 80% of the iron is in octahedral

coordination and only 2O% in tetrahedral coordination. The salient features in the optical

spectrum from Fe3* are absorption bands at 462, 44O, and 412 nm in a, 616, 474, and 438

nm in 7, and 361 nm in c and 7. No evidence for Fe2+ was found. Absorption from Cr3*

occurs near 620 and 423 nn. The brown variety is also formed in high-grade metamorphic

rocks and associated pegmatites; some brown sillimanite is chatoyant from abundant

acicular inclusions oriented parallel to c. Brown sillimanite generally contains I or more

wt.Vo Fe2O3. Optical absorption spectra of brown sillimanite include some of the iron

features characteristic of yellow sillimanite and prominent bands at -452 nm and 542 nm.

These last two bands may be due to incipient exsolution of an iron-rich phase' which

appears to constitute the inclusions. Blue sillimanite has been documented from crustal

xenoliths in basalt at two localities and from alluvial deposits at two other localities.'Blue

sillimanite contains no more than I wt.%o FezOr. The prominent absorption features,

restricted to 7, consist of two bands at 595 and -836 nm. The spectra are similar to those of

blue kyanite. As with kyanite, it is likely that the coloration is the result of intervalence

charge transfer although the intensity ofthe absorption bands is not correlated with either

Fe or Ti content.

Introduction

Sillimanite, AlzSiOs, occurs in three principal
colored varieties-yellow, brown, and blue. The
yellow and brown varieties are widespread whereas
the blue variety is a mineralogical curiosity that has
been well-documented from only four localities
worldwide. Iron, chromium and titanium are the
most abundant minor elements in sillimanite and the
most likely to be responsible for the color. Grew
and Rossman (1976a, b) and Grew (1976) had previ-
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ously communicated the results of a study of the
optical absorption of a blue and a yellow sillimanite
and observed that the absorption spectra of these
varieties are fundamentally different. They suggest-
ed that the yellow color is largely due to Fe3* in
tetrahedral coordination' On the other hand, Hilen-
ius (1979) reported an absorption spectrum of a
yellow sillimanite and concluded that iron in the six-
coordinate site was responsible for the color.

In a study of the electron paramagnetic resonance
of Oconee County, South Carolina, sillimanite, Le
Marshall et al. (197t) observed signals from two
crystallographically inequivalent Fe3* ions and
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based the interpretation of their data on the assump-
tion that Fe3+ occurred in both the six-coordinate
and four-coordinate sites. The present study, an
extension of our earlier work, attempts to provide a
systematic examination of a number of sillimanites
which span the range of color variation. It is the
purpose of this study to examine the origin of these
colors, and to relate the colors to the petrologic
environment in which sillimanite forms.

Methods

Samples of sillimanite for this study were select-
ed from (1) granulite-facies rocks collected in Ant-
arctica, (2) crustal xenoliths collected at Kilbourne
Hole, New Mexico, U.S.A. and Bournac, Haute-
Loire, France, and from (3) specimens obtained
from museum and private collections (Tables l-3).

Compositions of sillimanite were determined on
carbon coated thin sections and isolated grains at
the electron microprobe facilities at UCLA and
Caltech. The average, maximum, and minimum
values for Fe2O3 for each sample (Tables I and 3)
are based on analyses at four to six points on three
to six grains in each thin section of the sillimanite-
bearing rock (sample 15, Table 3, consists of two
grains broken from one piece). The TiO2 contents of
samples 14 and 19 are based on an analysis at one
point per sample. The tabulated analyses are aver-
ages ofboth referenced literature analyses and new
data. Optical spectra were obtained using methods
described by Rossman (1975). e-Values are in units
of liters per mole per cm. The intensities presented
in Figure 2 were obtained by constructing a line
tangent to local minima on the sides of the absorp-
tion band. There are consequently uncertainties
associated with the values obtained for bands which
were shoulders on steeply rising baselines, such as
the bands at 390 nm and 361 nm in a and at 361 nm
in 7. Mossbauer spectra were obtained on about 210
mg of acid-washed hand-picked grains. The sample
densities were about 0.012 mg 57Fe per cm2. Isomer
shifts are reported relative to iron in pd.

Yellow sillimanite

Mode of occurrence and composition

We have analyzed samples of yellow sillimanite
from six localities (Table l). Samples l, 2, and, 4 are
from granulite-facies rocks in Antarctica and the
Adirondack Mountains, New York (Grew, 1980,
1981a), The sillimanite in samples I and 2 is assoc!
ated with ilmenite, and that in 4, with magnetite.

ROSSMAN ET AL.: COLORS OF SILLIMANITE

Sdople

A1203

Table L Chemical composition and localities of yellow-green
sillimanite

I{ax 1.33
Fe203 Ave 1.28

Mln  1 .22

Tt02  0 .01

CrZ03 0.003**

0 . 0 2  0 . 0 3  0 , 0 2

0.21*  0 .08  0 .00

6

6 2 . 1 7

0.02  0 .02

0 . 1 s t  0 . 0 0

1 2 3 4 5

-  62 .21  6L .46  6r .74  60 .E4

5102 -  36 .19

0 . 8 5
0 , 8 s
0 . 8 4

-  36 .77  36 .52  37 .19

1 , 8 7  L , 9 7  ,  0 . 5 9
r . 7 8  t , 7 9  0 . 6 2  t . 4 l
1 . 6 3  7 . 7 0  0 . 5 6

Nunber of
potnts (pEobe
a n a l y s e e ) 1 0 4 8 9 3

Retnbolt  gi l16, Antarct lca (70'2E'S, 72"27,Er.  Crew #556 and NltNH
1,37011. Froo peg@ttte ln granul l te-facles rocks.
Molodezhdaya Stat lon, Antarct ica (67'40rS, 45'50'E),  Gtew l l2748,
Fron garnet-blot l te quertzofeldepathlc gnelss. Analysls:  crew
( 1 9 8 0 ) .
Kl lbourne Hole, New t4extco, U.S.A. Gtew #76-5-I .  FroE crustel
xenol l th ln core of beselElc boob. AneLysls:  Grew (19E0).
Benson Mines, New York, U.S.A. NMN}{ 115586, Froi l  nagnet i te-
quattz-sLII lMnlte l ron-ore. Anely616: Grew (1980).
F o r e f l n g e r  P o l n t ,  A n t a r c t i c e  ( 6 7 ' 3 7 ' S , 4 8 ' 0 4 ' E ) .  c r e w  # 2 1 1 3 ,  F r o n
coerae - gtained s1l l lEnl. te-orthopyroxene-cordlert te-blot i te 1
sapphir lne rock.
Brevlg, Nomay. Analyalst  Halentus (1979).

Table entr iea ln welght percenL.
Analyaeg ete electron microprobe, excepE:
* Energy dlsperslve analysls on scannlng electron dcroscope (ED{)
** Edlsslon specrrotraphtc adalysls (ESA). Also by ESA on nuuber l :

0 . 0 0 6 2  B e  a n d  0 . 0 0 5 2  V .
T X-ray f luorescence anelysls:  0.012 V; l t r  absent,
Abbreviet lons: NMNH: Nat lonal Museun of Netural  l l istory,

Soith6onlan Ine! i tut ion.

Sample 1 is part of a cm-sized single crystal from a
subconcordant garnetiferous pegmatite lens in gar-
net biotite quartzofeldspathic gneiss. Fe2O3 con-
tents of the pegmatitic sillimanite from this locality
vary from crystal to crystal (0.76 to 1.30 wt.%
Fe2O3, Grew, 1980) and the Fe2O3 contents in Table
I were obtained on the piece used in the optical
absorption woqk.

Sample 5 is from granulite-facies rocks of the
Archean Napier complex at Forefinger Point in the
western part of Casey Bay, Enderby Land, Antarc-
tica (Grew and Manton, 1979; c/. sample 12 of
brown sillimanite, below). It was collected from a
layer 1.5 m thick of aluminous granulite containing
orthopyroxene, sillimanite, cordierite, biotite, and
sapphirine; other rock types present at Forefinger
Point are pyroxene-hornblende granulite, garnet-
quartz-feldspar gneiss, and charnockitic gneiss. Sil-
limanite in sample 6 from Brevig, Norway, is asso-
ciated with quartz, K-feldspar, biotite, hematite and
magnetite (Hilenius, 1979). Samples 1,2, 4,5,and6
are representative of prismatic, Fe2O3-bearing, silli-
manite that is found in many high-grade metamor-
phic terrains.

Sample 3 is from a sillimanite-quartz-K-feld-
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spar-ilmenite-magnetite gneiss xenolith containing
abundant glass, which was found among the ejecta
at Kilbourne Hole maar, New Mexico (Grew, 1979,
1980). Xenoliths of quartzofeldspathic gneiss such
as sample 3 and the samples containing blue silli-
manite (see below) may be derived from a granulite-
facies complex in the lower third of the earth's crust
under Kilbourne Hole (Padovani and Carter,
1977a). During their incorporation in the basalt host
and transport to the earth's surface, the xenoliths
have been partially fused either by heating or de-
compression, and subsequently quenched (Pado-
vani and Carter, 1977b; Grew, 1979).

Optical spectra

Millimeter thick plates of sample I have the
pleochroic formula,2g : yellow, I: green-yellow,
and Z: colorless. Its optical absorption spectrum
(Fig. 1) is representative of yellow sillimanites
except sample 5. The spectrum is rich in structure;
salient features are absorption bands at 462, 440,
and 412 nm in c and 616, 474, and 438 nm in 7, and
an additional band at 361 nm, prominent in a and 7,
but off scale in Figure 1. Bands in the 700 to 900 nm
region are weak or absent. An absorption feature is
present at 1027 nm in the a and y spectra of all thick
samples examined. Its width is much narrower than
iron features which occur in this region in the
spectra of other minerals. Because its intensity is
proportional to the thickness of the sample but not
proportional to iron content, it is tentatively as-
cribed to a vibrational overtone of sillimanite. The
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Fig. 1. Optical absorption spectrum of yellow sillimanite from
Reinbolt Hills (#1). Thickness: 5.0 mm, Ella = a = dots; Ellb = F
= dash; Ellc = 

" 
: solid line.

depth of color and the intensities of all other absorp-
tion bands, except the 616 nm 7 band (the dominant
cause ofabsorption in the 620 nm region), generally
increase with iron content (Fig. 2). Consequently,
we attribute all the absorption bands except 616 nm
to iron. The absorption of sample 3 is anomalously
low at most wavelengths. We doubt if this is due to
compositional inhomogeneity because it was ob-
served in multiple optical and chemical analyses of
fragments of sample 3.

The intensity of the -616 nm 7 band varies
among the different samples. The band is less
intense relative to the other features in the spectrum
of sample a Gig. 3). Although its intensity is not
correlated with iron content, its intensity behavior
in Fig. 2 suggests that it still could be related to iron'
In sample 3, where the iron absorption bands,
notably the 361 nm (y) band, have intensity below
the general trend, the 616 nm band is prominent' A
possible interpretation of this behavior is that the
616 nm band represents iron in a different environ-
ment in sillimanite. The origin of this band has yet

to be established. This band imparts a greenish tint
to the otherwise yellow crystals. Chromium also
causes absorption in this region, which we will
discuss below.

Stoichiometry (Grew, 1980), Mossbauer spectra
(see below), absorption band positions and intensi-
ties indicate that the oxidation state of iron is *3.
The intensities of the prominent absorptions ex-
pressed as absorption coefficients (e-values), calcu-
lated for sample #l under the assumption that all of

# 5

SILLIMANITE
(Ye l low)

o.4 0.8 t . ?  1 .6 2 0

wt % FerO.

Fig. 2. Correlation of the intensities of the optical absorption

bands of yellow sillimanites with average Fe2O3 concentration.
Bands at 361, 390, 410, and 440 nm in a and at 390' 410' and 440

nm in 7 follow trends which generally parallel these illustrated

for 361 nm (y) and 460 (nm (a). Absorption in the 620 nm region

includes both the 616 nm and and the Ct'* bands.
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Fig. 3. Optical absorption spectrum of yellow sillimanite from
Benson Mines (#4), showing the near absence of the 620 nm
band. Thickness; 400 pm; a : broken line: y = solid line.

the iron contributes to each peak, are: 4l2nm(a) e
= 3.9;449 nm (a) € :  3.0;361 nm (y) e -  3.8. These
intensities, low for most metal ions in crystals are
consistent for spin forbidden Fe3* transitions. If the
Fe3* were present in more than one site, these e-
values would be lower limits for one of the sites.

Absorption features of Fe2+ are expected in the
800-1200 nm region with an e greater than 3. From
the intensity of the absorption of sample #l in the
850 nm region in the B spectrum, an upper limit for
the Fez+ content can be calculated assuming € : 3.
At most, the Fe2+ content could be 0.012%, FeO
corespondingto 0.9Vo of the total iron. The absorp-
tion features at 826 and 1205 nm reported by
Hilenius (1979) and associated with Fe2+ were not
observed in any ofour spectra, including that ofhis
sample (#6).

Assignment of the Fe3+ to a particular site in the
crystal structure of sillimanite is more difficult.
Both a tetrahedral and an octahedral Al site (Burn-
ham, 1963a) are available for Fe3+ substitution. The
complexity of the spectrum suggests Fe3* substitu-
tion on both sites. Moreover, the spectrum differs
from the patterns for minerals containing Fe3* in
only octahedral coordination, such as green kya-
nite, andradite, and chrysoberyl. Kyanite is an ideal
comparison standard because aluminum occupies
only sites of six coordination with average Al-O
bond distances comparable to those of sillimanite
(Burnham, 1963b). Stoichiometry, electron spin
resonance data (Hutton and Troup, 1964), and
optical spectra indicate that trivalent cations, in-
cluding Fe3+, substitute in the aluminum sites. The

absorption pattern of Fe3+ in kyanite consists of
broad bands at 1075 (0.35) and 610 nm (0.6) and
pairs of sharp bands at 444 and 437 nm (1.6) and 377
and 370 nm (-3.5) (White and White, 1967; Faye
and Nickel, 1969). The e values, which we deter-
mined for a Brazllian kyanite, follow the wave-
lengths in parentheses. The 1075 nm band occurs at
an energy unusually low for Fe3*, a direct conse-
quence of the substitution of Fe3* into an Al3* site
of smaller average metal-oxygen bond distance than
is normally found for Fe3*. The absence of such a
band at lower energy in the sillimanite spectrum
indicates the absence of a major spectroscopic
contribution from Fe3* in the six-coordinate site.
However, the low intensity of Fe3* in the 1075 nm
region of kyanite means that in the spectrum of
sillimanite #1, nearly 0.7 wt.Vo octahedral Fe3+
would have to be present to be reliably detected by
a band in the 1000 nm region. If this much octahe-
dral Fe3+ were present, the kyanite spectral model
predicts that the contribution from octahedral Fe3*
would only be as intense as the B spectrum in
Figure 1. Because the sillimanite a and 7 spectra are
much more intense than the B spectrum, the more
intense features in the sillimanite spectrum are not
due to octahedral Fe3+.

Experimental spectroscopic standards for tetra-
hedral Fe3+ are less well established than those for
octahedral Fe3*. Orthoclase: Fe3* (Faye, 1969) and
AIPOa: Fe3* (Lehmann, 1970) are relevanr sran-
dards because they contain low concentrations of
Fe3+ in a tetrahedral site and have spectra which
have several similarities to the sillimanite spectra.
Because the positions of the stronger absorption
bands in the 350-500 nm region are in the same
range as those of octahedral Fe3*, site occupancy
cannot be readily determined by a wavelength crite-
rion. The e values of tetrahedral Fe3* bands in the
300-500 nm region can be as much as an order of
magnitude higher than those of octahedral Fe3*.
The intensity of the sillimanite pattern can be
explained if a portion of the iron is in the tetrahedral
site.

Consequently, we propose that: (1) the more
intense features in a and 7 are due to Fe3* in the
tetrahedral site; (2) the weaker features could be
due to Fe3* in either the octahedral site or the
tetrahedral site; (3) tetrahedral Fe3* is the spectro-
scopically dominant ion and primary cause of the
color in the crystal; and (4) even if most of the iron
in sillimanite were in octahedral coordination, its
contribution to the color would be minor.
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Miissbauer spectral analysis

Mcissbauer spectra are consistent with the pres-
ence of Fe3* in two sites. Spectra were obtained on
the two samples richest in iron, numbers 3 and 4.
Although a long counting time was employed, with
background counts of over 6 x 106 counts per
channel, the spectrum (Fig. a) of sample #4 is weak
due to its low iron content. It consists of two main
lines; a more intense lower velocity peak and a less
intense high velocity peak. When a doublet con-
strained to have equal area lines but independent
linewidths is matched to this spectrum, a statistical-
ly satisfactory fit is obtained (rms chi value 1.09).
The asymmetric doublet would have an isomer shift
(LS.) of 0.18 mm/sec and a quadrupole splitting
(Q.S.) of 1.04 mm/sec. The higher velocity, broader
peak has an apparent width of 0.81 mm/sec and the
lower velocity peak is narrower with an apparent
width of 0.58 mm/sec. The isomer shift is somewhat
low but not inconsistent with octahedrally coordi-
nated ferric iron. The quadrupole splitting is a little
higher than usually observed in such compounds.
The apparent line widths and asymmetry would be
anomalous for a high-iron content mineral, but
could be rationalized as due to relaxation broaden-
ing (Wignall,1966) brought about by the long Fe-Fe
distances in such a low-iron content phase.

There are several sources of dissatisfaction with
this fit. The two-line fit does not account for an
anomalous absorption area between the two fitted
peaks and the correspondence in shape between the
observed and fitted peaks is poor. The observed
peaks both seem to be more intense and narrower
than their best-fit approximations. Because the ap-
pearance of the two-peak fit suggests that a second,
weaker doublet was present, a two doublet fit was
attempted. With two-doublets, the fit is improved
(rms chi : 1.02), but this improvement is not
significant compared to the large statistical uncer-
tainty present in this weak spectrum. The two-
doublet fit is reported because it is both consistent
with the observed spectrum and is thought to lead
to an interpretation which is more realistic in view
of the known crystal chemistry of sillimanite.

In order to minimize the number of fitted varia-
bles and ensure convergence ofthe fit, the doublets
were constrained to be symmetric, i.e., each half
having the same area, and all four peaks having the
same width. In addition, as the low velocity peaks
of each doublet are essentially completely over-
lapped, the location of the weaker low-velocity
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Fig. 4. Mdssbauer spectrum of yellow sillimanite from Benson

Mines (#4) fitted with two constrained doublets. Velocities are
given in mm/sec relative to Fe in Pd' Absorbance is given as the

fraction of the background count.

peak was held fixed at the location of the envelope
maximum. As a result of applying these constraints,
the two-doublet fit has only one more free variable
than the one-doublet fit.

The constrained two-doublet fit (Fig. 4) con-
verged yielding the following parameters:

outer doublet: 79(!5)% of area,
I .S. :  0.19(r.02) mm/sec,

Q.S.  =  l . l l  (1 .03)  mm/sec .

inner doublet: 2l(t5)% of area,
I .S. :  _0.031-rg.5y mm/sec.

Q.S.  :  0 .53( i - l )  mm/sec .

The major doublet in either the one or two-
doublet fit has an isomer shift appropriate for Fe3*
in octahedral coordination. In analogous minerals,
ferric ions in octahedral sites give I.S. values of
about 0.201.03 mm/sec. The weaker inner doublet
of the two-doublet fit has a smaller isomer shift of
ca. -0.03 mm./sec, which is in the range expected
for ferric iron in tetrahedral coordination. Analo-
gous silicates and oxides with tetrahedrally coordi-
nated ferric ions give I.S. values of ca. 0'01-f .05
mm/sec.

The quadrupole splitting of ferric doublets gener-
ally increases with increasing distortion of the Fe
site. The Q.S. of the major, or octahedral, doublet,
at ca. l.l mm/sec is moderately large suggesting a
moderately distorted site. For cornparison, octahe-
dral Fe3+ in pyroxeneso garnets, amphiboles and

micas give Q.S. values of about 0.4 to 0'6 mm/sec,
and in such very distorted sites as the M(3) site in
epidote, the Q.S. is 2.0 mm/sec or higher. The Q.S.
of the weaker, or tetrahedral, doublet is smaller.
However, it is difficult to assess the significance of
this value, as the Q.S. values reported for the few
tetrahedrally coordinated cases studied range from
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near zero for some spinels to about 1.5 mm/sec for
some pyroxenes.

The fitted linewidth in the two-doublet case,
0.441-+.921 mm/sec, is significantly narrower and
probably closer to reality than those given by the
one-doublet fit. However, the true linewidths are
probably all unequal considering the low iron con-
tent of this mineral. Meaningful refinement of sepa-
rate linewidths is precluded by the quality of the
spectrum.

The Mrissbauer spectrum of sample 3 is too weak
and ill-defined to be of quantitative value. This
spectrum (two mirror image halves) was recorded
over 1024 channels with a velocity increment of
0.02 mm/sec-channel. A background count of 2.45
x 106 counts per channel was accumulated. The
maximum dip was only 0.003 of background and the
Ruby "S" parameter which is a measure of the
information content of the spectrum, is only about
1/3rd the value of the spectrum of sample 4. A one-
doublet fit results in Mossbauer parameters that
agree with those of sample 4 within the large
experimental error. There is no indication of ferrous
iron. The low quality of this spectrum precludes
fitting separate octahedral and tetrahedral doublets.

It is not apparent why sample 3 shows distinctly
lower resonant absorption. The optical absorption
features we attribute to iron, except the 616 nm 7
band, are also anomalously low in this sample (see
above). This may possibly reflect a more homoge-
neous iron atom distribution resulting in more iso-
lated iron atoms and therefore more severe relaxa-
tional broadening of the M<issbauer spectrum. A
more random distribution of iron in this sillimanite
from Kilbourne Hole is also suggested by the highly
disordered Al-Si distribution in K-feldspar of the
Kilbourne Hole xenoliths (Grew, 1979).

During the course of this study Hilenius (1979)
published Mrissbauer spectra of a sillimanite from
Benson Mines, New York, the same locality as that
for sample #4, and of a Norwegian sillimanite (#6)
whose optical spectra we have also studied. His
spectra not only show greater dips and smaller
statistical noise than ours, which is consistent with
his use of a stronger source and thicker samples,
but also his conclusions differ from ours. Hfllenius
fitted his sillimanite spectra with three symmetrical
doublets with the strongest feature being a Fe3*
doublet at  I .S. :  0.19(t) ,  Q.S. :  1.07(1) and
linewidth : 0.63(1) mm/sec. These values are es-
sentially identical with the octahedral Fe3+ doublet
we observed except for the broadened linewidth.

The remaining doublets have been assigned by
Hilenius to an Fe2+ component in sillimanite and a
hematite impurity phase present in his sample. The
Brevig, Norway, sillimanite in particular had a
prominent Fe2* component in its Mcissbauer spec-
trum (Hilenius, 1979). However, we observed no
prominent Fe2* features in the optical spectra of his
Brevig, Norway, sample, and Fe2* or hematite
features could not be detected in our Mcissbauer
spectra. The Fe2+ features in Hilenius' spectra may
be due to another contaminant phase. These con-
taminant phases are not observable in our silliman-
ite samples, which were carefully picked free of
visible impurities by hand.

The conclusions from our combined Mossbauer
and optical spectra are: (1) iron in yellow sillimanite
occurs in the ferric oxidation state: (2) about 4/5ths
of this ferric iron is in octahedral sites; (3) the
remaining 1/5th is in tetrahedral coordination-no
doubt substituting for the trivalent aluminum pres-
ent on both these sites; (4) the yellow color is
primarily caused by the tetrahedral Fe3*; (5) the 616
nm band, when present, imparts a green component
to the yellow color; (6) the prominent absorption
bands in the spectrum of yellow sillimanite are
present in the spectra of nearly all sillimanites
including these for brown and blue sillimanite dis-
cussed below.

Heating experiments

To determine whether the proposed dual octahe-
dral-tetrahedral Fe3* occupancy is temperature de-
pendent, samples 1, 3 and 4 were heated under
various conditions at temperatures from 500 to
1430" C for up to 130 hours under air, charcoal and

fOz = 10-r0. Essentially no changes in the color or
spectra occurred up to 1050" C. In the 1430'C
experiment, sample I lost the trace OH- evident in
the infrared spectrum, became translucent, but
showed essentially no change in the Fe3* spectrum.

Other cations

Chromium is an important minor element in sam-
ples 2 and 5. In the spectrum of sample 5, absorp-
tion bands not due to Fe3+ occur at -62A,523 and
423 nm (Fig. 5). The bands at620 and 423 nm are at
wavelengths similar to those from the spectrum of
Cr3* in emerald which is in a six-coordinated site.
Their approximate e values in 7 based on Cr3* are:
620 nm e : 5; and 423 nm e : 15. The cause of the
523 nm band has not been established.
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Brown sillimanite

Mode of occurrence and composition

We examined samples of brown sillimanite from
seven localities (Table 2). Six of the sillimanites are
from quartz veins, and the seventh, from a pegma-
tite. The prisms of brown sillimanite we examined
range from less than 1 mm to over 3 cm in width.

The sillimanite-bearing quartz most likely occurs
as veins in mica schist or gneiss. The sillimanite is
associated with ilmenite, a hematite-ilmenite inter-
growth, or rutile, as well as biotite, muscovite, or
minor secondary sericite. Sample 10 from Oconee
County, South Carolina, is a loose crystal. In F. H.
Pough's samples from this locality, brown silliman-
ite occurs with ilmenite, biotite and muscovite in
qvartz. This paragenesis is the same as that of
sillimanite from the type locality in Saybrook, Con-
necticut (Bowen, 1824). Although our samples ap-
pear to be found only in quartz, sillimanite at
Norwich (presumably also brown) also occurs in
mica schist (Schairer, 1931, p. ll2).

The Connecticut localities are in the sillimanite
and sillimanite-K-feldspar zones of regional meta-
morphism, roughly equivalent to the upper amphib-
olite facies and possibly the hornblende granulite
facies (Thompson and Norton, 1968). The Oconee
County sillimanite is most likely derived from am-
phibolite facies metamorphic rocks, which underlie
this part of South Carolina (Overstreet and Bell,
1965). As we have no information on the exact
locality for the Sardinian sample, we do not know
the grade of metamorphism of the source terrain for
this sample.

The pegmatitic sillimanite (#12) is from "Christ-
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Fig. 5. Optical spectrum of yellow sillimanite containing
chromium from Forefinger Point (#5). Thickness : 3.0 mm; a =

broken line, y = solid line.

Table 2. Fe2O3 contents and localities for brown sillimanite

S a o p l e 7 8 9 1 0 1 1

F e 2 0 3  l . ,  0 2  1 . 2 0  I  '  1 2  1 . 3 3  0 . 9 8

L2 13

1 . 3 5  1 . 3 0

mas Point" (informal name), a part of an unnamed
island near Mclntrye Island in the eastern part of
Casey Bay, Enderby Land, Antarctica. This peg-
matite cuts granulite-facies rocks of the Archean
Napier complex, the same complex from which the
Forefinger Point sillimanite (#51 originated.
Coarse-grained portions of the pegmatite consist
largely of quartz, microcline (in part red), biotite,
apatite and sillimanite; and medium-grained por-
tions of surinamite, cordierite, garnet, apatite, py-
rite, orthopyroxene, wagnerite, ilmeno-hematite'
and sillimanite (Grew, 1981b). Sillimanite, some of
which is dark brown and chatoyant, forms single
crystals up to 10 cm long and 3 cm across. This
pegmatite and the enclosing granulite-facies rocks
constitute a block of relatively unaltered rock in a
tectonic zone (possibly of early Paleozoic age) of
intense deformation, retrogression of the granulite-
facies rocks under amphibolite facies conditions,
and of emplacement of pegmatite veins' In general,
chatoyancy and brown color are characteristic of
some sillimanites in relatively unaltered masses of
rock exposed in Casey Bay and intersected by these
tectonic zones. Away from these zones' Enderby
Land sillimanite is gray, white, or pale yellow (e.9.,

#5, Forefinger Point).
In addition to the above examples, patches pleo-

chroic in brown (maximum absorption llc) have
been reported in thin sections of sillimanite in
granulite from Wilson Lake, Labrador, Canada
(Leong and Moore, 1972, p.787 Gtew,1980). This
sillimanite is associated with magnetite and titanif-
erous hematite, plagioclase, biotite, sapphirine, and
orthopyroxene. Metamorphism was under condi-
tions of the granulite-facies (Leong and Moore,
1972; Morse and Talley, l97l)' Yrdna (1979, p' 26)
reports "patches of light brown coloration . . .

r0.
I I .
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passing in their centers into areas of opaque dusty
particles" in sillimanite in a borosilicate rock con-
taining magnetite and hemo-ilmenite from Zambia.

Brown sillimanite we have examined typically
has numerous fine acicular inclusions, most of
which are oriented parallel to [001]. Viewed down
[001] brown sillimanite appears pale blue because of
scattering from these inclusions; these inclusions
cause the chatoyancy noted in some of our samples.
The brown color is not evenly distributed in the
crystal, and is typically most intense in patches
where the inclusions are most numerous. The inclu-
sions are either opaque or are translucent and
brown; some have a hexagonal outline in a view
perpendicular to [001]. The brown inclusions may
be hematite; the opaque inclusions may be ilmenite,
magnetite, or some other iron-rich oxide mineral.

Brown sillimanite analyzed in this study does not
contain significantly less than I weight percent
Fe2O3 $able 2);the Wilson Lake material contains
1.6 to 1.8 wt.Vo (Grew, 1980). Vrdna (1979) reports
l.2wt.Vo Fe2O3 in the colorless portions of crystals
having brown patches. Thus, the brown color ap-
pears only to develop in sillimanite containing at
least 1 wt.Vo Fe2O3.

Optical spectra \
The pleochroic formula'in our samples is : X and

Y: colorless to pale yellow in thin section (30 p.m)
and orange-brown in thick sections (0.1 mm) and Z
: violet brown (see also Dana, 1920, p.498; Win-
chell and Winchell, 1951, p. 520).

The spectrum of sample 11 (Fig. 6) is repre-

NRVENUMBEB <cr- t  r
20000 10000 7000

S I L L I M R N I T E
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Fig. 6. Optical absorption spectrum of brown sillimanite from
Sardinia(?) (#ll) obtained with (100) and (0t0) slabs, 200 trcm
thick; a = dots, F = dash; 7 = solid line. Data obtained in a
region of the crystal chosen to minimize the contribution from
scattering.

sentative of brown sillimanite. The broad region of
absorption in the 7 spectrum extending throughout
the visible portion of the spectrum displays two
maxima corresponding to absorption bands at -452
and 542 nm. The 361 nm (7) sharp Fe3+ absorption
band characteristic of the pattern of yellow silliman-
ites and weaker Fe3+ features in a and B, are also
present. Other absorption bands, in y, at about 894
nm and about 730 nm, appear to be present. The
effects of scattering can be best observed in the B-
spectrum obtained on a (001) slab where the appar-
ent absorption rises in a broad band centered near
600 nm and decreases near 400 nm to preferentially
transmit blue (Fig. 7). The inclusions responsible
for this effect presumably have a dimension compa-
rable to the wavelength of visible light. A back-
ground absorption, steadily rising toward shorter
wave-lengths as a result of scattering from presum-
ably larger inclusions is in many cases superim-
posed upon the absorption pattern (Fig. 8).

The dominant minor element is iron Oable 2).
Based on total iron content. the e value for the 452
nm band of sample 11 is 300. This value is too high
to be caused solely by Fe3*. An intervalence charge
transfer transition is a likely cause of this absorp-
tion, and has been proposed to cause an intense
absorption in the spectrum of andalusite. The opti-
cal spectrum of andalusite shows weak absorption
from Fe3* and a strong, dominant absorption band
polarized parallel to [001] at 481 nm (Faye and
Harris, 1969). The 481 nm band is reminiscent of the
452 nm and 542 nm absorption bands of sillimanite.
Both the andalusite and sillimanite bands are in-

q0000
NFVENUMBER <cr t>

10000 7000

S i L L I M R N I T E
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500 1000 I 500
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Fig. 7. Optical absorption spectrum of a (001) slab of brown
sillimanite from Sardinia(?) (#ll) obtained in a portion of the
crystal which maximizes the spectral dependence of the
scattering from the numerous inclusions oriented along [00t],
Sample 237 pm thick; p polarization; the a polarization is nearly
identical,
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Fig. 8. Optical absorption spectrum of brown sillimanite from
Guilford, Conn. (#9) showing the effects of background
scattering. Thickness = 600 g.m; a = broken line; 7 = solid line.

tensely polarized parallel to the direction of the
chain of edge-shared octahedra and have intensities
much greater than can be accounted for by single-
ion electronic transitions. Faye and Harris have
proposed for andalusite a mechanism involving
intervalence charge transfer betwen Ti3* and Tia*.
We do not consider an explanation involving Ti3* to
be likely for sillimanite in view of the relatively high
Fe2O3 contents of brown sillimanite. Interactions
involving Fe2* such as Fe2*/Ti4* and Fe2*/Fe3*
are more likely to be the cause. The absence of
Fe2* absorption indicates that if such mechanisms
are operating, the amount of Fe2+ present is small.
The association of the color with regions with
inclusions suggests that the color originates from
incipient exsolution. We propose that submicro-
scopic regions of an iron-rich phase in the process
of exsolving are the source of the color. This
suggestion is consistent with analytical electron
microscopic observations that sillimanite #7 con-
tains numerous small particles of titaniferous hema-
tite ranging from 0.005 to 0.2 pm in dimension
(David Veblen, personal communication, 1982).

Blue sillimanite

Mode of occurrence and composition

Samples of blue sillimanite available for study
(Table 3) are gem quality single crystals up to 2 cm
long from alluvial deposits at Mogok, Burma and in
Sri Lanka (Spencer, 1920; Adams and Graham,
1926) and as prisms 0.1-5 mm long in xenolithic
quartzofeldspathic gneisses at Kilbourne Hole,
New Mexico. and Bournac. Haute-Loire, France

(Cailldre and Pobeguin,1972; Padovani and Carter,
1973, 1974, 1977a; Grew, 1976, 1977a). Blue silli-
manite has also been reported from Kenya (Bank,
1974) andfrom Davis Creek, New Zealand (Hattori,
1967). No details are available on the Kenya occur-
rence. Grew (1977b) found blue kyanite, but no blue
sillimanite in the sample studied by Hattori (1967).
The blue sillimanite reported in the New Zealand
sample is possibly kyanite misidentified as silliman-
ite.

To our knowledge, there are no definitive reports
of blue sillimanite in situ in Burma or Sri Lanka,
and consequently, no data are available on its
paragenesis. The Bournac paragenesis is similar to
that at Kilbourne Hole (see above). Sillimanite-
bearing xenoliths at Bournac may originate from the
lower crust (Leyreloup et al., 1977). By analogy
with Kilbourne Hole, the Bournac xenoliths have
probably also been subjected to decompression or
heating by the basalt host during the xenolith's
transport to the earth's surface. In contrast to the
Kilbourne Hole xenoliths, however, glass and or-
thopyroxene-spinel intergrowths (replacing garnet)
are much less abundant.

Sillimanite in eight xenoliths from Kilbourne
Hole (including the 3 samples in Tables 1 and 3) and
in 7 xenoliths from Bournac (including sample 19/
20) were analyzed for iron (Grew, 1977a)' The iron
content, reported as FezOr, of blue sillimanite at
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Kilbourne Hole ranges from 0.35 to 0.94 wt.Vo (6
samples), and at Bournac, 0.17 to 0.23 wt.Vo (5
samples). On the other hand, colorless and yellow
sillimanite at Kilbourne Hole contain 0.99 and 1.82
wt.Vo, and colorless sillimanite at Bournac, 0.70 and
0.87 wt.Vo. Padovani and Carter (1977a) also report
that the Fe2O3 content of blue sillimanite is less
than that of colorless sillimanite at Kilbourne Hole.
Moreover, at both localities, graphite is found only
in those xenoliths in which the sillimanite contains
less than 0.4 wt.% Fe2O3. Padovani and Carter
(1977a) report the close association ofgraphite, blue
sillimanite, and purple to blue rutile in the Kil-
bourne Hole xenoliths. Ilmenite is present in some
xenoliths with blue sillimanite. Recalculated micro-
probe analysis (from stoichiometry) of two such
ilmenites from Kilbourne Hole indicate Fe2O3 con-
tents of 1 moleVo or less (samples 76-5 and 76-5-9,
Grew, 1977a), which is less than in ilmenite associ-
ated with yellow sillimanite (e.g., Table l, and
Grew, 1980). These relations suggest that develop-
ment of the blue color is associated with low Fe2O3
contents and may be promoted by a reducing envi-
ronment.

The xenolithic sillimanites are typically chatoy-
ant from fine acicular inclusions oriented parallel to
[001], a feature noted in some crystals from Sri
Lanka (Spencer, 1920). Such chatoyancy is not
limited to these blue sillimanites. Some colorless
sillimanite we have examined from the exposed
granulite-facies terrain in Enderby Land, Antarcti-
ca, is also chatoyant and pale blue as a result of
scattering by these fine inclusions. However, this
sillimanite lacks the absorption spectra characteris-
tic of the blue sillimanite descibed below.

The relative abundance of blue sillimanite in the
xenoliths and its apparent absence in exposed meta-
morphic terrains suggests that interaction between
the xenoliths and basalt host during their incorpo-
ration in the host or during transport to the earth's
surface, or rapid quenching following transport may
play a role in developing the blue color. These
processes have evidently led to the nearby com-
plete Al-Si disorder in associated K-feldspar (Grew,
1979). The alluvial blue sillimanite most probably is
derived from nearby exposed granulite-facies ter-
rains; the origin of this material remains an enigma.

Optical spectra

The pleochroic scheme for blue sillimanite is X
and I : colorless to pale yellow and Z: blue (see
also Spencer, 1920; Winchell and Winchell, l95l).

The absorption spectra of all blue samples are
similar to one another, and are distinct from the
spectra obtained of yellow and brown sillimanite.
The pattern of a sillimanite from Sri Lanka (Ceylon)
is representative of blue sillimanite (Fig. 9).

The prominent absorption features are two bands
polarized llc (7) centered at 595 and -836 nm. There
is little absorption in the a and B directions. Weak
absorption features in the 350-500 nm region that
correspond to the Fe3+ features in the spectra of
yellow sillimanite are present in a, B, and 7. The
intensities of these weak features do not correlate
with the intensity of the two strong features. The
intensities of the 595 and 836 nm features are
correlated (Fig. 10) and consequentially are as-
sumed to arise from the same source.

Chemical analyses of the blue sillimanites (Table
3) indicate that Fe and Ti are the major trace
elements. The intensity of the 595 nm feature is not
correlated with either the iron or the titanium
content.

Relationship to blue lcyanite

Several similarities between the spectra of blue
kyanite and blue sillimanite are evident: (l) absorp-
tion bands occur at nearly the same wavelengths,
(2) the lower energy band is about % as intense as
the high energy band, and (3) both absorption bands
are polarized along the octahedral chain axis. These
similarities suggest that the blue color in both
minerals has the same origin.

The origin of the blue color in kyanite has been
addressed several times (White and White, 1967;
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Fig. 9. Optical absorption spectrum of blue sillimanite (#18).
Thickness = 6.0 mm; a = dots, y = dash. The p-spectrum (not
illustrated) is nearly identical to the a-spectrum.
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Fig. 10. Correlation of the 595 nm and 836 nm absorption
bands of blue sillimanite. The numbers designating dots are
sample numbers from Table 3.

Faye and Nickel, 1969; Faye, 1971; Smith and
Strens, 1976; Parkin, et al., 1977). All authors
recognize the likelihood that intervalence charge
transfer absorption is the process responsible for
the color. Two broad, overlapping absorptions are
prominent in the absorption spectrum of blue kya-
nite" one at -600 nm and weaker one at -850 nm.
They are generally believed to arise from either
Fe2*-Ti4* or Fe2+-Fe3* intervalence charge trans-
fer.

Iron and titanium are present in blue sillimanite,
but both are also present in yellow sillimanite. The
color-producing mechanisms proposed for kyanite
involving trace amounts of Fez* are also appropri-
ate for blue sillimanite in view of its association
with reducing environments. The amount of Fe2* in
sillimanite must be small because the characteristic
pair of Fe2* absorption bands has not been ob-
served in the sillimanite spectrum. The details of
the mechanism by which Fe2* would produce the
color are not established: it is not known whether
the color-causing ions are in true solid solution or
are associated the incipient exsolution of inclusions
such as rutile.

Conclusions

Yellow and brown appear to be the characteristic
colors of sillimanite in high-grade metamorphic
rocks. Sillimanite contains a small amount of Fe2O3

(up to 1.8 wt.%) and Fe3* is the primary cause of
the color, as absorption increases with Fe2O3 con-
tent. A variety of experiments suggest that the Fe3*
occurs in both octahedral and tetrahedral sites. A
few sillimanites contain a small amount of Cr3* (up
to 0.3 wt.Vo CrzOt in Antarctic sillimanite, Grew, in
preparation) which contributes a green hue to the
yellow in such samples.

Brown color in sillimanite appears to be related to
incipient exsolution of iron-titanium oxides from
sillimanite. It is restricted to samples relatively rich
in Fe3* (>l wl% FezO:) which generally originate
from relatively oxidized rocks. Most brown silli-
manite contains acicular inclusions of opaque or
dark brown material, presumably an Fe or Fe-Ti
oxide. In contrast to yellow sillimanite, the intensi-
ty of color does not increase proportionally to the
Fe content.

Sillimanite from xenoliths of granulite and gneiss
incorporated in basaltic rocks differs from the silli-
manite of exposed high-grade terrains. In the only
yellow xenolithic sample we had, the optical ab-
sorption intensity and Mossbauer spectrum are
much weaker than those of a non-xenolithic silli-
manite containing the equivalent amount of iron.
Possibly the iron in the xenolithic sillimanite is
distributed more evenly throughout the crystal than
in the non-xenolithic sillimanite. This more even
distribution may be related to the thermal history of
the xenolithic samples. The xenoliths were heated
to magmatic temperatures and rapidly quenched to
the ambient temperature at the Earth's surface. K-
feldspar in a xenolith at the same locality (Kil-
bourne Hole) has an unusually high degree of Al-Si
disorder, one of the highest reported in the litera-
ture (Grew, 1979). This rapid quenching may have
preserved the highly diffused Fe3* distribution in-
duced at high temperatures. In the sillimanite from
exposed metamorphic terrains, less rapid cooling
allowed the Fe3* to migrate and cluster to a limited
extent.

Xenolithic sillimanite containing less than I wt.%
Fe2O3 is blue in some cases. Rapid quenching from
high temperatures under reducing conditions (i.e.,
low FezOr) may be instrumental in developing the
blue color in sillimanite. However, this mechanism
does not explain the blue color of alluvial gem
quality sillimanite from Sri Lanka and Burma. Nor
does it account for the related blue color in kyanite,
the characteristic color of kyanite from exposed
regionally metamorphosed terrains, which must
have cooled slowly.
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