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Titanium and the color of staurolite

C. M. WARD

Department of Geology
University of Otago, Dunedin, New Zealand

Abstract

The visually assessed color intensity of staurolite appears to be directly proportional to
the titanium content. It is inferred that the color is caused by absorption due to Fe?*—Ti%*
charge transfer. From this and the pleochroic scheme it is further inferred that the titanium
in staurolite is located in the tetrahedrally coordinated Fe site. The marked difference in Ti
content of the various sectors in sector-zoned staurolite can be rationalized more
satisfactorily with Ti in this site than in the alternative octahedral Al site.

Introduction

Staurolite is well known for its yellow color and
moderate pleochroism, which follows the scheme Z yel-
low, Y pale yellow, and X virtually colorless. It is
commonly believed that Fe?™ in unusual tetrahedral
coordination is responsible for the color (Ribbe, 1980),
although Hollister and Bence (1967) suggested that Ti®*
and/or Fe** might be involved.

Staurolite occurs in many different parageneses in a
wide variety of pelites and metabasites in the Dusky
Sound area of Fiordland, New Zealand. Data from these
staurolites indicate a strong correlation between the tita-
nium content of the staurolite and the color intensity.
This correlation, the mechanism of color generation, and
the inference of the structural site occupied by titanium,
are the subjects of this paper.

Correlation of color and titanium

Figure 1 illustrates a strongly sector-zoned staurolite
from a regional metamorphic terrane south of Dusky
Sound. The different growth sectors {001}, {110} and {010}
have distinctly different color intensities, with {010} >>
{110} > {001}. The three sectors from a similar crystal in
the same hand specimen were analyzed with the automat-
ed JEOL JXA-5A electron microprobe at the University of
Otago, using a variety of natural and synthetic oxides and
silicates as standards. The data were corrected on-line by
the method of Bence and Albee (1968). Table 1 records
the compositions of the different sectors based on 6-8
spot analyses in each sector at positions corresponding to
75-80% of the total linear growth.

The analyses are very similar to the corresponding
analyses by Hollister and Bence (1967) and Hollister
(1970) of the sector-zoned staurolite from the Kwoiek
area, British Columbia, in every relative sense, except
that the differentiation of the sectors of the Dusky Sound
staurolite is slightly less marked. Of particular interest is

0003-004X/84/0506-0541$02.00

the excellent correlation between the TiO, content of the
sectors and their perceived color intensity. Careful scan-
ning of staurolites from the Dusky Sound locality shows a
slight increase in TiO, content towards the rim of the
{110} sector, and a major increase towards the rim of the
{001} sector, as in the Kwoiek staurolites (Hollister and
Bence, 1967, Fig. 3; and Hollister, 1970, Fig. 3). This
again correlates with a just discernible gradation in color
intensity in {110} and a more obvious gradation in {001}
(Fig. 1).

The close correlation of TiO, content and color intensi-
ty is futher demonstrated by the concentrically zoned
secondary staurolite in Figure 1, which is part of a
muscovite-kyanite-staurolite pseudomorph after andalu-
site. Core and rim compositions of a similar staurolite
from the same hand specimen are given in Table 1. They
are essentially identical except for the change from 0.15%
TiO, in the very pale core to 0.44% in the darker rim. The
color intensity of the rim is indistinguishable from that of
the {110} sector of the primary staurolite. Some second-
ary staurolite crystals have essentially colorless cores,
and these contain TiQ, below the detection limit
(~0.02%). The TiO, contents of staurolites from a wide
variety of rocks from the Dusky Sound area cover the
complete range from <0.02% to 0.8%. Bearing in mind
the importance of considering absorption only in the Z
direction, and only in crystals occupying the full thick-
ness of a standard thin section, there are no deviations
detectable by eye from a relation of direct proportionality
between color intensity and TiO, content.

There is only limited information in the literature with
which to further assess the correlation of color intensity
and titanium content, as the great majority of staurolite
analyses record between 0.45 and 0.7% TiO, and show
little variation in color. In one noteworthy case, von
Knorring et al. (1979) describe an unusually aluminous
staurolite, with 9.3% FeO and no detectable TiO,, which
is “‘very slightly pinkish with no pleochroism.”’ Ganguly
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Fig. 1. (a)-A twinned and sector-zoned staurolite crystal from
OU 48699, photographed in E-W plane polarized light with a
blue Kodak 43 B filter (transmitting only light of wavelength less
than 550 nm) to emphasize the variation in color intensity of the
yellow staurolite. Note that the smaller twin crystal is paler
because of pleochroism and the different absorption direction,
not because of sector-zoning. Adjoining the crystal on the lower
and right sides is a muscovite—kyanite(—staurolite) aggregate
pseudomorphous after andalusite. (b) Detail of same staurolite.
The abundance of graphite and to a lesser extent quartz
inclusions in the {010} sectors is characteristic, but note that the
darker (yellow) color of these sectors is ‘‘real” and exists
independently of the inclusions. Zoned secondary staurolite
overgrowth to right. Fuzzy dark patches within secondary
staurolite are pale staurolite riddled with very fine vermicular
quartz inclusions. (c) Key diagram showing twinning and
sectors. 2°—secondary staurolite, ky—Kkyanite, po—pyrrhotite.
Points 1-5 are equivalent to the points represented in Table 1,
analyses 1-5 respectively.

(1969) and Rao and Johannes (1979) synthesized Fe-
staurolite from FeC,0, - 2H,0, AI(OH); and
SiO, - nH,0, yet the resulting staurolite was observed to
be yellow and pleochroic. This would appear to be a
severe embarrassment to the hypothesis that titanium is
required for the yellow color. However, the reagent grade
reactants used are likely to have contained significant
titanium. A sample of BDH reagent grade AI(OH); was
found to contain 0.23% TiO,. Such an impurity level is
probably normal, in view of the abundance of TiO, in
bauxite deposits and the general similarity of titanium and
aluminum chemistry. Assuming quantitative reaction,
staurolite with 0.19% TiO, would be produced from this
Al(OH);. Such staurolite would be paler than usual but
still distinctly yelow.

Mechanism of color generation

Identical polarized optical absorption spectra of stauro-
lite have been obtained by Bancroft and Burns (1967) (see
also Burns and Fyfe, 1967, and Burns, 1970) and Dickson
and Smith (1976). There is a broad band centered about
1600 nm (6000 cm ™) in the infrared, and the tail (absorp-
tion edge) of a UV-centered peak in the blue end of the
visible spectrum approaching 400 nm (25000 cm™Y). This
tail varies in size with vibration direction such that Z > Y
> X, and is clearly responsible for the yellow color and
pleochroism of staurolite. Burns and co-workers attribut-
ed the infrared absorption to spin-allowed d—d transitions
in tetrahedrally coordinated Fe?*, and this has been
supported by the success of molecular orbital calculations
on Fe!Y by Vaughan ef al. (1974) in matching the infrared
spectrum. The UV peak is assumed to be due to oxygen-
metal charge transfer, the metal being iron by implication.
The extent of the visible tail of this peak must be largely
unrelated to iron, however, because of the wide range of
absorption intensities, down to essentially zero, in stauro-
lites with rather constant FeO contents generally between

Table 1. Microprobe analyses of staurolite in OU 48699

—

Primary Secondary

1 2 3 4 5
{10} {oo1} {010} core rinm
5i0, 26,99 25.94 26.93 28,00 27.95
Al,0; 54.50 55,67 54.58 54,21 53,97
MnD 0.46 0.50 0.48 0.41 0.39
MgO 1.69 1.60 1.67 1.62 1.54
FeO 13.16 13,23 12.97 12,55 12.77
n0 0.41 0.44 0.40 0.41 0.37
TiO, 0.44 0.33 0,62 0,15 0.44

. 5771 . 37.35 .

Cations per 46 oxygens

si 7.515 7.232 7,493 7,777  7.766
Al 17,885 18.293 17.899 17.745 17.674
Mn 0.109 0.118 0.113 0.097  0.092
Mg 0,702 0.665 0,693 0.671 0,638
Fe 3.064 3.085 3,018 2,915 2,968
Zn 0,084 0.091 0,082 0.084 0.076
Ti 0,092 0,069 0,130 0,031 0,092
.55 /I BS .32 B[/.3T
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12%2 and 14%. Hence consideration will be given to the
role of titanium.

Having no 3d electrons, Ti** cannot by itself generate
color by absorption due to d—d transitions, nor is O-Ti**
charge transfer effective, since TiO, is a well-known
white pigment. Consequently it has in the past been
commonly concluded that Ti** is responsible for the
color of minerals where that color was correlated with
titanium content, e.g., White and White (1967) for kya-
nite, Hollister and Bence (1967) for staurolite, and Burns
and Fyfe (1967) and Manning and Nickel (1969) for
titanaugite. However, Dowty and Clark (1973) concluded
from study of an extraterrestrial ‘‘fassaite’ extremely
rich in Ti3* (~10.7% Ti,05) that absorption due to d—d
transitions in Ti** was far too weak to account for the
color of titanaugite, nor would it be appropriately polar-
ized to produce the observed pleochroism. They suggest-
ed the alternative that heteronuclear Fe?"-Ti** charge
transfer was responsible. This mechanism of color gener-
ation has since been widely reported, e.g., Parkin et al.
(1977) in kyanite and Manning (1975) in vesuvianite. This
latter study is of particular interest in that the vesuvianite
concerned is closely analogous to staurolite, being yellow
(correlating with titanium content) and pleochroic. The
color is due to the super-imposition of polarized absorp-
tion bands in the vicinity of 23000 and 27000 cm™' onto
the tail of the UV-centered oxygen—metal charge transfer
band. The hypothesis that Fe?*-Ti** charge transfer
absorption is responsible for the yellow color and pleoch-
roism of staurolite is the best available.

Cation distribution

Knowledge of the cation distribution in staurolite is
necessary to further evaluate the possibility of Fe-Ti
charge transfer, for only when Fe?* and Ti** occupy
adjacent sites will charge transfer be appreciable. Be-
cause of the structural complexities, particularly the
partial occupancies of several sites, there is much uncer-
tainty in cation site assignments. Considering first the
titanium, with the exception of Smith (1968), all recent
authors have assigned titanium to an octahedral site.
There is, however, little evidence in support of this, and
only Hollister (1970) has presented a case. He assigned Ti
to the octahedral Al(3) sites on the basis of comparisons
with the chemistry and structures of kyanite and spinels,
in particular the relative preferences of the different
cations for octahedral and tetrahedral sites in spinels. His
analyses of the {001}, {110} and {010} sectors were inter-
preted in terms of substitution of Mg+Ti for 2Al in the
Al(3) sites. The contrast in Ti content of the {001} and
{101} sectors was explained by the ability of Mg and Ti to
simultaneously enter adjacent Al(3) sites on the {010}
faces (so maintaining local charge balance) and their
inability to do so on {001}. Each of these three lines of
support is suspect, however. First, Griffen and Ribbe
(1973) showed that the structural analogy between stauro-
lite and spinel is very crude and ‘‘conceptually invalid,”

and hence site preferences observed in spinel do not
necessarily apply to staurolite. Second, the proposed
substitution of Mg+ Ti for 2Al, though not unreasonable,
is far from quantitative in the sector-zoned staurolites and
is likely to be a formalism only. Substitution patterns
involving Ti may be much more complex, for example
compare analyses 4 and 5, Table 1, where the titanium
content is to a large degree diffusion controlled in a
chemical environment (‘‘andalusite’’) initially heavily de-
pleted in Fe, Mg and Ti. And third, Dowty (1976b)
showed that simultaneous substitution of Mg+Ti onto a
growing staurolite face was not necessary to maintain
charge balance, because this would be more readily
achieved by adjustment in the concentration of mobile
anions adjacent to the growing face. In summary, there is
no convincing positive evidence that titanium is present
in an octahedral site.

Smith (1968) assigned cations to sites on the basis of a
“horrendous mixture of experimental data and crystal-
chemical speculation.”” His assignment of titanium to the
Fe site is made without discussion. There is no convinc-
ing positive evidence that titanium is present in the
tetrahedral site either.

Considering now the iron, Smith (1968) assigned Fe?*
to the tetrahedral and octahedral sites (Al(3)+U) in the
ratio of 3 to 1 on the basis of a Mdssbauer spectrum.
Dowty (1972) argued that the peaks attributed to octahe-
dral iron were more probably due to another tetrahedral
iron site, the two differing according to whether the
adjacent U or Al(3) sites were occupied. However, after
careful study of several natural staurolites and natural
and synthetic spinels at low temperatures, Dickson and
Smith (1976) reaffirmed the ‘‘octahedral’’ interpretation,
though the evidence is not fully conclusive. Scorzelli et
al. (1976) and Regnard (1976) add little to the discussion,
and the latter’s data are suspect in that the staurolite
concerned has a rather unusual composition, with 40%
Al,O; and 45% SiO,. The site assignments made for iron
by Smith (1968) are therefore accepted.

The suggested iron and titanium sites all lie within the
“iron”’ layer of the staurolite structure (Ward, 1984, Fig.
4), so that charge transfer is feasible with respect to
interatomic distance, for all combinations of potential Fe
and Ti sites. These combinations are as follows (with
interatomic distances): model (1) Fe and Ti in adjacent
Al(3A) and (3B) sites, 2.83A; (2) Fe in the Fe site with Ti
in Al(3A) or (3B), or vice versa, 3.40A; (3) both Fe and Ti
in Fe sites, 3.28A. Combinations involving U sites are
rejected because of their low occupancy, the excessive
distance to the Al(3) sites (3.94A), and the probability of
adjacent Fe sites being empty when U sites are filled
(Smith, 1968). Concerning combination (1), it might be
argued that in view of the low total occupancy of these
sites (~V3) of which say 30% is Fe and 10% Ti, that the
probability of Fe and Ti occupying adjacent individual
sites is very low. However, a local charge balance
mechanism may operate to greatly increase this probabili-
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ty, as postulated by Parkin et al. (1977) to account for the
intensity of Fe?*—Ti** charge transfer absorption in kya-
nite with only trace FeO and TiO, contents.

Accepting the reality of the charge transfer, the charac-
ter of the absorption can be used to discriminate between
the possible cation site combinations. Manning (1975)
clearly stated a very useful principle, that ‘‘intervalence
charge transfer absorption is polarised accurately along
metal-metal directions.”” This principle has been used
with considerable confidence to deduce structures from
spectral measurements (e.g., Manning, 1975, 1976;
Dowty and Clark, 1973). Applied to staurolite with Z = ¢,
Y = a and X = b, it implies that the Fe-Ti vector has a
large component parallel to ¢, a smaller component
parallel to a, and a near zero component parallel to b.
Components of potential Fe-Ti vectors in a, b and ¢ are
as follows: model (1) 0, 0, 2.834; (2) 3.09, 0,1.40;(3)1.69,
0, 2.81. A zero component in b is consistent with all three
site combinations, however the ¢ > a # 0 feature is
specific to the third, i.e., both Fe and Ti in Fe sites. This
is the first substantial evidence that titanium might be
tetrahedrally coordinated in staurolite.

Titanium sector-zoning re-examined

The hypothesis that titanium occupies the tetrahedral
Fe site rather than octahedral Al sites can be tested by its
ability to account for the pattern of sector-zoning in
titanium. Dowty (1976b), though discounting the bases of
Hollister’s (1970) model, could not satisfactorily explain
the enrichment of Ti on {010} and its depletion on {001}
relative to {110}. He (Dowty, 1976a,b) propounds a model
of crystal growth based on the proposition that growth of
each face takes place by the relatively rapid addition of
unit slabs of thickness equivalent to the X-ray d spacing,
with longer periods during which a critical surface, the
surface crossed by the lowest total bond strength, is
exposed to the matrix. During this time the cations (or
vacant sites) at the surface (protosites of Nakamura,
1973) are susceptible to replacement by ions of smaller
radius and/or higher charge, if the sites are suitably
exposed. Figure 2 shows an [001] projection of the
staurolite structure, with three alternative positions for
the critical surface on (010). Surface (b), computed by
Dowty and initially favored by him, requires preferential
substitution of Ti into Al(2) positions. Surface (c), subse-
quently favored as that of least bonding by Dowty,
requires preferential substitution of Ti into Al(1). Neither
of these is satisfactory, since (001), which favorably
exposes Al(1) and (3), (Dowty, 1976b, Fig. 5), preferen-
tially takes up excess Al, when Ti should be preferred
according to the model, especially in Al(3).

A difficulty with Dowty’s model is that there are two
planes of sites or protosites on either side of the surface of
least bonding, and which of them is on the ‘““inside’’ is
undefined. This point is very significant for planes of
some symmetry types, illustrated by the (a) and (b)
surfaces on (010) of staurolite. These surfaces are sym-
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Fig. 2. [001] projection of staurolite structure. The ‘‘crystal”
is imagined to be growing out from the bottom left corner. The
heavier lines show *‘surfaces of least bonding’’ (Dowty 1976b) or
surfaces of lowest energy on (110) and (010). These are exposed
to the matrix for longer periods than other surfaces during
growth of a staurolite crystal. Surfaces labeled a, b and ¢ on (010)
are alternative positions for the critical surface (see text).

metrically equivalent and so are crossed by equal total
bond strengths, yet they expose completely different
protosites to the matrix (analogous to the two sides to a
single surface where the direction of growth was not
specified). Discrimination between these alternative posi-
tions can be made by using the principle that the critical
surface, being that of greater longevity, will be the one of
lower energy. This will clearly be surface (a) because of
the lower charge density.

The outstanding feature of surface (a) is the high
concentration of exposed Fe protosites, 4.5 per square
nanometer, compared with 1.9 on the (110) surface of
least bonding (Fig. 2). Fe sites are not exposed on the
(001) surface (Dowty, 1976b, Fig. 5). Thus the predicted
concentration of Fe protosites exposed on the critical
surfaces, or more specifically the length of time these
protosites are exposed to the matrix on the different
faces, correlates very well with the observed TiO, con-
centrations. Sector-zoning with respect to titanium can be
rationalized more successfully if Ti** is taken to be in the
tetrahedral Fe site rather than the octahedral Al(3) sites.
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Conclusions

Iron cannot be primarily responsible for the yellow
color of staurolite, as there is a wide variation from
colorless to moderately intense yellow color in staurolites
with fairly constant FeO contents usually in the range
12¥2~14%. Instead, the visually assessed color intensity
appears to be directly proportional to the titanium con-
tent: normal yellow staurolites have about 0.5% TiO,,
some more intensely yellow ones have up to 0.8% TiO,,
and TiO, is undetected in rare colorless staurolite.

The most likely color-generating mechanism is Fe?*-
Ti** charge transfer. The orientation of the Fe-Ti vector,
deduced from the pleochroic scheme, indicates that the
titanium is located in the tetrahedrally coordinated Fe
site. However, it would be uncharacteristic for staurolite
if Ti were restricted exclusively to this site. If significant
Ti occupies other sites and if the relative extent of these
substitutions is variable, then slightly different pleochroic
schemes and/or anomalously pale staurolites might result.
This is probably uncommon; staurolites from Dusky
Sound which at first glance have appeared to be anoma-
lously pale for their TiO, content have proven to be either
sections far from parallel to Z, or very fine staurolites
considerably thinner than 30 um.

The pattern of TiO, contents in the different sectors of
sector-zoned staurolite can be rationalized readily when
Ti is taken to be in the Fe site, whereas previous models
in which Ti was assumed to occupy an octahedral Al site
have been unsatisfactory. With this independent support,
the case for the assignment of Ti to the tetrahedrally
coordinated Fe site is strong.
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