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ABSTRACT

The crystal structures of 42 samples of staurolite have been refined to R indices of 1-2% using single-crystal MoKo. X-ray
data. Samples were selected to cover as wide a range of compositions as possible, and site populations were assigned by site-
scattering refinement and via the development of mean bond-length — cation-radius relationships for the staurolite structure.
The cation site-nomenclature is revised to give a scheme that is more convenient and compatible with schemes of site normen-
clature in other rock-forming silicate minerals, The chemical composition that best approximates most examples of staurolite is
Fe, 4[T(Q2),M(A)] Al, 0,[M(3)] Alig[M(1),M(2)] Sig[T(1)] Oy Hy 4 with the occupancies indicated. Staurolite is monoclinic,
[C2/m, observed B between 90 and 90.45°], the B angle correlating with the differential occupancy and sizes of the M(34) and
M(3B) octahedra. Positional disorder was observed at the T(2) site, which is occupied by Fe, Zn, Li, Co, Mg, Al and O (vacan-
cy); there is some indication that the disorder in 7(2) correlates with variation in the {3 angle. Site-scattering refinement shows
small but significant occupancy of M(1) [= M(1A) + M(1B)], M(2) and M(3) [= M(3A) + M(3B)] by transition-metal cations.
Detailed consideration of chemical compositions and mean bond-lengths shows significant Mg occupancy of M(1), M(2) and
M(3). In most staurolite samples, ~40% of the Mg occupies the octahedrally coordinated M(1), M(2) and M(3) sites; the
remainder occupies the teteahedrally coordinated T(2) site. There is a considerable range of M(4) scattering (0.0-11.5 electrons
pfu); several arguments show M(4) to be occupied by Fe (+ ), except for one very Mg-rich sample of staurolite (Mg = 3 apfu),
in which M(4) is occupied by Mg. There is also significant variation in the refined scattering at the M(3) site, spanning the
range 1.75-2.09 cations (Al) pfu. Both the high occupancy of M(4) and the low occupancy of M(3) are correlated with
increased H content. Local order involving cations and vacancy at the T(2) and M(4) sites is a very important feature of the
staurolite structure; stereochemical arguments allow quantitative assignment of vacancies to the 7(2) site from the refined M@4)
site-scattering.

Keywords: staurolite, crystal-structure refinement, electron-microprobe analysis, ion-microprobe analysis, site populations,
order—disorder.

SOMMAIRE

La structure cristalline de monocristaux de staurotide provenant de quarante-deux échantillons a été affinée jusqu’a un
résidu R de 1 2 2% en utilisant des données obtenues avec rayonnement MoKct. Les échantillons ont été choisis pour couvrir,
dans la mesure du possible, la gamme complte de compositions de cette espece. L’occupation des sites a €€ déterminée par
affinement du pouvoir de dispersion 2 chaque site, et par la relation nouvelle entre longueur de Haison moyenne dans cette
structure et rayon cationique. Nous proposons une révision de la nomenclature de chaque site, pour la rendre plus commode et
compatible avec le protocole de nomenclature d’autres silicates pétrologiquement importants. La formule chimique qui répond
le mieux 2 la composition de la plupart des échantillons serait Fe, 4[T(2),M(4)] Al, DLIM(3)] Al g[M(1),M(2)] SiglT(1)] Ogg
H,,, avec 'occupation des sites telle qu’indiquée. La staurotide est monoclinique, C2/m, B observé entre 90 et 90.45°, angle
B montrant une corrélation avec I’occupation et la dimension différentielles des sites octaédriques M(34) et M(3B). Nous met-
tons en évidence un désordre de position au site 7(2), qu’occupent Fe, Zn, Li, Co, Mg, Al et O (lacune); ce désordre pourrait
avoir un lien avec la variation dans I’angle P. L’affinement du pouvoir de dispersion montre une occupation faible mais impor-
tante des sites M(1) [= M(1A) + M(1B)], M(2) et M(3) [= M(3A) + M(3B)] par des ions des métaux de transition. Une consi-
dération détaillée des compositions chimiques et des longueurs de liaison moyennes démontre un niveau important de Mg dans
les sites M(1), M(2) et M(3). Dans la plupart des échantillons, environ 40% du Mg occupe les sites & coordinence octaédrique
M(1), M(2) et M(3). Le reste se trouve dans le site T(2), & coordinence tétraédrique. Il y a une variation considérable dans la
dispersion associée au site M(4) (entre 0 et 11.5 électrons par unité formulaire); nous proposons, plusieurs arguments 2 I’appui,
que M(4) contient Fe (+ O), sauf dans un cas de staurotide fortement magnésienne (environ 3 atomes de Mg par unité formu-
Taire), ol ¢’est le Mg qui occupe M(4). Nous trouvons aussi une grande variation dans la dispersion associée au site M(3),
équivalente 3 une variation entre 1.75 et 2.09 cations (Al) par unité formulaire. Le taux élevé d’occupation de M(4) et le faible
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taux d’occupation de M(3) sont associés avec une teneur élevée en hydrogene. Une mise en ordre locale impliquant cations et
lacunes aux sites 7(2) et M(4) serait un aspect trds important de la structure de la staurotide; des arguments d’ordre stéréo-
chimique permettent une attribution quantitative des lacunes au site T(2) & partir de I'affinement de la dispersion associée au site

M(4).

(Traduit par la Rédaction)

Mots-clés: staurotide, affinement de la structure cristalline, analyse 2 la microsonde électronique, analyse a la microsonde

ionique, occupation des sites, ordre—désordre.

INTRODUCTION

Staurolite is a common mineral in metapelitic
rocks, and is diagnostic of medium-grade metamor-
phism. Its widespread occurrence and sensitivity to
conditions of equilibration suggest that it should be a
good indicator of metamorphic conditions. However,
problems associated with most aspects of its crystal-
lography, crystal chemistry and phase equilibria have
prevented its effective use in petrogenetic work, and
conflicting results from experimental (Pigage &
Greenwood 1982) and field studies (e.g., Holdaway et
al. 1988) are common.

Staurolite is monoclinic with B =~ 90°, and is also

(a)

pseudo-orthorhombic. Its composition is not particu-
larly complicated, but recent confirmation that both H
(Lonker 1983, Holdaway et al. 1986a) and Li (Dutrow
et al. 1986, Holdaway et al. 1986b) are significantly
variable components shows that earlier efforts to
understand the chemistry of staurolite were hindered
by incomplete information. The principal difficulty
arises in trying to decipher the site populations. This
involves assigning Al and Mg, and Fe?* and Fe** (+
minor Ti, Cr, Zn, with sometimes major Zn, Co and
now Li) to several crystallographically distinct sites in
the structure, including sites that are pseudosymmetri-
cally related by the pseudo-orthorhombic symmetry.
Although this is in principle no more difficult than in

F16. 1. The crystal structure of
staurolite, showing the kyan-
ite-like part of the structure.
The M(1A) and M(1B) octa-
hedra are regularly dot-shad-
ed; the M(2) octahedron is
irregularly dot-shaded, and
the T(1) tetrahedron is shaded
with crosses; (a) the structure
viewed down [001]; (b) the
structure viewed 15° away
(in the (001) plane) from
[010]; note the serrated octa-
hedral edge-sharing chains
that are cross-linked by 7(1)
tetrahedra; (c¢) an oblique
view of the structure, show-

ing the interpolyhedral link-
age.
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the case of other complex rock-forming silicates (e.g.,
amphiboles, pyroxenes), the problem is exacerbated
by the fact that staurolite, unlike most other common
ferromagnesian silicates, does not show wide
(absolute) ranges of chemical composition.
Consequently, the response of the structure to compo-
sitional variations is very subtle, and it is difficult to
convincingly derive site populations by the usual
methods of X-ray or neutron scattering and absorption
spectroscopy.

The lack of accurate information on site popula-
tions means that it is impossible to derive thermody-
namic data on adequately characterized material. In
addition, it is also not feasible to develop reliable
activity models for thermodynamic treatment.
Significant progress has recently been made in the
chemical characterization of staurolite (Dutrow er al.
1986, Holdaway et al. 1986a, b, Lonker 1983), mak-
ing the question of site populations more pressing than
ever. Here we attack this problem by crystal-structure
refinement of a large number of staurolite samples
covering the full compositional range of the natural
minerals. A preliminary account of this work was
given by Ungaretti et al. (1987).

SITE NOMENCLATURE

The site nomenclature currently used for staurolite
is not satisfactory. Sites are identified by element sym-
bols, a situation that is not very convenient where sub-
stitution of various types of cation occurs at the same
site. The situation becomes absurd when the “Fe site”
contains no Fe whatsoever, but Zn or Co instead.
Consequently, we have relabeled the sites in staurolite
according to the scheme shown in Table 1.

Tetrahedrally coordinated cations are labeled by the
letter T, and octahedrally coordinated cations are
labeled by the letter M. Anion sites retain the old
labels, as these are compatible with the new scheme of
labeling of the cations. The hydrogen positions are
labeled H, but the subsequent letter designation differs
from previous studies; these have been changed such
that O(1A) is the donor oxygen for H(14) and H(24),
and O(1B) is the donor oxygen for H(1B) and H(2B).
The A and B designations for atoms have been

TABLE 1. REVISED NOMENCLATURE FOR CATION SITES IN STAUROLITE
New Mult. 01d New Mult. 01d

M(1R) 4 AT(1A) T(1) 8 St

M(1B) 4 A1(1B) T(2) 4 Fe

M(2) 8 A1(2) T(3) 4 -

M(3A) 2 A1(3A) H(1A) 4 P(1A),H{1B)

M(3B) 2 A1(3B) H(1B) 4 P(1B),H(1A)

M(4A) 2 u(1) H(28) 4 H(28)

M(4B) 2 U(2) H(2B) 4 H(2A)
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retained, as it is often convenient to consider pairs of
atoms, bonds or sites together, and these can then be
jointly labeled by the atom number alone [e.g., M(1)].
There is an additional site, 7(3), not found in previous
studies; this occurs in oxidized staurolite (Caucia et al.
1994), and has been preliminarily described by
Ungaretti ef al. (1988); it is included here for com-
pleteness.

REVIEW AND SYNTHESIS
OF PREVIOUS WORK

There has been much significant work done in the
past few years, and a detailed review and synthesis of
the current situation are warranted, both to highlight
the principal problems in the crystal chemistry of stau-
rolite, and to identify those factors that are currently
the subject of controversy.

General structure

The structure of staurolite was essentially deter-
mined by Néray-Szab6 (1929), using the orthorhombic
space-group Ccmm and a chemical formula (Z = 1)
Fe, Al ¢SigO 5Hg. In their description of lusakite, the
cobalt analogue of staurolite, Skerl & Bannister (1934)
noted both the difference between the formula used by
Néray-Szabé (1929) and the previous formula pro-
posed by Horner (1915), and also the similarity of the
latter to the formula unit of lusakite: [Co, g3Fe?* g,
Mg 09Ni 20Tig 11]54.03[AL16.76F€%*1 061517.82[S17 75
Al 5155045H, 6. A careful morphological and X-ray
study (Hurst et al. 1956, recounted in detail by
Donnay & Donnay 1983) confirmed the C-centered
lattice for staurolite, but also showed that staurolite is
monoclinic with space-group symmetry C2/m (assum-
ing the presence of a center of symmetry, as suggested
by a negative piezoelectric test). At the same time,
Juurinen (1956) reported what are now regarded
(Holdaway et al. 1986b) as results of very high quality
chemical analyses of staurolite, and gave a new ideal-
ized formula: Fe,Al;SigO,H, (note that this has a net
positive charge of 2+). These new data prompted a re-
investigation of the staurolite structure by Néray-
Szab6 & Sasvéri (1958), using the space group C2/m
and the formula unit Fe,Al;¢SigO4eH,. They showed
that the original structural arrangement of Néray-
Szab6 (1929) was essentially correct, but that the
Ccmm symmetry was only a pseudo-symmetry, and
that the correct symmetry is C2/m with B =~ 90°, later
confirmed in detail by Smith (1968).

The staurolite structure (Fig. 1) is traditionally
described as slabs of kyanite [Al,SiOs] and Fe-Al-
oxide-hydroxide [~ %Al ,*IFe,0,(0H),] alternating
along [010]. As noted by Nédray-Szab6 (1929), this can
also be described as a close-packed array of anions
with [6!A1, 1IFe and I8i occupying the interstices. The
kyanite layer is ideally [Al;SigO40l, but extensive
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FiG. 2. Polyhedral representation of the oxide-hydroxide layer in staurolite. The M(3A)
and M(3B) octahedra are regularly dot-shaded, the M(44) and M(4B) octahedra are
irregularly dot-shaded, and the 7(2) tetrahedron is shaded with crosses. Octahedra
adjacent along [001] share edges, and T(2) tetrahedra share faces with M(44) and

M(4B) octahedra.

chemical data show significant Al = Si and possibly
Fe = Al substitutions; however, the stereochemical
details of these substitutions are not known. The
oxide-hydroxide layer is far more complicated; this
layer is illustrated in Figure 2. A (rutile-like) chain of
edge-sharing octahedra extends along [001]. This
chain is flanked by (FeO,) tetrahedra, sharing vertices
with adjacent octahedra and assuming a staggered
arrangement on either side of the chain; the resulting
[M(TO4)O,] structural unit is a common one in many
chemical classes of minerals (Hawthorne 1990). It has
generally been assumed that the principal substitutions
in the structure occur in the oxide-hydroxide layer;
although small amounts of “cross-substitution” have
been proposed by various investigators, crystal-
chemical details are currently lacking.

Compositional range of staurolite

For such a complex mineral, staurolite has a sur-

prisingly small range of composition. More recent for-
mulations have been variations of the type

(Fe,Mg,Zn,Co); 4(Al,Fe),;_15(51,A1)g0,5H; 4

in which the cation associations within parentheses do
not necessarily restrict their substitution to the site(s)
implied by the groupings.

First we will summarize the observed composition-
al ranges irrespective of the sites occupied by the par-
ticular cation. It should be noted here that antipathetic
behavior of cation pairs (e.g., Fe?*, Mg) should not be
taken as inferring direct 1:1 substitution at a specific
site, as some authors have proposed more complex
coupled substitutions involving cations of different
valence at more than one type of site. Griffen & Ribbe
(1973), Ribbe (1982) and Griffen et al. (1982) have
considered the formula and observed compositional
range of staurolite, assuming 4 H apfu (atomns per for-
mula unit). The observed ranges (in apfu) are listed
below:
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Si 7.18-8.09 (7.09: Grew & Sandiford 1984)
Al 16.56-19.24 (19.91: von Knorring et al. 1979)
Fe 1.86-3.66 (0.16: Chopin, pers.comm.)

Mg 0-1.44 (3.01: Chopin, pers.comm.)

Zn 0-1.54 (2.13: Chopin, pers.comm.)

Ti 0-0.17 (0.34: Schreyer et al. 1984)

Mn 0-0.15

Some of these ranges have been extended by more
recent studies (values given in parentheses), and addi-
tional components have been recorded in significant
amounts:

Cr 0-0.45 (Ward 19842a)

Co 0-1.94 (Skerl & Bannister 1934)
Ni 0-0.20 (Sker]l & Bannister 1934)

Li 0-1.57 (Holdaway & Goodge 1990)

For at least some of these cations, it seems that the
constraints on their range are geochemical rather than
structural, as synthetic Mg (Schreyer & Seifert 1969),
Zn (Griffen 1981) and Co (Phillips & Griffen 1986)
end-members have been synthesized, albeit at high
pressures.

Obviously, the compositional ranges given above
are not independent, as overall electroneutrality must
be maintained, and there may be further additional
constraints due to local crystal-chemical factors such
as bond-valence requirements or steric restrictions. A
strong correlation (Fig. 3a) between [Al — (8 — Si)] and
[Fe + Mg + Zn] was observed by Griffen et al. (1982),
leading them to write a more general formula as
(Fe,Mg,Zn)ys 61 25,Al1 5, 825116.2-0.5:04H4, Where
16.58 = x = 18.61. This does not incorporate the
examples of Co-rich staurolite that have been reported
(Skerl & Bannister 1934, Cech ez al. 1981, Bringhurst
& Griffen 1986); renormalization of these composi-
tions on the same basis as that used by Griffen et al.
(1982) shows them to correspond to the trend of
(Fe,Mg,Zn)-bearing staurolite shown in Figure 3a.

(a)

18.4+

18.0

17.64

17.24

(Altot—(8-Si)) ptu

16.8+

2.5 a0 36 40 45

(Fe+Mg+2Zn) ptu
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FiG. 3. Variation in [Al — (§ — Si)] with [Fe + Mg + Mn] in
staurolite: (a) compilation of literature values normalized
on the basis of 44 0% + 4 OH-, from Griffen & Ribbe
(1973); (b) the staurolite compositions of Holdaway e al.
(1986b) normalized on the basis of 44 0% + 4 OH- and
excluding Li,O; (c) the staurolite compositions of
Holdaway et al. (1986b) normalized on the basis of 48
(0%, OH~, F) and including Li,O; the line in (c) is the
same as in (b). In (b) and (c), circles represent staurolite
samples with H =~ 3 apfu; squares represent staurolite
samples with H = 4 apfu.
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However, the basis for the calculation of the formula
unit used by Griffen ez al. (1982) is now known to be
inappropriate. They calculated their cell contents on
the basis of 46 atoms of oxygen [= 44 O + 4 OH],
assuming a constant H content of 4 apfu. Lonker
(1983) and Holdaway ez al. (1986a) have shown that
H is a variable component in staurolite, with a range
of 2.6-4.2 apfu. In addition, Dutrow et al. (1986) have
shown that Li can be a significant component in some
samples of staurolite. The effects of ignoring these
two factors (variability of H, the presence of Li) are
shown in Figures 3b and 3c, which show the data of
Holdaway et al. (1986b) plotted in the same fashion,
recalculated on the bases of [44 O + 4 OH] and 48 (O,
OH, F), respectively. It is immediately obvious from
Figure 3 that the correlation observed between [Al' —
(8 — Si)] and [Fe + Mg + Mn] is induced primarily by
the incorrect procedure for the unit-formula renormal-
ization.

Thus the formula given above is based on the incor-
rect assumption that H =~ 4 apfu. In addition, the work
of Dutrow et al. (1986) and Holdaway et al. (1986b)
shows that the presence of Li is an important factor in
some parageneses. Holdaway et al. (1986b) showed
that the substituent species in staurolite fall into two
well-defined groups:

(a)

(H+F) apfu

FIG. 4. Chemical correlations involving Li in staurolite [after
Dutrow et al. (1986) and Holdaway et al. (19864, b)]: (a)
(R?* + Li) as a function of (H + F); (b) Li as a function of
3 Al; (c) Li as a function of (R?* + 0.5 H).
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(i) (®*+Li+1/2H) range:5.69-628 o©=0.15
(i) (Si+Al) range: 25.10-25.61 ©¢=0.13

in which the cation sums indicated show a very
restricted range. Neither Li nor (H + Li) show any cor-
relation with Al, but (R%* + Li) shows a good correla-
tion with (H + F), with a slope of approximately 0.57
(Fig. 4a). This correlation suggests that the most
important substitution involving hydrogen is

2H= R &)

[not 2 H = (R** + Li) as written in Holdaway et al.
1986b]. Note that (1) is charge-balanced, whereas the
latter is not; Li must be included in the plot of Figure
4a, as it also affects the RZ* content via the substitution

3Li+Al = 3R> 2

(Dutrow et al. 1986), as illustrated in Figures 4b and
4c. It is notable that these “hidden substitutions”
involving first-row elements (H, Li, Be, B) and vacan-
cies have been a principal factor in inhibiting our
understanding of the chemistry of some of the more
complex common silicate minerals (cf., Groat &
Hawthorne 1989, Groat et al. 1989, 1992, Hawthorne
et al. 1993).

(b) A

1.0

Li apfu
»

o ®
51‘;6 63{0
AW (c)
2
% A
2 0.6+

(R?*+0.5 H) apfu
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Hydrogen in staurolite

As is apparent from the previous discussions, the
proposed H-content of staurolite has been very vari-
able, from 2 apfu (Horner 1915) to 8 apfu (Ndray-
Szabé 1929). Results of most chemical analyses sug-
gest that the H content is variable between 2 and
4 apfu (Takéuchi ez al. 1972), but as noted by
Holdaway et al. (1986a), the concentration of H is par-
ticularly difficult to determine in staurolite because of
the mineral’s refractory nature, the almost ubiquitous
presence of inclusions, and the probable evolution of
H in different forms (H,0, H,, CH,) on heating.
Charge-balance calculations on unit-cell contents (i.e.,
normalized on the basis of measured density) suggest
a mean value of 4 H apfu (Griffen & Ribbe 1973), but
this is obviously not a reliable method of renormaliza-
tion for individual mineral formulae, given the diffi-
culty of measuring an accurate density. A significant
step toward the resolution of this problem was taken
by Lonker (1983) and Holdaway et al. (1986a), both
of whom reported careful determinations of H in stau-
rolite samples from a variety of different localities.
Both studies show that H varies significantly in stauro-
lite, but they differ somewhat in the ranges observed.
The data of Lonker (1983), measured on a modified
Dupont moisture analyzer, vary from 1.8 to 3.6 apfu
(0.95-1.92 wt% H,0); the data of Holdaway et al.
(1986a), measured on a H-isotope extraction-line and
an ion microprobe, vary from 2.7 to 4.2 apfu (1.4—
2.3 wt% H,0). Holdaway et al. (1986a) concluded
that the former data are systematically low by
~0.3-0.6 wt% H,0. Holdaway et al. (1986a) also
noted that staurolite samples fall into two groups:
(i) staurolite coexisting with garnet or biotite (or both)
contain 2.7-3.4 H apfu (i.e., a mean value of 3.06 H
apfu); (ii) staurolite that does not coexist with either
garnet or biotite contains 4.09-4.16 H apfu (i.e., a
mean value of 4.14 H apfu).

On the basis of local charge-balance (bond-valence)
requirements, Hanisch (1966) proposed that the H
atoms are attached to the O(14) and O(1B) anions; this
arrangement was confirmed by the two-dimensional
refinement of a staurolite crystal by Takéuchi ez al.
(1972) using neutron-diffraction data. More accurate
positions of the protons were subsequently provided
by the three-dimensional neutron-diffraction refine-
ment of the structure by Tagai & Joswig (1985); the
O-H distances, 1.08(1) and 0.97(1) A observed for
O(14)-H(14) and O(1B)-H(1B), are each typical for
an (OH) group (with significant hydrogen-bond inter-
action). However, site-scattering refinement showed
neither hydrogen position to be completely occupied.
The observed H occupancies of 0.38(1) and 0.48(2),
respectively, for H(14) and H(1B) indicate a cell con-
tent of 3.44 H apfu, within the range of 2.7-3.4 H apfu
observed by Holdaway er al. (1986a) for staurolite
coexisting with biotite. However, Stéhl et al. (1988)
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have recently identified two additional hydrogen posi-
tions in a neutron-diffraction refinement of the struc-
ture of a staurolite crystal from Pizzo Forno, St.
Gotthard, Switzerland. All hydrogen positions are
shown diagrammatically in Figure 5. They all are ~1
A away from the O(14) and O(1B) oxygen atoms, as
expected for hydroxyl groups. The positions H(1A)
and H(2A) are ~1 A apart, too close for simultaneous
occupancy; H(1B) and H(2B) are likewise arranged,
also too close for simultaneous occupancy [which
would result in an (H,O) group]. The position H(1A)
is ~2 A from both H(1B) and H(2B), a short distance
for simultaneous occupancy of H(14) and either
H(1B) or H(2B); the local arrangement around H(1B)
is similar. All of the H positions are less than half-
occupied. Occupancy of specific H positions exerts
constraints on the occupancies of adjacent sites, as dis-
cussed in detail by Stahl et al. (1988). The latter also
noted that the occurrence of the H(2A) and H(2B) sites
in staurolite is concordant with the third proton
nuclear magnetic resonance reported by Takéuchi ez
al. (1972).

Disorder of tetrahedrally coordinated cations
in the oxide—hydroxide layer

In his refinement of the St. Gotthard staurolite,
Smith (1968) found that within the oxide-hydroxide
layer, tetrahedrally coordinated Fe?* [at the T(2) site]
shows significant positional disorder. For a structure
mode] with a single 7(2) position, difference-Fourier
maps showed three maxima of residual density in the

FiG. 5. The hydrogen positions in staurolite [coordinates from
Stéhl er al. (1988), site nomenclature from Table 1, this
study]. Hydrogen bonds are indicated by dashed lines;
note that not all the positions indicated can be occupied
simultaneously.
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mirror plane parallel to (010) at y = 0, indicating that
the Fe is actually positionally disordered into three
nonequivalent sites within its tetrahedron of coordinat-
ing anions. Similar difference-Fourier maps also were
presented by Bringhurst & Griffen (1986) and St&hl et
al. (1988). Alexander (1989) and Stdhl & Legros
(1990) refined models with Fe occupying three closely
spaced sites within the T(2) tetrahedron, However, the
authors of both studies were not satisfied with the
results. Alexander (1989) noted the very high correla-
tions and insignificant decrease in the R index, togeth-
er with residual density in the difference-Fourier that
“may indicate the presence of other (minor) occupied
positions in the Fe tetrahedron in addition to the three
previously observed subsites”. Stdhl & Legros (1990)
refined a very constrained three-site model (atoms at
the apices of an equilateral triangle) and also refined
an anharmonic displacement model for a central site;
from model calculations, they concluded that the sub-
site separations are in the range 0.20-0.25 A. Neither
set of authors used the results of the subsite refine-
ments in any quantitative crystal-chemical discussions,
and it should perhaps be emphasized that this is quite
correct; because of the obvious problem of resolution,
it would be wrong to attach too much quantitative sig-
nificance to the results of the split-site refinements.

Dyar et al. (1991) have assigned three doublets to
Fe?+ at three different T(2) subsites in the M6ssbauner
spectra of a wide variety of staurolite samples. In par-
ticular, these doublets were observed in synthetic Fe-
rich staurolite, showing that the disorder cannot be
entirely the result of solid-solution effects.

There have been various reasons suggested for this
positional disorder, but there have also been insuffi-
cient crystallographic data on a wide range of compo-
sitions fo see if the proposed mechanisms are of gener-
al applicability.

Order—disorder relations at M(3A) and M(3B)

In the staurolite structure, within the oxide—hydrox-
ide layer, adjacent octahedral sites in the M(3) chain
are symmetrically distinct, and are denoted M(3A) and
M(3B), respectively. Néray-Szab6é & Sasvéri (1958)
assigned all available Al to the M(34) site; thus M(34)
was fully occupied, and M(3B) was empty.
Conversely, Hanisch (1966) refined the structure of a
sample of zincian staurolite in the space group Cemm;
with this symmetry, M(3A) and M(3B) are symmetri-
cally equivalent, and both sites were considered as
half occupied. In perhaps the classic structural study
of staurolite, Smith (1968) showed that (Al + Fe) is
partly ordered between M(3A) and M(3B) in C2/m.
Similar partial ordering over these sites has since been
observed by Tagai & Joswig (1985), Bringhurst &
Griffen (1986), Stdhl er al. (1988) and Alexander
(1989), with the scattering power and assigned site-
populations at M(34) always exceeding those at
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M(3B).

Stahl & Legros (1990) illustrated a relationship
between “occupancy” and mean bond-length at the
M(3A) and M(3B) sites, two distinct correlations (by
sample, not by site) being shown. They suggested the
different correlations to be due to unspecified compo-
sitional differences between the samples. However, we
note that they “normalized” the “occupancy” factors
for each staurolite to “pure Fe” at the T(2) site, and to
(0.67 Al + 0.33 Mg) at the M(34) and M(3B) sites.
This procedure is unjustified by general stoichiometry
of staurolite, and results in a range of “normalized
occupancies” that is totally incompatible with the
results of the present study.

Mechanism of substitution and
disorder among cations

The chemical varjations discussed above concern
variations in cation proportions, and only in a few
cases did the discussion focus on details of cation
occupancy of specific sites. However, there have been
many (commonly contradictory) proposals as to
details of site populations in staurolite; these will be
briefly outlined next.

Divalent cations: The principal substitutions proposed
for staurolite are the homovalent substitutions Mg =
Fe?*, Zn = Fe?*, and Co = Fe?*, It has been shown by
all structure-refinement studies that Fe?* primarily
(but not completely) occupies the tetrahedrally coordi-
nated T(2) site (albeit with some positional disorder),
with subsidiary occupancy of the octahedrally coordi-
nated M(4A) and M(4B) sites; Dyar et al. (1991) also
suggested M(3A) and M(3B) as possible sites for
I6Fe2+, It was generally assumed that Mg, Zn and Co
substitute for Fe?* at the 7(2) site, and certainly the
structural studies of Zn-bearing staurolite (Hanisch
1966) and Co-bearing staurolite (Bringhurst & Griffen
1986) show this to be dominantly the case. However,
there have been many proposals for small amounts of
Fe (commonly specified as Fe**) and Mg occupying
the M(1,2,3) sites, and small amounts of Al occurring
at the T(2) site. Indeed, from a statistical study of
staurolite compositions, Griffen & Ribbe (1973) con-
cluded that “the generally accepted view that Mg is
the primary substituent for Fe at the FelV site is not
supported by the statistical analysis. It appears that Al
and Zn (probably in that order) are more important
substituents at the Fe'¥ site”. This conclusion was re-
emphasized by Griffen ez al. (1982), who made the
following (admittedly simplified) assignments: all
available Mg occupies the M(3) sites; M(1) and M(2)
are fully occupied by Al; the T(2) site is fully occupied
by (Fe + Zn + Al). However, it is apparent from
Figure 3 that some degree of spurious correlation was
introduced into these studies by the assumption that
the formula unit contains 4 H atoms. Bringhurst &
Griffen (1986) assigned all Mg (1.23 apfu) to the M(1)
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and M(3) sites in their refinement of a Co-bearing
staurolite. Enami & Zang (1989) emphasized the
importance of the preferential replacement of Al by
Mg, although they noted that IMg = “IFe also seems
to occur in some samples of high-Mg staurolite. On
the other hand, Holdaway er al. (1986b) concluded
that very little Mg replaces Al, but that a small amount
of Al substituting for R%* [presumably at the T(2) or
M(4) sites] “cannot be excluded on the basis of our
analytical results”.

Trivalent and tetravalent cations: Staurolite contains
small amounts of trivalent and tetravalent transition
metals (Fe>, Ti*, Cr3*, V3%); their distribution over
the cation sites is totally uncharacterized. It has gener-
ally been assumed that in staurolite, Fe** is octahedral-
ly coordinated, although Tagai & Joswig (1985) did
assign 0.24 Fe?* apfu to the T(1) site in their neutron-
diffraction refinement of the structure. Stahl ez al.
(1988) assigned 0.48 Fe** apfu to the M(1) sites,
whereas Alexander (1989) assigned 0.14 Fe** apfu to
the M(3) sites. Holdaway et al. (1986b) proposed sig-
nificant Fe** = Al substitution (0.30-0.35 apfu) in
three of their staurolite samples; on the basis of size of
cations, in octahedral coordination, they suggested that
this occurs at M(3A), but this argument is incorrect
from a predictive point of view (polyhedral size is
affected by the identity of the constituent cations, not
vice versa). Bringhurst & Griffen (1986) assigned 0.20
Fe to M(3) but did not specify its valence state.

Dyar et al. (1991) have thoroughly reviewed the lit-
erature on Mossbauer spectroscopy of staurolite. As
with the structural and chemical studies reviewed
above, there have been a number of different interpre-
tations of essentially very similar data. They also
examined a wide variety of samples of staurolite by
Méossbauer spectroscopy, including several of those
examined by us. With regard to Fe*, they concluded
that the Fe>* contents are usually low (~3% of total
Fe) but can go up to 12% [in sample EH-6, suspected
by Holdaway et al. (1986b) of having a high Fe** con-
tent]; they also suggested that Fe* is tetrahedrally
coordinated, occurring at the 7(2) site.

With regard to Ti%, it is usually assumed to be
octahedrally coordinated. However, on the basis of the
observed pleochroism in staurolite, Ward (1984b)
argued that it must occupy the 7(2) site in order to par-
ticipate with “IFe in a Fe?* = Ti#** change-transfer
reaction polarized strongly along the ¢ axis. Normally,
IVCT (InterValence Charge-Transfer) reactions are
promoted by the close approach of the constituent
cations, and must have an orbital path along which to
propagate. This can involve metal-metal interaction
via direct orbital-overlap across shared faces or edges
of coordination polyhedra, or by metal — ligand —
metal super-exchange. In both cases, the constituent
cation polyhedra must share one or more ligands. In
staurolite, the 7(2) tetrahedron does not link to neigh-
boring T(2) tetrahedra, indicating that T(2)~T(2)
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charge-transfer reactions are unlikely. Later, we pro-
pose an alternative site for Ti.

Other minor cations (Cr3*, V3*) are usually present
in the range 0.01-0.10 apfu. They have been assigned
to the M(4) sites in several studies, but again there is no
direct evidence for this; in this regard, note that the pop-
ulations of the M(4) sites are, by and large, so low that
the sizes of the coordination polyhedra reflect the
“size” of the vacant site rather than the occupied site.

Dyar et al. (1991) and Dutrow (1991) suggested
that Li occurs at the T(2) site because of the decrease
in Fe with increasing Li in synthetic Li-Fe-bearing
staurolite. The conclusion may be correct, but the rea-
soning is not; there could also be coupled O = Fe?*,
Li= O substitutions at different structural sites. The
question of where Li occurs in the structure must still
be considered as open.

To summarize, there have been a large number of
proposals for site-population patterns of different
types; however, except for the principal substitutions
Al = Si at the T(1) site and Zn = Fe?* and Co?* =
Fe?* at the T(2) site, there is no systematic evidence
for the general validity of these schemes.

EXPERIMENTAL METHODS

The provenance of the samples used in this work is
indicated in Table 2. We tried to cover the entire
observed compositional range of staurolite; specific
analyzed samples were obtained from the anthors of
various published and unpublished studies to ensure
this coverage. In particular, samples S(41) and S(42)
are unique single crystals drilled from petrographic
thin sections; the slightly lower quality of the data
obtained is compensated by their very unusual chem-
ical composition (Chopin, pers. comm.). All these
particular samples were supplemented by staurolite
samples of more usual compositions.

Collection of X-ray data

Crystals were selected for crystallographic mea-
surement and collection of intensity data on the basis
of optical clarity, freedom from inclusions, and equant
shape. For the chemically well-characterized samples
of Holdaway ef al. (1986b), several crystals were
examined from each mineral separate to check for
sample homogeneity. All crystals were mounted on a
Philips PW 1100 automated four-circle diffractometer
and examined with graphite-monochromated MoKot
X-radiation. Crystal quality was assessed via the pro-
files and widths of Bragg diffraction peaks; on this
basis, several crystals were discarded. Diffraction data
were measured only from those crystals judged to be
of sufficiently good quality. Unit-cell dimensions were
calculated by least-squares refinement of the d values
obtained for 40 rows of reciprocal space by measuring
the center of gravity of each reflection in the 9 range
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TABLE 2. PROVENANCE OF STAUROLITE CRYSTALS USED IN THIS WORK

Crystal Sample code Locality - References

S(1) 71-62R/1 Black Mtn., N.H. M. Holdaway et al. (1986b)
$(2) 71-62R/6 Black Mtn., N.H. »
§(3) 71-62R/5 Black Mtn., N.H. ¢
S(4) EH-6/6 Emery Hil1, N.Y. "
$(5) EH-6/4 Emery Hi11, N.Y. u
S(6) EH-6/2 Emery Hi11, N.Y. u
§(7) 3-3/1 West Sidney, Maine "
$(8) 3-3/2 West Sidney, Maine °
S(9) 106038/1 Franklin, N.C. "
${10) 106038/3 Franklin, N.C. b
S(11) 117189/6 Stratford, N.C. "
S¢12) 117189/7 Stratford, N.C. "
$(13) 117189/21 Stratford, N.C. "
S(14) 117189/1 Stratford, N.C. "
$(15) 6-3/1 East Winthrop, Maine i
S(16) 6-3/2 East Winthrop, Maine *
S(17) WARD/7 Fiordiand, New Zealand C.M. Ward (1984a)
S(18) MOT/2 unknown locality A. Mottana, pers. comm.
§(19) MUS/6-1 Pizzo Forno, Switzerland This work
${20}) MUS-AR/3 Pizzo Forno, Switzerland "
S{21) HP1/2 Pizzo Forno, Switzerland "
§(22) MUS/3 Pizzo Forno, Switzeriand "
5(23) P10/11 Brazil "
§(24) P10/13 Brazil *
$(25) DW7/4 Antarctica B. lLombardo, pers. comm.
s{26) DW7/811 Antarctica *
$(27) DER/10-2 Dervio, Italy This work
5(28) DER/2 Dervio, Italy "
$(29) DER/1 Dervio, Italy "
$(30) DER/10-4 Dervio, Italy v
$(31) MAR/FP15 Ticino river, Italy "
$(32) MAR/1 Ticino river, Italy "
$(33) MAR/15 Ticino river, Italy "
$(34) MAR/16 Ticino river, Italy "
$(385) MAR/S5g Ticino river, Italy "
$(36) MAR/2 Ticino river, ltaly ®
$(37) MAR/6~1 Ticino river, Italy "
$(38) MAR/8 Ticino river, Italy "
$(39) MAR/711 Ticino river, Italy "
$(40) MAR/21 Ticino river, Italy *
S(41) 85DMe6b Dora Maira, Italy C. Chopin, pers. comm.
§(42) BARR888 Barrhorn, Switzerland *

2-35°, together with that of each “antireflection” at
negative 0 values. Refined cell-dimensions for the
crystals used in the collection of the intensity data are
given in Table 3. For the Zn-rich staurolite 117189
from Holdaway et al. (1986b), cell dimensions were
measured on 14 different crystals.

Intensity data were collected for the monoclinic
equivalents Akl and Ak in the range 2 < 6 < (30-65)°,
depending on crystal size, using the step-scan profile
technique of Lehmann & Larsen (1974). For all the
crystals but S(4), S(19), S(20), S(23), S(24), S(29),
S(32), S(33), S(37), S(38) and S(42), only intense
reflections were collected beyond 6 = 30°. Full details
of the data-collection procedure are given in Ungaretti
(1980) and Ungaretti et al. (1981). The intensity data
were corrected for absorption by the method of North
et al. (1968), corrected for Lorentz and polarization

effects, averaged and reduced to structure factors. A
reflection is considered as observed if its intensity
exceeds that of five standard deviations based on
counting statistics.

Structure refinement

Fully ionized scattering-factors were used for the
non-tetrahedrally coordinated cations, and both neutral
and ionized scattering-factors were used for the tetra-
hedrally coordinated cations and the oxygen atoms
(Ungaretti 1980). R indices are of the standard form,
and are given as percentages.

All refinements were done in the space group C2/m,
even where the equality of I(kl) and (kkl) (together
with B = 90° and the identity of the A and B sites) sug-
gested orthorhombic Cemm symmetry. In particular,
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TABLE 3. CELL DIMENSIONS (A, A®, °) AND MISCELLANEOUS STRUCTURE REFINEMENT INFORMATION FOR STAUROLITE

S{1) S(2) S(3) S(4) S(5) S(6)

S(7) S(8) S(9) S(10) S(11) S§(12) S§(13) S(14)

7.863 7.863
16.613 16.612
5.650 5.650
90.09 90.14
738.1 738.1

7.865
16.608
5.651
90.23
738.1
45
2.1
1.8
2.0
1744
1918

7.879
16.624
5.661
90.00
741.5
32
1.9
1.8
3.5
992
1339

7.882
16.622
5.660
90.01
741.6
45
1.3
1.8
2.2
2037
2233

7.881
16.625
5.661
90.06
741.7

D<R/O T
g
N
.
o

g

£
=
H

=2 B R

o
°
-~

7.874
16.625
5.662
90.02
741.3

7.878 7.877 7.868 7.868 7.868 7.869

16.606 16.606 16.610 16.609 16.609 16.606
5.657 5.657 5.658 §.658 5.659 5.659

90.08 90.09 90.03 90.13 90.27 90.45

740.0 740.0 739.5 739.4 739.6

45 45 45

1.2 1.9

1.6 1.8

1.9 2.2

1977 1991
2138 2162

7.873
16.627
5.663
90.04
741.2
45
2.5
1.8
2.3
1661
1847

S(17) S(18) S(19)

$(22) S{24) $(27)

7.872
16.612
5.655
90.12
739.4
45
2.0
2.0
2.4
1628
1799

7.868
16.619
5.658
90.00
739.8

7.868
16.615
5.655
90.02
739.3
40
1.7
1.9
2.9
1840
2367

D<REN O
o
=]
<
~nNy

LR

2.8
1983
2364

]
4

Z=E2R AT
by

o
°
-

7.869
16.620
5.657
90.16
739.8

7.865 7.868

16.609 16.619

5.656 5.660

90.03 90.09

738.8 740.1
66

66

1.8 1.1

2.8 2.6

4.3 2.7

5234 3782
6722 3858

2.7
1941
2104

$(29) S(30) S(31) S(33) S(34)

$(35)

S(36) ${38) S(41)

7.871
16.624
5.660
90.12
740.7
40
1.9
2.0
2.2
1922
2382

7.869
16.622
5.660
80.12
740.3

7.869
16.608
5.656
90.00
739.2
45

7.867
16.620
5.658
90.09
739.7

7.866
16.625
5.660
90.10
740.2
40
3.4
2.2
2.5
1724
1899

P<@o o
I

2.9
1880
2376

384

ZZZ?P
H

&
s
-

7.868
16.611
5.654
90.16
739.0

7.864
16.619
5.659
90.17
739.5
45
1.9
1.9
2.2
2112
2272

7.869 7.871
16.607 16.541
5.658 5.632 5.639
90.22 90.01
739.4 733.3
40 30
2.3 5.8
1.8 4.7%
2.8 9.1
1922 652
2362 1113

40
1.6
1.5
1.9

1404
1582

919
1665

Note:

the crystals S(4), S(5), S(16), S(18), S(19) and S(31)
were treated as monoclinic for both unit-cell and crys-
tal-structure refinement in order to facilitate compari-
son across the whole series reported here and in the
literature. For the structure refinements, the starting
parameters were those of Smith (1968); the starting
occupancies represented an average composition for
staurolite. The refinements converged to R indices of
~2% for full-matrix refinement of all atomic positions,
those site-occupancies considered as variable (see
below, Table 5), and anisotropic displacement factors.
At this stage, difference-Fourier maps showed the pre-
viously noted (Smith 1968, Alexander 1989, Stihl &
Legros 1990) three-lobed residual density around the
T(2) site. We attempted to model this feature in our
refinement; the details are given in the next section.

Modeling the disorder at the T (2) position: Although
difference-Fourier maps show the characteristic three-
lobed structure, Fourier maps calculated with a central

e.s.d. < 0.002 A for 2 and ¢, < 0.004 A for b and < 0.02° for R
* refinement done on the reflections with I =3 o(l)

T(2) atom were not very informative. Consequently,
refinement was initiated by displacing the three off-
center sites a small amount from the central position,
and dividing the aggregate scattering power at the cen-
tral site equally among the three off-center sites. The
starting R-index was high, but converged to a value
slightly less than that for the central-site model.
However, suspicious of the possibility of false mini-
ma, we repeated the procedure with a slightly different
starting model; the refinement converged to a different
geometrical solution with approximately the same R-
index. Repeating this procedure several times pro-
duced a series of different solutions, all of which had
about the same R-index. It is apparent that the solution
obtained is dependent on the starting model, which
indicates that most (if not all) of the solutions resuit
from convergence to false minima.

In an effort to overcome this problem, we collected
data on one crystal to very high resolution (maximum
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TABLE 4. SELECTED INTERATOMIC DISTANCES (A) FOR STAUROLITE
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S{1) S(2) S(3) S(4) S(5) S(6) S(7) s(8)

$(9) S(10) S(11) S(12) $(13) S(14) S(15) S(16) $(17) $(18) ${19) $(20) 5(21)

T(1)-02A 1.634 1.634 1.635 1.635 1.636 1.635 1.637 1.637 1.636 1.637 1.635 1.634 1.634 1.635 1.633 1.631 1.633 1.635 1.633 1.634 1.633
~028 1.634 1.634 1.635 1.634 1.636 1.636 1.636 1.636 1.636 1.636 1.634 1.634 1.633 1.634 1.630 1.631 1.632 1.635 1.633 1.633 1.633
-03 1.648 1.650 1.653 1.655 1.655 1.655 1.656 1.655 1.658 1.658 1.653 1.652 1.654 1.651 1.654 1.656 1.652 1.655 1.651 1.651 1.651
-04 1,644 1.644 1.646 1.642 1.642 1.641 1.644 1.643 1.643 1.644 1.641 1.641 1.643 1.643 1.642 1.641 1.640 1.642 1.642 1.642 1.641
<T(1)-0> 1.640 1.640 1.642 1.642 1.642 1.642 1.643 1.643 1.643 1.644 1.641 1.640 1.641 1.641 1.640 1.639 1.639 1.642 1.639 1,640 1.640
T(2)-01A 2.055 2.055 2.057 2.016 2.016 2.019 2.029 2.032 2.022 2.022 2.016 2.013 2.015 2.011 2.034 2.040 2.028 2.035 2.035 2,033 2.034
-018 2.051 2.049 2.044 2,015 2.016 2.020 2.030 2.030 2.021 2.023 2.016 2.017 2.021 2.022 2.033 2.040 2.027 2.032 2.036 2.033 2.036
-05 1.96]1 1.960 1.960 1.969 1.968 1.970 1.979 1.979 1.971 1.971 1.976 1.976 1.975 1.975 1.971 1.965 1.971 1.977 1.972 1.971 1.974
<T(2)-0> 2.007 2.006 2.005 1,992 1.992 1.995 2.004 2.005 1.996 1.997 1.996 1.996 1.996 1.996 2.002 2.003 1.999 2.005 2.004 2,002 2.005
M(1A)-02A 1.937 1.937 1,935 1.948 1.949 1,946 1.945 1,943 1.943 1.942 1.942 1.941 1.936 1.932 1.943 1.945 1.941 1.942 1,944 1.941 1.943
~04 1,898 1.898 1.895 1.899 1.899 1.897 1.898 1.699 1.898 1.897 1.898 1.897 1.895 1.893 1,901 1.903 1,899 1,898 1.900 1.898 1.899
~05 1.892 1.891 1.892 1.907 1.908 1.905 1.899 1.898 1.900 1.901 1.899 1.899 1.897 1.897 1.889 1.886 1.896 1.897 1.895 1.896 1.896
<M(1A)-0> 1.909 1.909 1.907 1.918 1.919 1.916 1.914 1.913 £.914 1.913 1.613 1.912 1.910 1.907 1.911 1.911 1,912 1.912 1.913 1.912 1.913
M(18)-028 1.938 1.940 1.942 1.949 1.948 1,950 1.945 1.945 1,946 1.946 1.944 1,944 1.949 1,954 1.946 1.946 1.948 1,942 1.943 1.943 1.944
~04 1.901 1.902 1.903 1.899 1.899 1.901 1.899 1.900 1.899 1.900 1.900 1.901 1.903 1.905 1.903 1,903 1,902 1,899 1.899 1.900 1.901
-05 1.892 1.891 1.891 1.905 1.907 1.908 1.899 1.899 1.905 1.903 1.902 1.901 1.903 1.903 1.689 1.884 1.899 1.896 1.895 1.696 1.899
<M(1B)-0> 1.910 1.911 1.912 1.918 1.918 1.920 1.915 1.915 1.917 1.916 1.915 1.915 1.918 1.921 1.913 1.911 1.916 1.912 1.912 1,913 1.915
M(2)-01A 1.927 1.927 1.926 1.924 1.924 1.924 1.922 1.922 1.921 1.922 1.922 1.922 1,920 1,920 1.919 1.919 1,919 1.920 1.920 1.921 1.920
-01B 1.925 1.924 1.924 1.926 1.925 1.923 1.922 1,922 1.923 1,923 1.922 1.923 1.925 1.930 1.921 1.920 1.921 1.922 1,920 1.921 1.91¢
~0ZA 1.924 1.927 1.930 1.923 1.922 1.925 1.924 1.926 1.923 1.922 1.926 1.930 1.936 1.941 1.926 1.923 1.928 1.924 1.925 1.926 1.928
-D2B 1.917 1.915 1.011 1.923 1.822 1.919 1.924 1.924 1.917 1.918 1.924 1.924 1.917 1.908 1.925 1.922 1.920 1.925 1.925 1.922 1.923
-03  1.869 1,869 1.873 1.878 1.880 1.479 1.878 1.8768 1,880 1,880 1.873 1.874 1.875 1.879 1.887 1.889 1.877 1.874 1.874 1.875 1.875
~05 1.868 1.866 1.869 1.863 1.869 1.868 1.867 1.868 1.867 1.867 1.867 1.868 1.869 1.869 1.859 1.856 1.867 1.867 1.868 1.868 1.866
<M(2)-0> 1.905 1.905 1.905 1.907 1.907 1.907 1.906 1.906 1.905 1.905 1.906 1.906 1.907 1.907 1.906 1.905 1.906 1.905 1.905 1.905 1.905
M(3A)-D1A 1.845 1.844 1.837 1.872 1.870 1.867 1.859 1.857 1.855 1.856 1.861 1.857 1.849 1.844 1.852 1.849 1.856 1.855 1.859 1.857 1.856
~03 2.037 2.031 2.016 2.047 2.047 2.042 2.044 2.041 2,035 2,037 2.046 2.035 2.020 2.006 2.037 2.036 2.035 2.043 2,046 2.040 2.039
<M(3A)-0> 1.973 1.969 1.957 1.989 1.988 1.984 1,982 1.980 1.975 1.976 1.984 1.976 1.963 1.952 1.975 1.974 1.975 1.980 1.984 1.979 1.978
M(38)-D1B 1.854 1.859 1.864 1.870 1.869 1.873 1.861 1.862 1.864 1.862 1.863 1.865 1.869 1.875 1.853 1.850 1,867 1.856 1.860 1,862 1.862
-03 2.058 2.062 2.071 2.047 2,049 2.055 2.047 2.051 2.051 2.050 2.050 2.059 2.072 2.089 2.042 2.037 2,059 2.046 2.048 2.052 2.053
<M(38)-0> 1.990 1.995 2.002 1.988 1.989 1.995 1.985 1.988 1.989 1,987 1.987 1.995 2.004 2.018 1.979 1.975 1.995 1,983 1.985 1.988 1.990
M(4A)-01A 2.107 2.109 2.118 2.087 2.090 2.094 2.099 2.100 2.105 2.103 2.093 2.098 2.108 2.116 = = 2,101 2.100 2.096 2.097 2.100.
-06 2.191 2,190 2.188 2.187 2.183 2.185 2.196 2.197 2.181 2.183 2.167 2.186 2.185 2.184 = = 2.188 2.196 2.194 2,192 2.192
<M(4A)-0> 2.163 2.163 2.164 2.153 2.152 2.155 2.163 2.164 2.156 2.156 2.156 2.1567 2.159 2,181 = = 2,159 2.164 2.161 2.161 2.161
M(4B)-01B 2.097 2.092 2.086 2.0688 2.091 2.086 2.096 2.094 2.094 2.096 2.090 2.086 2.081 2,073 = 2,087 2.098 2.095 2.090 2.092
~05 2.195 2.195 2.196 2.185 2.183 2.187 2.196 2.198 2.185 2.185 2.188 2.189 2.190 2.191 = = 2.191 2.195 2.194 2.193 2.195
<M(4B)-0> 2.162 2.161 2.159 2.153 2.152 2.153 2.163 2.163 2.155 2.155 2.156 2,154 2.153 2.152 = = 2,186 2.163 2.161 2.159 2,161
<M(1}-0> 1.909 1.910 1.910 1,918 1.918 1.918 1.914 1.914 1.915 1.914 1.914 1,913 1.914 1.914 1.912 1,911 1.914 1.912 1.012 1.912 1.914
<M(3)}-0> 1.981 1.982 1.979 1.988 1.968 1.989 1.983 1.984 1.962 1.981 1.985 1.985 1.985 1.985 1.977 1.974 1.985 1.981 1.984 1.984 1.984
<M(4}-0> 2.162 2.162 2.161 2.153 2.152 2.154 2.163 2.163 2.155 2.155 2.156 2.155 2.156 2.167 = = 2,157 2.163 2.161 2.160 2.161

Note: e.s.d. are < 0.002 A,

20 = 135°, 5234 unique reflections). The problem of
false minima still persisted, and we also concluded
that the 7(2)-T(2) separations obtained from the three-
site models depend on the resolution of the X-ray data
used in the refinement. The minimum possible inter-
planar spacing allowed by the very high-resolution
data is d,;, = A/2 sin 6,,, = 0.38 A, and the minimum
separation that can be reliably imaged in a map of
electron density is 0.715 d;, = 0.27 A. Thus we con-
clude that the real T(2)-T(2) separations are less than
0.27 A, and hence they can only be adequately
resolved with a radiation of considerably shorter
wavelength than MoKo. This is in accord with the
separations estimated by Stéhl & Legros (1990) from
the magnitudes of the central-site isotropic displace-
ment factors.

The following procedure was used to cope with this
problem. A central 7(2) site was used, and the occu-
pancy and thermal parameters were refined un-

constrained. Upon convergence, small amounts of
scattering were added at the three subsidiary positions
corresponding to the familiar lobes in the difference-
Fourier, and the model was refined to convergence.
‘We emphasize that the three subsidiary positions have
no stereochemical significance except to indicate that
one (or more) disordered positions of the cations lies
along each vector joining the position of the central
cation to the subsidiary positions, as assumed in all
previous work. However, we found that the total scat-
tering from the 7(2) site (or aggregate scattering from
the central site and subsites) was the same in the one-
site model, the three-site model (without the central
site), and the four-site model; it is apparent that the
additional density added at the three subsidiary posi-
tions was accompanied by a decrease in the displace-
ment factor at the central site and a corresponding
decrease in the density at the central site, with a net
change in scattering of zero. For simplicity, we give
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TABLE 4. CONTINUED.
S(ZZ) $(23) $(24) $(25) S(26) S(27) S(28) $(29) S(30) ${31) $(32) $(33) S(34) $(35) $(36) S(37) $(38) $(39) 5{40) S{41) 5(42)
T(1)-02A 1.634 1.633 1.633 1.633 1.634 1.634 1.636 1.636 1.635 1.635 1.634 1.633 1.635 1.635 1.632 1.633 1.633 1.634 1.634 1.631 1.630
~02B 1.633 1.634 1.633 1.633 1.633 1.634 1.635 1.634 1.634 1.635 1.635 1.633 1.633 1.634 1.633 1.635 1.632 1.634 1.634 1.630 1.631
-03  1.654 1.654 1.653 1.650 1.651 1.654 1.655 1.655 1.655 1.655 1.653 1.651 1.652 1.652 1.651 1.652 1.651 1.655 1.652 1.652 1.649
-04  1.641 1.643 1.642 1.641 1.642 1.641 1.643 1.644 1.641 1.643 1.642 1.641 1.642 1.643 1.641 1.643 1.641 1.645 1,642 1.644 1.637
<T(1)-0> 1.641 1.641 1.640 1.640 1.640 1,641 1.642 1.642 1.641 1.642 1.641 1.640 1.640 1.641 1.639 1.641 1.639 1.642 1.641 1.639 1.637
T(2)-01A 2.035 2.028 2.032 2.040 2.039 2.036 2.037 2.034 2.038 2.029 2.030 2.035 2.033 2.040 2.035 2.031 2028 2,025 2.034 2.016 2.007
~01B 2.037 2.029 2.031 2.040 2.040 2.035 2.037 2.031 2.036 2.026 2.029 2.035 2.031 2.038 2.033 2.031 2.032 2.028 2.029 2.025 2.005
-05 1.975 1.977 1.976 1.971 1.972 1.977 1.976 1.978 1.976 1.974 1.979 1.975 1,978 1.968 1.978 1.975 1.972 1.971 1,977 1.943 1.961
<T{2)-0> 2.005 2.003 2.004 2.005 2.006 2.006 2.006 2.005 2.006 2.001 2.004 2.005 2,005 2.004 2.006 2.003 2.001 1.999 2.004 1.982 1.983
M{1A)-02A 1.940 1.943 1.942 1.944 1.940 1.941 1.942 1.941 1.942 1.942 1.942 1.941 1,939 1,937 1.938 1.939 1.938 1,936 1.935 1.940 1.935
-04 1.896 1.899 1.898 1.898 1.898 1.898 1.898 1.897 1.899 1.898 1.898 1.900 1.900 1.897 1.897 1.897 1.897 1.895 1.896 1.904 1.903
-05 1.896 1.896 1.896 1.897 1.895 1.895 1.897 1.897 1.896 1.897 1.896 1.896 1.895 1.894 1.894 1.895 1.894 1.804 1.893 1.897 1.888
<M(1A)-0> 1.911 1,913 1,912 1.913 1.911 1.911 1.912 1.911 1.912 1.913 1.912 1.912 1.911 1.910 1.910 1.910 1.910 1.909 1.908 1.914 1.909
M(1B)-02B 1,948 1.943 1,942 1.946 1.945 1.947 1,947 1.947 1.947 1.943 1.945 1.944 1.944 1,944 1.947 1.946 1.949 1.946 1.950 1.943 1.935
-04 1.900 1.899 1.898 1.900 1.903 1.901 1.901 1.900 1.901 1.887 1.900 1.901 1.901 1.902 1.903 1.902 1.905 1.902 1.504 1.896 1.902
-05 1.898 1.897 1.896 1.898 1.896 1.897 1.898 1.898 1.898 1.898 1.899 1.896 1.899 1.896 1.897 1.899 1.900 1.898 1,900 1.890 1.886
<M(1B)-0> 1.916 1.913 1.912 1.915 1.915 1.915 1,915 1.915 1.915 1.913 1.915 1.913 1,915 1.914 1.916 1.916 1.918 1.815 1.918 1.910 1.908
M(2)-01A 1.822 1.921 1.920 1.923 1.923 1.921 1.923 1.922 1.922 1.919 1.920 1.921 1.918 1.923 1.919 1.921 1,920 1.920 1.919 1.820 1.922
-018 1.923 1.921 1.921 1.923 1.923 1.923 1.924 1.925 1.923 1.921 1.920 1.922 1.918 1.923 1.918 1.923 1,924 1.923 1.918 1.916 1.924
-02A 1.928 1,926 1.925 1.926 1.929 1,928 1,927 1.928 1.927 1.923 1.928 1.929 1.932 1.928 1.935 1.933 1.933 1.933 1.938 1.912 1.919
-0ZB 1.916 1.924 1.923 1.922 1.919 1.821 1.920 1.819 1.921 1.922 1.925 1.923 1.926 1.917 1.921 1.918 1.917 1.915 1.914 1.917 1.918
-03  1.876 1.876 1.875 1.873 1.872 1.876 1.877 1.877 1.876 1.878 1.876 1.873 1.874 1.874 1.875 1.875 1.877 1.877 1.877 1.877 1.873
-05 1.867 1.867 1.866 1.869 1.869 1.866 1.868 1.867 1.865 1.867 1.868 1.868 1.868 1.868 1.868 1.869 1.866 1.868 1.867 1.865 1.861
<M(2)-0> 1.905 1.906 1.905 1.906 1.906 1.906 1.906 1.906 1.906 1.905 1.906 1.906 1.906 1.905 1.906 1.906 1.906 1.906 1.905 1.901 1.903
M(3A)-01A 1.849 1.857 1.851 1.857 1,853 1.850 1.853 1.852 1,848 1.857 1.857 1.853 1.853 1.847 1.848 1.850 1.849 1.843 1.840 1.875 1.845
-03 2,028 2.043 2.040 2.043 2.036 2.034 2,035 2.032 2.032 2.042 2.041 2.038 2.036 2,029 2.027 2.029 2.025 2.015 2,013 2.035 2.035
<M(3A}-0> 1.968 1.981 1.977 1.981 1,975 1.972 1.974 1.972 1.971 1.980 1,980 1.976 1.975 1.968 1.968 1.969 1.967 1.958 1.955 1.982 1.972
¥(38)-018 1.865 1.859 1.854 1.863 1.862 1.860 1.863 1.865 1.861 1.859 1.862 1.861 1.864 1,863 1.867 1.868 1.868 1.866 1.874 1.856 1.848
-03 2.060 2.047 2.048 2.053 2.061 2.056 2.055 2,057 2.057 2.044 2.051 2.056 2.058 2.062 2.065 2.066 2,067 2.069 2.077 2.035 2.041
<M(3B)-0> 1.995 1.984 1.983 1.989 1.995 1.991 1.991 1.993 1.992 1,982 1.988 1.991 1.993 1,996 1.999 2.000 2.001 2.001 2.009 1.975 1.976
M{4A)-01A 2.107 2.097 2.102 2.101 2.103 2.106 2.105 2.105 2.108 2.098 2.098 2.102 2.101 2.108 2.106 2.106 2.108 2.114 2.115 2.079 2.099
-05 2.195 2.195 2.193 2,193 2.193 2.196 2.196 2.196 2.196 2.191 2.196 2.196 2,195 2.180 2.196 2.192 2.188 2.184 2.192 2.162 2.170
<M(4A)-0> 2.165 2.162 2.163 2,162 2.163 2.166 2.166 2.166 2,166 2.160 2.163 2.164 2,164 2.162 2.166 2,163 2.161 2.160 2.166 2.134 2.146
M{4B)-01B 2.088 2.094 2.098 2.095 2.091 2.092 2.092 2,089 2.092 2.095 2.092 2.092 2.089 2.080 2.084 2.084 2.083 2.084 2.075 2.100 2.096
-05 2.198 2.195 2.194 2,195 2.197 2.199 2.198 2.199 2.198 2.191 2.198 2.197 2.199 2.195 2.200 2.197 2.194 2.181 2.200 2.155 2.168
<M(4B)-0> 2.162 2.161 2.162 2.161 2.162 2.163 2.163 2.162 2.163 2.159 2.163 2.162 2.162 2.159 2.161 2.159 2.157 2.155 2.158 2.137 2.144
<M(1)-0> 1.913 1.913 1.912 1.914 1.913 1.913 1.913 1.913 1.913 1.913 1.913 1.913 1.913 1.912 1.913 1.913 1.914 1,912 1.913 1.912 1.908
<M(3)-0> 1.981 1,982 1.980 1.965 1.985 1.981 1.982 1.982 1.981 1.981 1.984 1.983 1.984 1,962 1.983 1.984 1.984 1.879 1.982 1.978 1.874
<H(4)-0> 2.163 2.161 2.162 2.161 2.162 2.164 2.164 2.164 2.164 2.159 2.163 2.163 2.163 2.160 2.163 2.161 2,159 2.157 2.162 2.135 2.145

the central-site results only.

Full-matrix refinement of all variables converged to
final R-indices in the range 1-2%. Atomic coordinates
and displacement parameters may be obtained from
the Depository of Unpublished Data, CISTI, National
Research Council of Canada, Ottawa, Ontario K1A
082, selected interatomic distances are given in
Table 4, and site-scattering data are listed in Table 5.

Electron-microprobe analysis

Subsequent to the experimental crystallographic
work, some of the crystals used in the collection of the
X-ray-diffraction data were analyzed by electron- and
ion-microprobe techniques. The crystals were moun-
ed in piccolite in small holes in 2.54 cm diameter cop-
per discs; each disc also contained several crystals of
staurolite 71-62R and EH-6 (Holdaway ef al. 1986b)
as a check on mount-to-mount compatibility. The
discs were polished and subsequently carbon-coated.

Electron-microprobe analyses were done on a fully
automated Cameca SX—50 operating in the wave-
length-dispersion mode with the following conditions:
excitation voltage: 15 kV; specimen current: 20 nA;
peak count time: 20 s; background count time: 10 s.
The following standards and crystals were used for Ko
X-ray lines: Al: Al,O,, TAP; Fe: fayalite, LiF; Si:
diopside, PET; Mg: MgO, TAP; Zn: gahnite, LiF; F:
fluor-riebeckite, TAP; Mn: tephroite, LiF; Ti: titanite,
LiF; Cr: chromite, LiF; Co: cobaltite, LiF. Each grain
was analyzed at a minimum of 12 points (commonly
twice this number, depending on the size of the
exposed surface) to check for compositional zoning
and to get a representative composition for the whole
crystal used in the diffraction experiment. In addition,
samples 71-62R and EH-6 were analyzed on all five
probe mounts to check for consistency of analytical
conditions; no significant differences from mount to
mount were observed. Data reduction was done with
the O(pZ) method (Pouchou & Pichoir 1984, 1985),



THE CRYSTAL CHEMISTRY OF STAUROLITE

TABLE 5. REFINED SCATTERING POWERS* (PFU) IN STAUROLITE CRYSTALS

Ne* S(1) S(2) S(3) S(4) S(5) S(6) S(7) S{8) S(9) S(10) S(11) S(i2) S(13) S(14)
M(1A) 4 52.7 52.5 52,8 53,1 52.3 52,7 52.8 52.6 b51.8 52.1 52.3 52.4 52.6 652.7
M(1B) 4 52.8 52,5 52,5 53,1 52.2 527 52,7 52.4 52,2 52.1 52.2 52.2 52.3 652.5
M(2) 8 106.5 105.8 105.1 106.7 105.2 106.0 106.1 105.3 106.0 104.9 105.4 105.2 106.4 107.2
M(3A) 2 13.9 149 17.4 13.4 13.7 14.6 13.9 141 14,6 144 12,89 151 17.8 21.5
M(3B) 2 9.8 8.8 7.1 13.4 134 12.3 127 123 11.5 11.9 12.2 10.3 7.8 4.3
M(4p) 2 7.2 75 90 15 1.5 1.5 1.3 1.5 1.8 2.0 1.4 1.9 2.0 2.5
M(48) 2 39 30 1.7 1.6 14 1.3 1.1 1.1 1.6 15 1.3 0.8 0.3 0.1
T(2) 4 71.3 70.6 71.9 8.4 849 8.0 92.3 91.3 89.8 90.7 103.4 102.6 103.9 102.9

N** S(15) S(16) S(17) S(18) S(19) $(20) S({21) S(22) $(23) S(24) S(25) S(26) S(27) S(28)
M(1A) 4 52.8 53.4 529 52.8 52.2 52.2 52,3 52.0 b52.3 52.4 52,5 53.0 52.2 52,5
M(18) 4 62.8 53.4 52,7 52.9 52.1 52.4 523 52,0 b52.3 52.3 52.4 53,0 52.0 52,5
M(2) 8 106.4 106.8 107.0 105.3 105.3 104.0 108.8 105.2 106.9 105.2 106.3 107.9 104.4 105.5
M(3A) 2 13.4 133 152 13.1 13.0 13.9 14.1 16.1 13.4 13.5 13.6 14.9 14.9 15.0
M(3B) 2 12.5 13.0 11.0 12.9 12.6 11.8 11.4 9.7 12,5 12.5 11.7 10.2 11.0 1l.1
M(4R) 2 = = 30 1.7 28 25 2.8 26 1.9 2.0 2.9 41 2.0 2.5
M(48) 2 - = 1.9 1.9 25 20 23 1.0 1.6 1.6 2.4 2.1 1.2 1.5
T(2) 4 78.1 72.6 77.0 90.1 82.5 83.2 859 90.2 8.2 87,7 86.5 84.3 91.4 90.0

Nx* §(29) S(30) S(31) S(32) S(33) S$(34) S$(35) S(36) S(37) S(38) S(39) S(40) S(41) S(42
M(1A) 4 52.5 52.1 51.9 52.5 52.8 62.7 52.5 52.5 53,1 53.0 52.2 53.3 652.9 52.4
M(1B) 4 52.2 ©51.8 51.9 52,6 52.6 52.8 52.4 52,3 53.0 53.0 52,3 53.2 53.5 52.6
M{(2) 8 106.5 104.6 104.8 106.9 107.1 107.0 106.6 106.4 105.9 106.6 105.3 107.4 105.4 106.0
M(3&) 2 15.4 15.2 13.1 13.9 14.5 14.8 16.0 16.2 16.6 17.2 18.1 19.0 12.8 12.6
M(3B) 2z 10.7 10.8 12.8 12.1 1.1 11.1 9.4 9.4 9.2 88 7.8 7.1 13.0 115
M(4A) 2 2.2 2.3 1.8 1.6 3.0 2.7 44 2.8 2.9 2.5 3.9 3.2 6.2 2.8
M(48) 2 1.1 1.2 17 14 21 20 1.0 1.1 1.1 0.8 1.0 0.5 6.2 2.5
T(2) 4 91.2 90.7 881 91.7 859 89.3 79.8 831 869 8.1 87.1 87.7 25.2 8l.1

* e.s.d, are 0.1-0.4 electrons

*% N is the number of times this site occurs in the structural formula

and the resultant mean composition for each grain is
given in Table 7. Crystals S(41) and S(42) were ana-
lyzed by electron- and ion-microprobe methods in
Paris by C. Chopin (pers. comm.); results are given in
Table 6.

Several of the samples examined here were
previously analyzed by Holdaway er al. (1986b).
Table 7 provides a comparison of the compositions
of grains from the same mineral separates; the
agreement is excellent, and as both different instru-
ments, sets of standards, and standardization and
correction procedures were used (Bence-Albee
method by Holdaway et al. 1986b; ¢(pZ) method in
this work), the agreement is indicative of accurate
analyses.

Ion-microprobe analysis

Ion-microprobe analyses were done on a Cameca
IMS 4F according to the method of Ottolini et al.
(1992, 1993). Both ion-microprobe and crystal-chemi-
cal results suggested that the Li,O content of sample
6-3 given by Holdaway et al. (1986b) was overesti-
mated by at least 20%. This sample was re-analyzed
by Holdaway (pers. comm., 1991), with a resultant
value of 0.99 wt% Li,O that agrees exactly with the
ion-microprobe result (Table 7).

Normalization of the formula unit

The correct way of calculating the formula unit of
staurolite is on the basis of 48 (O,0H,F), including
Li,O contents. Such unit formulae are available for the
staurolite samples obtained from Holdaway et al.
(1986b), but not for the remainder of the samples, as
the paucity of material in most cases precluded analy-
sis for H,O (F was not a significant component in any
of the staurolite samples analyzed). In the absence of
such analytical data, Holdaway et al. (1986b) suggest-
ed following schemes of renormalization: (1) a basis
of 46.47 O (i.e., H = 3.06 apfu), with Li = 0.2 apfu for
staurolite that coexists with garnet or biotite; (2) a
basis of 45.93 O (i.e., 4.14 H apfu) for staurolite that
does not coexist with garnet or biotite; (3) a basis of
25.53 (Al + Si) for staurolite forming under very
reducing conditions, and coexisting with graphite and
hematite-free ilmenite. For those cases for which we
do not have H concentrations, we have renormalized
the unit formulae on the basis of 46.5 O (= 3.0 H apfu)
with the determined Li,O values, similar to the first
method suggested by Holdaway ez al. (1986b). We can
be sure that none of these samples have H = 4 apfu
because of our site-scattering refinement results, as
there are several features of H-rich staurolite [high
M(4) scattering, low M(3) scattering] that differ signif-
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TABLE 6. RESULTS OF ELECTRON AND ION MICROPROBE ANALYSES* AND UNIT FORMULAE** OF STAUROLITE CRYSTALS

S(1) S(2) S(3) 5(4) S(5) S(6) S(7) S(8) S(9) S(10) S{1z) S(13) S(15) S(16) S(17) S(18)
‘(23] [25] [23] [25] [23] [24] ([24] [24] [28] [23] ([26] [12] (23] ([24] [24] [I12]

10, wt%27.57 27.83 27.82 27.90 27.64 27.78 27.25 27.05 26.75 26.48 27.16 27.19 28,16 28.40 27.48 26.21
A0, 54.85 55.12 54.91 53,20 53.36 53.15 53.99 53.82 54.74 54.66 52.96 52.64 54,99 55.36 54.23 54.30
Ti0, 0.42 0.35 0.3 037 0.37 0.39 0.41 0.4] 0,33 0,27 0.48 0.40 0.45 0.43 0.54 0.47
¢r0, 0.03 0.03 0.01 0.03 0.05 0.04 0.04 0.03 0.01 0.0l 0.03 0.03 0.05 0.06 0.03 0.02
Fe,0, 0.43 0.42 0.43 1.71 1.70 1.71 0.46 0.47 0.35 0.35 0.42 0.42 0.61 0.62 0.39 0.48
FeO  12.40 12.21 12.39 11.31 11.18 11.26 13.46 13.67 10.05 10.24 9.03 8.99 10.39 10.55 11.33 13.89
Mg0 0.67 0.66 0.62 3.92 4.07 3.98 1.85 1.69 2.67 2.55 1.77 1.88 0.87 0.9 3.41 1.65
Mno 0.22 0.22 0.22 0.16 0.13 0.14 0.44 0.5 0.36 0.3 0.13 0.11 0.50 0.49 0.09 0.18
£e0 0.01 0.02 0.02 0.04 0.04 0.03 0.02 0.02 0.01 0.02 0.02 0.01 0.03 0.03 00l 0.0
no 0.3 0.20 0.19 0.3¢ 0.28 0.26 0.20 0.21 3.11 3,13 6.39 6.71 0.53 0.43 0.13 0.14
Li,0 0.36 0.36 0.3 0.02 0.01 0.02 0.08 0.14 0.01 0.0l 0.05 0.05 0,92 1.04 0.02 0.07
0 (2.26) (2.26) (2.26) (1.52) (1.52) (1.53) (1.43) (1.43) (1.62) (1.62) (1.65) (1.65) (1.80) (1.80) - -
Sum  99.35 99.68 99.55 100.48 100.35 100.29 99.63 99.44 100.01 99.68 100.09 100.09 99.30 100.12 97.66 97.42
Si 7.641 7.679 7.693 7.733 7.669 7.713 7.666 7.636 7.483 7.441 7.677 7.698 7.784 7.784 7.656 7.424
Al 0.359 0.321 0.307 0.267 0.331 0.287 0.334 0.364 0.517 0.559 0.323 0.302 0.216 0.216 0.344 0.576
Sm  8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8,000 8.000 8.000 8.000 8.000 8.000
al 17.559 17.605 17.589 17.112 17.118 17.105 17.568 17.543 17,530 17.545 17.320 17.262 17.700 17.668 17.463 17.551
tr 0.007 0.007 0.002 0.007 0.011 0.008 0.009 0.007 0.002 0.002 0.007 0.007 0.011 0.013 0.007 0.004
T 0.088 0.073 0.067 0.077 0.077 0.081 0.087 0.087 0.069 0.057 0.102 0.087 0.094 0.089 0.113 0.100
Fe*  0.080 0.087 0.089 0.357 0.355 0.357 0.097 0.100 0.074 0.074 0,089 0,089 0.127 0.128 0.082 0.102
Fe*  2.874 2.818 2.865 2.622 2.594 2.615 3.167 3.227 2.351 2.407 2.135 2.128 2.402 2.418 2.640 3.290
Mg 0.277 0.272 0.256 1.620 1.683 1.647 0.776 0.711 1.113 1.068 0.746 0.793 0.359 0.372 1.416 0.697
¥n 0.052 0.051 0.052 0.038 0.031 0.033 0.105 0.120 0.085 0.081 0.031 0.026 0.117 0.114 0.021 0.043
n 0.027 0.041 0.039 0.061 0.057 0.053 0.042 0.044 0.642 0.649 1.33¢ 1.403 0.108 0.087 0.027 0.029
Co 0.002 0.004 0.004 0.009 0.008 0.007 0.005 0.005 0.002 0.005 0.005 0.002 0.007 0.007 0.002 0.002
L1 0.401 0.400 0.400 0.022 0.011 0.022 ©0.091 0.159 0.011 0.011 0,067 0.057 1.023 1.146 0.022 0.080

Catsum 29,377 29.358 29.363 29.925 29.946 29.929 29.946 30.003 29.879 29.899 29.826 29.854 29.948 30.042 29.793 29.898

H 4.178 4.160 4.169 2.810 2.813 2.81%

2.684 2.693

3.023 3.037 3.111 3.116 3.319 3.291 (3) (3)

* Fa,0, values are taken from Dyar et al.(1991) where available; all others are estimated as 3% of the total Fe as found
by Dyar et al.(1981) for most staurolite crystals; W0 values are taken from Holdaway et al. (1986a).
bl Zgagrg1ite crystals $(1)-S(16) normalized on the basis of 48(0,0H,F); staurolite crystals $(17)-5§(40) normalized on

* values in [] are the number of analyses on each crystal.

icantly from those of normal staurolite. Unit formulae
are given in Table 6.

Renormalization on the basis of 46.5 O obviously
introduces some error into the formula unit.
Recalculation of the analytical data of Holdaway et al.
(1986b) on the basis of 46.5 O gives an idea of the
magnitude of the errors so introduced. These are negli-
gible except for Al and Si, by far the most abundant
cations in the structure. Consequently, for correlations
involving Si and Al, only the staurolite samples
obtained from Holdaway et al. (1986b) generally were
used, whereas for correlations involving other cations,
all data were used.

SITE POPULATIONS:
GENERAL CONSIDERATIONS

The assignment of site populations is a very com-
plicated problem in staurolite, and here we define the
procedure that we use. During structure refinement,
the occupancy of each cation site was set as x M +
(1-x) N, where M and N are the principal (possible)
scattering species at that site [e.g., M = Al, N = Fe for
M), M = Al, N =0 for M(3A) and M(3B)]. However,
in complex solid-solutions, the resultant site-occupan-

cies do not necessarily represent exactly what atoms
are at the site; in fact, they only give the amount of X-
ray scattering from the site, and we prefer to refer to
this procedure as site-scattering refinement. We have
found it clearer and more convenient to express the
results of the site-scattering refinement in terms of the
site-scattering power, the number of electrons associ-
ated with the atoms at that site in the structural formu-
1a. These electrons may then be assigned to (or associ-
ated with) specific chemical species on the basis of
known chemistry and via stereochemical analysis.
These scattering powers were converted into epfu
(electrons per formula unit) by taking into account Z
and the site multiplicities for the C2/m space group.
When the site-scattering powers are converted into
chemical species, this gives the site populations,
which do not necessarily sum to unity, but sum to the
number of equivalent sites in the corresponding struc-
tural formula.

The dominant X-ray scattering species in staurolite
(besides Q) are Al, Si, Mg and Fe. As Al, Si and Mg
all scatter X rays in a very similar fashion, they cannot
be differentiated directly by their X-ray scattering
power. At some stages in the assignment of site popu-
lations, we will group species of similar scattering
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TABLE 6. CONTINUED.
${20) S{22) S(23) S(24) S(25) S(26) S(27) S(30) S(33) S(35) S(36) S(39) S(40) 'S(41) 's(42)
[12] [12) [12] [12] [12] ([24] (4] (M12] [i2) [12] [12] [24] [i2} - -
$i0, wt% 27.01 26.93 26.59 26.64 27.07 26.93 26.59 26.59 26.79 26.98 27.32 27.03 27.84 30.66 28.49
AL0, 55,02 54.04 54.48 54.45 53,32 53.90 53.77 53.97 53.75 54.70 55.49 54.21 54.32 57.45 54,12
Ti0, 0.49 0.52 0.46 0.49 0.36 0.36 0.33 0.34 0.60 0.52- 0.55 0.58 0.49 0.18 0.11
Cr,0, 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.04 0.06 0.03 - -
Fe,0, 0.44 0.44 0.44 0.45 0.44 0.42 0.49 0.49 0.46 0.41 0.45 0.36 0.46 - -
Fel 12.87 12.77 12.94 13.01 12.78 12.36 14.20 14.19 13,28 11.98 12.98 10.63 13.32 0.7z 1.40
Mg0 2.32 2.19 1.9 2.03 1.94 1.77 1.66 1.66 1.74 1.76 1.60 1,73 1.68 7.77 0.45
Mn0 0.20 0.26 0.35 0.33 0.22 0.25 0.14 0.15 0.15 0,37 0.16 0.38 0.18 - 0,01
Co0 0.02 0,02 0.02 0.03 0.04 0.03 0.04 0,02 0.02 0,02 0.03 0.01 0.02 - -
n0 0.2¢ 0,55 0.37 0.37 0.94 1.06 0.12 ©0.12 0.43 0.48 0.21 2.58 0.14 0.10 11.82
;%0 0.07 0.09 0,09 0.08 o©.11 0.11 0.10 0.10 0.10 0.12 - 0.14 0,17 0.90 0.45
Sam 98.75 97.82 97.72 97.90 97.24 97.21 97.46 97.65 97.34 97.35 98.83 97.71 98.65 97.78 96.85
Si 7.507 7.568 7.484 7.487 7.667 7.617 7.534 7.518 7.577 7.581 7.576 7.607 7.740 7.958 7.97
Al 0.493 0.432 0.516 0.513 0.333 0.383 0.466 0.482 0.423 0.419 0.424 0.393 0.260 0.042 0.03
Sum 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.00
Al 17.530 17.468 17.556 17.523 17.466 17.586 17.491 17,503 17.494 17.696 17.713 17.588 17.538 17.534 17.83
Cr 0.004 0.002 0.004 0.004 0.004 0.002 0.004 0.004 0.004 0.002 0.009 0.013 0.007 - -
Ti 0.102 ©0.110 0.097 0.104 0.077 0.077 0.070 0.072 0.128 0.110 0.115 0.123 0.102 0.035 0,02
Fe* 0.092 ©0.093 0.093 0.095 0.094 0.089 0.104 0.104 0.098 0.087 0.094 0.076 0.096 - -
Fe* 2.991 3.001 3.046 3.058 3.027 2.924 3.365 3.355 3.141 2.816 3.010 2.502 3.097 0.156 0.33
Mg 0.961 0.917 0.822 0.851 0.819 0.746 0.701 0.700 0.734 0.737 0.661 0.726 0.696 3.007 0.19
Mn 0.047 0,062 0.083 0.079 0.053 0.060 0.034 0.036 0.036 0.088 0.038 0.091 0.042 - -
In 0.060 0.114 0.077 0.077 0.197 0.221 0.025 0.025 0.090 0.100 0.043 0.536 0.029 0.013 2.45
Co 0.004 0.005 0.005 0.007 0.009 0.007 0.009 0.005 0.005 0.005 0.007 0.002 0.004 - -
Li 0.078 0.102 0,102 0.090 0.125 0.125 0.114 0.114 0.114 0.136 0.000 0.158 0.190 0.940 0.51
Catsum 29.869 29.874 29.885 29.888 29.871 29.837 29.917 29.918 29.844 29.776 29.690 29.815 29.801 29.691 29.33
H (3) 3 @3 (3 3 (3 & 3 ¢ () 3 ¢ (3 M @
b analyses from C. Chopin (pers. comm., 1991)
TABLE 7. COMPARISON OF RESULTS OF ELECTRON-MICROPROBE ANALYSES OF STAUROLITE SAMPLES
IN THIS STUDY (TS) AND HOLDAWAY et al. (1986b) (HDS)
71-62R EH-6 3-3 106038 117189 6-3
TS HOS T8 HDS T8 HDS TS HDS TS HDS TS HDS
$i0, wt% 27.74 27.79 27.78 27.13 27.18 27.22 26.62 26.90 27.17 27.46 28.28  28.36
A1,0, 54.96 54,95 53,23 53.03 53,91 54.14 54.70 54,56 52.86 52.94 55,18 55,04
Ti0, 0.36 0,43 0.38 0.47 0.41 0.54 0.30 0.38 0.46 0.53 0.44 0.40
Cr,0, 0.02 0.05 0.04 0.06 0.04 0.09 0.01 0.05 0.03 0.06 0.06 0.10
Co0 0.02 0.03 0.04 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.02
FeO 12,71 12.83 12.79  12.79 13.99 14.06 10,46 10.37 9.39 9.13 10,99 10.88
Mg0 0.65 0.69 3.99 4.02 1.77 1.89 2.61 2.63 1.81 1.93 0.89 0.91
MnO 0.22 0.23 0.14 0.11 0.47 0.48 0.35 0.36 0.12 0.15 0.48 0.43
In0 0.17 0.24 0.28 0.30 0.21 0.18 3.12 3.08 6.49 6.33  *0.48 0.99
Li,0 0.36 0.29 0.01 0.01 0.11 - 0.01 0.01 0.05 0.05 0.98 **0,99
H,0 (2.26) 2.26 (1.52) 1.52 (1.43) 1.43 (1.62) 1.62 (1.65) 1.65 (1.80) 1.80
Sum 99.47 99.85 100.20 99.51 99.51 100.10 99.82 99.99 100.05 100.32 99.61 99,92

* this samgle is very inhomogeneous (Holdaway, pers. comm., 1992), and this difference in Zn0 contents may

well ref

** Holdaway (pers. comm., 1991).

ect this inhomogeneity;
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TABLE 8. CALCULATION OF VACANCIES
AT T(2) IN S(1) FOR UNCOUPLED (u)
AND COUPLED (c) M(4) OCCUPANCIES

M(4A) 0.138 Fe*
M(4B) 0.075 Fe®™
*0(u) 0.214(0.85)
*C(e) 0.138(0.55)
T(2) site-population (apfu)
Fe 2.30
In 0.03
Mg 0.16
Al 0.31
L1 6.40
m} 0.80
Sum 4.00

value in parantheses is per
formula unit

powers together; thus Al* = Al (Z=13) + Mg (Z =
12), and Fe* = Fe?* (Z = 26) + Fe?* (Z = 26) + other
transition metals (commonly Ti, Cr, Co, Mn). The
assignment of species within these groups must rely
on crystal-chemical analysis rather than site-scattering
refinement. The situation is further complicated by the
fact that some of the sites in the staurolite structure
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can also accommodate vacancies. In such cases as this,
assignment of site populations has to rely on crystal-
chemical argument as well as site-scattering refine-
ment. The problem with such arguments is that they
are usually difficult to test. The situation is completely
different where a large amount of crystallographic
data is available. Then the argument is forced to work
for a much larger data set, and one expects to develop
quantitative crystal-chemical correlations as a function
of mineral composition. Consequently, we will exam-
ine each site (or selected pairs of sites) in the staurolite
structure, and attempt to derive consistent site-popula-
tions. Ionic radii () are taken from Shannon (1976).

TaE T(1) SITE

The site scattering shows that no transition metals
occur at this site. Details of the stereochemistry of this
site across the range of staurolite crystals are shown in
Table 4. The <T(1)-O> bond-lengths vary between
1.637 and 1.644 A, with a mean value of 1.641 A and
a root-mean-square deviation of 0.001 A. Although
this is an extremely restricted range of variation, the
electron-microprobe data (Table 6) indicate that there
is significant variation in the “JAl content of the 7(1)
site, from 0.030 to 0.576 apfu. As “ISi (r = 0.26 A).
and AL (r = 0.39 A) differ significantly in size, there
should be a positive correlation between the Al con-
tent derived from the unit formula (= 8 — Si) and the

o

0.2

“Al (apfu)

Fic. 6. The variation in <7(1)-O> as a function of constituent site-populations (expressed
as TAL) for the fully analyzed staurolite crystals refined in this study (filled circles)
and the silica-rich staurolite crystals S(41) and S(42) (hollow circles); the line through
the data is not a least-squares line, but is drawn as a guide to the eye.
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FiG. 7. The variation in <M(1)-O> as a function of total Mg
content of staurolite; solid circles represent staurolite
samples for which complete analyses (i.e., including
H,0) were done, stars represent staurolite samples with-
out H,O determinations, and hollow circles denote S(41)
and S(42). The straight line is the regression line for the
solid circles only; the dashed line represents a hard-
sphere model for Al= Mg replacement.

<T(1)-O> distance. As indicated in Figure 6, there is a
significant correlation, but because the range of the
substitution is small, the correlation is not useful as a
predictive indicator of the Al content of the T(1) site.
The observed variations in <7(1)-O> and “Al content
are compatible with a hard-sphere model, given
the size (~0.001 A) of the standard deviations of the
<T(1)+0> distances, and preclude the possibility of
any Mg occurring at T(1).

THE M(1A) AND M(1B) SITES

As these two sites are equivalent in the orthorhom-
bic structure, initially they will be dealt with together
and designated as the M(1) site. There are two princi-
pal questions here: first, what are the mean site-popu-
lations (i.e., what is the average compositions of these
sites), and secondly, is there any ordering over the two
sites?

M(1) site-populations

Unconstrained site-scattering refinement (using Al
and Fe scattering factors) shows that this site is domi-
nated by cations with atomic number close to 13
(Table 5). The grand mean site-scattering is 105.04
epfu, indicating a small amount of substitution of tran-
sition metals at these two sites; this point will be
examined in greater detail later on. Presuming that
161 is not generally present in staurolite, this leaves
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Al and Mg as principal possible constituents of the
M(1A) and M(1B) sites. There are eight of these sites
in the unit cell, and the composition of staurolite indi-
cates that the constituent cations must be dominated
by Al This is confirmed by the mean bond-lengths of
the relevant coordination polyhedra: the grand
<M(1)-O> distance is 1.913 A with a root-mean-
square deviation of 0.001 A, within the range expected
for an AlOg octahedron. Of course, this does not
negate the possibility of small amounts of Mg occur-
ring at these sites, and this possibility is examined
next.

Figure 7 shows the variation in <M(1)-O> as a
function of Mg apfu for the staurolite crystals exam-
ined in this study. There is a well-developed positive
linear correlation, with one very significant outlier at
high Mg values. In the range 0-2.0 Mg apfu, there is
an increase in <M(1)-0>; at low Mg values, the
Li-Zn-rich S(42) crystal lies significantly below the
general trend. The value at 3.01 Mg apfu [S(41)] lies
far from the observed trend, and as will be shown
later, exhibits completely different behavior with
respect to Mg.

There is an interesting compositional observation to
make here. The grand <M(1)-O> value is 1.913 A;
this corresponds to an Mg content of 0.78 Mg apfu
according to the correlation observed. This should be
close to the mean Mg content of staurolite, and this is
in fact the case. Griffen et al. (1982) gave the range of
Mg values for 82 samples of staurolite as 0—1.44 apfu;
the average value is 0.72 Mg apfu; close to the value
of 0.78 Mg apfu for the data of Table 6.

Thus the stereochemical data do indicate that some
Mg occurs at the M(1A) and M(1B) sites. The next
question is “how much?”, as the trénd of Figure 7 and
the outlier of Mg-rich staurolite S(41) indicate that not
all Mg can occur at these sites. We can get a very
good idea of the Mg content of the M(1) sites from the
behaVior of the mean bond-lengths. The ionic radii of
I61A1 (r = 0.535 A) and ©!Mg (r = 0.72 A) are signifi-
cantly different, and the mean bond-lengths should be
a very sensitive indicator of the relative Al-Mg occu-
pancy. The steep line drawn in Figure 7 shows the
expected variation in mean bond-length (for a hard-
sphere model) if all the Mg in the formula unit were to
occupy the M(1) sites; the ideal slope of this line is
(0.72 - 0.535)/8 = 0.023 (A per Mg apfu). The slope
of the observed trend is 0.0053, 23% of the ideal slope
for complete substitution. This slope suggests that
over this range, ~23% of the Mg in the formula unit is
ordered at the M(1) sites. As the linearity of Figure 7
persists essentially down to zero Mg content, the esti-
mation of 23% Mg content at M(1) can be taken as an
absolute content. A different substitution obviously
holds for the Mg-rich staurolite S(41). However, this
inference is not particularly surprising, as this specific
sample of staurolite formed under conditions of
unusually high pressure.
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FiG. 8. The variation in <M(14)-0> (a) and <M(1B)-O> (b)
as a function of B angle in all the staurolite crystals
refined here. Solid lines show variation within single
samples; solid triangles: S(1-3), sample 71-62R; solid
squares: S(4-6), sample EH-6; hollow circles: S(11-14),
sample 117189.

Any substitution of Fe3*, Ti** and Cr3*+ at M(1)
could change the estimate of the Mg content, as these
transition metal cations also are larger than Al. The
total range of variation in Al-Fe occupancy as derived
from the site-scattering values of Table 5 is
0.000-0.027 Fe3*. A substitution to this extent is
expected to affect the mean bond-length by 0.027 X
(0.645-0.535) = 0.003 A. This difference is substantial
with regard to the changes we are observing, but will
only be of significance if the substitution is correlated
in some fashion with Mg site-populations. As there is
no correlation between the refined site-scattering from
M(1) and the Mg content, any transition-metal content
of M(1) is not contributing systematically to the varia-
tion in mean bond-length shown in Figure 7.
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FiG. 9. The variation in <M(14)-0> (full symbols) and
<M(1B)-0O> (hollow symbols) as a function of B angle
for selected crystals of staurolite with different Mg con-
tents.

M(1A)-M(1B) ordering

Given that small amounts of Mg occur at the M(1)
sites, the question now arises as to whether or not
there is any preferential ordering of Mg over the
M(14) and M(1B) sites. Again, we must evaluate this
possibility using variations in mean bond-length
because of the insensitivity of X-ray scattering to
Al-Mg ordering. However, we must also allow for the
fact that variations in the mean bond-lengths of the
M(1A) and M(1B) octahedra may be induced by
changes in Al — O order over the M(3A) and M(3B)
sites. This possibility is examined in Figure 8, which
shows the variations in <M(14)-O> and <M(1B)-O>
as a function of B. With increasing B, <M(14)-O>
decreases and <M(1B)-O> increases, such that
<M(1)-O> remains approximately constant (except for
the compositional trend of Fig. 7). First, the data indi-
cate that at B = 90°, <M(14)-0> =~ <M(1B)-0> =~
1.910-1.918 A. Second, the data for the Zn-rich stau-
rolite 117189 [crystals S(11), S(12), S(13) and S(14)]
span the complete range of data; as these crystals all
have the same bulk composition, the general trend of
the data must be controlled not by compositional vari-
ations but by the degree of order associated with the
Al-0 ordering over M(34) and M(3B). The intercepts
of the trends for S(1)-S(3) and S(4)-S(6) (Fig. 8)
show the expected range in <M(1)-O> as a function of
chemical composition at M(1). This behavior is further
illustrated by the data for 71-62R, 117189 and EH-6
in Figure 9. Here it can be seen that the actual diver-
gence of the sizes of the M(14) and M(1B) octahedra
as a function of P occurs for all values of Mg content,
with only the <M(1)-O> value affected by the Mg
content. Examination of Figure 9 suggests that the rel-
ative divergence of the sizes of the M(1A) and M(1B)
octahedra as a function of B increases with increasing
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Mg content of the staurolite. The slope (in A/°) of the
lines increases as a function of Mg content, from
0.009 for 71-62R (0.27 Mg apfu) to 0.0155 for
117189 (0.77 Mg apfu) to 0.030 for EH-6 (1.65 Mg
apfu); because of the scatter in the data, as well as the
restricted range of 8 shown by the EH-6 crystals, we
do not consider this point to be well established.
However, it does suggest a different response of
M(1A) and M(1B) to increasing B with differing Mg
content. There are two possibilities here:

(i) Mg is always totally disordered over M(1A4) and
M(1B), and the different response to changing 3 for
different Mg contents reflects the greater susceptibility
of M(1A) and M(1B) octahedra with lower aggregate
charge (i.e., higher Mg content) to inductive effects
from the rest of the structure, specifically Al- order-
ing over M(3A) and M(3B).

(ii) Mg is disordered over M(1A) and M(1B) for B =
90°, and increasing P correlates with Mg—Al ordering
over M(1A) and M(1B). In this way, the different
response to Al-O disorder for differing Mg contents
reflects the increased Mg content at M(1B) relative to
that at M(1A) with increased total Mg in the crystal.

At the moment, we have no way of distinguishing
these two possibilities because of the low Mg content
at the M(1) site; however, it is definitely established
that some Mg occupies the M(1A) or M(1B) sites (or
both).

THE M(2) St1E

The observed mean bond-lengths (Table 4) and the
site-scattering refinements (Table 5) show this site to
be dominated by Al. The question now is whether or
not there is significant occupancy by Mg or transition
metals such as Fe’*, Ti** and Cr?*.
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Fic. 10. Comparison of the refined scattering at the M(1) and
M(2) sites in staurolite crystals. The dashed line corre-
sponds to identical scattering from M(1) and M(2), hol-
low circles are S(41) and S(42).
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FiG. 11. The variation in <M{(2)~O> as a function of total Mg
content of staurolite; legend as in Figure 7.

The site-scattering is slightly in excess of 104 epfu
(i.e., 8 X13 e), indicating very minor occupancy of
M(2) by transition metals of some sort; note that the
same result was obtained for the M(1) sites. The rela-
tive behavior of the refined site-scattering at M(1) and
M(2) is examined in Figure 10. The diagonal line in
this figure indicates complete disorder of any transi-
tion metals over M(1) and M(2). Most of the data
occur to the right of the “disorder” line, indicating that
any transition metals that occur at these two (sets of)
sites are preferentially (but not completely) ordered at
the M(2) site.

The dispersion of <M(2)-O> distances in all crys-
tals refined (Table 4) is extremely limited. The grand
<M(2)-0O> distance is 1.906 A, with a root-mean-
square deviation of 0.001 A, and the individual mean
bond-lengths vary 0.002 A across the total range of
composition. There is no correlation between
<M(2)-O> and the M(2) site-scattering or the P angle.
Figure 11 shows the variation in <M(2)-O> as a func-
tion of total Mg content of the crystal. There is a weak
linear correlation, again with staurolite S(41) as an
outlier. The slope of the correlation is 0.0013, as com-
pared with the ideal slope of 0.023 for complete sub-
stitution of Mg for Al. This indicates that 6% of the
Mg substitutes at M(2), and the site populations were
so assigned.

Thus the variations in refined site-scattering and
mean bond-lengths are compatible with only very
minor incorporation of components other than Al at
the M(2) site.

THE M(3A) AND M(3B) SITES

The Al — O ordering over the M(34) and M(3B)
sites is a feature of major importance in the stanrolite
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structure. With regard to site populations, there are
three principal problems:

(i)  is the total cation content of the M(3) sites fixed
or variable?

(ii) is there significant substitution of other species
at M(3) (e.g., Mg, Fe**, etc.) in addition to Al and 0?
(iii) if there are other cations at M(3) in addition to
Al, do they show different patterns of order over
M(3A) and M(3B)?

M(3) site-populations: cations versus vacancies

The site-scattering values of the M(3A) and M(3B)
sites are given in Table 5. The grand mean site-scatter-
ing of M(3A) and M(3B) for the 42 crystals refined
here is 25.74 epfu (=Al, g3 + O, o, pfu) with a root-
mean-square deviation of 0.76. Thus there is a small
but significant variation in the aggregate scattering
from the M(3) sites, with a total range of 23.58-27.06
epfu. Much of this variation is due to the H-rich stau-
rolite crystals, which show low aggregate M(3) scat-
tering (mean value = 23.78 epfu). Omitting these crys-
tals [S(1-3), S(42)], the mean M(3) scattering for the
remaining crystals is 25.94 epfu; nevertheless, there is
still a significant range in M(3) scattering
(25.12-27.06 epfu).

We need to consider three possible types of substi-
tution at these sites: Fe* = Al, Mg = Al and Li = Al.
Only the first and third types of substitution signifi-
cantly affect the scattering power at the M(3) sites, and
so we will consider these substitutions first. The Fe3*
= Al substitution will increase the effective scattering
as Fe (26) scatters X rays more strongly than Al* (13);
the second substitution will decrease the effective
scattering as Li (3) scatters X rays less strongly than
Al* (13). The basic sitnation may thus be summarized
as follows [treating M(34) and M(3B) as summed for
the moment]: there are four scattering species, Al*
(= Al + Mpg), Fe* (= Fe, Ti, Cr, Zn, Co), Li and U to be
assigned fo oné site. There is no unique solttion to this
problem if only the site-scattering values are con-
sidered. '

The first question to resolve is whether the Al* con-
tent of the M(3) sites is always exactly 2.0 apfu, with
the range of refined scattering resulting from substitu-
tion of other species (i.e., Li, Fe) for Al at these sites.
In this case, site-scattering less than 26 epfu could
only be caused by substitution of atoms with lower
scattering power than Al (13); the only possible cation
of significance here is Li, which Dutrow er al. (1986)
have shown to be a significant component in some
staurolite samples. The H-rich staurolite always seems
to have significant Li content, sufficient to account for
the low refined scattering at their M(3) site(s). This is
a tempting hypothesis, as it would account for the
presence of significant Li in all the H-rich staurolite
samples analyzed (77-55C, 71-60E, 71-62R from
Holdaway et al. 1986b; S(41) from Chopin, pers.
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FiG. 12. The variation in <M(3)-O> as a function of total Mg
content of staurolite; legend as in Figure 7.

comm.). However, if such a substitution occurs, it
should significantly affect the <M(3)-O> distance, as
BIA] (r = 0.535 A) is a lot smaller than ¥ILi (r = 0.76
A). As an example, for crystal S(1), the Li content of
M(3) would need to be 0.23 apfu; this would increase
the <M(3)-0> distance by ~0.008 A (when taking into
account changes in the proportion of vacancies).
Inspection of Table 4 shows that <M(3)-O> for S(1)
(and all the other crystals of H-rich staurolite) is in the
same range as all the other staurolite crystals with
M(3) scattering close to 26 epfu. This indicates that
there is insignificant Li at M(3) in the H-rich stauro-
lite. Thus the low refined scattering from M(3) in the
H-rich staurolite crystals must be caused by additional
vacancies at M(3).

Now we need to consider the possibility of signifi-
cant Fe* substitution .at M(3). The maximum refined
scattering at M(3) is for crystal S(5); assuming exact
half-occupancy of M(3), the refined scattering corre-
sponds to an M(3) content of [0.08 Fe* + 1.92 Al(+
Mg) + 2.00 O0J. If Fe* is Fe** (or Cr** or Ti*), the site
population would lead to an increase of 0.005 A over
zero Fe* occupancy; if Fe* is Fe?*, the corresponding
increase would be 0.006 A. Both of these are reason-
ably consistent with the observed <M(3)-O> distance
in crystal S(5). However, as we see in the next section,
the variation in <M(3)-0> distance correlates well
with the bulk Mg content of the crystal, indicating that
the small variations observed in <M(3)-0> are due
primarily to variable Mg content (rather than the
incorporation of Fe?*). Thus if there is significant Fe*
at M(3), it must be Fe?* (or Cr3* or Ti*") rather than
Fe?* or Mn?*, However, at the moment we have no
basis for assigning such populations, as we must con-
clude from the arguments given above that there is
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variable total occupancy of cations at the M(3) site
across the range of staurolite compositions.

Mg at M(3)

The last point concerning M(3) is whether or not
significant amounts of Mg occur at these sites. Figure
12 shows the variation in <M(3)-0> as a function of
bulk Mg content of the crystal. Omitting the H-rich
staurolite crystals for the reasons mentioned above,
there is a fairly good linear correlation that can be
interpreted as being due to small amounts of Mg
occurring at M(3). From the slope of the correlation
and the relative sizes of Al and Mg, the Mg content of
M(3) is calculated as ~10% of the total Mg apfu; Mg
populations were assigned accordingly.

THE M(4A) AND M(4B) SITES

These sites are partially occupied, and are octahe-
drally coordinated; the octahedra each share one set of
opposing faces with adjacent T(2) tetrahedra. It-is
notable that the M(4A)-T(2) and M(4B)—(T2) distances
are both ~1.65 A, and consequently there must be
some sort of local ordering of cations and vacancies,
as these distances are too short for simultaneous occu-
pancy of adjacent M(4) and T(2) sites.

The refined scattering from the M(4A) and M(4B)
sites is given in Table 5; values range from O [com-
pletely vacant: S(15), S(16)] to 12.4 epfu [S(41), the
Mg-rich staurolite of Chopin, pers. comm.]. However,
the chemical identity of the cations occupying the
M(4) sites is rather a difficult problem, primarily
because of the very low scattering at these sites. The
best chance of getting some idea of the type of cations
at M(4) is to consider those samples with high M(4)
scattering [S(1-3) and S(41)]. At first, there seems no
obvious correlation with bulk composition; samples
71-62R [crystals S(1-3)] and S(41) show few (if any)
common compositional characteristics (Table 6).
However, one can get some clue by comparing
71-62R, in which there is a large M(4) scattering, with
6-3, in which the M(4) scattering is zero. In a solid
solution, the size of the polyhedron coordinating the
cation(s) changes in response to the different radii of
the constituent cations; this observation is the case in
both cation = cation substitutions and in O = cation
substitutions, provided we realize that the radius of the
vacancy is a function of the structure in which it
occurs. We may regard the M(4) sites as participating
in a cation &= O substitution; in the present case, stau-
rolite 6-3 is the vacancy end-member, and staurolite
71-62R is an intermediate member with partial occu-
pancy of the M(4) sites. However, both of these have
identical <M(4)-O> distances of 2.162 A. This indi-
cates that we are substituting a cation at the M(4) site
that is the same size as the vacancy at the M(4) site,
and thus we can calculate the (mean) radius of the sub-
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stituent cation(s) at M(4) by subtracting the radius of
oxygen from the observed mean bond-length, Taking
r(oxygen) = 1.38 A, r,, = 2.16-1.38 = 0.78 A, which
is the ionic radius of [6]-coordinate Fe?*. This indi-
cates that Fe** occupies the M(4) sites in staurolite
71-62R.

This rather convoluted reasoning also is supported
by stoichiometric arguments involving the M(4) site-
populations, The M(4) scattering in staurolite 71-62R
is 10.8 epfu, which is equivalent to 0.90 Mg or 0.42 Fe
apfu. As discussed later, each occupied M(4) site is
accompanied by 2 O at adjacent T(2) sites. If the M(4)
site-populations were 0.90 Mg apfu, this would mean
at least 1.80 O pfu and a maximum of 2.2 apfu of any
kind at the T(2) site. This is not consistent with the
observed scattering at the 7(2) site, which indicates a
minimum content of ~0.68 X 4 = 2.72 Fe apfu; thus
Mg does not ocdur at the M(4) sites in staurolite
71-62R. Also, staurolite 71-62R only has 0.284 Mg
apfu [of which we have already assigned half to the
M(1,2,3) sites], confirming our stereochemical argu-
ments. With 0.42 Fe?* apfu at M(4), this indicates 0.86
O at the T(2) site,:a value that is compatible with the
observed scattering. As we will see later, M(44) and
M(4B) are usually occupied by Fe?*. However, in spe-
cific cases of unusual composition or conditions of
formation [e.g., high-pressure Mg-rich staurolite
S(41)], Mg may al‘SO occupy M(4A) and M(4B).

LOCAL CATION — O ORDERING
AT T(2) AND M(4)

A crucial part of assigning site populations at the
T(2) site is the assessment of the vacancy content, and
consequently this jmust be considered before the 7(2)
site-populations can be reliably assigned. The M(4A)
and M(4B) octahedra share faces with the 7(2) tetrahe-
dron, and the corresponding site-separations are
extremely short: M(4A4)-T(2) = M(4B)-T(2) =~ 1.65
A. Consequently, sites that are locally adjacent across
a shared polyhedral face cannot be simultaneously
occupied by cations, even if the effects of local relax-
ation associated with 7(2) positional disorder are con-
sidered; thus local (short-range) ordering of cations
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COUPLED

UNCOUPLED

Fi6. 13. Models for uncoupled and coupled occupancy of the
M(4) and T(2) polybedra: (a) uncoupled occupancy of
M(4A) and M(4B); occupancy of an M(4A) site is not cou-
pled to the occupancy of an adjacent M(4B) site; (b) cou-
pled occupancy of M(4A) and M(4B); occupancy of an
M(4A) site is coupled to occupancy of an adjacent M(4B)
site; a totally ordered situation is shown here, although
disordered configurations [with lower aggregate M(4)
occupancies] are usually the case.

two adjacent 7(2) sites (Fig. 13a). The total number of
vacancies at the 7(2) site is thus [2 M(44) + 2 M(4B)]
pfu.

Locally coupled M(4A) and M(4B) occupancy

Here it is assumed that occupancy of a specific
M(4A) site is coupled to the occupancy of the adjacent
M(4B) sites (i.e., there is maximum local order). This
results in an edge-sharing chain of occupied M(4A4)
and M(4B) octahedra (Fig. 13b). Within this chain,
each occupied M(4A) site forces vacancies at the two
adjacent T(2) sites, as before. However, the associated
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occupied M(4B) sites do not have a similar effect, as
their locally associated 7(2) sites are already vacant.
As the occupancy of M(4A) is always greater than the
occupancy of M(4B), the total number of T(2) site
vacancies is 2 [M(44)] pfu.

Testing the models

These two models can be regarded as extremum
models representing total M(4A)-M(4B) local disorder
and total M(4A)-—(4B) local order, respectively, with
associated populations of vacancies at the 7(2) site of
2 [M(4A) + M(4B)] and 2 [M(4A)], respectively. For
those crystals of staurolite in which the (cation) site
populations of the M(4) sites are considerable, these
two models have significantly different compositional
implications, differences that may be sufficient to dis-
tinguish between the two “end-member” models.
There are two ways in which we may test these
models:

(i)  to consider the effect of the resulting M(4) site-
populations on the vacancy populations of T(2);

(ii) to consider the effects of M(4A)-M(4B) order-
ing on T(2) site-populations with varying f angle.

M(4) occupancy and T(2) vacancies: consider first
staurolite 71-62R [crystals S(1), S(2) and S(3)]. This
sample has a large M(4) site-scattering of ~10.7 elec-
trons that we have previously shown to be due to Fe?*,
The details of the vacancy calculation are shown in
Table 8. The amounts of T(2) vacancies from the
uncoupled and coupled models are 0.85 and 0.55 O
pfu, respectively. Comparison with the site-popula-
tions assigned to the 7(2) site shows the uncoupled
model to agree with the assigned site-populations.
Thus the arguments of this section indicate that the
uncoupled model for M(4) site occupancy gives the
correct proportion of vacancies at the T(2) site. For
most of the other samples, the M(4) site-populations
are not sufficiently large for the differences in the cal-
culated vacancies to be significant.

M(4A)-M(4B) ordering and T(2) occupancy: now
we consider the effect of varying M(4A)-M(4B) order
on the site population of 7(2) with varying B for crys-
tals of the same composition. By far the most impor-
tant samples in this regard are staurolite 117189 and
71-62R, both of which show significant ranges of B
for the different crystals examined. The key argument
here is this: if the M(4) occupancies are locally uncou-
pled, the 7(2) vacancies are 2 [M(4A) + M(4B)] pfu,
which is independent of the degree of M(4A)-M(4B)
order; if the M(4) occupancies are locally coupled, the
T(2) vacancies are 2 [M(4A)] pfu, and thus will vary
with the degree of M(4A)-M(4B) order as a function
of B. These models are examined graphically for stau-
rolite 117189 [crystals S(11-14)] and 71-62R [crys-
tals S(1-3)] in Figure 14. The lowest B value for each
sample is taken as the “starting value”, and the
changes in T(2) populations are examined as a func-
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FIG. 15. The total number of electrons at the 7(2) site from
the site-scattering refinement and from the available
cations as indicated by the results of the electron- and
ion-microprobe analyses; only selected samples are
shown for clarity. Symbols denote electrons available
from specific combinations of cations; hollow' circles:
[Fe]; triangles: [Fe + Zn]; hollow squares: [Fe + Zn + M™*
(Mn + Ti + Cr + Co)]; horizontal line: [Fe + Zn + M™ +
Li]; full circles: [Fe + Zn + M™ + Li + Mg]. Where spe-
cific symbols are missing, they overlap symbols already
present [i.e., the additional cation contributes few elec-
trons to the possible 7(2) scattering]. The diagonal line
indicates 1:1 correspondence between the number of elec-
trons from the structure refinement and the electrons from
the formula unit. Hence one can read from this diagram
which cations must occur at 7(2).

tion of B. For the uncoupled model, the site-population
of T(2) should stay unchanged; for the coupled model,
it should increase with increasing B as the degree of
M(4A)-M(4B) order becomes more pronounced. For
staurolite 117189, the observed T(2) scattering values

(in epfu) favor the uncoupled model; the values for

staurolite 71-62R are perhaps intermediate between
the two models, but are still closer to the uncoupled
model.

Thus the arguments of the last two paragraphs
support the locally uncoupled model. As will be
shown later, the reason for the Fe?* disorder between
T(2) and M(4) is connected with the fact that
occupancy of the M(4A) and M(4B) sites is locally
uncoupled.

T(2) SitE

The resulis of the site-scattering refinements are
given in Table 5. There is no unique way of assigning
specific chemical site-populations to 7(2) simply from
the diffraction results, and consequently we must use a
combination of the diffraction results, electron- and
ion-microprobe results, and stereochemical evidence.

Some qualitative considerations

As a first step, we need to compare the numbers of
electrons known to be present at the T(2) site from the
refinement results with the numbers of electrons avail-
able from each different cation [usually considered as
occupying the T(2) site], as indicated from the elec-
tron- and ion-microprobe results. This is done in
Figure 15; not all crystals are shown or the detail
would be obscured, but a range of chemical types is
represented. The obvious conclusions from Figure 15
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TABLE 9. SITE-POPULATIONS IN STAUROLITE CRYSTALS
S(1) S(2) S(3) S(4) S(5) S(6) S(7) S(8) 5(9) S(16) S(12) S(13) S(15) S(16) S(17) S(18)
M(1} Al 7.8 7.85 7.84 7.43 7.47 7.49 7,70 7.75 7.73 7.73 7.69 7.67 7.79 7.70 7.54 71.71
Mg 0.07 0.07 0.06 0.39 0.45 0.40 0.19 0.17 0.27 0.26 0.26 0,26 0.09 0.09 0.3¢ 0.17
Fe* 0,12 0.08 0.10 0,18 0.08 0.11 0.11 0.10 0.00 0.01 0.05 0.07 0.12 0.21 0.12 0.12
M(2) A1 7.79 7.84 7.8 7.68 7.75 7.74 7.81 7.85 7.77 7.87 71.78 71.75 7.8 7.76 7.68 7.85
Mg 0.02 0.02 0.02 0.11 0.15 0.1} 0,05 0.05 0.07 0.07 0.12 0.16 0.02 0.02 0.09 0.05
Fe* 0.19 0.14 0.09 0.21 0.10 0.15 0.14 0©.11 0.16 0.06 0.10 0.09 0.18 ©0.22 0.23 0.10
M(3) Al 1,77 1.6 1.67 1.80 1.8 1.79 1.97 1.97 1.87 1.90 1.8 1.88 1.87 1.98 1.80 1.93
Mg 0.03 0.03 0.03 0.20 0.20 0.20 0.09 0.09 0.13 0.13 0.07 0.08 0.04 0.04 0.17 0.08
Fe* 0.01 0.07 0.09 0.03 0.01 0,04 0.00 0.04 0.01 0.00 0.06 0.02 0.03 0,00 0.03 -
I1 2,19 2.24 221 1.97 1.91 1,97 1.94 1.90 1,99 1.97 2.04 2,02 2.06 1.98 2.00 1.99
M(4) Fe* 0.43 0.40 0.41 0.12 0.11 ©0.11 0.09 0.10 0.13 0.14 0.10 0.02 0,00 0.00 0.19 0.14
[1 3.57 3.60 3.59 3.88 3.89 3.89 3.91 3.90 3.87 3.8 3.90 3.91 4.00 4.00 3.81 3.86
T(1) Si 7.65 7.68 7.69 7.73 7.67 7.71 7.67 7.64 7.48 7.44 7.68 7.70 7.78 7.78 71.66 7.42
Al 0.35 0.32 0.31 0.27 0.33 0.29 0.33 0.36 0.52 0.5 0.32 0.30 0.22 0.22 0.34 0.58
T(2) Fe* 2,37 2.35 2.39 2.5 2.78 2.69 3.15 3.20 2.28 2,42 2,12 2.07 2.42 2.32 2.30 3.18
In 0.03 0.04 0.04 0.06 0.06 0.05 0.04 0.04 0.64 0.65 1.33 1.40 0.11 0.09 0.03 0.03
Mo 0.16 0.15 ©.15 0,92 0.8 0.94 0.45 0.40 0.64 0.61 0.31 0.29 0.21 0.22 0.82 0.40
Li 0.40 0.40 o0.40 0.02 0.01 0.02 0.09 0.16 0.01 0.01 0.06 0.06 1.02 1.15 0.03 0.09
Al 0.19 0.26 0.20 0.20 0.01 0.08 0.09 0.00 ©0.17 0.04 0.00 0.00 0.24 0.22 0.44 0.02
[1 .85 0.80 0,82 0.24 0.22 0,22 0.18 0.20 0,26 0.27 0.21 0.18 0.00 0.00 0.38 0.28
Sum T(2) 4.00 4.00 4.00 4.00 4.00 4,00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.0
[Ehanet 68.1 68.7 69,0 82.1 85.3 83,8 90,0 89.7 88.4 90.3 985 99.4 750 72.0 76.4 89.0
e’ 71,3 70.6 71.9 86.4 84.9 86.0 92.3 91,3 89.8 90.7 102.6 103.9 78.1 72.6 77.0 90.1
Fe* = Fe® 4 Mn + Co + Cr + Ti + Fe*;

are as one would expect. In most cases (i.e., Fe**- and
Zn-rich staurolite crystals), the majority of Fe and Zn
must be assigned to the T(2) site to account for the
observed scattering. However, it is also apparent that
if all the Fe and Zn is so assigned, there is still not
enough scattering power assigned to T(2). As the
refinement results also indicate small amounts of
transition metals at octahedrally coordinated sites,
it is necessary that other cations (e.g., Mg, Al, Ti,
Mn, Li, but not necessarily all of them) occur at 7(2).
The Mg-rich crystal S(41) also is of interest. It is
apparent that the amount of Mg available greatly
exceeds the amount of scattering at 7(2), and thus
much Mg must occur at other sites in the structure;
this is in line with our previous assignment of large
amounts of Mg to the M(4A) and M(4B) sites in
this crystal. It also is apparent for S(41) that the
uncoupled model for M(4A) and M(4B) occupancy is
not compatible with either the observed stoichiometry
or the refined scattering at the 7(2) site. Obviously the
very high pressure of formation for this particular
sample has strongly affected this aspect of its short-
range order.

= number of electrons at T(2) from assigned site-populations;
= number of eTectrons at T(2) from site-scattering refinement

The position of Li in staurolite

The results of the site-scattering refinements and
the mean bond-lengths show that significant amounts
of Li do not occur at the M(1,2,3) sites. Thus for a
cation sum of 30 apfu, there are two “end-member”
possibilities for the distribution of Li: (i) Li occurs at
T(2), (ii) Li occurs at M(4A) and M(4B) in a coupled
arrangement.

Site-scattering refinement of crystals S(15) and
S(16) show essentially no electron density at the
M(4A) and M(4B) sites. One atom of Li distributed
over M(4A) and M(4B) would result in an aggregate
M(4) scattering of three electrons, similar to that
observed in the Li-poor staurolite crystals; no such
electron density is observed in S(15) and S(16). Thus
Li must occur at the 7(2) site, and the scattering from
this site in Li-rich staurolite crystals is in agreement
with this.

Vacancies at T(2)

There are four T(2) sites pfu. However, it is com-
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TABLE 9. CONTINUED.
S(20) S(22) S(23) S(24) S(25) S(26) S(27) S(30) S$(33) S(35) S(36) S(39) S(40) S(41) $(42)
M) Al 770 7.76 7.70 7.73 7.73 7.66 7.74 7.6 7.70 7.75 7.78 1.79 7.4 7.78 7.95
Mg 0.23 0.2 0.25 0.20 0.20 0.18 0.23 0,23 0.18 0.18 0.16 0.17 0.7 0.14 -
Fe* 0.07 0.00 0.05 0.07 0.07 0.6 0.03 0.1 012 007 0.06 004 019 0.08 0,08
M(2) AT 7.94 7.82 7.73% 7.84 7.77 7.65 7.85 7.83 7.71 7.95 7.7 7.85 7.69 7.84 7.89
Mg 0.06 0.08 0.05 0.06 0.05 0.05 0.1 0.11 005 0.05 0.04 0.05 0.05 0.05 -
Fe* 0.00 0.10 0.22 0.10 0.18 0.30 0.04 0.06 0.24 0.20 0.9 0.10 0.26 0.11 0.11
M3) A1 1.87 1.89 1.90 1.90 1.94 1.84 1.8 1.90 1.9 1.91 1.64 1.91 1.84 1.98 1.85
Mg 0.12 0.1 0.10 0.10 0.10 0.09 0.1z 0.10 0.0 0.09 0.08 0.09 0.08 0.02 -
Fex - - - - - - - - - - 01z - 004 - -
{] 2.01 2.00 2.06 2.00 1.9 2.07 2,00 2,00 2.00 2.00 2.16 2.00 2.04 2.00 2.15
M(4) Fe* 0.17 0.14 0.13 0.14 0.20 0.24 0,12 0.14 0.9 0.25 0.5 0.9 0.4 1.04 0.19
{] 3.83 3.8 3.87 3.8 3.80 3.76 3.88 3.86 3.81 3.75 3.85 3.81 3.86 2.96 3.8
Ty si  7.51 7.57 7.48 7.48 7.67 7.62 7.53 7.52 7.58 7.58 7.8 7.61 7.74 7.96 7.97
Al 0.49 0.43 0.52 0.52 0,33 0.38 0.47 0.48 0.42 0.42 0.42 0.39 0.26 0.04 0.03
T(2) Fex 3.00 3.03 2.93 3.03 2.82 2.47 3.39 3.36 2.8 259 2.76 248 273 - -
zZn  0.06 0.11 0,08 0.08 0.20 0.22 0.03 0.03 0.09 0.0 0.04 054 0.04 0.02 2.45
Mg 0.55 0.57 0.42 0.49 0.47 0.43 0.24 0.26 0.41 042 0.38 042 0.40 1.76 0.19
Li  ©6.08 0.0 0.0 0.9 0.12 0.2 0.1 0.1 0.1F 013 0.00 0.16 0.21 0.9 0.5
Al 0.02 0.00 0.22 0.04 0.02 0.42 0.0l 0.00 0.7 0.28 052 003 038 - 0.17
[] 0.3%¢ 0.28 0.26 0.28 0.40 0.48 0.24 0.28 038 050 030 0.38 028 1.28 0.38
Ssum T(2) 4.03 4,09 4,01 4.01 4.03 4.6 4.01 4.04 4.01 4.02 4.00 4.00 4.04 4.00 3.70
e 8.9 89.5 B86.8 87.9 85.6 B82.1 92.5 91.7 84.3 79.5 843 B86.6 825 24.7 79.5
e 83,2 9.z 88,2 87.7 B86.5 84.3 91.4 90.7 85.9 79.8 88.1 87.1 877 252 8l.l

Fe* = Fe® 4 Mn + Co + Cr + Ti + Fe™;
e* = number of electrons at T(2) from

assigned site-populations;

g"’ = number of electrons at T(2) from site-scattering refinement

Mg

monly observed in unit formulae that the number of
cations conventionally assigned to this site is signifi-
cantly less than 4 apfu. In some cases, this will be due
to the presence of undetermined Li. However, in gen-
eral it indicates the presence of vacancies, and we
know from previous arguments (Smith 1968) that
occupancy of the M(4A) and M(4B) sites must be
accompanied by vacancies at the locally associated
T(2) sites.

Above we have given two “end-member” models
for the occupancy—vacancy association of M(4A),
M(4B) and T(2), the uncoupled model and the coupled
model. Calculated vacancies are given Table 9, assum-
ing the uncoupled model. Of course, these vacancies
depend on the correct assignment of cations to M(4A)
and M(4B) to account for the observed scattering;
however, if there are major errors in any of the assign-
ments, we should end up with an inconsistency in our
scattering, chemical and stereochemical models.
At this stage in the process of site-population
assignments, it is not clear which occupancy—vacancy
model is appropriate, and so we will retain both in our
arguments.

Vacancies from stoichiometry

The results of the site-scattering refinements and
the electron-microprobe analyses indicate the follow-
ing sites to be fully occupied: T(1), M(1A4), M(1B) and
M(2), giving a total of 24 cations at these sites. The
M(3A) and M(3B) sites bave a combined rank of 4,
and the T(2) site has a rank of 4. The resultant sum of
sites corresponding to the formula unit with 48 [O,
OH, F] is 32. This situation is complicated by the fact
that the M(34), M(3B) and T(2) sites are not fully
occupied by cations, together with the occurrence of
the M(4A) and M(4B) sites that also show only partial
occupancy. As the M(3) site is on aggregate only
(approximately) half occupied, and the vacancies at
the T(2) site exceed the cations at M(4), the number of
cations in the formula unit (CATSUM) generally
ranges between 29.3 and 30.0 apfu; values for the
staurolite crystals examined here are given in Table 6.
These analytical values give us a check on our crystal-
chemical assignment of vacancies; obviously we place
more reliance on the compositions for which there are
hydrogen determinations available.
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TABLE 10. TRANSITION-METAL SITE-PREFERENCE
IN STAUROLITE

Fe* T(2) >> M(4)

Fe® M(1), M(3) > M(2) > T(3)

Hn® T(2)

In T(2)

co T(2)

T M(2) >> M(1), M(3) ?
Assignment of cations

At this stage, we will assign all the remaining unas-
signed cations to the 7(2) site and see how well they
agree with the expected stoichiometry and refined
scattering results; this is done in Table 9. The amount
of Al at the T(1), M(14), M(1B), M(2), M(3A) and
M(3B) sites was calculated from the refined site-scat-
tering (Table 5), and Mg was assigned to the M sites
as discussed above; the Al assigned to these sites was
subtracted from the total Al calculated from the micro-
probe analyses, and the remainder was assigned to the
T(2) site. A similar procedure was followed with the
other cations. To simplify this process, all transition
metals (Fe?*, Fe3*, Mn, Co, Cr, Ti) are expressed as
Fe®; once we have assigned Fe* site-populations, we
can examine the behavior of the different minor transi-
tion-metal species. Above, we have shown that Li also
occurs at the T(2) site in Li-rich staurolite crystals; this
was so assigned for all crystals. This procedure pro-
duced slight negative occupancies for Al in three of
the crystals. These negative amounts were within the
uncertainty of the assignment procedure, and the Mg
contents of the M(1,2,3) sites were adjusted slightly to
remove these negative values; the amounts involved
did not significantly affect the relationships shown in
Figures 7, 11 and 12.

Summing the assigned contents of the T(2) site for
all of the refined crystals gave cation (+ vacancy)
sums between 3.88 and 4.00 apfu, compared to the
ideal value of 4.00 apfu. We may ascribe these dis-
crepancies to the presence of Fe* atoms at the M(3)
site, which we have not yet been able to assign, lack-
ing any basis on which to do so. At this stage of the
procedure, this situation has now changed. The devia-
tions of the assigned T(2) cations (+ vacancy) from an
ideal value of 4.0 are due to an excess of Fe* and a
deficiency of Al at T(2); this may be corrected by
assigning to the M(3) site an amount of Fe" equal to
the difference between the 7(2) sum and 4.0, and re-
assigning twice that amount of Al to T(2). In this way,
the scattering at each site is kept unchanged, whereas
the scattering species at the 7(2) site (including the
assigned vacancy) now sum to the ideal value of 4.0
apfu; thus we have finally been able to assign the Fe*
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content of the M(3) site. The site-populations of Table
10 were assigned in this way. We note that for crystals
S(17) to S(42), for which we assumed 3 H pfu, devia-
tion from the assumption will adversely affect the 7(2)
site assignment, especially in the estimation of the Al
content. This may be the origin of the high T®Al con-
tents in a small number of crystals. Despite the very
circuitous process of assignment for the 7(2) site-pop-
ulations, the number of electrons at the 7(2) site calcu-
lated from the assigned populations corresponds rea-
sonably well to the refined site-scattering values
[R.M.S. deviation of 2.4 epfu with a mean value of
~84 epfu over the whole data set].

SITE ASSIGNMENTS FOR
TRANSITION-METAL CATIONS

We have so far discussed the site populations of the
transition metals in terms of the joint scattering
species Fe* = Fe?* + Fe3* + Mn + Co + Cr + Ti. We
now need to assign specific chemical species to the
various sites in the structure; we emphasize that this
procedure is dependent on a wide variety of evidence
in addition to the site-scattering refinement results dis-
cussed above.

Fe*

Fe is dominantly in the divalent state in staurolite,
and is also strongly ordered at the T(2) site; hence Fe?
occurs at 7(2). Fe also occurs at the M(4A) and M(4B)
sites; both these sites are octahedrally coordinated, and
as extensively discussed above, the observed mean
bond-lengths indicate Fe* to occur at these sites. The
combined site-scattering and observed mean bond-
lengths at the M(1A), M(1B), M(3A) and M(3B) sites
are incompatible with any significant Fe®* occupancy
of these sites. Thus Fe?* occurs at the T(2), M(4A) and
M(4B) sites (Table 10).

Fe**

There have been a variety of proposals in the litera-
ture as to the location (and even existence) of Fe3* in
the staurolite structure; as the amounts of Fe?* are very
small, (i) it is very difficult to be sure (as distinct from
guess) about the location of Fe?*, and (ii) we are not
convinced by previous analytical and spectroscopic
evidence that staurolite generally contains significant
Fe**. Caucia et al. (1994) have shown that combined
oxidation — dehydroxylation occurs in staurolite (upon
beating) via the process Fe?* + OH — Fe?* + 0% +
HT. The resulting Fe?* primarily occupies a new tetra-
hedrally coordinated site, the 7(3) site (Table 1). Thus
if small amounts of Fe** do occur in staurolite, they
may either represent the original composition of the
sample or the results of small amounts of postcrystal-
lization oxidation—dehydroxylation.
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As the T(2) site accommodates small amounts of
Al, it seems a reasonable argument that the 7(2) site
could also accommodate small amount of Fe3*.
However, there is no direct evidence for this possibi-
lity, as Fe3* can also occur at the tetrahedrally coor-
dinated 7(3) site, and spectroscopic techniques (as
distinct from scattering techniques) lack the spatial
information to resolve this problem.

The total scattering due to transition metals at the
M(1A), M(1B), M(2), M(3A) and M(3B) sites is
always in excess of the amount of (Ti+Cr), which
also occur at these sites. Hence there must be
small amounts (~0.1-0.2 apfu) of Fe?* at these sites. If
Ti*" occurs primarily at M(2), as suggested by
Henderson ef al. (1993), this would mean that Fe’*
is strongly ordered at the M(1A4), M(1B), M(3A) and
M(3B) sites.

Mn2+

Staurolite is not a characteristic mineral of highly
oxidizing environments, and it is reasonable to assume
that Mn is in the divalent state. Mn®* is unlikely to
substitute for Al at the M(14), M(1B), M(2), M(3A)
and M(3B) sites, leaving the possible locations
for Mn2* as the T(2), M(4A) and M(4B) sites. On
the basis of size and charges arguments, one expects
Mn?* to behave in the same way as Fe’*. As Fe?* is
strongly ordered at T(2), it is reasonable to propose
that Mn2* shows the same behavior; as the Mn?**
contents of staurolite are low (<0.15 apfu), only the
T(2) site will show significant Mn?* occupancy. Note
that tetrahedral coordination of Mn?* is uncommon but
by no means unknown: ordered “Mn?* occurs in
willemite and in akatoreite (Burns & Hawthorne
1993). These arguments are borne out by the results of
Henderson et al. (1993), who showed via XAS that
Mn in staurolite is tetrahedrally coordinated and (from
the observed mean bond-length of 2.01 A) in the diva-
lent state.

Zn

The crystal structure results for natural Zn-rich
staurolite (Hanisch 1966, this study) show Zn to be
ordered at the T(2) site. This behavior was also found
for trace Zn in Fe-rich staurolite by Henderson et al.
(1993), although they (in line with other previous
suggestions in the literature) indicate that 91Zn also
could be present. We regard the latter suggestion as
unlikely. Zn has a much stronger preference for
tetrahedral coordination than Fe?*, and there is
always sufficient Fe?* to account for the scattering
at the M(4A) and M(4B) sites in the structure of
any of the Zn-rich staurolite sample examined.
A direct positive signal for ©Zn needs to be recog-
nized before this occupancy can be considered as
confirmed.
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Co**

From the occurrence and structure of lusakite
(Bringhurst & Griffen 1986), Co?* shows solid-solu-
tion with Fe?* and occurs at the T(2) site.

T

Trivalent Ti is extremely rare in terrestrial environ-
ments (Waychunas 1987); Ti is assumed to be in the
tetrahedral state in staurolite. As discussed above, the
argument proposed for Ti*" occupancy of 7T(2) in stau-
rolite is not convincing. As tetrahedrally coordinated
Ti% is rare in minerals, it is a reasonable assumption
that Ti** is octahedrally coordinated in staurolite. The
M(4A) and M(4B) octahedra in staurolite are intrinsi-
cally quite large, and it seems unlikely that Ti* will
occur at either of these sites. This leaves the M(14),
M(1B), M(2), M(3A) and M(3B) sites as possible loca-
tions for titanium; however, as the amounts of Ti**
involved are small (~0.10 apfu), our site-scattering
refinements provided no direct evidence on this point,
except to indicate that Ti** could occur at any or all of
these sites. The XAS results of Henderson et al.
(1993) support this argument, and further suggest that
Ti*" is strongly ordered at the M(2) site.

CONCLUSIONS

1. Staurolite is monoclinic, C2/m, with B (observed)
varying in the range 90.0-90.49°; the symmetry differ-
ences are reflected in the relative degree of order of
the constituent cation species between the (pseudo-)
equivalent A and B sites in the structure.

2. The B angle correlates linearly with the differential
occupancy and size (mean bond-lengths) of the M(3A)
and M(3B) octahedra; it is thus a measure of the
degree of order in the structure. Other order—disorder
pairs [e.g., M(4A) and M(4B), possibly T(2) site-split-
ting] also correlate with the B angle.

3. The mean bond-length of the T(1) tetrahedron
shows only very limited variation, reflecting the small
variation in the Al content of the 7(1) site.

4, Site-scaitering refinement shows small but signifi-
cant amounts of transition metals at the octahedrally
coordinated M(1A), M(1B), M(2), M(3A) and M(3B)
sites, which are dominantly occupied by Al

5. Mean bond-length — composition relationships indi-
cate significant occupancy of the M(1), M(2) and M(3)
sites by Mg; the slopes of these relationships allow
quantitative assignment of Mg site-populations. In all
except very Mg-rich staurolite crystals, approximately
half of the Mg in the formula unit is in octahedral
coordination.
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6. There is a considerable range in M(4) site-popula-
tions with varying bulk composition; expressed in
terms of site scattering, the variation is 0-11.5 epfu.
Several arguments indicate that the M(4) sites are gen-
erally occupied by Fe?* and vacancies, except for one
very Mg-rich staurolite crystal (Mg = 3.0 apfu), in
which M(4) is occupied by Mg. In terms of atoms, the
range of M(4) site-populations is 0-0.43 Fe?* apfu.

7. The variation in M(4) occupancy shows a strong
positive correlation with the H content.

8. There is variable total occupancy of the M(3) sites,
spanning the range 1.70-2.09 cations pfu. Low total
occupancy correlates with increased H content.

9. The positional disorder of the 7(2) cations cannot be
adequately resolved by conventional refinement of X-
ray data. Even with data collected to maximum resolu-
tion (20, = 135°), the model obtained is a function
of the starting parameters of the refinement; this indi-
cates convergence at local minima rather than at the
global minimum. Consequently, although the data
indicate cation disorder at 7(2), the quantitative results
derived from normal procedures of refinement are not
reliable.

10. Local order involving the 7(2) and M(4) sites is a
very important feature of the staurolite structure.
Where M(4A) or M(4B) is occupied, the neighboring
two T(2) sites must be vacant (and vice versa). The
stoichiometry of the staurolite crystals examined here
indicates that a (locally) occupied M(4) site is associ-
ated with vacant adjacent M(4) sites. Thus the associa-
tion of two T(2) vacancies with an occupied M(4) site
is a long-range (as well as a short-range) feature of the
structure, and allows quantitative assignment of
vacancies to the 7(2) site from the assigned site-popu-
lations of the M(4) site.

11. Li occupies the T(2) site in Li-bearing staurolite.

12, The T(2) site is occupied by Fe, Zn, Li, Co, 0O, Mg
and Al, and may be considered as chemically promis-
cuous.
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