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Staurolite-lusakite series. I. Synthetic Fe-Co staurolites

Lyr-B V. PHu,lnsr* D.lNl T. GnrrrnN
Department of Geology, Brigham Young University, Provo, Utah 84602, U.S.A.

Ansrn-c,cr

Cobaltoan staurolite (:lusakite if Co > Fe,Mg) has been synthesized, along with inter-
mediate staurolites at 20 molo/o intervals in the composition range from pure-Fe staurolite
to endmember lusakite, in a tetrahedral press at approximately 30 kbar and 750'C. All
lattice parameters vary linearly with composition. There appear to be no crystal-chemical
factors that would inhibit the existence of a complete solid-solution series between natural
Fe-rich staurolite and lusakite. The paucity ofCo in nearly all staurolites thus likely reflects
the Co-poor bulk chemistry of typical staurolite-bearing rocks.

A Mdssbauer spectrum obtained for the Fe*oCoro composition shows two Fe2* doublets
that we attribute to tetrahedral Fe at the Fe site (-75o/o) and octahedral Fe at the A(3A),
A(3B), U(l), and U(2) sites (-25o/o).If the site occupancies in this synthetic staurolite are
similar to those in natural specimens, then the absence of 25o/o of the Fe from the Fe site
requires the presence of some Al, even in the unlikely event that all of the Co is also in
that site. Because the A1(3) and U sites are only partially occupied, 25o/o of the total Fe
could occupy them without completely filling them, even if no Al entered the Fe site. We
propose that local charge-balance requirements drive the exchange ofAl and Fe and suggest
the minimization of electrostatic repulsion between the protons and atoms in the Al(3)
sites as an imoortant factor.

IurnonucltoN

Staurolite can be generally characterized as a hydrous
iron aluminum silicate, very often containing appreciable
Mg, Zn, or both. Complete analyses of natural staurolites
usually also show trace to minor amounts of Ti, V, Cr,
Mn, and Co (e.g., Griffen and Ribbe, 1973) and recently
Li as well (Dutrow et al., 1986). Staurolite with a sub-
stantial content of Co has been reported from only one
general area, although two specific localities may be in-
volved. In 1934, Skerl and Bannister described a mono-
clinic mineral that is isostructural with staurolite, but has
Co > Fe,Mg; it was narned lusakite because of the prox-
imity of the locality to Lusaka, Zambia. Cech et al. (1981)
described a staurolite, from the same general locale, that
had Fe > Co,Mg; proposing that the name lusakite be
reserved for specimens in which Co > Fe,Mg, they called
this mineral cobaltoan staurolite. Lusakite is the only sil-
icate mineral known at present in which Co is an essential
constituent.

It seems apparent from studies of synthetic staurolites
(Richardson, 1966; Schreyer and Seifert,1969 Hellman
and Green, 1979; Griffen, 1981), as well as from chemical
analyses of natural specimens, that more common occur-
rence of Mg-rich and Zn-rich staurolites is prevented only
by the infrequent simultaneous satisfaction of necessary
chemical and physical geologic conditions. There are no
crystal-chemical factors, such as immiscibility, that would
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inhibit their formation. On the other hand, staurolite with
> I wto/o CoO has been reported only from the Lusaka
locality. This study was undertaken to determine whether

a complete solid solution could be synthesized between
endmember Fe staurolite and endmember lusakite.

ExprnrltnNTAl METHoDS AND RESULTS

Syntheses

Experimental syntheses were carried out in a tetrahedral press
(Hall, 1958) at 30 (+2) kbar and 750 (140)'C. Uncertainties in
operating conditions were determined from the data of Eataugh
( I 968). Crystalline starting materials, all reagent-grade synthetic
chemicals, were CoO, FeO (wiistite), AIO(OH) (boehmite), and
SiO. (quartz). The FeO was prepared by heating stoichiometric
proportions ofreagent-grade Fe and FerO, in an evacuated quartz-
glass tube for 12 h; although we cannot rule out the possibility
that some Fe3* is present, an X-ray powder photograph of the
product showed only the ditrraction lines of wiistite. These ma-
terials were combined in the mole proportions 4(CoO + FeO) +
l8(AlO(OH) + 7.5(SiOr), with a small amount of water added
to catalyze the reaction, and -20 mg were packed tightly into a
cylindrical graphite furnace, capped with graphite lids, and placed
inside a pyrophyllite tetrahedron. The encapsulating graphite
served not only to conduct the electrical current for heating the
charge, but also maintained a reducing environment.

Griffen (1981) used run times of from I to 60 h to synthesize
(Zn,Fe) staurolites with the same apparatus, but found no relation
between run times and differences in run products. Subsequently,
we found thatrun times of 20 min were sufrcient to yield products
indistinguishable from those of the longer runs, and so 20-min
runs were used for all ofthe present syntheses. The product of
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Fig. 1. Scanning-electron micrographs of(a) Co,ooFeo stau-
rolite and (b) CooFe,oo staurolite. Scale bar represents I pm.

each run was a tough compressed cylinder of reacted material,
about I mm in diameter and 3 mm long, consisting of crystals
too small to permit effective optical identification. Even with the
scanning-electron microscope, most of any given specimen was
compact and uniform in appearance, but tiny well-formed crys-
tals were present in occasional "microvugs" (Fig. 1). Starting
compositions, in terms of mole percent endrnembers, were
FeroCo.o, FeuoCooo, FeooCouo, FeroCos6, and Coro., and run prod-
ucts were identified from long-exposure X-ray powder photo-
graphs taken with a Debye-Scherrer camera. They consisted only
of staurolite (or lusakite, as appropriate) so far as we could de-
termine by this method, except for the FeuoCooo sample; that
powder photograph showed three very faint lines that correspond
to the three strongest lines in the powder pattern of sillimanite.
In the discussion that follows, we have assumed the cornpositions
of the starting materials as the compositions of the resulting
staurolites.

Lattice parameters

X-ray powder patterns for determining lattice parameters were
obtained with a General Electric xno-5 X-ray difractometer,
using Ni-filtered CuKa radiation and a goniometer scan rate of
220/min. Synthetic annealed CaF, was used as the internal stan-
dard, and peaks were indexed according to the calculated powder
pattern ofBorg and Smith (1969). Least-squares unit-cell refine-
ments were performed with the computer progxam of Evans et
al. (1963). Because natural staurolites are monoclinic with B =

9O', hkl and hll powder diffraction peaks consist of unresolved
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Table 1. Lattice parameters of synthetic Fe-Co staurolites

Comoosition' a b c

Fe,*Coo** 7.882(1) 16.639(3)
Feroco,o 7.877(2) 16.627(3)
Fe*Co* 7.878(2) 16.606(3)
Fe*Co* 7 .870(2) 16.592(5)
Fe,oCo* 7.873(2) 16.586(3)
Feooo,* 7.865(1) 16.574(21

5.659(1) 90.00(2) 742.2(21
5.658(1) 90.00(1) 741.0(2)
s.6s7(1) 90.00(2) 740.1(2)
s.654(1) 90.00(2) 738.2(2)
5.645(1) 90.00(1) 737.2(2)
s.64s(1) 90.00(2) 736.3{2)

/Vote: Estimated standard deviations, shown in parentheses, refer to
last decimal place.

- Compositions are expressed in mole percent endmembers'
'. Data for pure-Fe staurolite from Griffen (1981).

hkl-nkl and h\l-nU doublets, respectively. We assumed mono-
clinic symmetry and, in order to avoid biasing the 0 angle, in-
dexed each such peak both ways. Results of lattice parameter

refinements are reported in Table 1.

Miissbauer spectroscopy

A room-temperature Mossbauer spectrum, shown in Figure 2,
was obtained for the FeroCoro synthetic staurolite. It was fit with
two unconstrained Lorentzian doublets (1'? : l.2l). For the outer
doublet, the isomer shift is 0.97 mm/s, and the quadrupole split-
ting is 2.35 mm/s; for the inner doublet, the isomer shift and
quadrupole splitting are 1.05 mm/s and 1.20 mm/s, respectively.
Isomer shifts are given with respect to the metallic Fe spectrum.
The areas under the two low-velocity peaks ofeach doublet are
slightly greater than those under the two high-velocity peaks. This
asymmetry suggests the possibility that a small amount of Fe was
oxidized during the syntheses (or perhaps present in starting ma-
terials), resulting in a small Fe3* doublet with an isomer shift
around 0.2 mm/s. We made no attempt to resolve this possible

feature, but it does not appear to represent more than -50lo of
the total Fe present (if, indeed, it results from Fe3* at all, inasmuch
as the isomer shift is somewhat lower than typical values for Fe3*
in tetrahedral coordination and much too low to represent Fe3+
in octahedral coordination @yar, 1984)).

DrscussroN

The variations in unit-cell dimensions and cell volume
with chemistry are shown in Figure 3. Values for cell
parameters ofsynthetic Fe saturolitewere taken from Grif-
fen (1981). Correlation coemcients for a, b, c, and Vwrth
composition are, respectiv ely, 0.92, 0.99, 0. 8 8, and 0.99.
Although there is some scatter in the data, all trends ap-
pear to be linear. Previous rationalizations for the vari-
ations in cell parameterswith chemistry (Griffen and Ribbe,
1973; Griffen, 1981) appear to hold true for the synthetic
Fe-Co staurolites, although we note that the correlation
of c with chemistry is poorer than that of a, in contrast
to previous results.

The Mdssbauer spectmm shown in Figure 2 very closely
resembles that of Smith's (1968) natural staurolite from
Pizzo Forno. Ignoring the possible existence of a very
small Fe3* doublet, we interpret the spectrum to indicate
the presence of both tetrahedrally and octahedrally co-
ordinated Fe'z*. The interpretation of the M6ssbauer spec-
trum of staurolite is actually an open question. We have
followed the interpretation ofBancroft et al. (1967) and
Dickson and Smith (1976); others-for example, Dowty
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Fig. 2. Room-temperature Mdssbauer spectrum of FeroCoro
synthetic staurolite. The spectrum is fit with two unconstrained
Lorentzian doublets, and metallic Fe is the reference material.

(1972)-have interpreted the spectrum in terms of only
tetrahedrally coordinated Fe. Dowty argued that both iso-
mer shifts fall in the range typical of tetrahedrally coor-
dinated Fe2*. Yamanaka and Tak6uchi (1979), however,
have observed an isomer shift of 1.04 mm/s at 293 K.
relative to stainless steel, for Fe2t in the Fer*(B) site of
an ilvaite. Using the conversion factor cited by Dyar (1984),
this isomer shift is 0.95 mm/s relative to Fe metal, dem-
onstratingthat such small shifts, while unusual, are known
to occur for Fe2* in octahedral coordination in silicates.
Moreover, for a different ilvaite specimen [with an isomer
shift relative to metallic Fe of l 15 mm/s in the Fe,*(B)
sitel, spectra were obtained at both 293 and 80 K, and
the decrease in quadrupole splitting for that site was nearly
the same as it was for Dowty's inner doublet ftom 294 to
77 K. We thus interpret the inner doublet in Figure 2 as
due to Fe2* in octahedral coordination, and the discussion
that follows is obviously strongly dependent on that choice.

Peak intensities indicate that -75o/o of the Fe is in
tetrahedral coordination, and -25o/o is in octahedral
coordination. Seven octahedral sites are available, but
crystal-chemical arguments (Smith, 1968) suggest that the
octahedrally coordinated Fe is in the Al(3A), ' Al(3B), U(l),
and U(2) sites of the "FerAlorOr(OH)r" monolayer, rather
than the A(14), Al(18), and Al(2) sites of the "kyanite"
layer. Even if all of the cobalt in this FeroCoro staurolite
entered the tetrahedral Fe site, the absence of250lo ofthe
Fe would yield a site occupancy of only 0.80 for that
position. In fact, we would expect some Co in the octa-
hedral sites, given that the crystal-f,eld stabilization en-
ergy for Co2* in octahedral coordination exceeds that for
Fe2* by 2/sAo-about 2600 cm-' using the values of Dq (:
0.lAo) for Co2* and Fe'?* from Walsh et al. (1976)-and
that Co2* should exhibit a slight preference for octahedral
coordination over tetrahedral coordination according to
simple crystal-field theory. Site-occupancy refinements of
natural staurolites (Smith, 1968; Tagai and Joswig, 1985;
Bringhurst and Griffen, 1986) yield Fe sites much more
nearly fully occupied than 0.80. We assume that site oc-

tTo avoid confusion between chemical symbols and Smith's
site names, the latter are printed in boldface type. Site occupan-
cies referred to are based on Smith's (1968) structure refinement.
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Fig. 3. Variation in lattice parameters for synthetic Fe-Co

staurolites. Lattice parameters for the Fe endmember were taken
from Griffen (1981). Symbols are two esd's in height.

cupancies in this synthetic staurolite are similar to those
in natural specimens, and the only other element available
to increase the occupancy ofthe Fe site in the synthetic
mineral is Al. Thus, even though the Fe in the Al(3) sites
does not "displace" any Al (because ofthe partially oc-
cupied state of those octahedra), there is evidently a crys-
tal-chemical requirement that some Al enter the Fe site
in staurolite "in exchange" for some Fe (not necessarily
an equal amount) entering the Al(3) sites. Inasmuch as
the protons lie on a line between the Fe and Al(3) sites,
and closer to the latter, it may be that the Al-Fe exchange
is a way of reducing electrostatic repulsion between the
Al(3) and P(1) sites. [See Fig. I of Tagai and Joswig (l 985)
or Fig. 4 ofTak6uchi et al. (1972) for positions ofprotons
relative to cation sites.l

Griffen (1981) used a plot of 13 (the cube of the ionic
radius) vs. unit-cell volume to estimate the radius offour-
coordinated Zn2t as 0.56 A, substantially smaller than the
0.60-A-radius given by Shannon (1976), and he recom-
mended the use of 0.57 A (*O.Ot A), consistent with the
data of Griffen and Ribbe (1979). Figure 4 is a similar
plot, with the Fe-Co staurolites of this study included, and
0.58 A (Shannon, 1976) used as the radius of'"Co2*. The
solid line is a least-squares fit to all ofthe data, and the
dashed line is a least-squares fit to only the Fe-Co stau-
rolite data. Extrapolation of either line to 733.9 A3 (the
unit-cell volume of synthetic Zn staurolite) leads to a I"Zn2t

radius of 0.56 A, substantiating the earlier result (assum-
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Fig. 4. Plot of the unit-cell volume as a function of the cube

of the ionic radius of the metal atom. Radii were taken from
Shannon (1976). The solid line is at least-squares fit to all data,
and the dashed line is a least-squares fit to only the syntheses
done at 30 kbar. The lines are extrapolate d to 733.9 A:, the cell
volume of Zn staurolite (Griffen, 1981). Symbols are two esd's
in height.

ing, of course, Shannon's radii for IvFe2*, ttMg'*, and IVCo2+

to be accurate). Because the staurolites represented by
solid symbols were all synthesized at pressures higher than
those represented by open symbols, we might have ex-
pected them to yield smaller effective radii. It is interest-
ing, if inexplicable, that higher-pressure syntheses (dashed
line) fall, on the average, to the high-radius side of the
lower-pressure syntheses (solid line) in Figure 4.

CoNcr,usroNs

The successful synthesis of pure-Co staurolite ("end-
member" lusakite), as well as four compositions nomi-
nally uniformly distributed in composition between the
Fe and Co endmembers, demonstrates that crystal-chem-
ical factors do not prohibit a complete solid solution be-
tween pure-Fe staurolite and lusakite. Apparently the rar-
ity of such specimens in nature simply reflects the paucity
of Co in pelitic rocks. The fact that the sole reported
natural cobaltoan staurolite contains a greater weight per-
cent Co than, and about the same cation percent Co as,
accompanying magnetite, hematite, ilmenite, and chlorite
(Cech et al., 1981) suggests that Co, llke Zn (Guidotti,
1970), may preferentially partition into staurolite.

Our interpretation of the M0ssbauer spectrum of the
staurolite with composition FeroCoro leads us to conclude
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that some Fe'z* always enters octahedral Al sites, and that
some Al occupies the tetrahedral Fe site, despite the fact

that composition does not require either substitution. We

suspect that local charge-balance considerations are im-
portant in driving the exchange and suggest that reduction

of electrostatic repulsions between protons and atoms at

the Al(3) site may be an important factor.
The unit-cell volumes of synthetic lusakite-staurolite

solid solutions, either alone or when combined with the
cell volumes of other synthetic staurolites, substantiate
the conclusion by Griffen ( 198 l) that tYZn2+ has a smaller
efective ionic radius than IvMg2*.

RnrnnnNcns

Bancroft, G.M., Maddock, A.G., and Burns, R.G. (1967) Ap-
plications of the Miissbauer effect to silicate mineralogy. I. Iron
silicates of known crystal structure. Geochimica et Cosmo-
chimica Acta. 31. 2219-2246.

Borg, I.Y., and Smith, D.K. (1969) Calculated X-ray powder
patterns for silicate minerals. Geological Society of America
Memoir 122.

Bringhurst, K.N., and Griffen, D.T. (1986) StauroliteJusakite
series. II. Crystal structure and optical properties ofa cobaltoan
staurolite. American Mineralogist, 7 l, 1466-147 2.

Cech, F., Povondra, P., and Vrana, S. (198 1) Cobaltoan staurolite
from Zambia. Bulletin de la Soci6t6 frangaise de Min6rologie
et de Cristallographie, 104, 526-529.

Dickson, B.L., and Smith, G. (1976) Low-temperature optical
absorption and M<issbauer spectra of staurolite and spinel.
Canadian Mineralogist, 14, 206-215.

Dowty, E. (1972) Site distribution of iron in staurolite. Earth and
Planetary Science Letters, 15, 7 2-7 4.

Dutrow, B.L., Holdaway, M.J., and Hinton, R.W. (1986) Lithium
in staurolite: Its petrologic significance. Contributions to Min-
eralogy and Petrology, in press.

Dyar, M.D. (1984) Precision and interlaboratory reproducibility
of measurements of the M6ssbauer effect in minerals. Amer-
ican Mineralogist, 69, I127-1144.

Eataugh, N.L. (1968) High pressure, high temperature syntheses
of rare earth diantimonides and Th.Po tlpe polymorphs of rare
earth sesquisulfides. Ph.D. dissertation, Brigham Young Uni-
versity, Provo, Utah.

Evans, H.T., Jr., Appleman, D.E., and Handwerker, D.S. (1963)
The least-squares refinement of crystal unit cells with powder
diffraction data by an automatic computer indexing method.
(abs.) American Crystallographic Association Annual Meeting,
Cambridge, Massachusetts , Prograrn, 42-43.

Griffen, D.T. (1981) Synthetic FelZn staurolite and the ionic
radius of I"Zn2*. American Mineralogist, 66, 932-937 .

Gritren, D.T., and Ribbe, P.H. (1973) The crystal chemistry of
staurolite. American Journal of Science, 273-A^, 479-495.

-(1979) Distortions in the tetrahedral oxyanions of crys-
talline substances. Neues Jahrbuch Iiir Mineralogie Abhand-
lungen, 137,54-73.

Guidotti, C.V. (1970) The mineralogy and petrology of the tran-
sition from the lower to upper sillimanite zone in the Oquossoc
area, Maine. Journal of Petrology, ll, 27 7 -336.

Hall, H.T. (1958) Some high-pressure, high-temperature design
considerations: Equipment for use at 100,000 atmospheres and
3000'C. Reviews of Scientifi c Instrumentatiot, 29, 26'1 -27 5.

Hellman, P.L., and Green, T.H. (1979) The high pressure ex-
perimental crystallization of staurolite in hydrous mafic com-
positions. Contributions to Mineralogy and Petrology, 68, 369-
372.

Richardson, S.W. (1966) Staurolite. Carnegie Institution of
Washington Year Book 65,248-252.

Schreyer, W., and Seifert, F. (1969) High pressure phases in the

. :  738
c
f

/  J O



system MgO-AlrO3-SiOr-HrO. American Journal of Science,
267-1^,407-443.

Shannon, R.D. (1976) Revised effective ionic radii and system-
atic studies ofinteratomic distances in halides and chalcogen-
ides. Acta Crystallographica, 432,'7 5l-7 67 .

Skerl, A.C., and Bannister, F.A. (1934) Lusakite, a cobalt-bearing
silicate from northern Rhodesia. Mineralogical Magazine, 23,
598-606.

Smith, J.V. (1968) The crystal structure of staurolite. American
Mineralogist, 53, I 139-1 155.

Tagai, T., and Joswig, W. (1985) Untersuchungen der Kationen-
verteilung im Staurolith durch Neutronenbeugung bei 100K.
Neues Jahrbuch fiir Mineralogie Monatshefte, 1985, 97-107 .

1465

Tak6uchi, Y., Aikawa, N., and Yamamoto, T. (1972) The hy-
drogen locations and chemical composition of staurolite. Zeit-
schrift liir Kristallographie, 136, l-22.

Walsh, D., Donnay, G., and Donnay, J.D.H. (1976) Ordering of
transition metal ions in olivine. Canadian Mineralogist, 14,
149-1 50.

Yamanaka, T., and Tak6uchi, Y. (1979) Mossbauer spectra and
magnetic features of ilvaites. Physics and Chemistry of Min-
erals,4, 149-159.

MlNuscnrpr REcETvED OcroseR. 18, 1985
Mer'ruscnrrr AccEprED Jurv 8, 1986

PHILLPS AND GRIFFEN: SYNTHETIC FC-CO STAUROLITES




