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ABSTRACT

A Cr-rich allanite containing up to 5.7 wt.%o of Cr2O3
occurs in mica- and spinel-rich layers in a mica schist
exposed in the Vuonos open pit in the Outokumpu mining
district of Finnish Karelia. The Cr-rich allanite is part of
a solid-solution series between allanite and a Cr-epidote of
composition CaaCr2AlaSi6Ozs(OH)2. In view of
documented site-preferences, the probable substitutions
involved are REE for Ca on the z4 site, Al for Cr dominantly
on the octahedral Ml site. and R2+ for Al on the M3 and
M2 sites. This is the first recorded example of such a phase;
it is an important addition to the exotic suite of Cr-rich
minerals already described from Outokumpu.

Keywords: chromian allanite, Cr-minerals, solid solution,
microprobe data, Outokumpu, Finland.

SoN[vtArRE

Une allanite riche en chrome fiusqu'd 5.790 de Cr2O3
en poids) est prdsente dans les niveaux riches en mica et
en spinelle d'un schiste micacd qui affleure dans la mine
d ciel ouvert de Vuonos, dans le camp minier d'Outokumpu
en Kar€lie finlandaise. L'allanite chromifbre fait partie
d'une solution solide entre I'allanite et une 6pidote chro-
mifbre de composition CaaCr2AlaSi6O zq(OH)2. A la suite
des prdf6rences document€es parmi les sites, on propose
un remplacement du Ca par les terres rares sur \e site A,
et de l'aluminium par le chrome sur les sites octa6driques
Ml et par des cations R'- sur les sites M3 et M2. C'est
le premier indice d'une telle espdce mindrale, qui vient
s'ajouter i la suite de min6raux exotiques chromifbres ddjd
connue d Outokumpu.

(Traduit par la R€daction)

Mots-clds: allanite chromifbre, min6raux de Cr, solution
solide, donn€es chimiques (microsonde €lectronique),
Outokumpu, Finlande.

INTRODUCTIoN

The Outokumpu district of Finnish Karelia (Fig.
l) is dominated by a number of Cu-Co-Zn-bearing
stratiform massive-sulfide bodies. Unusually for such
deposits, both the ores and the country rocks con-
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tain anomalously high concentrations of Cr. This
stabilizes a wide range of unusual Cr-bearing silicate
and oxide phases within both the orebodies and the
country rocks. Cr-bearing diopside, tremolite' gar-
net, epidote, muscovite, biotite, chlorite, staurolite,
tourmaline and spinel have all been described from
the region @skola 1933, Thayer et ol. 1964, Peltola
et ol. L968, Vuorelainen et al. 1968,Treloat et ol.
1981, Park 1983). The oxide phase eskolaite Cr2O3
was first documented at Outokumpu (Kuovo &
Vuorelainen 1958). Most of these phases show
unusually high Cr-contents, far in excess of anything
reported elsewhere. Cr contents of up to 3.1590
Cr2O3 in diopside, 3,74t/o in tremolite, 27.50/o in
garnet, 8.6V0 in biotite, 2A.60/o in muscovite, 5.2q0
in chlorite, 15.490 in epidote,2.89o in staurolite and
9.60/o in tourmaline have been recorded (Treloar
1985). This note records the occurrence of a Cr-
bearing allanite and is the frst reported occurrence
anywhere of significant substitution of Cr for Al in
allanite.

The massive-sulfide ores at Outokumpu are an
integral part of the Outokumpu Association. The
Association comprises serpentinite at the base, suc-
ceeded upward by dolomite, chert and a graphitic
black schist. Intercalated within the sedimentary
sequence is a series of pillowed flows, basalts and
komatiitic volcanic rocks, together with occasional
thin layers of heavy-mineral-rich schists. The ore-
bodies are hosted within the chert horizons. The
whole sequence, with serpentinite, pillow lavas and
generally reduced sediments associated with the ore
units, is consistent with a sea-floor volcanogenic ori-
gin for the massive sulfides. The rocks, which were
deformed during the Svecokarelian orogeny' are tec-
tonically enclosed within a regionally developed mica
schist. Metamorphic conditions were about 600 t
50oC at 3.5 a I kbar (Treloar et al. l98L).

Trrn OCCUNNENCE OF ALLANITE

The allanite occurs in a biotite-bearing schist
exposed on the northeast face of the disused open
pit at Vuonos, 5 km to the northeast of Outokumpu
itself (Fig. 1). The rock type forms a minor compo-
nent of the Outokumpu Assemblage (Koistinen
1981); it displays a well-marked schistosity defined
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Frc. l. Sketch map of the Outokumpu distdct to show the locality of the Keretti and Vuonos mines. The iocation of
Outokumpu is shown by the square on the inset map of Finland.
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quartzofeldspathic layers up to 6 mm wide and mica-
ceous layers up to 4 mm in width. These layers prob-
ably reflect a primary lithological layering. The mica-
ceous layers are dominated by biotite, often slightly
chloritized and containing up to 1.94t/o Cr2O3, and
a ruby-red Cr-Zn-bearing spinel. Biotite and spinel
compositions are listed in Table l. Texlural relation-
ships imply that the appearance of spinel predates
the growth of the biotite fabric. It is probable that
the spinel reflects heavy-mineral bands of sedimen-
tary origin and that its composition was only slightly
modified during metamorphism.

Allanite occurs as small grains within the mica-
ceous layers. Individual crystals rarely exceed'250 pm
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Fto.2. Backscattered-electron image ofchromian allanite. Lighter-colored areas are
richer in the rare-earth elements. The pitted dark central areas have been hydrated
and were not analyzed. Bright specks on the glain boundary are a rare-earth- and
thorium-bearing phosphate. Scale bar: 10 pm.
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in length (Fig. 2) and show a faint yellow color. The
allanite grains are variably altered, the core regions
in particular being extensively hydrated. A patchy
incipient hydration throughout the grain is reflected
by systematically low analytical totals, together with
an increased level of Si in the structural formula. The
allanite crystals are zoned with respect to Ce, La and

Cr, with both the rare earths enriched in the core
with respect to the rim. The sharp zonation-
boundaries on the BSE image are apparently crys-
tallographically controlled and may reflect a two-
stage period of growth, with an early REFrich phase
being subsequently overgrown by a slightly less REE-
rich one. Occasional pockets ofhigh rare-earth con-
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1 . 5

REE
Frc. 3. Plots of concentration of Ca (a), Fe + Mg O), Al + Cr (c) and Cr (d) against the sum of rare-earth-element

concentrations (atoms per formula unit) in chromian allanite.

centration at isolated spots adjacent to the rim prob-
ably reflect localized near-rim concentrations of a
rare-earth-bearing phosphate.

CnsMrcat- CoMposITIoN

Analytical data for allanite from Outokumpu are
listed in Table 2. All analyses were carried out on
the Cambridge Instruments Microscan Mark 9 elec-
tron microprobe in the Department of Earth Sciences
at Oxford University using a 20 kV accelerating vol-
tage, with rare earths calibrated against the standard
glasses of Drake & Weill (1972). All iron is tabulated
as FeO, and stoichiometries were calculated on the
hydroryl-free basis of 25 oxygen atoms. Total abun-

1.5

REE

dances of the rare-earth elements range between l.2l
and 1.74 atoms per formula unit. Individual rare-
earth elements show the following range in concen-
trations: Ce, 8.37 to L2.30 wt.9o Ce2O, (0.546 to
0.822 atoms); La, 8.30 to I 1.10q0 La2O3 (0.546 to
0.748 atoms); Nd, 1.23 to 2.65v/o Nd2O3 (0.078 to
0.167 atoms); Sm, 0.17 to 0.34t/o SmrO, (0.011 to
0.022 atoms). In addition, Y contents range from
0.13 to 0.3090 Y2O3 (0.012 to 0.029 atoms). Cr con-
tents similarly show a range, from 3,63 to 5.400/o
Cr2O3, corresponding to 0.508 to 0.774 atoms per
formula unit. The maximum extent of substitution
of REE on the / site and of Cr on the octahedral
sites is indicated by the relationships X/uu:9.45
and X$f:0.13. REE concentrations have been
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plotted against t}re concentration of a variety of other
elements (Frg. 3). The plots show possible correla-
tions of decreasing Ca, decreasing Al3+ + Cr3+,
and increasing Fd+ + Mg2+ with increasing con-
centration of the REE

DISCUSSIoN

The composition of allanite may be considered
within the framework of the general epidote-
clinozoisite formula AM6SL6O24(OH), (Dollase
1971), in which trivalent REE atoms substitute for
Ca on the ,4 sile, with charge balance maintained
by the coupled substitution of divalent Fe and Mg
for trivalent Al on the octahedrally co-ordinated M
sites. This gives as general formula for allanite:

(ca,t tREE ) o[(Fd 
*,Mg2 * 

)n(Fe, 
*,Al' * 

]r-r)r(Al', 
* 
),

si6oz(oH)2

where n is between 1.2 and 2.0 @eer et al. 1962).
Where R equals 2, there will be an equal number of
Ca and R.EE atoms on the / site, and the ratio of
divalent to trivalent atoms on the octahedral M sites
will be 1:2.

In the Outokumpu allanite, the octahedrally co-
ordinated atoms Cr3+, Fd* and Mg2* contribute
an approximate 2 atoms to the formula unit. These
non-Al octahedral atoms therefore occupy a cons-
tafi. one third of the octahedral sites
[XE+r*+ +vre) = 0.33], and yield a general formula
for the allanite from Outokumpu of:

(c a, R E E) o(Cr3 
*, Fe2 n, Mg2 + 

)2 (Al3 + 
)4Si 60 24(OH) 2.

There is a slight Si excess (Si > 6 atoms per for-
mula unit) in all the analyzed points, which proba-
bly reflects a two-stage process of alteration involv-
ing an initial incipient metamictization of the crystal
structure, followed by a slight leaching, preferentially
of atoms other than silicon, during the patchy
hydrothermal alteration mentioned above. The com-
positions listed in Table 2 do not completely charge-
balance, as in each case there is a slight excess of
trivalent REE over divalent Fd+ and M8+ (1.74 to
l.2l atoms of REE are balanced by 1.50 to 1.13
atoms of Fd* and Mg2*). This charge imbalance
might be reduced if some of the chromium is present
in its divalent rather than trivalent state.

The Cr-bearing allanite is not the flrst Cr-rich
epidote-group mineral to have been described from
Outokumpu. A Cr-rich epidote, tawmawite, with
9.6V0 Cr2O3, was described by Eskola (1933);
recently, Treloar (1987) has shown that the degree
of substitution of Cr for Al in epidote may reach
the equivalent of 2 atoms per formula unit (Table
l). The general formula of the Outokumpu chromian

allanite shows a constant ratio between
Cr3* + Fd+ + Mg2* and Al3* that is approxi-
mately equal to l:2, and a complete absence of
Fe3*. donsequently, the phase chemistry may be
viewed solely in terms of two theoretical end-
memberp: the chrome-epidote Ca4Cr2Al4Si6O?A(OfD2
(Iable l), wilh lff = 0.33, which has recently been
described from Outokumpu (freloar 1987)' and pure
allanite ca,&EE&* 2N6kOz(OFDz.

These two phases may be linked by a balanced sub-
stitution: Ca + Cr + REE+ R2+. The tabulated com-
positions indicate that there is at least limited solid-
solution between the two end-members.

Whereas Ca and the rare-eartl elements substitute
for each other on the,4 site, the site (or sites) on which
Cr and the R2* atoms substitute is (or are) not so
clear. Mdssbauer spectral analysis, site-occupancy
refinement @ollase l97l) and polarized absorption
spectroscopy @urns & Strens 1967) show strong site-
preferences for substitutions of Cr, Fe and Mn for Al.
The luf2 site is dominated by aluminum atoms, with
the non-Al octahedral atoms partitioning into the 143
ard Ml sites @ollase l97l). Ferric iron, for instance,
goes dominantly into the M3 site. The phase
CaaFd+2AlaSip,n(ofDz marks the Fe-rich end of the
clinozoisite-epidote solid-solution series; with its com-
plete occupancy of il&l sites by Fd* @ollase 191),
it has appreciable crystal-chemical significance. Cr3*
shows a strong site-preference for Ml @urns & Strens
l%7); the recognition of a Cr+pidote with )fif = 9.33
(Ireloar l9&7) may have a similar crystal chemical sig-
nificance. Site preferences for the divalent aloms are
less clear. Dollase (1971) indicated a strong site-
preference of Fd* for IuB, althoueh Mg may prefer
the more ordered M2 site.

In the case of the chromian allanite from
Outokumpu, the above site-preferences, if fully
obeyed, would imply that tle solid-solufion seris from
chromian allanite to Cr-epidote involves substitution
of R2+ atoms for Al on the M3 and IA sites, and
substifution of Al for Cr on the Ml site. The former
would maintain the charge-balance requirement of the
Ca-for-REEsubstitution on the,4 site, whereas the lal-
ter maintains ry -- 0.67 and )@*r?+ +vgl = 0.33. It
is possible that this last relationship has crystal+hemical
significance, all the non-Al octahedral atoms being
limited to just one site which, given the strong crystal-
field effects of chromium, may be Ml. T:he substitu-
tions are, however, likely to be disordered to some
extent over all three octahedral siles, with Cr
dominantly, though not exclusively, on the Ml site,
and Fe2* dominantly on the M3 site, and so on'

The recognition of substantial substifution of Cr for
Al in allanite is not surprising in crystal-chernical terms.
Cr has been shown to substitute readily for octahedral
Al in a number of phases in which Al is normally an
essential component @urns & Burns 1975). Treloar
(1987) has shown that Cr may enter the clinozoisite
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structure through Cr-Al solid solution, to a value of
lff = 0.33. Even in phases such as pyroxene and
amphibole, in which Al, thoueh not an essential com-
ponent, commonly occurs on both octahedral and
tetrahedral sites, Cr has been shown to mimic Al in
substituting for octahedral Fd+ and Mg3+ @urns &
Burns 197il.

The surprising aspect of the occurrence is in the
juxtaposition of Cr and rare-earth elements in the
same phase. The enhanced levels of chromium in the
sediments of the Outokumpu Association are
attributed to sedimentary enrichment during deriva-
tion from a local ultramafic-volcanic substrate
(Treloar 1985). The Cr was incorporated within the
sediments both in a heavy-mineral fraction and by
direct precipitation out of reduced seawater, involv-
ing absorption onto clay-mineral surfaces. The
spinel-biotite-rich bands in which the allanite occurs,
with spinel grains only slightly modified by metamor-
phism, are typical of sedimentary healy-mineral
bands. Spinel grains form over 20r/o of the bands
in the particular schist examined. If the Cr represents
an ultramafic source-rock, possibly of greenstone
type, the rare-earth elements must represent a differ-
ent, more acidic, provenance, which may be the
Archean terrane to the east. It is probable that the
heavy-mineral bands represent a mixed provenance,
the spinel grains derived from a basic terrane being
admixed with zircon (?) from a more acidic one. This
unusual mixture resulted, during metamorphism, in
the necessary chemical microenvironment for growth
of this unusual phase.

Without doubt, as shown by the references listed
above, the best documented suite of Cr-bearing
minerals is that described from Outokumpu.
Although this suite may well prove to be unique, it
does not contain all those phases into which Cr may
substitute. Others, such as sapphirine, corundum,
cummingtonite and kyanite, have been described
from other locations. A chromium-bearing allanite
has not previously been reported, but given the
potential substitution of Cr for Al within the epi-
dote series, it is not surprising that a combination
of rare-earth elements and Cr within a sediment
could generate such a phase. It is perhaps appropr!
ate that such a phase should be described first from
Outokumpu, to be added to that locality's unique
suite of chromian minerals.
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