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Abstract

Oriented hematite inclusions in prismatic sillimanite grains from a sapphirine-bearing
granulite from Wilson Lake, Labrador, have been studied by optical microscopy and single
crystal X-ray precession photography. The inclusions are lath-like in shape,0.1 to 0.2 pm in
smallest dimension, and elongated parallel to the sillimanite c-axis. In (001) section they are
oriented parallel to sillimanite {110}. The crystallographic orientation of the hematite in-

clusions is [120] of hematite parallel to c-axis of sillimanite, c-axis of hematite inclined at

t1 .7' to the a-axis of sillimanite.
Although the hematite-sillimanite phase boundary orientation and hematite lattice rota-

tion are approximately reproduced by two-dimensional lattice misfit (coincident lattice) calcu-
lations, significant discrepancies persist between the observed and refined interface parame-

ters. However, further analysis reveals that the observed interface plane is a rational plane in

both phases and is parallel to a potential common structural plane. Thus, the orientation of

the hematite-sillimanite intergrowth appears to be controlled by topotaxy rather than lattice
misfit. Petrographic details suggest that the hematite inclusions formed by a precipitation
mechanism (probably exsolution). This is consistent with the complex and extensive retro-
grade history of the granulites.

Introduction

As discussed in Fleet (1982), minimization of interfacial

energy is the dominant factor controlling the shape and
orientation of crystalline precipitates and replacement
products in minerals. Thus, oriented inclusions tend to

have either a topotactic (syntactic) relationship with the
matrix phase (e.g., biopyribole intergrowths, Veblen and
Buseck, 1980; augite-magnetite symplectites in olivine,
Moseley, 1984; magnetite inclusions in orthopyroxene,
Fleet et al., 1980) or an orientation which minimizes the
dimensional misfit between the strain-free lattices at the
phase boundary (e.g., augite-pigeonite intergrowths, Ro-
binson et al., 1977; magnetite inclusions in augite, Fleet et
al., 1980; many feldspar intergrowths, Fleet, 1982, 1984,
r985).

Because topotactic interfaces are planes of low lattice
misfit and lattice misfit interfaces permit a degree of struc-
tural continuity, it is not always possible to clearly dis-
tinguish between topotaxy and minimization of lattice
misfit. In the present paper, use of these two terms is based
on the following criteria. Topotaxy involves a shared struc-

tural element and therefore topotactic phase boundaries
are usually rational planes. Their orientation is indepen-
dent of the precise values of the strain-free lattice parame-

ters. On the other hand, phase boundaries defined by mini-
mization of lattice misfit are, in general, irrational, and
their orientation is sensitive to change in lattice parameters

through change in temperature, pressure, composition, and
so on. Thus, if a phase boundary is dependent on the actual
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values of the lattice parameters, it is regarded as being

defined by lattice misfit. If it also coincides with the plane

of a prominent structural element it is also topotactic.

In general, lattice misfit boundaries are optimal ones, but

when the lattice translation distances along a common

third axis are very similar, the misfit is in two-dimensions

only and coincidence phase boundaries may be permitted.

The orientations of dimensional misfit boundaries are re-

stricted by the following crystallographic law: coincident

and optimal phase boundaries have indices (hkl) common

to both lattices (Fleet, 1982).
Two-dimensional lattice coincident phase boundary

theory was developed originatly for intergrowths of iso-

morphous monoclinic phases (e.g., Robinson et al., l97l:

Robinson et al.,1977). Fleet et al. (1980) extended its appli-

cability to magnetite-augite intergrowths, which have a

monoclinic matrix phase but virtually no topological corre-

spondence between the intergrowth phases. We report here

that hematite inclusions in sillimanite, in a sapphirine-

bearing granulite from Wilson Lake, Labrador (Grew,

1980), have the superficial appearance of being oriented to

lattice coincidence, but, surprisingly, a topotactic expla-

nation appears more approPriate.

Coincident lattice theory for an orthorhombic matrix

Following Fleet (1982), lattices of two different phases

are coincident along a common line through (x, l) when:
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x:  l -B+(82 -  4Ac) t t2 l lzA,  (1)



where, ,4 : a? - aZ, B :2(arb, cos lr - azbz cos yr), C :
bt, - b'r, and ar, br, y, and az, bz, y2 arc the two-
dimensional lattice parameters. Two non-equivalent orien-
tations of coincidence between the two lattices result when
4AC < 82.

For orthogonal lattices (with y, : !z = 90'), equation (l)
reduces to:

x :  +(-ClA) t tz ,  (2\

and the two-dimensional lattice theory predicts two
symmetry-related lines of coincidence when
-(bi - Ubl@? - ai) > 0, or b, > b, with a2> ab etc.
Thus. for lattice coincidence. inclusions of orthorhombic or
higher symmetry within an orthorhombic matrix must be
present in two orientations symmetrical to the two-
dimensional axes of the matrix phase and parallel to a
common third axis (which is normal to the two-
dimensional plane). The lattices of the two orientations of
the inclusion phase must be rotated symmetrically away
from a common reference direction (in the two-dimensional
plane) by an amount proportional to the phase boundary
orientation. Also, along the common third axis, the trans-
lation distance of the two intersecting lattices of the in-
clusion phase must essentially correspond to the trans-
lation distance of the lattice of the matrix phase.

ln general, combination of the true space lattices of in-
tergrowth phases may be incompatible with the symmetry
requirements of the coincident lattice theory (which, for
example, requires a common axis normal to the two-
dimensional plane) or may fail to reproduce the observed
interface parameters. In such cases one selects a new lattice
for the inclusion phase (and, perhaps, also for the matrix
phase). Thus, in reproducing the interface parameters for
the magnetite-augite intergrowth (Fleet et al., 1980) an
equivalent monoclinic unit cell for magnetite was com-
pared with the alternative monoclinic unit cell for augite.
In the present study, analysis of the hematite-sillimanite
intergrowth starts with the selection of an orthogonal lat-
tice for hematite. Further details are given below.

Petrography rnd paragenesis

Sillimanite grains with oriented hematite inclusions were
obtained from the sapphirine-bearing granulites of the
Wilson Lake area, Labrador (62"45W, 53'22N; Depart-
ment of Mines and Energy, Government of Newfoundland
and Labrador sample No. 80VS-132A). The petrology and
geochemistry of the metamorphic rocks of this area have
been described by Morse and Talley (1971), Leong and
Moore (1972), Bourne (1978), Gittins and Currie (1979) and
Jackson and Finn (1982). the sapphirine-bearing granulites
are heterogeneous coarse-grained rocks with banded tex-
ture. Melanocratic bands consisting of sillimanite, sapphir-
ine, orthopyroxene, phlogopite and opaque phases (hema-
tite with ilmenite lamellae and magnetite) are interspersed
with leucocratic feldspar-quartz bands. Minor amounts of
feldspars and quartz also occur in the melanocratic bands.

Sillimanite oocurs as euhedral prismatic grains up to 1
mm in longest dimension, as a fibrolitic overgrowth on
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prismatic grains, as a narrow rim to sapphirine porphyro-
blasts and opaque mineral areas, and as euhedral lathJike
inclusions within sapphirine. Oriented hematite inclusions
are fairly evenly distributed in the medium and sporadic
large-sized prismatic grains of sillimanite. However, the
grain nrargins are inclusion-free and adjacent grain bound-
aries are decorated with small blebJike grains of hematite.
These hematite grains do not contain ilmenite lamellae,
which are present in the large hematite grains of the
opaque mineral areas. Kink-band boundaries within silli-
manite grains are also decorated with hematite inclusions.
Small prismatic grains of sillimanite, less than 0.1 mm in
diameter, are free of inclusions, as are fibrolitic grains, rims
of sillimanite and inclusions of sillimanite within sapphirine
porphyroblasts.

Electron microprobe analyses of sillimanite yielded an
average formula of Alr.nrrFe!.t35sio.ee4o5. TiO, and
CrrO, are present in amounts less than 0.01 wt.%. Total
iron content varies from 1.58 to 1.80 wt.% FerOr and
shows no correlation with sillimanite habit. Our data for
iron content are comparable to Grew's (1980) results for
Wilson Lake sillimanite (1.52 to 2.00 wt.% FerOr). The
maximum iron content reported for natural sillimanite is
2.6 to 2.8 wt.% FerO, (Grew, 1980). The calculated formu-
la for our data is close to the formula (Al2-,Fe:+)SiO5
proposed by Grew for stoichiometric substitution within
the binary system AlrSiOr-FerSiOr. Microprobe analyses
of areas of sillimanite grains with hematite inclusions, ob-
tained with a defocussed (10 pm diameter) electron beam,
indicated the expected increase in total iron content com-
pared to inclusion-free sillimanite compositions, but TiO2
was unchanged. Thus, the hematite inclusions appear to be
relatively low in TiOr. The SiO, and Al2O, contents of
these analyses are comparable to those of inclusion-free
sillimanite but, in view of the analytical error (+0.5%),
they are not known with sufficient precision to indicate the
stoichiometry of homogenized areas of hematite-sillimanite
intergrowth.

The opaque mineral areas contain ragged inclusions of
sillimanite and sapphirine, and occasional broad tabular
lamellae of corundum, which appear consistent with pre-
cipitation from a high temperature alumina-bearing oxide
phase (e.g., Haslam et al., 1980). The large embayed
porphyroblasts of sapphirine contain inclusions of plagio-
clase and hematite, in addition to sillimanite. Also, the silli-
manite rims and fine-grained aggregates of orthopyroxene
(with occasional fibrolitic sillimanite) form a complex
mantle to sapphirine porphyroblasts and opaque mineral
areas, and separate them from quartz and feldspar. As dis-
cussed by Morse and Talley (1971), Gittins and Currie
(1979), and Jackson and Finn (1982), these textural rela-
tions suggest that orthopyroxene and much of the silliman-
ite were formed by the following retrograde reaction:
sapphirine + quartz * hematite + orthopyroxene * silli-
manite + Or.

In summary, the sapphirine-bearing granulites from
Wilson Lake are disequilibrium rocks (Grew, 1980). Tex-
tural details suggest several retrogressive reactions after
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Fig. 1. Optical micrograph of hematite inclusions in a (001)
section of sillimanite: arrow indicates (010) cleavage; combined
reflected and transmitted, plane polarized light.

peak metamorphism. Exsolution of the oriented hematite
inclusions in the prismatic sillimanite grains probably oc-
curred during one (or more) of these retrogressive phases.

Morphology and orientation

The hematite inclusions in prismatic sillimanite grains
are lath-like in shape, l0 to 30 pm in longest dimension,
and elongated parallel to the sillimanite c-axis, as reported
by Grew (1980). In (001) section (Fig. l) they appear to be
oriented parallel to sillimanite {110} on superficial exami-
nation. Careful measurement in reflected light and on pho-
tographic prints yields an inclination toward the sillimanite
a-axis of 45.7+0.1'. This is in good agreement with the
calculated value of 45.72' for the interfacial angle
(010)A(110). A few inclusions have dimensions as large as
0.5 x l0 pm in (001) section, but most appear to have di-
mensions within the range 0.1 x l pm to 0.2 x 2 pm.The
inclusions are sulliciently thin to be translucent in trans-
verse section, with a characteristic orange-red color. Some
hematite inclusions are not particularly elongated in (001)
section, while others are rounded, even blebJike, in ap-
pearance.

Single crystal fragments of hematite-bearing sillimanite
grains were removed from specially prepared uncovered
thin sections and examined by the X-ray precession
method. Weak hematite reflections are present in zero
level, c-axis photographs (Fig. 2). Their relative intensity is
consistent with a hematite proportion of <L%o, in agree-
ment with optical observation. The hematite reflections
belong to two symmetry-related hhl nets, with the c+-axis
of hematite rotated 17.7+0.2'away from the -a*-axis of
sillimanite. In a- and b-axis precession photographs, ft00
hematite reflections coincide with 001 sillimanite reflections.
Other weak reflections on the precession photographs
appear to be from randomly oriented feldspar inclusions,
which are present in thin section. Their d-spacings are in-
consistent with quartz.

In summary, the crystallographic orientation of the he-
matite inclusions (with all positive hematite indices) is
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[20] of hematite parallel to the c-axis of sillimanite, c-axis
of hematite inclined at 17.7" to the a-axis of sillimanite
(a-axis of hematite inclined at 17.7" to the b-axis of silli-
manite).

Interpretation

There is a virtual coincidence of the ft00 (or 0k0) recipro-
cal lattice row of hematite with the 00, lattice row of silli-
manite. Using JCPDS data, the related lattice spacings are
do.o (hematite) : 1.454A and doo. (sillimanite) : l.tA3A.
Zdo.s of hematite (2.914) corresponds to the nearest O-O
distance within the (001) close-packed oxygen layers of the
hematite crystal structure, and dso, of sillimanite (2.894)
approximately cotresponds to the mean nearest G'O dis-
tance parallel to the c-axis in the sillimanite structure (the
repeat distance of the AlOu octahedral chains).

In testing for control of phase boundary orientation
through lattice coincid€nce, we adopted the c-axis of silli-
manite and [20] of hematite as the common third axis
and attempted to reproduce the observed phase boundary
orientation and lattice rotation using appropriately select-
ed two-dimensional orthogonal lattice paramcters: a and c
(or 2cl3) of hematite (or ilmenite) and a and b of sillimanite
at room temperature and high temperature (Table 1). All of
the present calculations were made with program DIMnr,
originally used in Fleet et al. (1980). Room-temperature
lattice parameters for Fe-bearing sillimanite (Grew, 19E0)
and hematite (rcYos #24-72) have been extrapolated to
higher temperatures using the available thermal expansion

c x
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Fig. 2. Interpretation of a precession photograph of a silliman-

ite grain with hematite inclusions: MoKa; E : 25o; zero level;
sill-sillimanite; hm-hematite ; precession axis is c.,,r[ 10];,1,2 ;
full lines and broken lines respectively indicate reciprocal latties
of two orientations of hematite inclusions as defined by 110, 22O
113, l16 and226 reflections.
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Table L Phase boundary orientation and lattice rotation data for
hematite inclusions.

La t t i  ce
or ien ta t ion  Rota t ion

I n c l i n a t i o n  t o  a  . . .  c .  ^  a- -  - s i l l  - h m  - s i l l

h m *  i n  s i l l ,  o b s e r v e d

h n  ( c r = c ) * '  i n  s i 1 1 ,  R T

h m  ( c ' = 2 c l 3 )  i n  s i l l ,  R T

h n  ( c ' = 2 c l 3 )  i n  s i l ' 1 ,  4 0 0 0 C

i l m  ( c ' . 2 c l 3 )  i n  s i 1 l ,  R T

i l m  ( c ' = 2 c l 3 )  i n  s i l l , 8 0 0 o C

*  h m -  h e m a t i t e ,  s i l l -  F e - b e a r i n g  s i l l i n a n i t e ,
i l m -  i l m e n i t e

**  A l l  ca lcu ' la t ions  nade w i th  a  parameter  o f  hemat i te
a n d  i l m e n i t e  a n d  a . b  p a r a r e t e r s  o f  s i l l i n a n i t e

data of Clark (1966, Table 6-l). Lattice parameters for il-
menite are from Wechsler and Prewitt (1984).

The observed phase boundary orientation and lattice ro-
tation clearly are not reproduced with a hematite lattice
defined by hematite a and c parameters (Table 1), but good
agreement is obtained with hematite a and 2c/3. This may
be rationalized by appreciating that structural continuity
at a coincidence boundary is most logically effected
through the ligand (oxygen) substructure. The lattices fitted
are essentially those of the oxygen substructures. Thus, the
cf3 parameter of hematite corresponds to the repeat dis-
tance of the oxygen hexagonal close packing along the
c-axis. The two-dimensional lattice formed by hematite a
and cl3 parameters yields an imaginary solution for the
phase boundary orientation (cf. equation (2)). Therefore,
the cl3 dimension must be doubled. Higher order products
of cl3 (3c13, 4c13, etc.) also yield real solutions to equation
(2) but must result in interfaces with progressively higher
interfacial energy due to the increasing proportion ofstruc-
ture out of registry along the interface.

Comparing observed and calculated data (based on a a,
2cl3 hematite lattice at room temperature), the discrep-
ancies in phase boundary orientation (2.5") and lattice rota-
tion (1.2') are comparable with those of unrefined interface
parameters in previous lattice coincidence studies on
various silicate intergrowths (e.g., Robinson et al., L977;
Fleet et al., 1980) and do not appear too significant in light
of the possible variation of lattice parameters with temper-
ature, pressure and composition. However, when the inter-
face parameters are refined by accounting for a moderate
ilmenite substitution in hematite and a high temperature of
intergrowth formation, apparently significant discrepancies
still persist (Table l). One explanation is that the available
lattice parameter data only allow an approximate extrapo-
lation to the parameters at the conditions of intergrowth
formation. Another is that the phase boundary may not be
defined by minimization of lattice misfit.

In testing for topotaiy, we note that (110) of sillimanite
has an inclination toward the sillimanite a-axis of 45.7".
Therefore, within the error of measurement, the observed
sillimanite-hematite phase boundary coincides with a
rational plane of sillimanite. If we fit the (203) plane of
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hematite to (110) of sillimanitc and retain alignment of
[20] of hematite and the c-axis of sillimanite, the resulting
rotation of the hematite lattice is 17.0', which is similar to
the observed lattice rotation of 17.7'. Thus, the observed
interface parameters are also consistent with a topotactic
control.

In attempting to rationalize this topotactic relationship
with the two crystal structures, we find that the oxygen
layer parallel to (203) of hematite has nearest-neighbor
oxygens in clusters of4 and 3 (Fig. 3). This oxygen configu-
ration is comparable to that of the (110) oxygen layer in
the sillimanite structure, formed by oxgyens close to the'
plane through the origin. The room-temperature trans-
lation distances in this hypothesized common structural
plane are 5.82 x 10.47A for hematite and 5.78 x 10.73A for
sillimanite. In the sillimanite structure, the columns of four-
fold clusters of oxygens parallel to the c-axis are sections
through the AlO, octahedral chains. Alternate chains are
rotated approximately 90' and are sectioned in the (110)

O )

b)

Fig. 3. Schematic representation of: (a) the (203) plane of oxy-
gens in the hematite structure, and (b) the corresponding (ll0)
plane in the sillimanite structure. Rectanglc outlines equivalcnt
unit translation distances; cations are placed in ideal structural
positions; large open circles, O; small circles, Al and Fe3+; small
full circles, Si.
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plane to contribute two oxygens per octahedron (dihedral
section) in one chain and four oxygens per octahedron
(axial section) in the adjacent chain. The threefold clusters
of oxygens are faces of the interconnecting (Si, Al)On tetra-
hedra. In the hematite structure, the four-fold clusters of
oxygens in the (203) plane are axial sections through FeOu
octahedra and unoccupied oxygen octahedra. The three-
fold clusters are shared faces of oxygen octahedra (both
occupied and unoccupied) and tetrahedra (unoccupied).

Discussion

Since the observed interface is a rational plane in both
phases and is parallel to a pot€ntial common structural
plane, and since significant discrepancies persist between
the refined and observed interface parameters for lattice
coincidence, it seems most probable that the orientation of
the hematite-sillimanite intergrowth is controlled by topo-
taxy. During intergrowth formation, the common structur-
al plane could act as a template for the nucleation of hema-
tite. Structural continuity may be maintained by local co-
herency stresses at this time.

Why it is not energetically favorable to form a strain-free
interface by "fine-tuning" the interface orientation through
further lattice rotation is unclear. Obviously, a coincident
boundary would result in a decrease in structural conti-
nuity. The different degree of correspondence afforded by
the potential common structural plane could explain why
magnetite forms a coincident boundary in augite (Fleet et
al., 1980), while hematite forms a topotactic boundary in
sillimanite. The symmetry of the matrix phase may be a
factor here also. While lattice misfit is not restricted to
monoclinic and triclinic matrix phases, monoclinic and tri-
clinic symmetries do favor interface orientations deter-
mined by misfit considerations. Conversely, higher sym-
metries favor orientations determined by topotaxy.

Either theory adequately accounts for the overall shape
of the hematite inclusions, which are elongated in the direc-
tion ofbest dimensional and structural correspondence. Al-
though the precise orientation of the hematite-sillimanite
intergrowth does not appear to be controlled by lattice
misfit, the coincident lattice calculations were helpful in
pointing to the probable interface planes of the topotactic
mechanism.

In conclusion, the interface parameters appear to have
no bearing on the conditions of formation of the hematite
inclusions. However, the petrographic details do suggest
that they formed by a precipitation mechanism, and there
is abundant evidence that the sapphirine-bearing granulites
from Wilson Lake had a complex and extended retrograde
history. Quartz from the disproportionation reaction
Fe2SiOr- FerO, * SiOr was not observed, but the ex-
pected small amount, if present as randomly-oriented
grains, would be very diffrcult to detect with any of the
techniques used in this study. Also, as discussed by Ca-
meron (1976), the presence of nonstoichiometric sillimanite
compositions in higher FerO. portions of the
AlrO.-FerO3-SiO2 system cannot be ruled out. Even
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though the present sillimanite compositions are essentially
stoichiometric (cf. Grew, 1980), the preexisting high-
temperature Fe3*-ex@ss compositions may have been
nonstoichiometric.
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