J. metamorphic Geol. 1988, 6, 475-494

Evolution of structurally contrasting anatectic migmatites in
the 3-kbar Ballachulish aureole, Scotland

D.R.M. PATTISON* AND B. HARTE, Grant Institute of Geology,
West Mains Road, Edinburgh EH9 3JW, Scotland

Abstract. Anatectic migmatites of contrasting
structural style are found adjacent to the con-
tacts of the Ballachulish Igneous Complex,
Argyllshire, Scotland. On the east flank, evi-
dence for migmatization is largely restricted to
the local development of millimetre—centimetre
scale Kfs+Qtz-rich leucocratic segregations,
which accompany fragmentation of brittle
hornfels layers and ductile deformation of
mm-cm scale semipelitic layers. Large volumes
of semipelitic rock rich in feldspar and quartz
on the east flank show no migmatitic features,
and bedding is usually preserved undisturbed
right up to the contact. On the west flank, in
contrast, similar semipelitic rocks show wide-
spread migmatitic features and disruption of
layering is substantial and widespread over a
400 m wide zone. Within the west-flank migma-
tites, 1-100 cm scale rigid bedding fragments
(schollen) may be suspended and disoriented
in a semipelitic matrix that underwent ductile
deformation. The P-T conditions on both
flanks are in the same range: 3 kbar and
650-700°C.

The contrast in gross structural style is
believed to result from differences in the vol-
umes of melt produced and differences in the
proportion of rock in which the critical melt
fraction of the rocks was exceeded. On the east
flank, only on a mm-cm scale was enough melt
locally accumulated to cause disruption of some
layers and segregation of melt. On the west
flank, melting proceeded substantially in a
broad tract of semipelitic rocks, resulting in
larger scale contrasts in rheology that led to the
present chaotic structures in this zone.

Because migmatization occurred at a press-
ure too low for muscovite dehydration melting,
and at temperatures too low for substantial
biotite dehydration melting, the different
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amounts of melting on the east and west flanks
most probably resulted from the introduction
of differing amounts of externally derived
water. On the east flank, and throughout most
of the aureole, the absence of melting even
in quartzofeldspathic protoliths indicates that
there was no substantial movement of fluid
towards or away from the igneous complex dur-
ing migmatization. The contrasting situation on
the west flank may have resulted from devolati-
lization of underlying quartz diorite magma
(~ 690-710°C), which released heat and fluids
into the overlying quartz- and feldspar-rich
semipelites (solidus temperature ~ 650-680°C).
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INTRODUCTION

The purpose of this paper is to describe and
interpret migmatitic rocks in the Ballachulish
aureole, Scotland which show a surprising var-
iety of structural and textural styles and differ-
ing scales of development. There is a marked
contrast in migmatite development between the
east and west flanks of the aureole. On the east
flank, bedding is preserved relatively undis-
turbed right up to the contact. Migmatization
is characterized by the local development of
mm-—cm scale K-feldspar- and quartz-rich leuco-
cratic segregations, the small scale fragmen-
tation and separation of brittle hornfels layers,
and the ductile deformation of mm-cm scale
semipelitic layers. Many pelitic and semipelitic
rocks rich in quartz and feldspar in the eastern
aureole show no migmatitic features. In con-
trast, migmatitic rocks on the west flank show
substantial disruption of bedding in a 400 m
wide zone adjacent to the igneous contact.
They are particularly characterized by rigid
1-100 cm sized pelitic fragments lying sus-
pended and disoriented in a semipelitic matrix
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deformation structures seen at lower grade in
the same unit. Compositional layering on a
mm-cm scale may be conspicuous in many
exposures, which is similar in places to that
seen on the east flank. The overall compos-
itional layering dips steeply east, and has a
rough concordance with the undisrupted bed-
ding of the Appin Quartzite and Appin Phyllite
to the west and the trend of the granite contact
to the east (Fig. 1).

However, within the Chaotic Zone, there is
abundant and severe local disruption of the
layering. Rock fragments (schollen) of variable
aspect ratio, usually between 1 and 20 cm
across but occasionally more than 1 m, occur
with their compositional layering and relict
regional deformation structures at large angles
to one another and the overall regional trend
(Fig. 13). These are contained within a matrix
of broadly semipelitic composition. The sch-
ollen have a range of pelitic to psammitic com-
positions consistent with those found at lower
grade in the Leven Schist. The margins of the
schollen range from rounded to rectilinear in
shape, and show sharp contacts with the semi-
peltic matrix and adjacent schollen, commonly
showing truncations of bedding and fold struc-
tures (Fig. 7).

The semipelitic matrix may preserve a reg-
ular compositional layering and foliation, but
in many cases it is vague to non-existent. All
transitions between the two are found. The
occurrence of schollen with well developed but
randomly oriented fabrics ‘floating’ in semi-
pelitic matrix is particularly striking in the field
(Fig. 13). Where foliation is present in the
matrix, it commonly flows around the schollen.

In some cases, it is possible, despite much
disruption, to follow a trail of cordierite =
andalusite rich schollen across an outcrop. This
suggests the former presence of a coherent
layer. In this respect, the schollen and their
semipelitic host may be likened to the A and
B domains on the east flank. However, the
scale and extent of the phenomena are widely
different in the two places: whereas on the east
flank the disruption is on a mm-cm scale, and
continuity of relict bedding is usually preserved,
on the west flank disruption is on the scale of
1-10 m, and often results in complete loss of
the original layering.

Leucocratic segregations with an obvious
relationship to the above schollen migmatites
are lacking in the Chaotic Zone. A variety of
quartz and feldspar rich veins commonly occur
parallel and oblique to relict bedding, but they
cross-cut both the well-foliated and little-foli-

ated matrix to the schollen and appear to be of
late stage origin (Fig. 13).

Petrography of matrix and schollen

The semipelitic matrix that commonly suspends
the rigid schollen has a variable foliation but
relatively uniform equigranular, medium-
grained texture (see Fig. 6). The matrix Is
dominated by quartz and K-feldspar, with bio-
tite, andalusite, cordierite and plagioclase. Bio-
tite sometimes occurs in coarse, cross-cutting
flakes that appear to be late texturally. In about
half the specimens, the matrix is severely alt-
ered to chlorite and sericite, and no fresh K-
teldspar or cordierite remains.

Fig. 13. Typical outcrop appearance of the Chaotic
Zone migmatites, west flank. Notice the randomly
oriented schollen suspended in an internally
deformed semipelitic matrix, and the overall
planar fabric in the outcrop (up and down the
photograph). defined by elongate schollen and
crude flow-banding in the matrix. Some late
leucocratic veins can be seen cross-cutting the
above structures.
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The Chaotic Zone matrix has some notable
similarities to the internally deformed semi-
pelitic layers (B) on the east flank. Macroscop-
ically, both are semipelitic lithologies that have
suffered ductile deformation and have-flowed
around rigid metasedimentary fragments.
Microscopically, both have an equigranular,
medium-grained texture dominated by feldspar
and quartz, with much of the quartz having
rounded to subhedral edges. Neither contains
large amounts of poikiloblastic cordierite
grains; both may contain xenomorphic quartz
and K-feldspar surrounded by intergranular
albite. It is the scale of development of such
material that is strikingly different between the
two flanks of the aureole.

Leucocratic segregations such as those
described from the east flank are absent in
the Chaotic Zone. One conspicuously rare K-
feldspar-absent assemblage of And-Bt-Qtz-Pl
has been found, which compositionally and tex-
turally appears to be a restitic residue from the
extraction of a melt.

The schollen preserve many of the character-
istic hornfels textures seen at lower grades.
Most have a massive hornfels texture due to the
abundance of cordierite poikiloblasts. Typical
assemblages include:

1. Crd-Bt-Qtz-Kfs-Pl; and

2. Crd-Qtz-Kfs-And(Sill)-Pl.

An example of type (1) is seen in the bottom
right of Fig. 6. A notable feature about these
rigid fragments is that none of them contain
the subassemblage Bt—Al,Si0s-Qtz (see below).

The Chaotic Zone migmatites as products of
partial melting

The occurrence of the apparently rigid schollen
of metasedimentary material suspended, disori-
ented and sometimes isolated in semipelitic
matrix, suggest that the matrix was relatively
strong, but also able to flow around and disag-
gregate the schollen. The restriction of these
structures to a zone adjacent to the igneous
contact, combined with the textural and com-
positional features of the matrix, strongly sug-
get that the matrix contained a partial melt.

It is unlikely that the substantial volumes of
melt indicated for the Chaotic Zone migmatites
were due to mixing of partially melted sediment
and quartz diorite or granite magma. Where
they are in contact with the migmatites, both
phases of the igneous complex form abrupt
contacts, with no sign of mixing.

As on the east flank, partial melting pro-
ceeded more substantially in the abundant

quartz- and feldspar-rich semipelites than in
the more cordierite-rich layers. The high ratio
of melt-bearing semipelite to cordierite-rich
hornfels in the Chaotic Zone resulted in the
extensive scale of disruption seen in this zone.
Where the amount of melt in the semi-pelite
exceeded the critical melt fraction, its reduced
viscosity facilitated flow and disaggregation of
the brittle hornfels layers.

The lack of melanosomes (restites) and seg-
regated leucosomes, such as are developed on
the east flank, suggests that the melt did not
segregate from the protolith, despite an overall
melt volume greatly in excess of that on the
east flank. This may have been due to a combi-
nation of the high viscosity of the siliceous melt,
which inhibited its migration and segregation,
and the relative lack of fine-scale bedding fea-
tures, which on the east flank provided access-
ible pressure lows throughout the thickness of
rock into which melt could migrate and there-
fore separate from its protolith. The fact that
the melt was unable to segregate from its proto-
lith may have contributed to the overall insta-
bility of the Chaotic Zone.

Sources of water for partial melting

For such extensive melting to have occurred
over hundreds of square metres on the west
flank, a substantial volume of water was
required (see previous discussion with respect
to east flank). Two possible sources were avail-
able, one internal and one external. The inter-
nal source was the dehydration melting
of biotite in the matrix subassemblage
Bt-AlLSiOs—Qtz, by the reaction

Bt+ALSiIOs+Qtz = Crd+Kfs+L  (7)

(see above). In many samples of the semi-
pelitic matrix, biotite occurs only as coarse,
poikilitic, cross-cutting flakes, often nucleating
around andalusite, that are clearly of late ori-
gin. This suggests that biotite was consumed
during prograde metamorphism, possibly
through melting reaction (7). The correlation
between melt development and the occurrence
of the subassemblage Bt-Al,SiOsQtz in the
semipelitic matrix, in contrast to the relative
lack of melting and absence of the subassem-
blage in the schollen, further suggests that melt-
ing by this reaction may have occurred in the
matrix.

However, even if reaction (7) did proceed in
the matrix, it is unlikely to have produced
enough melt to exceed the critical melt fraction
of the matrix. The total water content of a
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typical high-grade, muscovite-absent semipelite
is usually less than 1 wt%, residing in biotite
and less importantly cordierite. Based on the
experiments at 3 kbar and 800°C of Van der
Molen & Paterson (1979), 1% water translates
to a maximum volume of granitic melt of 15%
of the rock volume. This is well below the
critical melt fraction value of 30-35%.

The second and most important source of
water is believed to have been derived exter-
nally from the underlying crystallizing quartz
diorite. Vapour-saturated melting in the semi-
pelite proceeded by the reaction:

Kfs+Qtz+Pl+H,0+Bt+Crd = L.  (9)

This reaction occurs between 650-680°C at
3 kbar and H,O activity of 1.0, depending upon
the exact mineralogy (Thompson, 1982). In
contrast, devolatilization of the underlying
crystallizing quartz diorite commenced at
690-710°C (Weiss, 1986). Thus, the underlying
quartz diorite provided both heat and fluid to
the overlying Leven Schist semipelites, result-
ing in substantial melting. In accordance with
this, the 8'®0 whole-rock values in the Chaotic
Zone matrix are 11.5, compared to 12.2 in
the rigid schollen, and 14-16 in typical pelites
outside of the aureole (Hoernes & Voll, 1987).

It is unlikely that the pink granite made any
substantial contribution of heat or fluid to the
migmatites, despite forming much of the
igneous contact to the Chaotic Zone. Its solidus
temperature would have been similar to that
of the migmatized semipelites. Additionally,
because its emplacement appears to have con-
tributed to the deformation of the migmatites,
it appears that the migmatites had already been
melted by the time it was emplaced (see below).

Causes of disruption in the Chaotic Zone

Throughout the Chaotic Zone, the semipelitic
matrix preserves a crude banding that is sub-
parallel to the contact of the later pink granite.
If the Chaotic Zone migmatites had undergone
melting in excess of the critical melt fraction in
response to heat and fluid expelled from the
quartz diorite, then their rheological properties
will have been similar to those of a viscous
crystal mush. It is therefore possible that the
diapiric emplacement of the granite provided a
major source of stress to disrupt the already
partially melted migmatites.

A possible additional contribution to the dis-
ruption may have been the density contrast
between the melt-bearing migmatite zone and

the adjacent unmelted rocks. Taking the den-
sity of a granitic melt as 2.25 (at 800°C, Murase
& McBirney, 1973), compared to 2.56-2.7 for
solid quartz, feldspar and cordierite, then for
a melt per cent of 35%, the difference in density
between the melt-bearing rocks and the adjac-
ent unmelted rocks would have been in the
range 0.1-0.15. This might have been sufficient
to cause incipient upward movement of the
melted rocks, contributing to their disaggre-
gation. Larger scale convective overturn due to
density and viscosity contrasts has been sug-
gested by Wickham (1986) for migmatites in
the Trois Seigneurs Massif, France.

SUMMARY AND CONCLUSIONS

1. There are pronounced structural and tex-
tural contrasts between anatectic migmatites on
the east and west flanks of the Ballachulish
Igneous Complex. The pelitic and semipelitic
rocks on the east flank have suffered relatively
little disruption, and have largely preserved
their original layering right up to the contact.
Migmatization consists primarily of local
mm—cm segregation of leucosomes, fragmen-
tation of brittle hornfels fragments and ductile
deformation of thin semipelitic layers.

On the west flank, substantial migmatitic dis-
ruption occurs over a 400-m wide zone adjacent
to the contact. The migmatites consist of rigid
hornfels fragments (schollen) suspended and
disorientated in a semipelitic matrix that suf-
fered ductile deformation.

2. The contrasts in structural style between
the migmatites on the east and west flanks are
related to differences in the amount of melt
formed and to its distribution. On the east
contact, melting was limited, and the critical
melt fraction was exceeded only at mm-—cm
scale in thin layers. On the west flank, melting
proceeded substantially in large thicknesses of
semipelitic rocks, probably exceeding the criti-
cal melt fraction in many areas. This allowed
ductile deformation of the semipelitic matrix,
leading to the fragmentation and disorientation
of rigid hornfels schollen.

3. The different amounts of melting on the
east and north-west flanks was primarily con-
trolled by the availability of free H,O. On the
east flank, the lack of melting in rocks rich in
quartz and feldspar indicates that there was no
substantial movement of water either towards
or away from the igneous complex during mig-
matization. Some water was produced by dehy-
drating hornfels layers interbedded with melt-
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ing semipelitic layers, but this was local and
restricted.

On the west flank, devolatilization of under-
lying crystallizing quartz diorite (690-710°C)
released heat and fluid into the overlying semi-
pelites (solidus temperature 650-680°C), result-
ing in abundant melting.
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