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SUMMARY: The Ballachulish ‘Granite’ is a composite Devonian intrusive complex sur-
rounded by a distinctive thermal aureole developed in regionally deformed and metamorphosed
Dalradian sediments on the W coast of Scotland. The most abundant rocks in the aureole are
pelites, which show a progression of assemblages from quartz-muscovite—chlorite up to a
variety of high-grade assemblages involving combinations of cordierite, corundum, spinel and,
rarely, hypersthene and garnet.

Metamorphic zones have been mapped around the granite, which are defined by the
following reactions going upgrade:

(1) Mu+Chl+Q=Cd+Bi+V
Mu+Bi+Q=Cd+Kf+V
(2

or

Mu+Cd=Q+Bi+As+V
(3) Mu+Q=As+Kf+V
Q+Bi+As=Cd+Kf+V
(4){ or
Mu+Cd=Bi+ As+ Kf+V
(5) Mu = Cor + Kf + V
(6) Bi+ As=Cor+ Kf+Cd+ V

The restricted occurrences of assemblages involving spinel, hypersthene and garnet do not
allow higher grade zones to be mapped. Variations in the reaction sequence as a consequence
of bulk compositional factors, in particular the development of quartz-bearing versus
quartz-absent assemblages, are described.

Details of the mineral assemblages from Ballachulish are combined with high-grade
assemblage data from the Belhelvie, Lochnagar and Comrie aureoles to construct a
comprehensive schematic petrogenetic grid. The grid involves the minerals quartz, chlorite,
muscovite, biotite, cordierite, alumino-silicate, K-feldspar, corundum, spinel, hypersthene and
garnet, whose assemblage relationships are modelled in the system K,O-FeO-MgO-AlLOs~

Si0,-H,0 (KFMASH).

This paper has two principal objectives: to summarize
the sequence of pelitic assemblages developed in the
thermal aureole of the Ballachulish ‘Granite’ (Argyll-
shire), and to combine the assemblage information
from Ballachulish with that from other Scottish
thermal aureoles to develop a comprehensive schema-
tic petrogenetic grid for thermal aureoles in general.

A great deal of work has gone into the construction
of petrogenetic grids for regional metamorphic settings
at pressures above about 3 kbar (e.g. Albee 1965;
Harte & Hudson 1979; Carmichael, unpubl.). Much
less precise is the knowledge of relative and absolute
stabilities of common mineral assemblages in low-
pressure geological settings, such as thermal aureoles.
Another feature of existing petrogenetic grids is that
quartz-absent assemblages have been largely neg-
lected, even though they are frequently developed in
thermal aureoles.

In constructing such a grid, the most important step
is to establish the relative stabilities of mineral

assemblages. For natural mineral assemblages, this is
accomplished by examining their variations in rocks of
similar bulk composition at different grades of meta-
morphism. Consideration of the assemblages within a
model framework of components and phases (con-
forming to the Gibbs phase rule), followed by
systematization of the reaction boundaries between
different assemblages, using Schreinemakers’ analysis,
produces a schematic ‘grid’ or Schreinemakers’ net.
Such a grid incorporates a great deal of relative P-T
information.

In the first part of the paper we present a detailed
analysis of the distribution of mineral assemblages
found in the thermal aureole of the Ballachulish
‘Granite’, Argyllshire, and then use these data
together with data from the aureoles of the Lochnagar
granite, Aberdeenshire, Belhelvie Gabbroic Complex,
Aberdeenshire, and Carn Chois Diorite Complex
(Comrie Aureole), Perthshire, to construct a compre-
hensive schematic petrogenetic grid. The grid incorpo-
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FiG. 1. Geological map of the Ballachulish area. The map is a composite from several sources: Bailey & Maufe
(1960) (Sheet 53, B.G.S.), general geology, primarily outside the thermal aureole; Bowes & Wright (1967), general
geology of Ardsheal peninsula; Weiss (unpubl.), details of the main igneous complex; this study, details of the
stratigraphy in the aureole, regional metamorphism and all thermal aureole zones. The thermal aureole zones are
constrained by about 300 specimens in addition to field evidence. Zone II is not visible in all areas. Zones Va and
Vb are only developed clearly in the small syncline on the NE margin of the igneous complex, where there are
sufficient quartz-absent assemblages to permit the mapping of separate zones. Gt, Hy and Sp indicate localities of
garnet, hypersthene and spinel-bearing assemblages respectively.
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in allocating degrees of freedom to the mineral
assemblages, and although a simplification, it provides
a reasonable basis for the general paragenetic analysis
given here, which relates a wide array of pelitic
assemblages from thermal aureoles.

With the appearance of melt as the fluid phase, the
assumption of similar water activities in most rocks
probably becomes untenable. Water activity must be
expected to be buffered by various melting reactions
(e.g. Powell 1983). However, for the highest grade
mineral assemblages we are not particularly concerned
with their zonal distribution, but most especially with
their variety. We shall show that this may be
accounted for relatively simply without detailed analy-
sis of the precise melt relationships.

It is interesting to note that low variance ‘univariant’
assemblages are much more common amongst the
highest grade (melt phase involved) assemblages than
amongst the lower grade (volatile phase involved)
assemblages. This probably relates to the buffering of
water activity along melt reactions, and the fact that
most melting, and reaction, occurs at the intersections
of melting curves and dehydration curves in T-Xj.o
space (see Powell 1983.) ’

Graphical projections

The wide variety of pelitic assemblages developed in
the Ballachulish aureole make it impossible to repre-
sent them all with a single composition—paragenesis
diagram. The absence of quartz and/or muscovite in
many rocks at medium and high grades makes the
common AFM projections invalid, while at low grades
where quartz and muscovite are present, most of the
reactions involve only two ferromagnesian phases
(cordierite and biotite), which means that the AFM
diagram is not particularly informative.
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We have chosen two principal projections: the AKF
for low-grade, quartz-bearing assemblages, and the
AFS for higher grade rocks that all contain K-feldspar.
In applying both of these projections, we assume the
presence of a single H,O-bearing fluid phase (see
above). The AKFS tetrahedron and the two projec-
tions from quartz and K-feldspar, to yield the AKF
and AFS triangles, respectively, are illustrated in Fig.
2.

Because the AKF and AFS projections do not
separate FeO and MgO components, a number of
common assemblages plot as four-phase assemblages in
these ternary projections; for example, Mu—Chl-Cd—
Bi, Mu-Cd-Bi-Kf, Mu-Cd-Bi-As, (all with quartz
and hydrous fluid) in AKF, and Mu-Bi-As-Cd and
Bi-As—Cd-Cor (with K-feldspar and hydrous fluid) in
AFS (see Fig. 3). Being in the six-component
KFMASH system, the crossed tie-line relationships in
these projections therefore indicate divariant (con-
tinuous) equilibria, not wunivariant (discontinuous)
equilibria (which require seven phases together in
equilibrium).

Metamorphic zones

Metamorphic zones in the pelites have been mapped
around the granite complex (see Fig. 1). These are
based on field evidence and thin-section petrography;
the latter is particularly important owing to the
fine-grained nature of the hornfelses.

The zones in Fig. 1 essentially occur below the onset
of in situ partial melting in the aureole. Reactions
above the onset of melting are abundant, but are not
readily mappable owing to their development in small
areas adjacent to the igneous contacts; they will be
examined separately in a later section.
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TaBLE 5: Summary of univariant reactions and invariant points for
high grade assemblages

PHASES: Cd O Bi As Kf Cor Sp Hy Gt (melt) (10)
COMPONENTS: KFMASH (6)
EXCLUSIONS: Q-Cor, Hy-As, Hy-Cor, Gt-Cor, Sp-Q*
OTHER RESTRICTIONS: Bi-Cd-Kf-Melt present in all assemblages
INVARIANT POINTS: 0
UNIVARIANT CURVES (invariant pts in KFASH or KMASH): §
Name Phases present
[Q-Hy-Gt] As-Cor-Sp (8)
[Sp~Cor-Hy] As-Q-Gt (10)
[Sp-Cor-As] Hy-Q-Gt p+ Bi-Kf-Cd-melt (12)
[Q-Cor-Hy] Gt-As-Sp (15)
[QO-Cor-As] Gt-Hy-Sp (19)
* If, in Fe-rich compositions, Sp-Q are assumed to co-exist, then:
INVARIANT POINTS: 2 [Cor-Hy]
[Cor-As]
UNIVARIANT CURVES: 8 [O-Hy-Gt] [Cor-Hy-As]
[Sp-Cor-Hy]  [Cor-As-Gt]
[Sp-Cor-As]  [Cor-Hy-Gt]
[Q-Cor-Hy]
[Q-Cor-As]

KFMASH univariant curves (invariant pts in KMASH or KFASH) are
designated by phases absent and are numbered as in Figs 9 and 10.

that all reported assemblages from Comrie, none of
which contain garnet, are more Mg-tich than those of
Ballachulish and Lochnagar, which in turn must be
more Mg-rich than all Belhelvie assemblages which
contain coexisting garnet, cordierite, sillimanite and
quartz.

There is no evidence of such consistent geochemical
variation between the pelitic rocks that enter the
different aureoles. Three of the aureoles (Comrie,
Belhelvie and Lochnagar) are developed in Middle
and Upper Dalradian stratigraphic units which have
similar and not widely varying MgO:FeO ratios
(Atherton & Brotherton 1982). Fe/Mg ratios of garnet
and cordierite coexisting with sillimanite at Belhelvie
(Droop, unpubl. data) are not significantly different
from those of coexisting garnet and cordierite (without
sillimanite) at Ballachulish. Furthermore, this pattern
is consistent with independent geobarometry deter-
minations of 4.5-6kbar for Belhelvie (Droop &
Charnley 1985; Ashworth & Chinner 1978), 4.2 kbar
far Lochnagar (Ashworth & Chinner 1978) and
tentative 2.5-4 kbar for Ballachulish (based on some
preliminary geobarometry not reported in this paper);
no pressures have yet been estimated for Comrie. It
would also appear that the Ballachulish aureole
reached lower peak temperatures than the other three
aureoles.

P-T calibration of the grid

Reliable calibration of the gird in P~T-Xg._y, space is
a complicated task for a number of reasons. Cordier-
ite, one of the principal ferromagnesian minerals that
occurs throughout the entire reaction sequence, is a

difficult mineral to handle thermodynamically because
of its variable water content (Newton & Wood 1979).
A self-consistent thermodynamic approach to accur-
ately orientate the grid in P-T space, using existing
thermodynamic data for cordierite, results in reaction
topologies that contradict existing experimental and
field data (e.g. Droop & Treloar 1981). Small
deviations in the water content of cordierite (in
response to some or all of Py, Py, and T) affect
both its thermochemical properties and the amount of
fluid released or consumed in cordierite-bearing
reactions, which together have significant effects on
the position and slope of these reactions (e.g. reaction
2a).

In spite of the theoretical difficulties associated with
cordierite, some consistency has been established
experimentally between Mg end-member cordierite-
bearing reactions. Figure 11 shows experimentally
determined reaction positions that are relevant to the
grid.

Reaction 3, the degenerate univariant curve to
which reactions 2a, 2b, 4a and 4b connect, has been
calibrated by Chatterjee & Johannes (1974). Hold-
away & Lee (1977) conducted experiments on the
bounding Fe end-member reaction of continuous
reaction 4a:

Sill + Fe-Bi + Q =Fe-Cd + Kf + V.

P-Xge \p experiments on this reaction, at a fixed
temperature, allowed them to calculate the position of
the Mg end-member reaction. The intersection of
these end-member reactions with reaction 3 estab-
lishes the positions of the end-member [Cor, Chl]
invariant point (terminology as in Fig. 5).
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FiG. 11. Selected calculated and experimentally determined reactions. Solid lines, experimentally determined
reactions; dashed lines; calculated reactions. Alumino-silicate data: R, Richardson et al. (1969); H, Holdaway
(1971). Reaction 1, Seifert (1970); 2a, Seifert (1970); 2b, Seifert (1976); 3, Chatterjee & Johannes (1974); 4aM,
4aF, Holdaway & Lee (1977); S, Chatterjee & Johannes (1974); 10, Holdaway & Lee (1977); 13, thermodynamic
calculation, using thermochemical data from Helgeson er al. (1978) and fluid fugacities from Kerrick & Jacobs
(1981); 20, Richardson (1968), Holdaway & Lee (1977); 21, Tuttle & Bowen (1958); 22, Seifert (1976): 23, Shaw

(1963).

The reaction positions are ‘preferred fits’ of the authors (op. cit.) through their experimental brackets. Reactions
2a and 4aM, which are drawn to intersect with reaction 3 at the KMASH invariant point [Cor, Chl], are in slightly
different positions than in the cited papers, but are still within the experimental brackets.

Seifert (1970) and Bird & Fawcett (1973) indepen-
dently experimentally bracketed the position of the
Mg end-member reaction of continuous reaction 2a:

Mu + Mg-Cd = Mg-Bio + Sill + Q + V.

Seifert’s ‘best-estimate’ reaction position passes near
the intersection of reaction 3 and the 4a Mg
end-member reaction (within the experimental brack-
ets, it can be drawn to pass through it).

Experiments by Seifert (1976) on the Mg end-
member reaction 2b,

Mu + Mg-Bio + Q = Mg-Cd + Kf + V,

another of the reactions that is generated from the

same [Cor, Chl] invariant point, neither substantiate
nor contradict the position of the invariant point
because, as Seifert noted, the slope and position of
this reaction and reaction (3) are very similar above
3 kbar.

From the general agreement between these various
experiments, the Mg end-member [Cor, Chl] invariant
point lies roughly at 5.3 kbar and 700°C. The intersec-
tion of the Chatterjee & Johannes (1974) data on
reaction 3 and the Holdaway & Lee (1977) data on
reaction 4a place the Fe end-member [Cor, Chl] point
roughly at 1.5 kbar, 580°C.

The calibration of reaction 20 (Fe-Cd = Alm +
Sill + Bio) in Fig. 11 is particularly relevant to the
high-grade reaction grid. In Figs 9 and 10 this
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degenerate curve intersects with reaction 4a at
KFASH invariant point [Hy, Cor, Sp], which ex-
panded into KFMASH becomes univariant reaction
10. Because virtually all of the assemblages in the four
aureoles contain biotite and K-feldspar, reaction 20
has not been included in the grid, although it provides
a useful constraint on the P-T orientation and position
of the grid.

These experimental studies suggest that the stable
biotite composition was close to the eastonite—
siderophyllite join (as opposed to the phlogopite—
annite join), even when, in the Mg system,
stoichiometric phlogopite was synthesized and inserted
as starting material (Seifert 1970, 1976)—this is the
reason for using ‘Mg-Bio’ rather than ‘Phl’ in the
written reactions.

Dotted lines in Fig. 11 are the Al-silicate polymor-
phic transitions of Richardson et al. (1969) and
Holdaway (1971). The relative merits and petrological
implications of these experiments, in particular the
andalusite to sillimanite transition, have been the
focus of sustained debate ever since their publication
(see, for example, Anderson et al. 1977; Greenwood
1972; Day & Kumin 1980; Harte & Hudson 1979).
The A =S transition, which involves the two poly-
morphs present in the Ballachulish aureole, is char-
acterized by particularly small changes in AS and AV,
and is thus susceptible to kinetic problems. In the
Ballachulish aureole, andalusite alone is present in
divariant reaction 2a, but in all assemblages on or
above reaction 3 and well into the melting zone,
fibrolitic sillimanite coexists with andalusite. In
volume, andalusite is more abundant, and texturally it
appears to be the phase in equilibrium with the rest of
the assemblage (e.g. intergrown with K-feldspar above
reaction 3, intergrown with biotite and K-feldspar in
and above reaction 4). Sillimanite occurs irregularly,
as long prisms and patches in cordierite, fibrous
‘sprays’ around accessory minerals, and as small
prisms in K-feldspar—biotite zones at high grade. Only
in the very highest grade specimens does sillimanite
occur without andalusite. The textural ambiguity and
the broad zone of overlap shows that the simple
coexistence of the two polymorphs in an assemblage is
of minimal significance in delineating its P-T condi-
tions of formation.

Three melting curves are included in Fig. 11. The
‘minimum granitic melt’ curve (reaction 21) is of
volumetrically minor importance in this aureole be-
cause plagioclase is minor in abundance in the pelites,
and therefore the amount of melting that occurs at this
reaction will be small and difficult to identify.
Specimens from Ballachulish that show partial melt
segregations are strongly dominated by K-feldspar,
suggesting that a more relevant melting curve, in the
simplified KASH system, is Kf + Q + V =L (reaction
23). Other phases, such as cordierite, alumino-silicate
and biotite are also included in these segregations; the
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participation of these phases will promote melting at
lower temperatures (Seifert 1976). Although in theory
there will be a whole family of melting curves, each
particular to a different mineral assemblage (for a
detailed discussion of this subject, see Thompson
(1982)), a good experimental approximation to these
curves is the Mg-Cd+Kf+Q+ V=L melting
curve (reaction 22) of Seifert (1976).

Further discussion of the details of the partial
melting at Ballachulish, which are presently being
investigated, is beyond the scope of this paper.

One of the striking features of pelitic reaction
sequences in thermal aureoles, in contrast to regional
terranes, is the abundance of quartz-absent assemb-
lages, particularly before the onset of partial melting.
Because of the divergence of dehydration-curves and
melting curves (see Fig. 11), pelites in low pressure
aureoles may pass through reactions such as the
muscovite-quartz breakdown (reaction 3) before melt-
ing occurs, and this allows the development of
silica-undersaturated assemblages which may contain
such minerals as corundum and spinel. At higher
pressure, melting commences before or with the
muscovite—quartz breakdown reaction, so that musco-
vite is involved in melting reactions and thus never
reacts to produce corundum.

Conclusions

The prograde sequence of pelitic mineral assemblages
from the aureole of the Ballachulish ‘Granite’ has
been described. Combining this information with
assemblage descriptions from other Scottish thermal
aureoles, two schematic petrogenetic grids have been
constructed: one for assemblages essentially below the
onset of partial melting (Figs 4 and 5) and another for
high-grade assemblages (Figs 9 and 10). By combin-
ing these two nets, a complete prograde reaction grid
is established, and its approximate P-T calibration is
given in Fig. 11.

The KFMASH net in Fig. 10 accounts for virtually
all of the high-grade assemblages found in four
separate aureoles developed in different pelitic units at
different pressures, which suggests that it should be
useful for many thermal aureoles. Systematic examina-
tion of low-grade assemblages in aureoles other than
Ballachulish and Comrie is lacking, so that the
KFMASH reaction net in Fig. 4 is not as broadly
based. With further information on low grade rocks
from other aureoles, however, it should also be
possible to expand Fig. 4 to take account of all the
lower temperature and higher pressure reactions of
Fig. 5.
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