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ABSTRACT

Pressure-temperature conditions of pelites in the Ballachulish aureole, Scotland, have been
determined from a calibrated petrogenetic grid and from published geothermometers and geobaro-
meters. To calibrate the mineral reactions in the grid, thermodynamic data for appropriate end
members of Ms, Chl, Qtz, And, Sil, Ky, Crn, Crd, Kfs, and Bt were derived from experimental data.
This approach was hampered by the unknown compositions of many of the minerals used in the
experiments, and by apparent inconsistency between the experiments. A best compromise grid that
satisfies most of the data was obtained, which is applicable to the Ballachulish and other contact
aureoles. In this grid, the first development of sillimanite is constrained to lie between the Richardson
et al. (1969) and Holdaway (1971) andalusite-sillimanite boundaries.

A pressure estimate of 3-0+0-5 kb is obtained from the calibrated grid, within 0-3 kb of estimates
from geobarometry and from two other independent petrological studies. Temperatures ranged from
560+20°C at the first development of cordierite in the assemblage Ms+ Qtz+ Chl+Crd + Bt to
750-800°C in Grt+ Crd + Hy assemblages in pelitic screens within the igneous complex.

In graphitic slates, in contrast to non-graphitic pelites, an entire andalusite-bearing subzone is
developed, and initial cordierite development occurs further from the igneous contacts. The presence
of graphite lowered a,,, in the slates, expanding the stability field of the andalusite-bearing
assemblage And+ Qtz+ Bt+ Ms+ Crd relative to the assemblage Kfs+ Qtz+ Bt+ Ms+Crd devel-
oped in non-graphitic units. Initial development of cordierite in the assemblage
Ms + Qtz + Chl 4+ Crd + Bt was also promoted by reduced ay,q in graphitic slates.

The regular sequence and spacing of mineral zones in the aureole suggests that gross equilibrium
was attained during contact metamorphism, even though the thermal metamorphic pulse is estimated
to have been less than 0-2 Ma (Buntebarth, in press). There is no evidence for reaction overstepping in
cordierite-producing reactions.

INTRODUCTION

The Ballachulish Igneous Complex and its contact metamorphic aureole have recently
been the focus of a multidisciplinary investigation. Petrological, geochemical, isotopic,
microstructural, and geophysical studies have addressed the mode of emplacement of the
complex, origin of the magma, contact metamorphism and associated fluid movement, and
kinetic controls of a variety of heterogeneous mineral reactions and mineral structural
transformations (Voll et al., in press).

This paper is the fourth in a series by the author on the contact metamorphism of pelitic
rocks. Pattison & Harte (1985) described the petrology of the prograde sequence of
assemblages in the aureole, rationalizing the assemblages in a petrogenetic grid in the model
pelitic system K,O-FeO-MgO-Al,0,-Si0,-H,0 (KFMASH). Pattison (1987) docu-
mented a number of correlated chemical variations among the pelitic minerals going
upgrade through the different zones, including Fe-Mg and (Fe, Mg)Si=2Al. Pattison &
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FiG. 1. Simplified geology of the Ballachulish Igneous Complex and contact aureole, showing the prograde
reaction sequence and the location of specimens discussed in the text. For clarity, only major quartzite units and
the three main pelitic units have been illustrated. A more complete stratigraphy is found in Bailey & Maufe (1960)

and Pattison & Harte (1985). The geology of the igneous complex is from Weiss (1986, 1989) and the contact
aureole from Pattison & Harte (1985).
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enough for vapour-saturated melting to occur (see below and Pattison & Harte, 1988).
Furthermore, there is only minor oxygen isotopic shift at the margins of the igneous
complex, indicating a lack of exchange with an external fluid reservoir (Hoernes et al., in
press). Locally, there is stable isotope evidence for late exchange of magmatic fluids with
marginal pelitic rocks up to a few hundred meters from the contact (Hoernes et al., in press).

DERIVATION OF A QUANTITATIVE PETROGENETIC GRID

In this section, an attempt is made to derive a simple internally consistent thermodyn-
amic data set to model the P-T positions of the reactions from the schematic grid in Fig. 2.
The minerals included in the data set are listed in Table 1. Four internally consistent data
sets have already been published that include cordierite: Helgeson et al. (1978), Droop &
Treloar (1981), Berman (1988) and Spear & Cheney (1989). However, the predicted positions
of some of the reactions (e.g. 2a and 2b), using each of these data sets, produces unaccept-
ably large discrepancies in either slope or position from the experimentally determined
reaction positions, and from constraints from natural assemblages (see below). It was
therefore decided to derive a data set that provides a better fit to the available experimental
data for the reactions in Table 2; consequently, it is much narrower in scope and less
sophisticated in approach than some of the above larger data sets.

The theoretical approach used to derive the thermodynamic data is that of Fisher & Zen
(1971), and is only briefly described here. The expression for chemical equilibrium between a

KFMASH
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FIG. 2. Schematic petrogenetic grid in KFMASH showing the relationships between the different mineral

reactions in Fig. 1. Ornaments on the reactions are the same as in Fig. 1. For simplicity, the divariant reactions are

labelled on the bounding Mg end member curves, except for reaction 1a which is labelled on the Fe end member

curve. For easier visualization of the topological relationships between the different reactions, the diagram in the
upper left-hand corner is for either of the end member KMASH or KFASH systems.



THE BALLACHULISH AUREOLE, SCOTLAND 1241

cordierite. This is based on their assessment that the cordierite used in the experiments was
low (ordered) cordierite, in contrast to natural cordierite that nucleated as high (disordered)
cordierite. For reactions 1 and 2b, they estimated 85 °C overstepping. Referring to Fig. 5,
this would mean that reaction 1 would be effectively coincident with reaction 3, and
reaction 2b would lie 60-70°C higher than reaction 3.

Examining the mineral zones in the Ballachulish aureole (Fig. 1), there is no evidence for
such overstepping. The sequence and spacing of the mineral zones is consistent with the
equilibrium spacing of the reactions in P-T space (see Figs. 5 and 6), which include both
cordierite-bearing and cordierite-absent reactions. To explain this consistency between
nature and experiment, it would appear either that both the natural and experimental
cordierite were ordered or else both disordered. Maresch et al. (in press) argued that
cordierite in the Ballachulish aureole never went through an early disordered stage, instead
nucleating as ordered cordierite. If this is the case, then both the experimental cordierite and
the natural cordierite would appear to have been ordered.

The fact that gross equilibrium appears to have been attained during relatively rapid
heating at Ballachulish supports Walther & Wood’s (1984) arguments that kinetic factors
do not dominate the stability of mineral assemblages formed by devolatilization reactions
during contact and regional metamorphism.

CONCLUSIONS

(1) A quantitative petrogenetic grid was derived for pelitic reactions in the Ballachulish
aureole. The derivation of thermodynamic data from experiments was hampered by the
unknown compositions of many of the minerals in the experiments, and by apparent
inconsistency between the experiments. Nevertheless, a calibrated grid was obtained that
satisfies most of the data. In the calibrated grid, the first appearance of sillimanite is located
between the And =Sil boundaries of Richardson et al. (1969) and Holdaway (1971).

(2) Using the calibrated petrogenetic grid, pressure during contact metamorphism is
estimated to have been 3-0+0-5 kb. The 3 kb estimate agrees to within 0-3 kb of estimates
from published geobarometers and two other independent petrological studies. Tempera-
tures ranged from 560+20°C at the first development of cordierite by reaction 1 to
750-800°C in Grt+ Crd + Hy assemblages in pelitic screens in the igneous complex.

(3) The presence of graphite in the Ballachulish Slate diluted the hydrous vapour phase
with C-bearing fluid species. Lower ay,o enlarged the stability field of the andalusite-
bearing assemblage And + Bt + Qtz+ Ms+ Crd, accounting for the exclusive development
of this subzone in the graphitic slates. Lower ay,o also explains the initial development of
cordierite in graphitic slates further from the igneous contacts than in non-graphitic units.

(4) Qualitative and quantitative evidence suggests that gross equilibrium was attained
during contact metamorphism of the pelites, with the exception of the andalusite-sillimanite
transition. There is no evidence for reaction overstepping of cordierite-producing reactions,
as suggested by Putnis & Holland (1986). Given the relative brevity of the thermal
metamorphic pulse at Ballachulish ( <0-2°Ma; Buntebarth, in press), this supports Walther
& Wood’s (1984) arguments that kinetics do not significantly affect the P-T stability of
mineral assemblages formed by dehydration reactions during prograde contact or regional
metamorphism.
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