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Diopside isograd in impure limestones. An isograd (C6) 
marking the incoming of diopside in impure limestones 
(assemblage diopside (Di) + tremolite (Tr) + Qtz + Cal) 
has been mapped by Masch and Heuss-Assbichler (1991) 
on the eastern edge of the AUt Giubhsachain syncline (Fig. 
9). The reaction inferred to have produced diopside is: 

Tr + Cal + Qtz = Di + C02 + H20. (C6) 

The lack of exposures of Di-free assemblages downgrade 
of the indicated isograd means that the isograd could lie at 
greater distances from the igneous contact. 
Calcite-dolomite thermometry from one sample contain­
ing the reaction assemblage yields 520° C, whereas the 
maximum temperature according to Figure 10 is 570°C. 

Forsterite + diopside + tremolite + calcite + dolomite assem­
blages and related isograds. In quartz-absent siliceous 
dolomites, combinations of Cal, Dol, Di, Tr and forsterite 
(Fo) occur over an approximately 250 m wide zone 
upgrade of isograd C6 in impure limestones. Masch and 
Heuss-Assbichler (1991) mapped a series of isograds cor­
responding to isobarically univariant subsets of these min­
erals (Fig. 9). Ferry (1996ft) re-investigated the 
assemblages in this zone, and concluded that that the full 
five phase assemblage was more widespread than found by 
Masch and Heuss-Assbichler (1991). In the ensuing dis­
cussion, we describe first the isograds as interpreted by 
Masch and Heuss-Assbichler (1991), and then discuss 
Ferry's interpretation. 

Forsterite + calcite isograd. Masch and Heuss-Assbichler 
(1991) found that Tr + Dol assemblages in siliceous 
dolomites passed upgrade into Tr + Dol + Cal + Fo assem­
blages. They took the first appearance of Fo + Cal to mark 
the Fo + Cal isograd (9 on Figs. 9 and 10), represented by 
the following model reaction: 

Tr + Dol = Fo + Cal + H20 + C02. (C9) 

Calcite-dolomite thermometry from a sample near the 
isograd yielded about 530°C, whereas the maximum tem­
perature possible is about 620°C (see Fig. 10). The latter 
temperature is more consistent with the location of the 
isograd within Zone IVb (620-640°C) of the interbedded 
pelitic rocks. 

Diopside + forsterite isograd. Masch and Heuss-Assbich­
ler (1991) found that Di + Fo assemblages appeared 
upgrade of Tr + Cal assemblages, slightly upgrade of the Fo 
+ Cal isograd. The inferred reaction is: 

Tr + Cal = Di + Fo + C02 + H20. (C10) 

Temperature constraints for this isograd are very similar to 
those for the Fo + Cal isograd. 

Diopside + forsterite + tremolite + calcite + dolomite isograd. 
About 200 m upgrade of the C9 and C10 isograds, Masch 
and Heuss-Assbichler (1991) found the five phase 

assemblage Di + Fo + Tr + Cal + Dol in several samples over 
a 100 m interval (Fig. 9). Assuming all five phases were in 
equilibrium, they interpreted these assemblages to repre­
sent an isobaric invariant assemblage in the model 
CMSH-C02 system (CIII; Fig. 10). This assemblage records 
620°C, in excellent agreement with calcite-dolomite ther­
mometry of 620°C and with the 625-640°C estimate from 
the nearby And + Kfs isograd in metapelites. 

Masch and Heuss-Assbichler (1991) found that some 
samples of the five-phase assemblage show textural evi­
dence of arrested replacement of Cal + Tr by Di + Dol, and 
of diopside by Fo + Cal. They interpreted these features to 
indicate progress of reactions C7 and Cl l which emanate 
from the CIII invariant point in Fig. 10. 

Interpretation of Fo+Di+Tr+Cal+Dol assemblages by Ferry 
(1996b). Using backscattered electron imaging, Ferry 
(1996ft) found that tremolite was more widespread in the 
rocks than indicated by Masch and Heuss-Assbichler 
(1991). He distinguished between prograde ('peak') 
tremolite and retrograde tremolite based on texture and 
chemical criteria, and found that both prograde and retro­
grade tremolite occurs in the interval upgrade of isograds 
C9 and C10, and as far as isograd Cl l . He attributed the 
occurrence of the model isobaric assemblage over a fairly 
wide interval to deviations from the model end member 
composition of tremolite, which his calculations showed 
could be reconciled with the thermal gradient over this 
interval. The only isograd he could map in this interval was 
the diopside-out isograd (Cll in Fig. 9). 

FIG. 9. Isograds in carbonate rocks from the Coire Giubh­
sachain syncline, northeast flank of igneous complex, com­
piled from Pattison (1985), Heuss-Assbichler (1987), Masch 
and Heuss-Assbichler (1991) and Ferry (19966). Numbering 
of isograds is the same as in the text (with 'C prefix omitted). 
Circled numbers and symbols 9,10, CIII, 15 and 16 refer to 
assemblages and isograds observed in siliceous dolomites, 
whereas circled numbers 6, 9 and 14 are for isograds in 
impure limestone. 
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Wollastonite isograd. In impure limestones, the first 
appearance of wollastonite marks the wollastonite isograd, 
inferred to be due to the model reaction: 

Cal + Qtz = Wo + C 0 2 . (C14) 

The first appearance of wollastonite in Coire Guibh-
sachain (Fig. 9) coincides approximately with the corun­
dum and partial melting isograds in interbedded pelitic 
rocks, indicating a temperature of about 670°C for this 
isograd. 

Periclase isograd. The highest grade mineral assem­
blages in impure dolomites contain periclase(Per). In only 
one sample has fresh periclase been found, with the rest 
containing brucite inferred to have replaced periclase. 
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FIG. 10. Isobaric T-XCOl diagram (3 kbar) for selected equilib­
ria in the chemical system CaO-MgO-Si02-Al203-H20-
C02, showing numbered reactions discussed in the text 
(modified from Masch and Heuss-Assbichler 1991). T-XCOl 

positions of individual assemblages (small circles) are from 
intersections of temperature estimates along profile A in 
Figure 3 with the appropriate reaction (Masch and Heuss-
Assbichler 1991); distances for these assemblages are from 
an averaged position of the monzodiorite contact in Figure 9, 
eliminating wiggles, as shown in Fig. 13 of Heuss-Assbichler 
(1987). Calculated positions of reactions C(l)-(15) are from 
Masch and Heuss-Assbichler (1991); reactions C(16)-(19) 
were calculated using thermodynamic data of Berman (1988, 
1993 update). All reactions except C(18) involve H20 and/or 
C02. Unlabelled reactions are as follows (phases on the right 
hand side of the reactions are on the high-temperature side): 

2. Tic + Cal + Qtz = Tr + C0 2 + H20 
18. Gros + Qtz = An + Wo. 

These assemblages are restricted to dolomite xenoliths 
and/or screens within the marginal granite on the north­
east flank of the igneous complex (Fig. 9), and in isolated 
outcrops within 200 m of the contact in the Kentallen 
area. 

The inferred reaction for the production of periclase is: 

Dol = Cal + Per + C 0 2 . (C15) 

Calcite-dolomite thermometry indicates a temperature of 
760°C for these assemblages. 

Spinel isograd. Although not mapped as an isograd by 
Masch and Heuss-Assbichler (1991) or Ferry (1996ft), 
spinel occurs sporadically in high grade Fo + Cal + Dol ± 
Per-bearing siliceous dolomites, first occurring around or 
slightly upgrade of the wollastonite isograd. A spinel 
isograd (16) has been added to Figure 9 based on these 
occurrences, but its location is not tightly constrained. The 
most likely reaction accounting for the formation of spinel 
in these assemblages, consistent with the occurrence of 
chlorite in some lower grade marbles, is: 

Chi + Dol = Spl + Fo + Cal + C 0 2 + H 2 0 . (CI 6) 

A minimum temperature for Spl + Fo + Cal + Dol assem­
blages (reaction (16) in Fig. 10) is about 650°C. 

Assemblages in calc-silicates. Adjacent to the igneous 
contact along the ridge west of Coire Giubhsachain, 
layered calcsilicate rocks formed from impure limestones 
occur interleaved with semipelitic rocks and marbles and 
contain a wide range of mineral assemblages. Particularly 
striking are massive sheets, sometimes complexly folded, 
of medium-coarse grained rocks rich in grossular ± vesu-
vianite ± epidote, with variable amounts of calcite, amphi-
bole, clinopyroxene, prehnite, wollastonite, scapolite, 
chlorite, muscovite, biotite, K-feldspar and plagioclase, plus 
numerous accessory phases. Many of the phases may not 
co-exist in stable equilibrium, some possibly having 
formed during later alteration processes. The grossular 
garnet contains up to 40% andradite component. Prelimi­
nary temperature estimates for Gr + PI + Wo ± Cal ± Qtz 
calcsilicates about 150 m from the contact are around 
650-700°C (Pattison 1985), consistent with estimates from 
adjacent siliceous carbonate and pelitic rocks. Conspicu­
ous grossular-bearing marbles occur in isolated screens in 
the contact zone west of Sgorr Dhearg. 

On the west flank of the igneous complex, layered 
grossular- and vesuvianite-bearing calcsilicates are found 
south of Kentallen. Immediately west of the disrupted 
migmatites of the Chaotic Zone, marbles contain combi­
nations of calcite, dolomite, forsterite, diopside, phlogopite 
and rarely wollastonite and spinel, whereas calcsilicate 
rocks contain combinations of calcite, dolomite, quartz, 
plagioclase, diopside, tremolitic amphibole, epidote, biotite 
and chlorite. The apparently stable association of chlorite 
and calcite and absence of spinel in some layers limits the 
temperature to less than about 670 °C in this vicinity (reac­
tion C(17) in Fig. 10). 
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Isograds involving accessory minerals. Ferry (1996a) 
documented the occurrence of three unusual isograds in 
Coire Guibhsachain involving the accessory phases rutile 
(Ti02), geikielite (MgTi03), qandilite (Mg2Ti04), badde-
leyite (Zr02) and zircon (ZrSi04). He inferred that rutile 
and zircon were detrital minerals incorporated into the 
original sediments, with the other three minerals having 
formed from the reaction of rutile and zircon with the host 
carbonates during contact metamorphism. The geikielite 
isograd, located close to CIII in Fig. 9, corresponds to the 
model reaction: rutile + Dol = geikielite + Cal + C02. The 
baddeleyite isograd, located close to the spinel isograd 
(C16) in Fig. 9, corresponds to the model reaction: zircon + 
Dol = baddeleyite + Fo + Cal + C02. The qandilite isograd, 
located near the periclase isograd (C15) in Fig. 9, corre­
sponds to the model reaction: geikielite + periclase = 
qandilite. Ferry (1996a) showed that temperature esti­
mates from these isograds agreed with temperature esti­
mates using calcite-dolomite thermometry and 
carbonate-silicate phase equilibria. 

Contact metamorphism of quartzites 

Contact metamorphic effects in the Appin Quartzite 
are manifested by recrystallization and grain growth of 
clastic quartz (Buntebarth and Voll 1991; Lind 1996), and 
by transitions in the structural state of clastic alkali 
feldspar (Kroll et al. 1991). 750 m from the igneous contact 
south of Sgorr Dhearg, Buntebarth and Voll (1991) 
observed that the mean diameter of quartz grains began to 
increase from the typical regional values of 0.2 mm, 
increasing to over 1.0 mm at the contact. The onset of 
quartz coarsening corresponds approximately to the Zone 
III/ Zone IV transition (c. 600-620°C) in interbedded 
pelites, and is associated with extensive removal of intra-
granular strain in quartz by dislocation climb and subgrain 
boundary movement (Lind 1996). 

Kroll et al. (1991) examined the kinetics of disordering, 
re-ordering and unmixing in clastic alkali feldspar grains in 
the Appin Quartzite in the vicinity of the Allt Giubhsachain 
syncline in the NE part of the aureole. They observed three 
zones in the aureole: a zone unaffected by contact metamor­
phism, characterized by low microcline; a transitional zone 
between 1900 m and 1100 m from the igneous contact, in 
which both low microcline and orthoclase are found; and a 
high grade zone in which low microcline is absent and ortho­
clase and intermediate microcline occur. They interpreted 
the orthoclase and intermediate microcline to represent 
sanidine that re-ordered on cooling. Consequently, they 
placed the microcline-sanidine transition 1900 m from the 
igneous contacts, just outside the first development of 
cordierite in interbedded pelites. They estimated a tempera­
ture of about 480°C for the transition, somewhat lower than 
the 550-560°C estimate for the nearby cordierite isograd. 

Fluid presence and movement in the aureole 

Stable isotopic evidence concerning fluid movement in 
the aureole 

Stable isotopic measurements (8lsO, 813C and 8D) of 
metapelitic and metacarbonate rocks in the aureole 

(Hoernes et al. 1991; Linklater et al. 1994; Ferry 1996Z?) 
show an overall pattern of variability. For pelitic and semi-
pelitic rocks, 8lsO and 8D vary from +9.3 to +16.1%o and 
-62 to -38%o, respectively. Out of 60 pelitic and semipelitic 
samples analyzed, 51 fall within the range 8lsO = 11-15 %o. 
For marbles from Coire Guibhsacahin, 8lsO and 813C have 
values of 20 ± 2.5 and 3 ± 1 %o respectively. Isotopic varia­
tions are preserved on the centimetre-scale within and 
between samples of adjacent carbonate and pelite, and 
migmatitic leucosomes show 8lsO values congruent with 
their immediately adjacent mesosomes, but the values for 
both leucosome and mesosome vary from sample to 
sample. These data, coupled with comparisons with 
country rocks outside the aureole, suggest that the compo­
sitions of the original metasediments were largely pre­
served during contact metamorphism and migmatization. 

Several profiles from outside the aureole up to the 
igneous contact and into the igneous complex were exam­
ined for isotope variability by Hoernes et al. (1991), but no 
consistent patterns related to distance to the igneous 
contact were found. One profile in the southern part of the 
aureole, close to profile B in Fig. 3, shows weak evidence 
for lowering of 8lsO within 100m of the igneous contacts, 
possibly due to local outward fluid migration from the 
intrusion. In the area of disrupted migmatites in the 
Chaotic Zone, Linklater et al. (1994) found isotopic varia­
tions consistent with some fluid infiltration from the 
complex, but although this was sufficient for substantial 
melting, the effect on isotope compositions was small. 

Overall isotopic compositions and variations in the 
aureole provide no evidence of substantial fluid flow 
between rock units. As with the isotopic data from the 
intrusive rocks, the data argue against development of a 
pervasive hydrothermal convection system around the 
igneous complex, or for pervasive lateral fluid migration 
between the igneous complex and the country rocks. 

Petrological evidence concerning fluid presence and 
movement in the aureole 

Despite the stable isotopic evidence above, mineral 
assemblages in pelites, siliceous carbonates and quartzites 
indicate locally varying extents of fluid presence and of 
fluid infiltration during the contact metamorphic event 
(Masch and Heuss-Assbichler 1991; Heuss-Assbichler and 
Masch 1991; Harte et al. 19915; Ferry 1996Z>). The studies 
of Linklater et al. (1994) and Ferry (1996b) showed that 
fluid fluxes sufficient to provide volatiles for reactions 
(including melting) may have been insufficient to 
markedly modify bulk rock oxygen isotope ratios. In this 
discussion of fluid behaviour, we distinguish between fluid 
presence, by which we mean either the presence of a stag­
nant fluid in the pores of a rock or of a fluid generated 
internally by devolatilization reactions, and fluid infil­
tration, by which we mean the ingress into a rock of fluid 
which originated elsewhere. Owing to the vanishingly 
small porosity of rocks under lithostatic pressure (see 
below), the amount of fluid that fills that porosity will have 
been small compared with the amount of fluid required for 
the observed reactions, so that we regard the effects of a 
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stagnant fluid to have been relatively minor in the fluid 
history of the aureole (see also Ferry 1996b). 

Fluid presence and movement. The prograde metamor-
phic reactions described above in pelites and siliceous car­
bonates are largely devolatilization reactions, such that 
fluid presence must commonly have occurred during 
heating of the aureole rocks. In particular in the abundant 
pelitic rocks, reactions involved in the transition from chlo-
rite-bearing regional schists outside the aureole to rela­
tively anhydrous pelitic hornfelses in the aureole will have 
resulted in the release of significant volumes of hydrous 
fluid. Harte et al. (1991ft) argued, on the basis of the regu­
larity of the pelitic isograds and their estimated tempera­
tures, that the pelitic mineral assemblages indicate the 
presence of a volatile phase close to pure H 2 0 under pres­
sures similar to those of the solid rocks at times of reaction 
(^H2O " -Pfiuid = l̂ithostatic ~ 3 kbar). In siliceous carbonates, 
most of the reactions produce and/or consume H 2 0 and 
C02, indicating both the presence and mobility of mixed 
H 2 0-C0 2 fluids. Masch and Heuss-Assbichler (1991) and 
Ferry (1996a, ft) argued that the H 2 0 -C0 2 fluids were at 
lithostatic pressure during times of reaction. 

The fluid generated during reaction of the pelitic and 
siliceous carbonate rocks must have escaped the rocks and 
migrated upwards and perhaps laterally through other 
rocks in the aureole, but such movement might have taken 
place along selected fractures or other channelways and 
therefore not have promoted isotopic homogenization in 
the rocks through which they passed. The extent to which 
fluid tends to move pervasively through the rock matrix, 
rather than be constrained to isolated pore volumes or 
restricted to movement along channelways, depends on a 
number of factors (Brenan 1991), including: the dihedral 
angles of the fluid in rocks of different composition 
(Watson and Brenan 1987; Holness 1995,1997); lithologi-
cal anisotropics (such as bedding planes, faults and pre­
existing fractures); and, in the case of rocks generating and 
expelling fluids, the way in which they respond to hydraulic 
fracturing. Permeability of individual rock types during 
contact metamorphism at Ballachulish will have been 
influenced by the orientation of metamorphic fabrics (e.g., 
schistosity in pelites) and the density and orientation of 
discrete channelways and fractures (especially in brittle 
rock types such as quartzites) induced by the prior regional 
deformation and metamorphism. 

In pelites, quartz ± feldspar-bearing microveins first 
become noticeable in the recrystallized hornfelses of Zone 
IVb. We interpret these veins as evidence of hydraulic frac­
turing of the hornfels to allow the escape of fluids gener­
ated during reaction. In contrast, in the less recrystallized, 
lower grade rocks that partially retain the pre-contact 
metamorphic regional schistosity, fluid escape during reac­
tion may have been more pervasive owing to the greater 
number and closer spacing of potential fluid pathways par­
allel to the preexisting schistosity. Heuss-Assbichler and 
Masch (1991) described features in siliceous carbonates in 
Coire Guibhsachain that they ascribed to hydraulic fractur­
ing in response to fluid release associated with reaction C9. 

Prograde fluid infiltration. The extent and nature of fluid 
infiltration into the aureole as it heated up varied from 
place to place. The two locations which provide the best 
constraints on the extent of fluid infiltration are Coire 
Giubhsachain on the NE flank, and in the vicinity of the 
Chaotic Zone on the west flank. 

In Coire Giubhsachain, generally restricted fluid influx 
within 350 m of the contact is indicated by the localized 
and typically limited development of partial melting in the 
widespread pelitic and semipelitic rocks (see discussion 
above), and the similarity of 8180 in adjacent leucosome 
and hornfels rocks despite a wide overall variability in 
8lsO (Linklater et al. 1994). Thus, although the igneous 
complex was releasing fluid during crystallization, and 
pelites were generating hydrous fluid, these fluids do not 
appear to have pervasively infiltrated the rocks. In 
feldspar-bearing quartzites, lack of any evidence for partial 
melting within the high temperature contact zone, and iso­
topic disequilibrium between quartz and feldspar 
(Hoernes and Voll 1991), indicates minimal prograde fluid 
influx through the quartzite rock matrix, though some 
aspects of the kinetic studies of Buntebarth and Voll 
(1991) and Kroll et al. (1991) suggested the local, transient 
presence of a minimal amount of fluid. Evidence for fluid 
channelling in the quartzites is provided by abundant 
quartz veins. 

Siliceous carbonate assemblages in Coire Giubhsachain 
(Masch and Heuss-Assbichler 1991; Ferry 1996ft) indicate 
a transition in extent of prograde infiltration going from 
mid-grade to high-grade conditions. In an interval between 
c. 350 and 650 m from the igneous contact, the widespread 
occurrence of the model isobaric invariant assemblage 
CIII, Fo + Di + Tr + Cal + Dol, indicates fluid compositions 
ranging from XCOl = 0.5-0.9, depending on the effect of 
minor components in tremolite (Ferry 1996ft). The pres­
ence of this assemblage and a number of model isobari-
cally univariant assemblages in the same interval (Masch 
and Heuss-Assbichler 1991) indicates internal buffering of 
the fluid phase composition. Thus, although fluid was 
generated, there was no extensive fluid flow that hom­
ogenized fluid compositions. 

In contrast, within 350 m of the igneous contacts in 
Coire Giubhsachain, infiltration of relatively water rich 
fluids is required locally for the production of wollastonite 
(XCQ2 < 0.5) and periclase (XCo2 < 0-1) a t t n e indicated 
temperature conditions (see Fig. 10). Ferry (1996b) esti­
mated that local prograde fluid fluxes of 100 to 1000 mol 
cm-2 were required to produce these assemblages. He 
inferred that the direction of fluid flow was most likely ver­
tical and upwards, although a lateral component could not 
be ruled out. Infiltration of water-rich fluids in other parts 
of the high grade zone in Coire Giubhsachain is indicated 
by locally abundant grossular-bearing marble and grossu-
lar + vesuvianite-bearing calcsilicate assemblages, which 
are only stable at XCQ2 < 0.3 (see Fig. 10). 

Therefore, the overall evidence from metasomatic reac­
tions in Coire Giubhsachain is that prograde fluid infil­
tration was generally limited rather than extensive, and 
channelled rather than pervasive. The greatest amount of 
fluid infiltration appears to have been focused in the inner 
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contact zone, with the most probable fluid source being 
pelitic rocks undergoing dehydration, although a magmatic 
component close to the contacts may also have been 
important locally. 

On the west flank, extensive partial melting in the 
Chaotic Zone indicates widespread, although possibly not 
voluminous, infiltration of magmatically-derived fluid into 
the Leven Schist semipelites within about 400 m of the 
contact (Pattison and Harte 1988; Linklater et al. 1994). In 
contrast, siliceous carbonates of the Ballachulish Lime­
stone and Appin Phyllite/Limestone lithologies immedi­
ately downgrade of the Chaotic Zone migmatites contain a 
range of mineral assemblages that suggest varying fluid 
compositions and abundances. Model invariant and uni-
variant assemblages involving combinations of Cal, Dol, Di, 
Fo, Qtz and Tr are suggestive of minimal fluid infiltration 
(assuming the minerals are not retrograde, cf. Ferry 1996ft), 
whereas rarer Grt- and Wo-bearing assemblages, some­
times interlayered with the former assemblages, are indica­
tive of localized water-rich fluid infiltration (reactions C14 
and C19 in Fig. 10). The contrast in behaviour between this 
restricted infiltration and the more widespread fluid infil­
tration of the adjacent Chaotic Zone migmatites may be 
related to permeability contrasts between the pelites and 
siliceous carbonates, such as: those depending on the con­
nectivity of fluid porosity (e.g. Holness and Graham 1995; 
Holness 1997); and the tendency of rocks undergoing 
partial melting to absorb water, which creates both a chemi­
cal potential gradient and physical gradient (related to the 
negative volume change of vapour-consuming melting 
reactions; Percival 1989) that would have favoured 
migration of water into the semipelitic rocks. 

Elsewhere in the aureole, the generally restricted 
amount of melting suggests that H 2 0 supply was limited. 
The mineralogical assemblage evidence on fluid flow prob­
ably underestimates the overall fluid flow, owing to the 
potentially large amount of fluids that may have been 
channelled rather than pervading the metasediments. 
Pelitic and siliceous carbonate lithologies appear to show 
more mineralogical and isotopic evidence for pervasive 
fluid infiltration than quartzite units. Fluid paucity in the 
matrix of the quartzites may be attributed to some or all of: 
lower intrinsic permeability due to unfavourable pore 
shapes and fluid continuity (Holnesss 1995,1997); lack of 
reaction-enhanced permeability in the quartzites; and the 
greater tendency to brittle deformation in the quartzites, 
the latter favouring fluid channelling. 

Retrograde conditions. Fluid infiltration following the 
thermal peak is indicated by a variety of retrograde miner­
als in pelitic hornfelses and siliceous carbonates. In pelitic 
rocks a protracted history of retrogression is indicated by a 
range of alteration assemblages which commonly involve 
hydration reactions (Pattison and Harte 1991, p. 174-8). 
These include: replacement of cordierite by a variety of 
products, including intergrown muscovite, biotite and/or 
chlorite and fine-grained shimmer aggregates (pinite); 
replacement of K-feldspar, andalusite and corundum by 
sericite; and chloritization of biotite. Retrograde 

equivalents of many of the prograde reactions appear to 
have operated at least locally, indicating that retrograde 
fluids were present variably throughout the cooling 
history. Whereas retrogression, especially of cordierite, is 
fairly widespread and uniform at lower grades (Zones II 
and III), it is often more localized and patchy in rocks of 
Zone IV and higher, suggesting more pronounced chan­
nelling through the more recrystallized hornfelses. Exten­
sive chlorite+sericite+pinite retrogression of rocks from 
Zone IV and higher is found in the migmatites of the 
Chaotic Zone, and in hornfelses from the NE flank by Bal­
lachulish Bridge, the SW flank in Glen Duror, and sur­
rounding the satellite stock in the SE of the area (Pattison 
and Harte 1991). 

Retrograde minerals are widespread in siliceous car­
bonates in Coire Giubhsachain and elsewhere in the 
aureole, the most common types of retrogression being the 
development of serpentine after forsterite, brucite after 
periclase, and tremolite after diopside, but retrograde 
dolomite, calcite and quartz are also seen (Ferry 1996ft). In 
Coire Giubhsachain, Ferry (1996ft) showed that different 
rock types show distinct sequences of retrograde minerals, 
some of which record a protracted history of retrogression 
over a temperature interval of c. 750-400°C. He estimated 
time-integrated retrograde fluid fluxes on the order of 
1000 mol fluid cm-2, with locally higher values nearer to 
the igneous contact that he suggested might reflect fluid 
focusing in the inner contact zone. Although Ferry (1996ft) 
concluded that in the sample examined retrograde fluid 
flow was generally pervasive and uniform, some samples 
from Coire Giubhsachain and other parts of the aureole 
show evidence of more channelled fluid movement, such 
as the patchy replacement of forsterite by serpentine and 
the occurrence of late veins. 

Overall, evidence for retrograde fluid movement during 
cooling of the aureole as a whole appears to be widespread 
owing to the fact that few rocks are entirely free of retro­
grade minerals (cf. Ferry 1996ft). On the other hand, the 
magnitude, uniformity and timing of this retrogression 
appears to have varied, and some of the observed retro­
gression may have occurred considerably later than the 
contact metamorphic event. The source and driving 
mechanism of the retrograde fluids is uncertain, but the 
variability of retrograde alteration coupled with the 
isotope evidence appears to eliminate significant circu­
lation of magmatic or meteoric fluids, leaving metamor­
phic fluids as the most likely possibility. Thermal modelling 
(see below) shows that as the thermal pulse moved out 
into the aureole, rocks in the inner aureole were cooling. 
Thus, a portion of the hydrous fluids released from pelitic 
rocks that were heating up (either laterally or laterally and 
below) may have migrated towards the igneous body, 
passing through rocks that were at the same time cooling 
from their peak conditions. Such a scenario would explain 
the reverse operation of the prograde reactions docu­
mented above, and could additionally account for sequen­
tially lower grade episodes of retrogression recorded by 
some individual samples (e.g., Pattison and Harte 1991; 
Ferry 1996ft). In high-grade zones of the aureole, notably 
the extensively migmatized rocks of the Chaotic Zone, 
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another local source of fluids for relatively high grade 
retrogression may have been water released during 
cooling and crystallization of partial melts. 

The generally limited extent of prograde and retro­
grade fluid infiltration at Ballachulish contrasts with the 
situation in some higher level (< 2 km) intrusions, such as 
in the Tertiary igneous province of the Scottish Hebrides, 
where depletion in 180 revealed the formation of an exten­
sive hydrothermal circulation system involving meteoric 
water (Taylor and Forester 1971). The contrast may be 
explained partly by the greater depth (c. 10 km) of intru­
sion and metamorphism exposed at Ballachulish, this 
depth most likely being below that at which a network of 
fluid-filled cracks open to the surface can exist and thereby 
facilitate substantial fluid circulation by convection (Harte 
etal. 1991ft). 

Thermal modelling of the aureole 

Thermal models 

Buntebarth (1991) modelled the thermal evolution of 
the Ballachulish Igneous Complex and aureole using con­
straints provided by the field studies, and compared 
several models with the extensive temperature estimates 
from the rocks. Two different emplacement histories were 
modelled. The first assumed that the diorite magma 
intruded as a cylindrical ring complex around a central 
block of country rock, with this core of country rock later 
subsiding into the granitic magma in a manner analogous 
to the nearby Glen Coe and Ben Nevis intrusions (the 
'ring' model). The second assumed that the diorite was 
emplaced as a cylindrical stock, followed by emplacement 
of the granite magma within the non-solidified core of the 
diorite (the 'cylinder' model). A third model, involving a 
steep cone-shaped body, is not significantly different from 
the cylinder model. 

In the modelling, Buntebarth (1991) took into consider­
ation the following factors: variations in measured thermal 
diffusivity and conductivity of intrusive and metasedimen-
tary rocks; the effects of heat absorption due to endother-
mic devolatilization reactions in pelitic rocks; fluid 
migration towards or away from the intrusion; latent heat 
of crystallization of the magmas; varying emplacement 
temperatures of the different magmas; and varying initial 
country rock temperatures prior to emplacement. In the 
ring model, heat was assumed to have been conducted out­
wards into the country rocks as well as inwards into the 
central block; whereas in the cylinder model, heat was 
assumed to have migrated outwards into the country rocks 
only. 

Thermal profiles were modelled across four different 
parts of the aureole to take account of variations in 
aureole width, intrusive rock type, host rocks and host rock 
fabrics (transects A to D in Fig. 3). Figure 11 shows profiles 
of maximum temperature versus distance for the four tran­
sects. Transect A on the east flank is the best constrained 
area for rock temperature estimates, and was used to test 
different models. In general, calculated thermal profiles 
from the ring model (Fig. 11a) produced too steep a 

drop-off of temperature away from the igneous contacts to 
reconcile with the isograd spacing, and absolute tempera­
tures for all reasonable ring model conditions were too low 
compared to phase equilibrium constraints. In contrast, 
calculated thermal profiles from the cylinder model assum­
ing no inward or outward fluid movement (conductive 
model) fit the relative and absolute constraints provided 
by the isograds well. The best models for the east flank 
assumed a country rock consisting entirely of quartzite, or 
of quartzite and pelite in a 2:1 ratio, in good agreement 
with the approximate proportions of host rocks observed 
along this flank of the aureole (Fig. 3). The estimated 
contact temperature of 750-800°C is in good agreement 
with phase equilibrium estimates from rocks near the east 
contact (Pattison 1991). 

Modelling of thermal profiles in the NE (Fig. lid) and 
south (Fig. l ib), using the cylinder model and other input 
parameters appropriate to the rock types concerned, 
yielded generally excellent agreement with the isograd and 
petrological temperature constraints. The narrower width 
of the aureole in the southern profile (Fig. l ib) compared 
to the eastern profile (Fig. 11a) for similar intrusion tem­
peratures can be accounted for by the higher proportion of 
quartzite in the eastern area. A combination of relatively 
high heat conductivity and lack of endothermic reactions 
in quartzite allowed heat to be conducted outwards 
through the quartzites into the country rocks more effec­
tively than through the more reactive pelitic rocks. The 
especially narrow width of the aureole in the NE (Fig. l id) 
is accounted for by the relatively low temperature phase of 
the intrusive complex in this area (c. 1000°C), combined 
with country rocks consisting entirely of reactive, heat-con­
suming pelitic rocks. 

The one thermal profile that was poorly fitted was in 
the SE (Fig. lie), where regardless of the model par­
ameters used, calculated thermal profiles could not repro­
duce qualitatively or quantitatively the pattern of isograd 
constraints. In this part of the aureole, petrological and 
geophysical evidence indicates that the intrusion bulges 
outwards shallowly under the exposed metasediments to 
connect with the small stock to the SE, most likely causing 
the elevated thermal structure indicated by the isograds. 

Thermal evolution of the aureole 

The thermal modelling of Buntebarth (1991) allows the 
construction of temperature-time (T-t) paths for rocks at 
different distances from the contact, allowing an under­
standing of the dynamic evolution of the contact metamor-
phic event. Figure 12 shows a series of T-t paths for rocks 
at different distances from the contact assuming instan­
taneous emplacement of the intrusion (cylinder model) 
into the Appin Quartzite at a pre-intrusion temperature of 
250°C (corresponding to Fig. 11a). Although different 
emplacement scenarios show different absolute values, the 
resultant patterns of thermal evolution are similar and the 
estimated duration of events is of a similar order to that 
shown in Figure 12. 

The thermal modelling shows that intrusion of the later 
granite had no effect on maximum temperatures reached 
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FIG. 11. Thermal profiles of maximum (time-integrated) temperature versus distance from the contact (Buntebarth 1991), compared 
with petrological temperature constraints (see compilation in Pattison 1991 and Ferry 1996a). All modelled profiles assume: the cylin­
der model (except for the short dashed profile in (a) which is for the ring model); a pre-intrusion country rock temperature of 250 °C; 
an intrusion temperature of 1050 °C (except in profile D where 1000 °C); no fluid movement; and operation of endothermic reactions 
in pelitic rocks, (a) Eastern transect, showing thermal profiles for the cylinder and ring models (respectively, solid and dashed lines) 
assuming a country rock consisting of Appin Quartzite, and for the cylinder model assuming a 2:1 ratio of quartzite:pelite (dot-dash 
line), (b) Southern profile, with igneous contact perpendicular to the regional schistosity in the Leven Schist; the two profiles are for 
average thermal conductivity and diffusivity values for the host schists, and thermal values parallel to the schistosity. (c) Southeastern 
profile, with igneous contacts parallel to regional schistosity in the Ballachulish Slate lithology; see text for discussion of mismatch 
between thermal model and isograd temperatures, (d) North-eastern transect, with igneous contacts parallel to the regional schistos­
ity in the Leven Schist; the two profiles are for average thermal conductivity and diffusivity values for the host schists; and thermal 
values perpendicular to the schistosity. 

in the aureole and little effect on T-t paths. A slight bulge 
in the T-t path for rocks at the contact (0 m) is detectable 
in the interval between about 150 and 500 ka, but this 
effect becomes negligible at distances greater than 300 m 
from the contact. The minor effect of the granite intrusion 
on the thermal evolution of the aureole is most likely due 
to its relatively low temperature (c. 850°C) and its 
emplacement shortly after that of the diorites (see above). 

Figure 12 shows that rocks close to the contact will have 
reached their maximum temperature earlier, and will have 
experienced faster heating rates, than those farther out in 
the aureole. Thus, the profiles of maximum temperatures 
versus distance (Fig. 11 and inset to Fig. 12) are time-inte­
grated profiles and do not correspond to thermal profiles 
that existed in the aureole at any given time. Rocks succes­
sively farther out in the aureole will have been heating up 

while at the same time rocks closer to the contact will have 
been cooling from their thermal peak. A notable feature of 
Figure 12 is that, with the exception of the innermost 
aureole, the thermal maxima are broad. Consequently, 
most of the aureole rocks spent a relatively long time 
(50-100 ka) near their thermal maximum, favouring equili­
bration near the thermal maximum. 

Superimposed on the T-t paths are the locations of the 
equilibrium conditions for the main pelitic isograd reac­
tions in the aureole. An isograd in the field specifies the 
outermost location where the conditions for the isograd 
reaction have been attained, and is where the slowest 
heating rates possible for the reaction to proceed occur. 
Assuming negligible kinetic overstep, the time at which an 
isograd was established ('frozen in' to the rocks) corre­
sponds to the horizontal tangent of the T-t path whose 
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FIG. 12. Temperature-time (T-t) paths for different distances from the contact (compiled from Buntebarth 1991 and Heuss-Assbichler 
and Masch 1991), assuming: the cylinder model; host rocks of Appin Quartzite; pre-intrusion country rock temperature of 250°C; 
intrusion temperature of 1050°C; no fluid movement. The dashed T-t path for 1100 m is interpolated from the other data. Horizontal 
dashed lines, temperatures of selected pelitic isograd reactions. Inset diagram shows the time-integrated profile of maximum temper­
atures versus distance from Fig. 11 A, with times at which the maximum temperature was attained taken from the main diagram. 

maximum temperature is that of the inception of the 
isograd reaction in question. For example, the Ms + Qtz = 
And + Kfs isograd (P3; c. 640°C) will have been estab­
lished approximately 120 ka after intrusion at a distance 
slightly less than 500 m from the contact. Whereas the 
corundum isograd (P5; c. 670°C) will have been estab­
lished at about 90 ka, the cordierite isograd (PI; c. 550°C) 
will not have been established until about 200 ka. 

Contrasting with the final establishment of a given 
isograd is the progress of the isograd reaction as a function 
of time and distance from the contact. Rocks progressively 
closer to the contact will have passed through the temper­
ature threshold for a given isograd reaction progressively 
earlier and at progressively faster rates. For example, rocks 
300 m from the contact will have exceeded the c. 550°C 
threshold for the cordierite isograd (PI) less than about 5 
ka after intrusion, compared to c. 20 ka for rocks 700 m 
from the contact and 200 ka for rocks at the isograd (c. 
1100 m according to the model). Thus, the isograd as exam­
ined in the field represents the latest time of reaction 
rather than the beginning of reaction, as is sometimes 
assumed. Through time, isograds will therefore have 
emanated outwards from the intrusion in a similar manner 
to isotherms (Lasaga 1986). 

The overall duration of the contact metamorphic event in 
terms of the time that rocks that were heated to tempera­
tures above the cordierite isograd (c. 550° C) was about 500 
ka (Fig. 12). For rocks upgrade of the isograd, the majority 
of this time will have been spent cooling down to this tem­
perature from higher temperature conditions. The time 
during which rocks were hot enough to be partially molten 
(temperatures exceeding the threshold of vapour-consum­
ing melting described by reaction P7, c. 660°C) was about 

270 ka. These times are all based on the models shown in 
Figure 12 and probably represent minimum times, owing to 
the fact that the assumed instantaneous emplacement of the 
intruion is geologically unlikely. A more gradual rise of tem­
perature as the intrusion reached its level of emplacement is 
to be expected, leading to a longer contact metamorphic 
duration and slower heating rates than those predicted by 
Fig. 12, especially in the inner part of the aureole. 

Equilibrium and kinetic controls on reaction progress 
and isograd development 

The distribution of isograds and temperature estimates 
in interlayered lithologies allows an assessment of the rela­
tive role of kinetics and equilbrium in controlling isograd 
development in the aureole (Pattison 1991). In this dis­
cussion, we note the distinction between overstepping of 
isograds and overstepping of reactions (see above). 
Walther and Wood (1984) argued that overstepping of 
devolatilization reactions (and by extension isograds), in 
which reaction occurs by a solution-precipitation process 
in the presence of a fluid phase, would be minimal under 
most natural conditions (including those of contact meta-
morphism). On the other hand, they suggested that over­
stepping of solid-solid reactions such as And = Sil could be 
appreciable in contact metamorphic environments. In con­
trast, Lasaga (1986) and Lasaga and Rye (1993) have sug­
gested that most reaction isograds, especially in contact 
aureoles, are in fact 'kinetic' reaction isograds whose 
progress and location may be quite different than those 
predicted by equilibrium models. 

In the Ballachulish Aureole, the sequence and spacing 
of isograds within single lithologies (e.g., pelites, siliceous 
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carbonates), and between them where in close proximity 
(e.g., Coire Guibhsacahin), are consistent with predic­
tions from equilibrium models (compare Figs. 3 and 7, 
and 9 and 10). Temperature estimates within and between 
lithologies are in excellent agreement (Fig. 11a; Pattison 
1991; Ferry 1996a). Mineral compositions in pelites 
within metamorphic zones vary smoothly as a function of 
grade and satisfy equilibrium models involving con­
tinuous and discontinuous reactions (Pattison 1991). 
Apart from the distribution of andalusite and sillimanite, 
no unusually low variance assemblages, which would be 
suggestive of reaction overstepping, are found in pelites 
in the main aureole (exceptions may occur in the narrow 
aureole surrounding the small satellite intrusion in the 
southeast; Pattison 1985, 1991). Interpretation of assem­
blages in siliceous carbonates is less clear, owing to the 
fact that fluid infiltration was required to drive some of 
these reactions and the occurrence of retrograde miner­
als complicates interpretation of peak assemblages (Ferry 
19966). 

The above patterns occur even though heating rates 
varied in the aureole and the different lithologies show 
wide variations in mineralogy, grain size and fluid composi­
tion, all of which have been shown to influence reaction 
kinetics at laboratory time scales (Kerrick et al. 1991). If 
kinetics significantly influenced isograd development in 
the Ballachulish aureole, one would expect a less consist­
ent pattern of isograds and temperature estimates than is 
seen. Regarding predictions of overstepping of cordierite 
isograds by Putnis and Holland (1986), the agreement 
between the sequence and spacing of pelitic isograds in the 
field, some of which involve cordierite and others which do 
not, with the equilibrium phase diagram (Fig. 7) argues 
against this effect (Pattison 1991; Maresch et al. 1991). 

Overall, most of the evidence from the aureole sug­
gests that an equilibrium model is satisfactory in account­
ing for the isograd patterns. By 'equilibrium' we mean 
that most rocks in the aureole developed the stable (equi­
librium) mineral assemblage appropriate to the 
maximum temperature they attained. This situation will 
have been favoured by the relatively long time the rocks 
spent near their thermal maximum (see above). 
However, the above does not imply or necessitate that all 
rocks achieved their final maximum temperature assem­
blages by proceeding along paths of equilibrium mineral 
assemblage development at all times during heating. 
Kinetic factors must be expected to have been more 
important in controlling the initial progress of isograd 
reactions close to the contacts where heating rates were 
fastest. For example, rocks 300 m from the contact will 
have passed through the temperature threshold for reac­
tions PI, P2a, P3 in less than 15 ka before reaching their 
maximum temperature slightly above isograd reaction P5 
at about 84 ka. 

Unfortunately, evidence for possible kinetic control on 
low grade reactions in rocks that were heated to higher 
temperatures is difficult to obtain because textural and 
compositional features developed during the low grade 
reactions tend to be obliterated by the effects of later reac­
tions and by the general tendency of rocks to recrystallize 

as temperature rises. A possible exception to this situation, 
involving the Tr + Dol = Fo + Cal isograd reaction C9, was 
discussed by Heuss-Assbichler and Masch (1991). They 
used microstructural patterns combined with thermal 
modelling to argue for increasing degrees of overstepping 
of the reaction from essentially 0°C in the vicinity of the 
isograd, c. 700 m from the contact, to as much as 50°C, 230 
m from the contact. Ferry (1996a, b) questioned some 
aspects of this interpretation, finding that tremolite in the 
rocks he examined from the same interval was of retro­
grade rather than prograde origin. This difference in 
interpretation brings out a general problem, that assem­
blage and compositional features which might be attrib­
uted to kinetic control during prograde metamorphism 
may also be a product of limited retrogression and reset­
ting during cooling. 

Prograde reactions whose progress definitely appears to 
have been dominated by kinetic factors mainly relate to 
solid-solid reactions and to intracrystalline processes. The 
distribution and mode of occurrence of sillimanite, and 
therefore the andalusite-sillimanite transition, with its 
very low free energy of transformation, is clearly con­
trolled by kinetic factors (see above and Pattison, 1992). 
Masch and Heuss-Assbichler (1991) argued that 
calcite-dolomite thermometry only records temperatures 
at isograds rather than between isograds, owing to the slug­
gishness of equilibration of Cal and Dol at times other 
than when the two minerals were involved in a 
solution-precipitation (reaction) process, although Ferry 
(1996a, b) found that Cal-Dol temperatures were consist­
ent with other phase equilibrium constraints regardless of 
position with respect to isograds. Feldspar ordering shows 
evidence for overstepping of the equilibrium transitions 
(Kroll et al. 1991), while feldspar and quartz in the Appin 
Quartzite show a sluggish approach to stable isotopic equi­
librium (Hoernes and Voll 1991). 

The above features in the quartzites may be attributed 
not only to the nature of the transformations involved, but 
also to the limited presence of a fluid phase in this lith-
ology. In general for the Ballachulish aureole rocks, sub­
stantial equilibrium always seems to have been 
approached when a fluid phase was clearly present, not 
only to participate in reactions but to act as a catalyst by 
aiding diffusion and other atomic transport processes. This 
observation is consistent with experimental studies which 
show that reaction rates under fluid-present conditions are 
orders of magnitude faster than under fluid-absent con­
ditions (Rubie 1986). 
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