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A B S T R A C T

The metamorphic rocks at Balquhidder are polyphase deformed and 

polymetamorphosed with the D-| -  D4 sequential development of structures 

and the M i -  M4 development of minerals generally corresponding to that 

expressed in nearby areas. Garnet is found throughout the area and the 

Barrovian garnet-isograd must have been at least 2Km above the present 

topography. There is no garnet-biotite boundary present. The incoming of 

garnet was controlled by the bulk rock composition so that garnetiferous and 

non-garnetiferous schists can occur in the same, or adjacent outcrops.

Textural studies have shown that two phases of garnet growth 

occurred. The more prominent of these was during M2 when three different 

types were formed (G2 A. G2 B> G»2C). tw 0  on 'Y >n lithologies of the Pitlochry 

Schist (G2 A. G2 C) and the other (G2 B) °n ly  'n the Ben Lui Schist. Growth of 

garnet was related to part icu lar mineral reactions, non- ins tan taneous 

nucleation and reaction partitioning. This has been substantiated by the 

determination, using the electron microprobe of chlorite, muscovite, garnet, 

biotite, albite and hornblende compositions. Garnet-biotite and garnet- 

hornb lende pairs perm it tem pera tu res  of M 2 m e tam orph ism  to be

determined: 530°C -  482°C for type G2 A (almandine), 423 -  410°C for type 

G 2 B (almandine) and 370°C  for type G2 C (spessartine-rich). The 530°C 

estimate for G2 A is considered to represent climactic conditions and, when 

considered with a pressure estimate of 7Kb based on the biotite-muscovite- 

chlorite-quartz geobarometer, indicates a typical Barrovian heat flow of c., 

27°C /Km  and mid-amphibolite-facies conditions. On the basis of regional 

correlation of structures, the M2 metamorphism (and D-j -  D2 ) is related to 

the pre-590M a Grampian Orogeny and was fo llowed by e levation of

temperature to its peak during crustal thickening during D 1 (Tay Nappe 

fo rm a t io n ) .

A second phase of garnet growth took place post-D 2 -  p re-D 4 

(poss ib ly  p o s t-D 2 -  p re-D 3 ). Tem perature of deve lopm ent of G2 - 4  

( 7 G 2 -3 ) was 377°C  for a spessartine-rich type, i.e. in the green schist

facies. The elevation of temperature is related to the c. 500M a event

demonstrated elsewhere in the Highlands on the basis of isotopic studies and 

during which crustal thickening is postulated.
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Previous interpretations of the presence of an inverted garnet isograd 

are not substantiated by this investigation. The structural development does 

not permit inversion of M2 or M2-4 geotherms by tectonic activity, while the 

distribution of garnet throughout the area does not permit the presence of any 

isograd to be demonstrated. Rather the whole area is within the garnet zone. 

Two of the previous in terpretations, which suggest an inverted zonal 

distr ibution, recognized neither the composition -  nucleation -  reaction 

partitioning controls nor the polyphase development of garnet. One sets out a 

position for a "garnet isograd" that corresponds to the prominent development 

of G2 A and G2 C garnets in particular flat-lying units of the Pitlochry Schist. 

The other sets out a position for a "garnet isograd" that corresponds to the 

prominent development of G2B and G2-4 garnets in particular units of the Ben 

Lui Schist. These interpretations are rejected on the basis of the detailed 

evidence set out here.

D 4 and post-D4 m ineralogical expressions only result in minor 

modifications to the earlier formed features. D4 is correlated with the 

regionally expressed c. 460Ma period of uplift and post-D4 mineral growth 

was both prograde and retrograde.

The deformation and metamorphic history in the Balquhidder area 

generally corresponds to, and may be representative of, Caledonian activity in 

at least considerable parts of the SW Highlands.
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1

C H A P T E R  1

GEOLOGICAL SETTING, ROCK UNITS AND STRUCTURAL FRAMEWORK.

1.1. Isograds:  their distr ibut ion and disposit ion

The outcrop traces of planes which represent the positions at which 

d ifferent m ineralogical reactions take place, and so separate different 

metamorphic mineral assemblages, are commonly referred to as isograds. 

They have been mapped in different lithologies by many workers all over the 

world fo llow ing the p ioneer work of Barrow (1893, 1912) in the SE 

Highlands of Scotland, which set out the distribution of what have become 

referred to as Barrow's or Barrovian zones. Tilley (1925) and Elies and 

Tilley (1930) continued Barrow's zones in the Dalradian assemblages of the 

Caledonides and along with Harker (1939), they considered that an isograd 

reflected the operation of particular physical conditions (especially pressure 

and temperature) in rocks of specific compositions.

Much subsequent work has evaluated the roles of temperature (e.g. 

Turner and Verhoogen, 1960) and of pressure (e.g.  Loomis, 1986,) in 

influencing the development of those zone boundaries while various authors 

have presented evidence to show that, at least in places, they do not 

correspond  to iso therm al or isobaric  surfaces (cf .  C h inner, 1966; 

Thompson, 1976; Bhattacharyya and Das, 1983).

The present near-vertical disposition of the Barrovian zones in the 

SE Highlands of Scotland occurs in the region of the Highland Border 

downbend, a late Caledonian major structure that post-dates the peak of 

m etamorphism in that region (cf. Harte et a!., 1984, fig.1). Further W, 

through the Central Highlands and in much of the SW Highlands N of the 

downbend, the garnet (almandine) isograd, for example, is shown on maps 

depicting the regional isograd pattern as a generally WSW- to SW-trending 

line with the overall zonal pattern of isograds indicative of an elongate 

thermal dome (F ig .1.1). However locally in the Balquhidder district of 

western Perthshire the garnet (almandine) isograd is shown by Tilley 

(1925), Elies and Tilley (1930), Trendall (1953) and Watkins (1984) as
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FIG. 1.1 Metamorphic zones in the Scottish Caledonides; from Johnson (1983)
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being both flat- ly ing and inverted with garnet grade rocks shown as 

overlying biotite grade rocks (see F ig.1.2). While there are significant 

differences in the location of the isograd given by the different authors they 

all show the isograd surface to be gently NNW- to NW-dipping and with 

higher grade rocks above rocks of lower grade.

Elies and Tilley (1930) considered that the disposition of the zone 

boundary was intimately related to nappe emplacement during which both the 

stratigraphy and metamorphic zones were inverted. Such an interpretation 

implies that garnet growth in the Balquhidder district was very early, i .e. 

before or during the formation of the Tay nappe [cf. Fig.1.3b). The 

explanation of Watkins (1984) was that metamorphism had occurred in a 

negative thermal gradient with the same author (Watkins, 1985) suggesting 

that the initial temperature inversion was related to the emplacement of the 

Tay nappe with the subsequent modification being the result of convective 

transfer of heat by fluids derived from metamorphic reactions taking place at 

depth.

The thermal model of Watkins (1984, 1985) is apparently unique 

in studies of Caledonides in SW Scotland and it dees not appear to explain 

either why the effects of the negative thermal gradient (in the Balquhidder 

district) are so very localized or why it had no apparent effect on the isograd 

disposition in adjacent areas. There, according to Watkins (1985, p .163); 

the shallowly-northerly dipping and inverted disposition of the isograd in the 

Balquh idder distr ict changes westwards to a vertica l d isposit ion while 

southwards towards the Highland Border region (but at a higher level now not 

seen because of erosion) it changes again to having a "normal" non-inverted 

disposition, (Fig. 1.2, section A-A). Likewise the interpretation of Til ley 

(1925) and Elies and Tilley (1930) does not account for the very localized 

nature of the suggested inversion, nor why the westward continuation of its 

surface trace is nearly straight through the area towards Crianlarich where 

there is considerable topographic relief {i.e. the disposition of the isograd is 

near vertical - Fig. 1.3; cf. Jones 1964; Atherton, 1964). Certainly its 

disposition is in marked contrast to the generally S-dipping attitude of 

metamorphic zones [c. 16km "down dip" demonstrated by Atherton (1968) 

in the flat-belt of central Perthshire.

The disposition of isograds is of major importance in determining 

the history of the Caledonides. It is also of importance in relation to the
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FIG. 1.2 Outline geological map of the Balquhidder district showing location of
samples (cf. Fig. 1.4) and the inferred distribution of the garnet isograd 
given by Elies and Tilley (1930) and Watkins (1984)
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nature and development of isograds in dynamothermal metamorphism as the 

existence of inverted isograds in other orogenic belts related to collison 

tectonics has been variously ascribed to (1 ) rotation of isograds by folding 

(e.g. Mason, 1984; Boyle, 1987), (2) heat generation associated with 

th rusting  (e.g. Scholz, 1980), (3) advection of flu ids along the fault 

surfaces (e.g.  Peacock, 1986), (4) conductive transfer of heat from a hot 

upper plate to a cooler lower plate (e.g. Oxburgh and Turcotte, 1974), and 

(5) the effects below a high level igneous mass (e.g. St. Onge, 1981). 

Demonstration of any such effects in the Caledonian terrane would necessitate 

rethinking of concepts of Barrovian metamorphism.

1.2. Geological  setting and rock units.

The rocks of the Balquhidder district are on the lower limb of the 

Tay nappe. The lithological units which are generally flat-lying (Fig. 1.3b) 

make up parts of the Argyll and Southern Highland groups of the Dalradian 

Supergroup and are now seen in inverted stratigraphic succession. The Loch 

Tay Limestone is a marker horizon. It generally dips at shallow angles to the 

N and approximately follows the contours from the head of Kirkton Glen (N of 

Balquhidder) to Lochearnhead (Fig. 1.2). Stratigraphically below it (but 

now structurally above it) is the Ben Lui Schist; stratigraphically above it 

is the Pitlochry Schist (see Mendum & Fettes, 1985, fig. 2 ). It is in these 

two dominantly pelitic and semipelit ic units in which garnet and biotite 

variably occur and the samples used for m ineralogical and petrological 

studies come from the c. 300m of the Ben Lui Schist immediately above 

(structurally) the Loch Tay Limestone and the c. 150m of the Pit lochry 

Schist im m ed ia te ly  be low (s tructura lly ) it (Fig. 1.4). W here this 

ca lcareous marker horizon is nearby, the stratigraphical control on the 

sampling is better than where it is further away (W of Kirkton Glen).

The pelitic and semipelitic types are mainly represented by garnet- 

quartz schists and garnet-quartz-mica schists. Also present, but of patchy 

d is tr ibution, are garnet-free ch lor ite -m ica schists, garnet-free  epidote- 

chlorite schists, and garnet-hornblende schists; these mainly occur W of 

Kirkton Burn. The more psammitic lithologies were not sampled for 

mineralogical studies but are important in the recognition of the various sets 

of structures (cf. Figs 1 .6 , 7). Thinly-bedded marble with psammitic and
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semipelitic layers and associated metadoleritic and metadioritic massive to 

foliated lithologies representing metamorphosed basic igneous rocks also 

occur (Fig. 1.2; cf. Wiseman, 1934; Ball, 1965) but were not used in the 

present investigation.

The predom inant garnet-bearing  litho log ies cons is t of various 

combinations of garnet (0 - 14%); chlorite (0.5 - 45%); phengite (2 - 

44% )(herea fte r referred to as muscovite  except where actual mineral 

composit ion is d iscussed); biotite (0 - 19%); quartz (14 - 35%) and 

albite (3 - 14%). Epidote (0 - 5%) and calcite (0 - 7%) also occur, the 

fo rm er occu rr ing  main ly  as inc lus ions  in the ga rne t and a lb ite  

porphyrob lasts while the latter is mainly present in some rocks W of 

Kirkton Burn (modal analyses given in Table 1.1). Garnet-hornblende 

schists are recorded at only one locality W of Gleann Crotha (sample 9). The 

garnet-free epidote schists were found mainly to the W of Kirkton Burn {e.g. 

sample 30). These are finer-grained than many of the other lithologies. 

They are light to dark green micaceous rocks that contain chlorite (36%), 

biotite (3%) and abundant epidote (21%). Accessory minerals in both the 

Ben Lui Schist and Pit lochry Schist are sphene, iron oxide, ruti le, 

tourmaline and zircon. In addition there are iron sulphides, particularly in 

the garnet-hornblende schists.

The modal data indicates a negative correlation between quartz and 

phyllosilicates and a positive correlation between quartz and albite, and a 

general decrease in the proportions of phyllosilicate minerals relative to 

albite as the rock becomes more siliceous. The index minerals biotite and 

garnet occur in both the Ben Lui Schist and the Pitlochry Schist. However in 

the samples studied biotite is more common in the latter while the proportion 

of garnet varies considerably throughout both units, and both its grain size 

and habit vary greatly even within short distances up or down the succession. 

This is illustrated by the presence of elongate skeletal garnets in rocks with 

no biotite {e.g. 6 , 7; see Fig. 1.4) and the association of very large (up to 

6 mm across) equigranular garnet porphyroblast in rocks with abundant 

biotite {e.g. 8 ; see Fig. 1.4). Both of these types of garnet occur only in the 

calc-rich lithologies, but in the case of the former the amount of chlorite in 

the studied samples is 0.5 - 1%, while in the latter it is c. 17%. In 

addition, within the stratigraphic section sampled the largest garnets occur 

in the Pitlochry Schist.
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These petrographic features point to the possible control of bulk 

chemical composition on modal expression of various minerals and possibly a 

re la tionsh ip  between m etam orphic grade and m ineral chem istry . To 

investigate the former, major and trace element analysis was carried out on 

the 23 representative samples on which modal analysis was also carried out. 

The latter is dealt with in Chapter 3.

1.3. Rock chemistry

The proportions of major elem ents are presented in Table 1.2a; 

trace elem ent com positions (16 elements) are given in Table 1.2b. On the 

basis of these data the following features can be established for the schists:

1. There is strong corre lation between K2 O and modal proportions of

muscovite (except for 15).

2 . Rocks with 48 - 50% Si02 contain relatively high K2 O but increased

proportions of N a2 0 ; this is related to the proportions of albite 

present.

3 . The A I2 O3  generally shows a general antipathetic re la tionship with 

the modal percentage of biotite, but there are some exceptions.

4 . F e tot shows regular distribution in relation to modal proportions of

quartz and phyllosilicates, but there is no such regular d istribution 

in Fe0 /F e 2 0 3 .

5 . There is a correspondence between CaO proportion and distinctions

between ca lc-rich and ca lc-poor sam ples dem onstra ted solely on 

petrographic grounds.

Plots of Niggli values calculated from the chemical data are used here 

as a basis for com parison with other sedim entary assem blages, with the 

fo llow ing features being particu larly significant.
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1 . On a c vs. mg plot most samples plot w ithin the field for pelitic rocks 

of Van de Kamp (1970)(Fig. 1.5a). Those samples that plot outside 

of this field have modal compositions showing high calcite and epidote.

2 . On a k vs. mg plot most samples fall w ithin the field for pelitic rocks 

of Atherton and Brotherton (1982), a fie ld that includes the m ajority 

of pelites of the Dalradian Supergroup. Those that do not show high 

N a2 0 :K2 0  are mainly those having considerable proportions of albite. 

This is consistent with the observation of A therton and Brotherton 

(1982) that other Dalradian rocks w ith a considerable proportion of 

albite plot below the k = 0.3 line.

The geochem ical s im ilarities of the analysed Balquhidder rocks to 

other Scottish Dalradian pelites and to the shales are also shown by averages 

for major and trace elements (Tables 1.3a,b). Hence, for the samples used 

in this study, the geochemical characteristics can be taken as being normal 

and used with confidence in the assessment of the nature and distribution of 

the m ineral com position resulting from m etam orphism . The influence of 

orig inal chem ical com position on m ineral paragenesis and the relationships 

of mineral and rock chem istry are discussed in Chapter 3.

1.4  S t ru c t u r a l  f r a m e w o r k

Regionally the rock assemblage lies on the inverted limb of the Tay 

nappe within the "flat belt" where not only lithological units So but also the 

dom inant schistosity Sc are generally fla t-ly ing. The general gentle NNW 

dip of both lithology and Sc defines one limb of a very open major upright fold 

with a NE-SW -trending subhorizontal axis that form s one of the regionally 

expressed F4  folds of which the Ben More antiform  and Ben Lawers synform 

are prom inent representatives further north. Even later faults o f the Loch 

Tay fault set transect the d istrict (Fig. 1.3a,b).

W ithin the Balquhidder d is tric t the rocks show c lear evidence of 

polyphase deform ation and the structural succession was determ ined in the
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FIG . 1.5  Niggli plots and compositional fields

(a) Plot of Q, vs. ma. with field for pelitic rocks after Van de Kamp (1970)

(b) Plot of K  v's. mg. with field for pelitic rocks that includes the majority of 
pelites of the Dalradian Supergroup (solid line) from Atherton and 
Brotherton (1982)

(^ )  Aim-bearing Pitlochry Schist; (Q ) Aim-bearing Ben Lui Schist

( a ) sp-bearing Pitlochry Schist; ( a )  sp-bearing Ben Lui Schist

(O )  garnet-free Pitlochry Schist
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TABLE 1.3a: Means (x) and standard deviations (cr) for the Scottish 
Dalradian pelites: from Atherton and Brotherton (1982, table 1), and rocks 
from the Balquhidder d istrict (from Table 1.2a)

Scottish Dalradian Pelites Rocks of Balquhidder 
d is t r ic t

X O’ X iC7

S i02 5 9 .8 8 1 0 .8 7 6 1 .4 4 1 0 .67

T i0 2 1 .0 3 0 .4 6 0 .9 4 0 .32

A I203 1 9 .1 5 6 . 0 2 1 7 .7 0 5 .36

Fe2 0 3 2 .4 9 2 .2 8 1 .8 0 0 .89

FeO 5 .1 5 2 .5 6 5 .3 6 1 .90

MnO 0 . 1 2 0 .0 9 0 . 1  1 0 .05

MgO 2 .3 4 1 .0 7 2 .5 7 1 .48

QO 1 .03 0 .7 5 1 .6 7 1 .93

Na2 0 2 . 1 0 1 .05 2 .6 4 1 .11

K2O 3 .5 0 1 .52 3 .2 0 1 . 6 6

H2 0 + 2 .5 5 1 . 1 2 2 .5 9 0 .81

No. of analyses 230 23
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TABLE 1.3b: Average values for trace elements for shales 
(A: Krauskopf, 1983; B: Turekian and W edepohl, 1961; 
C: Rocks of Balquhidder district) of 23 analyses given in 
Table 1.2b.

A B c
Z r 1 8 0 1 6 0 2 4 8

Y 3 5 2 6 -

S r 4 0 0 3 0 0 1 7 5

U 3 .5 3 .7 -

Rb 1 4 0 1 4 0 1 13

Th 1 2 1 2 -

Pb 2 0 2 0 2 1

Ga 2 5 1 9 2 0

Zn 9 0 9 5 1 13

Cu 5 0 4 5 2 7

Ni 8 0 6 8 3 7

Cb 2 0 1 9 2 0

C r 1 0 0 9 0 1 1 4

Cb 7 0 5 9 8 5

Ba 6 0 0 5 8 0 6 8 7

La _ 9 2 _
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field, and confirm ed by thin section study, using refolding and cross-cutting 

(e.g. of cleavages) relationships as bases. It has been used as a framework 

into which the metamorphic mineral growths have been integrated.

D i

No small F-j folds have been recognized around Balquhidder but the 

presence o f a large structure (Tay nappe) is ind icated by the inverted 

stratigraphica l sequence. If there were any related sm all-scale structures 

they must have been dissected and destroyed during D i or the later D2 

deform ation, or isolated by tectonism  so that they cannot be distinguished 

from F2 folds. The earliest recognized schistosity (S-|) has no observed 

geom etrical re lationship to any folds but is deform ed by intra fo lia l tight to 

isoclinal fo lds (F2 XPI. 1 .2 a; Fig. 1 .6 a,b) to which the second recognised 

sch istosity  (S2 ) has an axial p lanar relationship. It is on these bases that

S 0 -S 1 - S2 -F 2  relationships are established. In addition penetrative (S2 ) 

schistosity is d iscordant to remnants of an earlier schistosity (Pis 1 .1a, b; 

1 .2 b).

D 2

Folds (F2 ) deform  the first recognized schistosity (S i)  and quartz 

segregation veins are generally in trafolia l, tight to isoclinal, and com m only 

strong ly d issected . They are best preserved in the more psam m itic  

lithologies. Commonly fo ld noses are much th icker than fo ld lim bs (Fig. 

1.6c), and many occur as detached and isolated fold hinges (Fig. 1.6a,b). 

There is a prom inent axial p lanar schistosity (S2 ) but in fold limbs there is 

a co m p o s ite  s c h is to s ity  (S c - S 1 + S 2 ) w ith  ev idence  fo r fo lia tio n  

transposition. Locally a strong m ineral lineation (L2 ) is developed. Many 

of the F2  fold axes have a general N - S trend but others trend NW. It is not 

known w hether th is varia tion represents (1) the presence of iso la ted F-j 

hinges as well as F2  hinges, (2 ) the result of rotation of some dissected F2 

hinges, or (3) a m ultip le deform ation during D2 . If D2  is itse lf polyphase 

then the successive ly-fo rm ed fo lds m ust have been co-ax ia l p lanar (or 

approximately so) as only one axial planar fabric (S2 ) is recognized.

W ithin, or at a very low angle to Sc, are abundant quartz masses 

with lensoid sections having the appearance of boudinaged quartz veins (PI.
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1.1c). There are also sigmoidal quartz veins while others are arranged in an 

en echelon pattern. Textural observations point to these veins being the 

result of syntectonic metamorphic segregation during D i with subsequent 

tectonic modification during D2 .

A lineation seen as a fine colour banding formed by the alignment of 

mica and other mineral aggregates is present within the composite foliation. 

Its expression is only patchy, being best shown in pelitic units in contrast to 

the expression of F2  fold hinges that are best seen in the more psammitic 

units. It is deformed by F3  folds and on their generally flatly-disposed long 

limbs it trends NNW - SSE to NW - SE, the variation in attitudes being the 

result of the effects of open F4  folds and crenulations. This lineation is 

likely to be equivalent to the "stretching lineation" (cf. Voll, 1960, p.544- 

560) that is so widely expressed in the SW Highlands and trends generally 

NW - SE. It also appears to correspond to the lines of stretching of Clough 

(1897, p.49-51, 76-82) although no evidence was observed for pull-apart 

features. Whether it is solely related to D2  has not been determined. 

Certainly it pre-dates D3  and is expressed in Sc.

d 3

Folds that are generally asymmetrical with gently to moderately 

inclined axial planes, and deform Sc , F2  and the mineral lineation, are 

present throughout the area (Pis 1.1c, d, 2c; Figs 1 .6 d; 7a, d). They are 

not major structures, with a maximum wavelength of about 1.5m. Limb 

thickness tends to be less in the shorter limb than in corresponding longer 

limbs. The folds consistently face towards the SSE to S and in places there is 

evidence for axial planar thrusts with movement that is consistently towards 

the SSE or S (Fig. 1.7b). Fold axes plunge at low angles W or E and axial 

planes mainly dip at low to moderate angles to the N, although due to D4  

folding they sometimes dip S. However some curvature of fold axial planes 

and the related thrust planes appears to be unrelated to superposed 

structures and in places this curvature is like that shown by ramps in thrust 

duplexes (Ramsay & Huber, 1987, fig.22.14). Associated axial palanar 

cleavage is only rarely developed (PI.1.2c) and restricted to the more pelitic 

lithologies. The planar character of the short fold limb is commonly far 

better retained than the long limbs which are generally much affected by F4  

folds. The proportion of F3  fold hinge to limbs is extremely small so that in
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many outcrops the superimposed F4  folds are seen as first deforming the Sc 

composite foliation.

D 4

These folds are the most common mesoscopic fold structure 

throughout the area (PI. 1.1 e f f; Fig. 1.7c-e). They are generally open and 

asymmetrical with a well-developed strain-slip cleavage (PI. 1.2d). S4  - 

S c intersection lineation and minor fold crenulation are almost ubiquitous, 

particularly in the more pelitic lithologies. There is clear evidence of 

refolding of F3  folds (PI. 1.3a) but the most commonly expressed 

relationship, seen at almost every outcrop, is that of F4  minor folds and 

crenulations deforming Sc (PI 1.1 e, f). In some places where F3  and F4  

hinges are of similar amplitudes and juxtaposed, fold interference structures 

resembling box folds are seen (PI.1.3c). However, the structures are not 

conjugate and curvature of F3  axial planes is sometimes evident. In other 

places F4  folds die out against F3  hinge zones (PI. 1.3b). F4  folds have 

subhorizontal SW or NE plunges. Most have axial planes that dip 50-70° SE 

but there are some with NW-dipping axial planes. The dips are generally at 

a lower angle than for the SE-dipping set. No example of F4  box folds has 

been seen.

^Fault

A number of NNE - SSW-trending faults dissect the rocks of the 

district, in places with marked off-set. These are part of the Loch Tay fault 

set, and are expressions of the transcurrent fault regime which was active in 

the late stages of the Caledonian episode with the Great Glen Fault a major 

expression.

1 .5  C om parison w ith s tructures  in nearby areas

Both the determined structural sequences and the nature of the 

various structures in the Balquhidder district correspond with those 

expressed throughout the "flat belt" (see Harte et al. 1984, table 1 ). To the 

W, in the Crianlarich-Loch Lomond region (Fig. 1.3a) Jones (1964),



F IG U R E : 1 .6  Structural features and relationships.

(a), (b) S i deformed by F2 folds that are now much dissected

associated with the development of axial planar S2 and 

S 1+2 (Sc) in limbs; local development of F4 folds in 

more pelitic layers is shown, almandine-bearing Ben 

Lui Schist [545 224].

( c )  F 2  folds defined by early (presumed D i )  quartz

segregation veins and psammitic layers; S2 is developed 

axial planar to F2 and Sc is developed in fold limbs, F4- 

S ci is weakly developed in the more pelitic layers; 

Pitlochry Schist [534 215].

(d )  Intrafolial F 2  folds, dissected F2 fold hinges, S2 and Sc

deformed by asymmetrical F3 folds; spessartine- 

bearing Pitlochry Schists 

[546 212].
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F IG U R E  1 .7  Structural features and relationships.

( a )  F3  asymmetrical folds expressed in psammitic rocks

with thin semipelitic interbeds, Pitlochry Schist .

( b ) Structural pattern dominated by F3  asymmetrical folds

with moderately inclined axial planes and axial planar 

thrust that show curvature not realted to superposed 

F 4 -S 4 ; Pitlochry Schist .

( c ) - ( e )  Contrasting (F4 ) fold styles; spessartine-bearing 

Pitlochry Schist [Grid reference shown].
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P LA TE  1.1: Structural features and relationships

( a )  S i discordant to S2  preserved in more psammitic layers with

S 1 -2  (Sc) folded by F4 ; SE-facing outcrop [505 218].

( b )  Close-up of part of (a).

( c ) F3  folds deforming Sc and boudined quartz vein parallel to Sc;

psammitic spessartine-bearing Pitlochry Schist; scale bar 2mm, 

E-facing outcrop [505 227].

( d ) F3 folds with no associated axial plan fabric affecting the composite 

foliation Sc with the later small very open F4  folds; on the limb of a 

large F3  fold; garnet-free Pitlochry Schist, W-facing outcrop 

[505 214].

( e )  F4  folds affecting the composite foliation (Sc), and parallel

discontinuous quartz lenses; spessartine-bearing Pitlochry Schist, 

NE-SW  facing outcrop [505 218].

( f )  Strong S 4 -F 4  crenulation; spessartine-bearing pelitic Pitlochry 

Schist, scale bar 2mm; NE-SW  facing outcrop [515 214].





P L A T E  1 .2: Photomicrograph of structures and structural relationships.

( a )  F2  fold deform ing S i composed of muscovite and chlorite, 

som etim es with intergrowths of the two, grain size of the 

m icas making up S i is smaller than those of the micas making 

up S2 . Later muscovite and chlorite growths are indicated by 

un labe lled  arrow s; garnet-free P itlochry Schist [525 214].

( b )  Relict S i fabric between S2 ; garnet-free P itlochry Schist 

[525  214 ].

( c ) S3  crenulation cleavage weakly developed at angle to the See 

garne t-free  P itlochry Schist [525 214].

( d )  S 4  crenulation cleavage associated with asym m etrical F4  fold; 

spessartine-bearing  P itlochry Schist [505 218].





P L A T E  1.3: Photomicrographs of structures and structural relationships.

( a )  F3  deforming Se composed of muscovite and chlorite;

slight curvature of F3  axial planes and more 

pronounced folding of Se in F3  limbs by F4 ; 

spessartine-bearing Ben Lui Schist [546 213].

( b ) F4  fold dying out against F3  fold hinges, spessartine-

bearing Ben Lui Schist, [546 213].

( c )  F3  - F4  interference pattern shown by Se; spessartine-

bearing Pitlochry Schist [511 215].
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McArthur (1971) and Bowes (1973, 1979) have recorded corresponding 

structural successions. They have also described many corresponding details 

of similar structures. Consistently only small remnants of S i are seen, F2  

folds are tight to isoclinal, intrafolial, and much dissected (cf. Bowes, 1979, 

pis 1,2,3), F3  folds are asymmetrical, face SSE and have thinned shorter

limbs and northerly-dipping axial planes {cf. McArthur, 1971 , p i.Ill 

2 a,b ,c), S 3  is rarely seen, while F4  and S4  are very prominent {cf.  

McArthur, 1971, pi.Ill 2a,b,c; Bowes, 1979, pl.9), and over large areas F4  

folds and crenulations affecting Sc are the dominant structures.

Accordingly the various structural features recorded in the 

Balquhidder district and the established structural succession can be used 

with confidence as bases for a detailed study of metamorphic mineral growth 

and in the knowledge that conclusions reached in this study are likely to be 

applicable widely in the SW Highlands.

1 .6  Scope  of present  invest igation

There are many aspects of the garnet-biotite boundary recorded in 

the Balquhidder district that indicate that further investigation is needed.

1. The very local expression of proposed inverted isograd zones in a

region where these features are generally not inverted needs 

explanation, as do the proposed changes in disposition from 

subhorizontal and inverted to subvertical and to subhorizontal and 

not inverted.

2 . Any possible control of rock chemistry on metamorphic mineral

growth requires investigation.

3 . The index minerals, particularly garnet, show marked differences in

size, habit, and modal proportions both in closely spaced samples and 

throughout the district generally.

4 . There has been scant attention paid in previous investigations to the 

relationships of different expression of garnet to the successively 

formed structures in the polyphase deformation sequence.
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5 . There has been no investigation of mineral com position to position in 

the polyphase metamorphic history of m inerals such as garnet.

6 . The geochronological studies of Rogers et al. (1989) have shown that 

there are two w idely separated (c. 100Ma) peaks of m etam orphic 

activity shown in the Dalradian assemblage in the Scottish Highlands 

and the various im prints o f the c. 600M a and c. 500M a events 

require e lucidation.

As a basis for a study of the m etam orphic rocks in the Balquhidder 

district the structural succession was established (Section 1.4). Then on the 

basis o f textu ra l s tud ies the success ive ly -fo rm ed m e tam orph ic  m inera l 

assemblages were established and integrated with the structural succession 

(Chapter 2). Also in Chapter 2 are descriptions of the various grain sizes, 

habits and textural expressions of the various m etam orphic m inerals, with 

particular emphasis on garnet, while in Chapter 3, the re lationships between 

rock chem istry (see 1.3) and growth of garnet (and other m inerals) is dealt 

w ith. A lso in this chapter the m ineral chem istry o f d iffe ren t m inera ls is 

used to ( 1 ) p rov ide  the recogn ition  o f ch e m ica lly  co m p a tib le  and 

incom patib le  assem blages, (2 ) estab lish  the degrees o f a tta inm en t o f 

chem ica l equ ilib rium , (3) dem onstra te  the presence of any geochem ica l 

g rad ien t and, or, re -a rrangem en t during  la te  re trog rade  m e tam orph ic  

activ ity and, (4) determ ine the variab les that contribu te  to index m ineral 

g row th  and (5) to  e luc ida te  the  cha rac te r o f index m in e ra l-fo rm in g  

reaction(s). In Chapter 4 m ineral textura l re lationships and garnet zoning 

profiles are used to (1 ) determ ine peak m etam orphic conditions, and (2 ) to 

evaluate P-T conditions during m etam orphism . These studies, and those 

incorporated in Chapters 1, 2, 3 and 4, perm it the m etam orphic h istory of 

the rocks at B a lquh idder to be es tab lished  and in teg ra ted  w ith  the ir 

structural developm ent. This in turn forms a basis not only for assessing 

the disposition and nature of the garnet-bio tite boundary at Balquhidder, but 

also for contributing to an understanding of the overall tectono-m etam orphic 

evo lu tion  of the Scottish C aledon ides, w ith pa rticu la r re fe rence  to the 

Dalradian terrane. These aspects are set out and discussed in Chapter 5, 

while Chapter 6 presents the main conclusions derived from this study.
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1 .7. Use of abbreviations.

For conven ience  a num ber o f a b b rev ia tio ns  used frequen tly

throughout the thesis are defined below.

D D eform ationa l phase, these are qua lified  by use of

numbers to indicate polyphase development.

F Folds

S Schistosity - cleavage

L Lineation

M Metamorphism, these are qualified by use of numbers to

indicate polyphase metamorphism.

G2 Refers to garnet growth during D2 -  M2 .

G2A, G2B, G2C W hen success ive  d eve lop m e n t o f ga rne t can be

dem onstrated w ith in a single phase, i.e. during D2 -  

(M2)

G 2 -4  G arnet growth during post-D 2 - (M2 ) -  pre D4  (M4 )

M 2 - 4  Metamorphism when only a time range can be bracketed

between M2  and M4 .

m Matrix m ineral grow th.

P Porphyroblastic growth expression.

r Composition of chlorite after garnet and, or biotite

R r Composition of garnet edge replaced by chlorite

R.G. M uscovite and, or, biotite com position in d irect contact

with garnet or in its pressure-shadow areas.
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CHAPTER 2 

SEQUENCE OF MINERAL GROWTHS

2.1 In t r o d u c t io n

The time relationships of m ineral growth to deform ation have been an 

essential part of the elucidation of the m etam orphic history of the polyphase 

deform ed Dalradian terrane of the Scottish C aledon ides {e.g. Rast, 1958; 

S turt and Harris, 1961; Johnson, 1962, 1963; Harte and Johnson, 1969; 

Harte et al., 1984; Dempster, 1985). Much of this work has been done in 

re la tiv e ly  h igh g rade  rocks  and p a rtic u la r ly  re la te d  to  p ro g ra d e  

metamorphism  whereas in the Balquhidder d istrict the rocks only reach the 

a lm and ine  g rade and com m on ly  e xh ib it the  p ro d u c t o f re tro g ra d e  

metamorphism. However, the textural criteria used are the same (see Rast, 

1958; Zwart, 1962; Spry, 1963, 1979; Bell et al., 1986; Vernon, 1988). 

The same am biguities can also cause difficu lties {e.g. Vernon, 1977, 1978) 

but m isleading interpretation of textura l re lationships can be avoided, or at 

least largely so, if precautions such as those set out by Vernon (1977) are 

applied.

The demonstration of relations between porphyroblasts and cleavage- 

sch is tos ity -fo lia tion , and e lucidation of the m ineral grow th sequence are 

essential for m eaningful calculation of successive P-T conditions of m ineral 

equilibration and hence the determ ination of a P-T path. They provide a 

m eans of recogn ition  of, and d iscrim ina tion  betw een ind iv idua l m inera l 

phases {e.g. garnet, chlorite) which grew at more than one stage and which 

must be treated as separate m ineral constituen ts  (or cognate  groups of 

constituents) rather than in a "bulk" manner.

2.2.  Methods of textural  invest igat ion

The criteria com m only used involve the study of porphyrob lasts and, 

or, po rphyrob las t in terna l fabrics  (S i) and the ir re la tionsh ip  w ith fabric  

elements in the surrounding external matrix (Se).
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2 .2 .1 . P o rp h y ro b la s t  v s  m a tr ix  re la t io n s

Rast (1958) and Zwart (1962) considered that porphyrob lasts were 

formed later than the S-surface when the latter abuts and is not d isturbed in 

the v icin ity of the porphyroblast, i.e. the growth process had an elem ent of 

matrix replacem ent. W here the S -surface is d is turbed, and pa rticu la rly  

where it bows around a porphyroblast, it is considered by these authors to be 

of later developm ent (see also Ramsay, 1962; Spry, 1963; Zwart, 1963).

However Prior (1987) attributed the warp ing o f in tensified  cleavage 

around porphyrob lasts to be the resu lt of the fo llow ing three syn-tecton ic  

p rocesses : ( 1 ) d e fo rm a tion  p a rtit io n in g  a round  a d e ve lo p in g  rig id

p o rphy rob las t, (2 ) he te roge neous  de fo rm a tio n  p rio r to p o rp h y ro b la s t 

growth, and (3) deform ation of cleavage during porphyrob last grow th. Of 

the above three possible mechanisms, the ability o f a grow ing porphyrob last 

to push aside its surrounding matrix has been much debated (e.g. M isch, 

1971, 1972a; Shelley, 1972; Spry, 1972; Ferguson and H arvey, 1972; 

F e rguson  et al. , 1980). Rast (1965) suggested  th a t the  fo rce  of 

crysta llization was only applicab le in the case of som e id iob lastic  form s of 

some m inerals, particu la rly  garnet while Prior (1987) cons idered  force of 

crysta llization to be applicable to porphyrob lasts "rounded off" by pressure 

solution, a process considered to be incom patib le  w ith the c rys ta lliza tion  

force. Vernon and Powell (1976) also considered force of crysta llization to 

be unim portant because any effects were only shown in lim ited boundary 

positions and did not extend laterally into the matrix.

Several explanations have been presented to account for an S-surface 

both bowed around and truncated by the porphyrob lasts (Spry, 1972) with 

F e rguson  and H arvey (1972 ) s u g g e s tin g  s tra ig h tfo rw a rd  S yn -S e  

developm ent. The fo llow ing factors were noted by Ferguson and Harte 

(1975) as influencing the arrangem ent o f (Se) ad jacent to porphyrob lasts : 

(1 ) the m anner o f growth of porphyrob lasts and the ir in teraction  w ith the 

matrix, (2 ) the history and m echanism of Se m odification, (3 ) the tim ing of 

porphyrob last deve lopm ent w ith respect to the Se, and (4 ) the m inera l 

species of the porphyroblast and its com petence relative to the matrix species 

during deform ation.
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2.2.2 .  Internal  (Si) vs  external  (Se) fabr ics .

The presence of inclusion fabrics in porphyrob lasts is an im portant 

aid to the elucidation of mineral growth sequences as the re lationship between 

inclusion and matrix fabrics is com m only used to infer the tim e re lationship 

between porphyroblast growth and deform ational phases {e.g. Zwart, 1962; 

Spry, 1969; E lliott, 1972; Ferguson and Harte, 1975; Bell et al. , 1986; 

Rice and Roberts, 1988). The in te rp re ta tions both o f the nature and 

geom etrical relations of such a fabric to the external fabric  m ainly depends 

upon the assum ption that a fabric w ithin a porphyrob last tru ly re flects the 

morphology of the earlier external fabric and was not d irectly affected by the 

growth of the porphyrob last (see Vernon and Powell, 1976; Schoneve ld , 

1977; O lesen, 1978; Ferguson et al. , 1980).

Ferguson and Harte (1975) suggested the fo llow ing  pe trog raph ic  

features for the correct recognition of the true inclusion fabrics {i.e. th o s e  

tha t rep resen t an e a rlie r m atrix  fab ric , and by w h ich  they  can be 

d istinguished from other replacem ent and, or, exsolution fabrics): (1 ) the Si 

fo rm s con tinuous  tra ils  w h ich  extend  from  m arg in  to m arg in  o f the 

po rphyrob las ts , (2 ) these tra ils  are not de flec ted  when cross ing  tw in 

boundaries of the host m inera l, and (3) the p re fe rred  o rien ta tion  o f the 

inclusion fabric is unrelated to the crysta l structure  of the porphyrob lasts. 

These three features together can be used to identify a true inclusion fabric 

present in an earlier m atrix fabric.

The reasons for marked d iffe rences in the inc lus ion  dens ity  and 

configuration in different porphyroblasts is not c lear but they are thought to 

be related to differences in the interfacial tension between the m ineral phase 

form ing porphyroblast and the matrix, this being produced by change in the 

in tergranu lar flu id  com position (Galway and Jones, 1962). Vernon and 

Powell (1976) po in ted out tha t a po rphyrob las t and its inc lus ions may 

nucleate at the same tim e w ith d iffe ren t nucleation  rates, the inc luded 

m inerals form ing many stable nucle ii while  the po rphyrob las t fo rm s only 

one, i.e. both the inclusions and the porphyrob last be long to the same 

compatible m ineral assemblage.

The reasons given for the occurrence of Si oblique to Sc, o f S-shaped 

inclusion tra ils  w ith in porphyrob lasts, and of rotated porphyrob lasts , have 

ranged from the extrem es o f rig id syn-tecton ic  ro ta tion  o f porphyrob lasts  

{e .g .  Zw art, 1960; Spry, 1963; R osenfe ld , 1968, 1970, 1985; O lesen,
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1982, Reymer and Oertel, 1985, pp.629-630) to the rotation of the matrix 

around a grow ing but s ta tic  crysta l (e.g. R am say, 1962, p p .3 2 2 -3 2 3 ). 

Curved inclusion trails have also been interpreted as the result o f m icrofolds 

having been overgrown.

Spry (1969, p.254) po in ted out the d ifficu ltie s  o f d is tingu ish ing  

between rotational and overgrow th inclusion tra ils  and also that the two 

extremes have been given explanations of s im ilar inclusion patterns. He did 

suggest, though, that when porphyroblasts all have the same sense of rotation, 

as ind ica ted by the ir tra ils , ro ta tion  o f the  po rphyrob las ts  cou ld  be a 

reasonable interpretation (see e.g. O lesen, 1982). Hence the presence of 

crenulations inside the porphyroblasts that are s im ilar to those outside gives 

support to the poss ib ility  o f m icro fo ld  overg row th  ra the r than ro ta tion . 

H ow ever ex tens ive  de fo rm a tio n  m ay o ccu r a fte r the  g ro w th  o f a 

po rphyrob las t, resu lting  in the com m on o b lite ra tio n  o f fo rm e r m atrix  

crenulations (e.g. see Bell and Rubenach, 1983). Accordingly the obliquity 

of Si and Sc, even where Si curvature is consistent in many porphyroblasts, 

is considered to be insuffic ient evidence to dem onstra te  the porphyrob last 

ro ta tion  (see Vernon, 1988). H ow ever, Ram say (1962, p p .322-323 ) 

showed that th is m icrostructura l re la tionship can be expla ined equally well 

by fla tte n in g  and consequ en t ro ta tion  o f the  m a trix  a round  s ta tic  

porphyroblasts, and that this is the only correct in terpretation when the Si of 

all crysta ls is para lle l. He also set out the poss ib ility  o f stra in  shadow  

deve lopm ent by th is process (a bas ic  form  of the bu lk  he te rogeneous 

shortening model discussed in more detail by Bell, 1981) and also illustrated 

how grow ing porphyrob lasts can incorpora te  rem nants of a p rog ress ive ly  

curving external fo liation as inclusion tra ils that are typ ica lly  stra igh t in the 

centres of the porphyrob lasts but curve into the m atrix fo lia tion  at the ir 

edges: th is  is the main m icros truc tu ra l c rite rion  fo r synde fo rm a tio na l

growth of porphyrobnlasts discussed by Bell and Rubenach, 1983; and Bell et 

al., 1986.

Bell et al. (1986) suggested tha t except for "snow ba ll" garne ts , 

porphyrob lasts  do not rotate during de form ation  and that the apparen t 

rotation is due to overgrow th of a crenulated and, or, reactivated fo lia tion . 

They also suggested that po rphyrob last ro ta tion  only occurs  when the 

deform ation involves only simple shear and that the progressive shortening 

component cannot be partitioned out in regions adjacent to porphyroblasts.
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An earlier fabric can also be preserved in the pressure shadow areas 

around opposite sides of porphyroblasts and this can be used in the same way 

as a fabric preserved inside porphyroblasts. Such a fabric represents either 

a fabric of an earlier deformational phase or the early stages of development 

of a fabric which later intensified and warped around a porphyroblast whose 

growth was early syndeformational.

2 .3.  Growth of muscovite and chlorite.

2 .3 .1 .  I n t r o d u c t i o n

Muscovite and chlorite are the most abundant rock-forming minerals 

in the Balquhidder rocks. Their grain size and expression differ in the 

different lithologies but they faithfully represent most of the rock fabrics 

developed by successive responses to deformation and metamorphism. They 

constitute the main minerals in the main schistosity (S2 ) and show generally 

comparable variations in grain size and expression. W here S2  are 

comparatively less transposing there are enclaves in which p re -S 2  

muscovite and chlorite growths are preserved.

As the S2  phyllosilicates possess a pronounced anisotropy they are a 

particularly sensitive register of the later overprinted very weak D3  and the 

strong D4  crenulation fabric (Plate 1.2, c,d).

2 .3 .2 . P r e - S 2 g r o w t h

P re-S 2  muscovite and chlorite are identified by their definition of the 

shapes of F2  fold hinges (Plate 1.2a). They are also seen in an arrow-like 

arrangement in lenses and layers between S2  planes (Plate 2 .1 a), i.e. as a 

static growth: this is interpreted to have taken place either very late during 

D 1 or, more probably, post-D-i and pre-D2 - The present grain size is 

presumed to express D2  grain coarsening, particularly in view of the marked 

difference in the grain size of the oriented quartz fabric (presumed to be S i 

or very early S2 ) within the garnet porphyroblasts when compared to the 

grain size of quartz in S2 .
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2.3.3.  S 2 - g r o w t h s

Generally S i is strongly transposed by the development of the 

dominantly muscovite-chlorite (and biotite, or hornblende in the hornblende 

schists) S2  schistosity (Plates 2.1b, 16c). Large chlorite is only seen in 

the hornblende schists, whereas in most lithologies the muscovite forms 

plasts up to 1 . 4  x 0.63mm across, set in a finer grained matrix (Plate 2.1c). 

Other muscovite is present as microboudin-like individual linsoidal grains 

with relatively narrow tapering necks and showing evidence of rotation 

(Plate 2.1 d). The development of plasts in addition to the main matrix 

muscovite is indicative of non-instantaneous growth during S2 -M 2 , with late 

D2  modification of the main dynamic growth as the result of recrystallization 

on pre-existing grains by grain boundary migration along their length, i.e. 

by accretion recrystallization (see Bell et al., 1986).

The shape transformation of the muscovite plasts is intepreted as due 

to solution. The shape change and associated slight rotation is not due to the 

presence of micro-shear zones because there are plasts with cleavage 

parallel to length and no evidence for internal deformation of the plasts 

(Lister and Snoke, 1984). In addition microshear zones are unfavourable 

sites for phyllosilicate growth where they are amenable to solution effects.

The muscovite plasts have not been seen deformed by F3  but similar

S 2 -M 2  biotite plasts are deformed (Plate 2.11c).

2.3 .4.  S 2-d e fo rm atio n  and later g row ths

The S2  muscovite and chlorite define the shapes of F3  folds and new 

axial planar muscovite is interpreted as expressing a very weak S3  (Plate 

2.2a). The muscovite and chlorite also define open F4  folds (Plate 2.1b) and 

the associated S4  (Plate 1 .2 d), the former also seen as undeformed and 

interlocking growths at F4  crests (P late 2 .2b ), are interpreted as 

representing late D4  recrystallization. Randomly oriented muscovite flakes 

are also seen to overprint the S2  matrix (Plate 2 .2 c). There is no evidence 

that they were affected by F3  or F4  and they are interpreted as representing 

post-D 4  (or very late D4 ) static growth.

Chlorite also occurs as the product of retrogression of garnet and 

biotite. It is mainly after garnet occurring as rims of clear chlorite around
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garnet with partial to complete pseudomorphism. Different garnet crystals 

in one thin section show various stages of chloritization (Plate 2.3). As this 

phase of mineral growth post-dates the M2 - 4  garnet, it is late in the overall

sequence. However it cannot be closely tied into the metamorphic-tectonic 

framework and it is possible that the retrogressive effects shown by both 

garnet and the biotite span a range of time.

2 .4  Growth of garnet

Textural investigations provide evidence that two major periods of 

garnet porphyroblast growths are associated with D2  and the other post-D2  

but pre-D4 .

2 .4 .1 .  D 2 g r o w t h

Some syn-D2  garnets are free of inclusion trails, but most preserve 

an earlier fabric, consisting mainly of quartz, and often in minute detail. 

This internal fabric (Si) is present in a range of porphyroblast sizes (Plate 

2.4) and it shows considerable variation in expression and of relations with 

the external fabric (Se). The various sizes, habits and relationships are 

consistent with non-instantaneous nucleation under conditions of variable 

growth and strain rates and early-formed syndeformational porphyroblasts 

can appear similar to pre-tectonic porphyroblasts.

The following relations between garnet porphyroblasts free of useful 

inclusion trails and matrix foliations are consistent with syn-D2  growth both 

where (1) the S2  is disturbed and deflected in the vicinity of the 

porphyroblast and granoblastic quartz occurs in symmetrical pressure 

shadow areas (Plate 2.5a), and (2) the S2  is both deflected and truncated by 

porphyroblasts and asymmetrical strain shadows are seen (Plate 2.5b). 

These features are interpreted as indicating stress heterogeneity and 

reactivation of the matrix foliation (see Bell et al., 1986, fig. 7 ).
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2 .4 .1 .1 .  T e x tu r a l  t y p e s - d e s c r ip t i o n

Garnet porphyroblasts containing Si, show four main Si expressions 

and Si-Se relationships. For convenience of description these are referred to 

as types 1 - 4 .  It is appreciated that different directions of cutting through 

identical garnets can result in very different thin section characteristics.

Type 1: Si occurs as continuous straight trails and even bands that

extend from margin to margin of the porphyroblast. Si is either 

continuous with and parallel to Se (Plate 2 .6 a) or abuts against Se at 

the porphyroblast matrix interface (Plate 2.6b). The same Si-Se 

relationship may be shown by all the garnet porphyroblasts in the 

same section (Plate 2.5c), or only some of them (Plate 2.6a,d).

The quartz present as inclusions in garnet has a significantly smaller 

grain size than that in corresponding matrix as is usual in most 

metamorphic rocks. In addition, it is smaller in garnet cores than in 

the rims especially in case large garnet porphyroblasts. The quartz 

grains in Si also differ in shape from those in Se, with those of Si 

commonly elongate with arcuate corners, whereas the quartz grains in 

the adjacent matrix are dominantly rectangular or polyhedral.

Type 2 : Si is curved and continuous with Se even in the outermost

rim of the garnet porphyroblast. Se itself shows curvature (matrix 

crenulation) and deflection around the porphyroblast (Plate 2.7a,c). 

In some porphyroblasts distinct curvature of Si is shown only in the 

outermost rim (Plate 2.7b) and porphyroblasts with curved and 

straight Si can occur in the same thin section (Plate 2.7c). The 

intensity of expression of Si varies markedly from uniform (Plate 

2.7a) to irregular (Plate 2.7c).

Type 3: Si is sigmoidal with a number of quartz spirals (Plate 2.8a).

Si shows direct continuation with the Se which, in turn, shows degrees 

of deflection as well as truncation with the porphyroblast (Plate 

2.7a). Se also shows curvation (matrix crenulation) but this is 

neither as prominent as that shown by Si nor with the same 

disposition. The grain size of the Si quartz is generally similar to 

that of the Se quartz in Se.
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Type 4: Si in the skeletal garnet porphyroblasts is both parallel to

the Se and to the garnet elongate edges. The Si quartz accommodated in 

the garnet rims are smaller and elongate than Si in cores which are 

larger and commonly rectangular but also show degrees of 

preferential orientation parallel to Se Both Si quartz, either in cores 

or rims of the skeletal garnets are smaller than in the quartz matrix, 

the latter being commonly polygonal, and showing considerable 

embayment in the serrated garnet ends (Plate 2 .8 c, 2.9).

2 .4 .1 .2  Textu ra l  types - in te rp re ta t ion

The existence of these four textural types can be accounted for, on the 

basis of non-instantaneous nucleation and growth of garnet porphyroblasts 

during D2  and the overprinting of an earlier fabric, S-i and, or, very early

s2.

Type 1 is interpreted as due to deformation partition and movement 

during the Se2  foliation modification. The garnet porphyroblasts either 

rotated differentially or all suffered an equal amount of rotation (see Olesen, 

1982; Bell et al., 1986, figs 9,11).

Type 2  is interpreted as resulting from garnet overprinting open 

warps of Se. The more prominent expression of Si curvature than Se 

curvature is explained on the basis of crenulations being overprinted at an 

early stage of S2  development with later stages during which the Se2  

deflection around the garnet porphyroblast took place, also being the time at 

which matrix crenulation was obliterated, or largely so. Those garnets in 

which Si shows distinct curvature only in the outermost rim are interpreted 

as indicating the initiation of garnet growth at an early stage of D2 , so that the 

garnet cores overprinted a very weakly curved fabric; at a later stage when 

S e 2  warped around the growing garnets, the garnet rims overgrew parts of 

the warped S2 . The coexistence of weakly curved Si, even only at the garnet 

rim together with straight Si occurring in the same thin section (e.g. Plate 

2.7c, grains i,ii), can be explained as due to (1) that the garnet overgrew 

partly (e.g. grain (ii)), or as a whole (e.g. grain (i)) an earlier fabric, (2 ) 

that the smaller grain (ii), having grown later than the larger grain (i), 

consequently overprinted the more intensified Se, (3) the lack of rim
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development in grain (ii), or (4), that the rims as well as the inclusion were 

dissolved. The possible rim dissolution is supported by the presence of 

opaque-rich rims at some porphyroblast-matrix boundaries parallel to the 

deflected Se (Plate 2.6a) (Bell and Cuff, 1989).

Type 3 indicates either ( 1 ) rotation during growth with the Si 

representing enveloped Se2 , or (2) growth over already crenulated Se, i.e. 

not associated with rotation. Both explanations imply syndeformational 

growth with respect to D2 . Such "snowball" garnet structure (Plate 2.8a)

has been described and its development discussed in detail by many authors 

(e.g. Rast, 1958; Zwart, 1960; Spry, 1963; Powell and MacQueen, 1976; 

Cox, 1969; Kennan, 1971; Williams and Schonevelde, 1981; Bell et al., 

1986; Jamieson and Vernon, 1987; Bell and Johnson, 1989), with various 

explanations given for the Si pattern, viz. (1 ) the porphyroblasts were in the 

shortening component sites of the deformation portion, (2 ) the cut effect and 

whether or not such planes consistently comprise the rotation axes, (3) the 

shape of the porphyroblasts when near spherical are much more susceptible 

to rotation than the discoidal for a given amount of strain, and (4) their 

position with respect to their structural situation, i.e limbs or hinge of a 

fold.

Type 4 Si pattern and expression indicates that Si quartz 

recrystallization was continued even after the time they were included in the 

garnet core. But this does not explain their sizes and expression at the 

garnet rims. The particular morphology of the skeletal garnet porphyroblast 

probably suggests its growth, originally in an elongate habit (Bell et al., 

1986), with the later modification due to solution, strain and diffusion rates. 

Evidence for garnet dissolution is indicated by rounded porphyroblast ends 

and indentation into their neighbours juxtaposed garnet crystals (Plate 2.8c, 

2.9). For other interpretations regarding the growth of skeletal garnets see 

e.g. Powell and Treagus, 1970; De Witt, 1976; Bell et al. 1986; Jamieson 

and Vernon, 1987.

2 .4 .1 .3 .  M a t r ix -g r a in  c o a r s e n in g

Generally the quartz present as inclusions in garnet porphyroblasts 

has a significantly smaller grain size than in the corresponding matrix, while 

the quartz grain size in the cores of the porphyroblasts (except the skeletal
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garnets) is generally smaller than that in the rims. In addition the included 

quartz grains are commonly elongate with arcuate corners, probably 

suggesting growth during deformation (e.g. Voll, 1960), with the possible 

shape modification after inclusion (e.g. Toriumi, 1979), whereas quartz 

grains in the adjacent matrix are dominantly rectangular or polyhedral. Also 

they consistently show approximately equal angle triple junctions, suggesting 

isotropic interfacial energy conditions (see Vernon, 1979).

These features indicate grain coarsening both during and after garnet 

porphyroblast growth reflecting either an increase in metamorphic grade or 

the existence of elevated temperature both during and after garnet growth. 

The differences in grain size of quartz in the cores and rims of the 

porphyroblasts are interpreted as indicating their successive inclusion while 

grain coarsening was operative. The differences in grain size of Si minerals 

in various porphyroblasts are interpreted as indications that garnet growth 

was non-instantaneous and that progressive nucleation of porphyroblasts 

proceeded, along with progressive increase in matrix grain size.

2 .4 .1 .4 .  Tecton ic  env ironment

The existence of homogeneous inclusion patterns in garnet 

porphyroblasts (e.g. Plate 2 .7a) indicates a uniform intensity of 

deformation, at least locally, on the scale of the porphyroblast. The presence 

of inhomogeneous Si patterns even in the same thin section suggest that the 

nucleation of garnet could have taken place at different times and grew 

relative to each other during D2 . The presence of Si showing curvature only 

at the crystal rim supports the above explanation. Otherwise, the presence 

of Si showing curvature only at crystal rims is indicative of increase of 

strain rate at the end of each individual grain growth which is considered 

unlikely. Alternatively the occurrence of curved Si only at the grain rims is 

indicative of slow growth. The principal variation of the syn-D2  

microstructural relationships, even in the absence of Si, mainly depends on 

whether the pre-existing foliation was in the extension field or in the 

shortening of D2 . Hence, if S i (or early S2 ), for instance, was in the D2  

shortening field it became crenulated and the garnet grew early during D2  

preserving these crenulations at their early stages of development, continued 

deformation in the matrix, caused S2  to warp around the porphyroblasts. 

However if S i (or early S2 ) was in the D2  extension field, pressure shadow
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developed on either side of the porphyroblasts at right angles to the earlier 

fabric. Otherwise, rotated inclusion trails formed, indicating growth during 

non-co-axial stress.

2 .4 .2  P o s t - D 2 - pre-D4 growth

The garnets that grew during this period are generally of limited size 

range and mostly appear equidimensional relative to the D2  garnets and they 

are concentrated in the more micaceous domains. They do contain various 

inclusions, mainly quartz, but these are neither common nor uniformly 

distributed in the garnet porphyroblasts and no inclusion trails (Si) patterns 

have been observed. The garnet porphyroblasts show sharp cross-cutting 

relations with the adjacent Se. The following additional features have been 

observed (Plate 2.10).

(1 ) The garnet porphyroblasts overprinted the S2  fabric.

(2) The S4  fabric, where developed, warps around the 

porphyroblasts and commonly without the development of mica-free 

haloes.

(3) Some quartz inclusion in garnet shows obliquity to the Se2  

fabric.

These textures indicate that the second period of garnet growth took place 

post-D 2  but pre-D4 _ The general absence of D3 .M 3  metamorphic mineral 

growth, except in very localized places where S 3  is only very weakly 

developed, means that unequivocal demonstration of the relationship of garnet 

growth to D3  is not possible. However the observation that some inclusions 

in these post-D2  garnets are oblique to the Se2  fabric could be interpreted as 

indicating rotation during D3 . In addition post-D2  garnet grew as 

replacements without disturbing the surrounding minerals, i.e. they 

represent static mineral growth. Accordingly, it is probable that they were 

a post-D2 - pre-D3  growth but they might have developed in the interval 

between D3  and D4  and no conclusive evidence to distinguish the two 

interpretations is known.
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2.4.3 .  Grain size variat ion of garnet

The following factors are significant in the interpretation of the 

garnet size distribution:

1 . Garnet is a unique phase that acts during polymetamorphism in a way 

that resists the re-equilibration (due to its low cationic diffusivity), 

overprinting and, or, the erasure of earlier metamorphic phenomena. 

Therefore this mineral preserves important information concerning the 

nature of the metamorphism and provides a basis for estimating the P-T 

history of the rock during its growth using element distribution coefficients 

and, or chemical zoning profiles (Spear and Selverstone, 1983).

2 . Garnet can also assist in elucidating the progressive deformation of the 

matrix in which it occurs. This is because it is rigid, equant and commonly 

inclusion-bearing and thus can be used in establishing sequential change in 

temperature, strain and chemical reactions.

Thus the quantitative measurements of garnet sizes may provide an indirect 

measure of growth rate, P-T changes, chemical reaction and deformation. 

Throughout the region the size of garnet porphyroblasts differs significantly 

in outcrops in close proximity. There is also marked variation in the shapes 

of the garnets from outcrop to outcrop, from sample to sample in individual 

outcrop and even within a single thin section. Most are elongate, especially 

the larger grains (Plate 2.4b) while in some rocks they have a skeletal habit 

(Plate 2.9). Both size and expression appear to be linked to particular 

structural-stratigraphic "bands" or "units".

To elucidate the significance of the variability in grain size of the 

garnet the length and breadth of unbroken grains were separately measured: 

the syn-D2  and post-D2 - pre-D4  porphyroblasts. To ensure that different 

cut orientations were studied, two thin sections were used for each sample. 

The number of grains measured varied greatly from thin section to thin 

section so that statistical techniques could not be applied. However the 

results show (1 ) a marked grouping of grain size distribution and (2 ) that 

the larger the garnets, the wider is the range of sizes represented.

The size data (Table 2 .1 ) indicate the existence of three (average) 

grain size groups for the syn-D2  garnets and a grouping of grain size with 

lithology. For convenience of subsequent description these* size groups are
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referred to as G2 A. G2 B and G 2 C- With the post-D2  - pre-D4 garnets the 

size distribution is limited and the crystals are generally close to being 

equidimensional; these are referred to as G2 - 4  (See Plates 2.4a, b, c, d;

2.10 for representatives of G2 A, G2 B. G2 C and ^ 2 - 4  respectively and Fig. 1.4 

for sample locations). Examples of the garnet size variability existing 

within a single thin section are also shown in Plate 2.4a, b, with the larger 

grains generally containing quartz inclusions that are inhomogeneous and 

unsorted, while the relatively smaller grains include the elongate quartz in 

trails extending from margin to margin of the porphyroblast.

The chemical compositions of representative garnets showed that the 

G 2 A ones are almandine-rich, the G2 C garnets are spessartine-rich with both 

being confined to the Pitlochry Schist. While the G2 B ones are almandine- 

rich but confined to Ben Lui Schist. Mostly the G2 - 4  garnets are confined to 

the Ben Lui Schist with both almandine-rich and spessartine-rich garnets 

occurring in relatively close outcrops. In addition the compositional profiles 

of garnets of different sizes in a single thin section (Fig. 3.10) showed that 

the larger garnets, have the lowest rim MnO and the most pronounced 

chemical zonation even within the same sample.

The occurrence of different sizes of garnets of comparable composition 

in the same thin section can be explained if the larger grains grew earlier 

than the smaller ones which commonly accommodate the more intensified 

matrix foliation (Se) (Plate 2.4a, b). The apparent slight elongation of the 

smaller grains suggests growth in a shortening regime, or else is due to 

dissolution of garnet rims (Belle/ al. 1986). The relationship between 

garnet core and rim MnO, as well as garnet compositional profiles (Chapter 

3), which systematically vary with the relative crystal size in the same thin 

section also indicate progressive garnet growth (Finlay, 1976; Bell and 

Rubenach, 1983: Mathavan, 1984). This interpretation is supported by 

temperature estimations for each size-group (Chapter 4) that show G2 A 

grew at the highest temperature, G2 B at an intermediate temperature and G2 C 

at the lowest temperature.

This interpretation is in accord with the nucleation and growth model 

of Galwey and Jones (1963) who showed that garnet nucleation occurs over a 

period of time to be followed by growth whose rate is determined by 

temperature and the concentration of the reactants (Kretz, 1966; Jones and
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Galwey, 1966; Spry, 1969: Jones et al. 1972; Ridley, 1986; Christensen 

et al., 1 989) .
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TA B LE 2.1. Average length-breadth (mm) measurements  of 
g a r n e ts .

Sp. No. Mean length Mean breadth
(mm) (mm)

1 1 . 58  1 . 28

2 2 . 5 6  1 . 66

3 1 . 52  1 . 22

G2A 6 2 . 4 6  1 . 10

7 2 . 5 4  1 . 24

8 2 . 8 6  2 . 1 4

9 1 . 8 9  1.51

1 0 0 . 5 9  0 . 4 7

G2B 1 1 0 . 5 2  0 . 4 0

1 3 0 . 7 4  0 . 5 3

2 2  0 . 2 8  0 . 2 2

G2C 2 3  0 . 2 6  0 . 2 2

2 4  0 . 2 6  0 . 2 0

2 5  0 . 3 3  0 . 2 7

14  1 . 3 7  1 . 18

G 2 - 4  1 5  1.31 0 . 99

1 6  1 . 56  1 . 26

1 7 0 . 7 5  0 . 5 7

1 8  1 . 26  1 . 10
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Table 2.2. G a r n e t  s i z e s  ( l e n g t h s )  a n d  M n O  c o r e - r i m  
composi t ion in representat ive garnets

Sp. No. Size (mm) MnO%

Length Core Rim

1 . 49 4 . 7 4  0 . 9 5

3 1 . 66 5 . 1 0  0 . 78

2 . 7 6 6 . 2 4  0.71

1 . 19 1 . 47 0 . 23

CO<OJ
<3 3 . 49 2 . 34 0 . 1 9

3 . 6 6 2 . 6 3 0 . 1 4

9
1 . 19 1 . 89 0 . 7 8

2 . 53 2 . 2 6 0 . 6 6

G2B 1 3
0 . 6 3 3 . 3 4 0 . 6 5

0 . 83 3 . 9 0 0 . 2 2

G2C 2 5
0 . 3 3 7 . 9 9 6 . 4 6

0 . 40 8 . 5 8 5 . 18

G 2 - 4  1 7
1 . 06 5 . 5 2 1 . 8 6

1. 29 8 . 2 6 1 . 36
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2 . 5  Growth of b iotite

No biotite has been found that can be assigned to S-j fabric. However it 

is a component of S2  in many rocks, particularly the D2 garnet -bear ing  

lithologies in the Pitlochry Schist. In rocks that contain the D2 - 4  garnet 

(mostly Ben Lui Schist) the biotite is rather sporadic or absent (Table 1.1). 

Mostly biotite occurs with its (001) cleavage plane trace parallel to the S2  

fabric and was deformed by F3  (Plate 2.11a, c). Occasionally rare small 

biotite flakes occur in the pressure shadow areas of syn-D2 garnet 

porphyroblasts. In places biotite occurs as lens-like (up to 1.23 x 0.33mm  

across) some of which contain inclusion trails (Si), mainly of elongate 

quartz, that extend from margin to margin (Plate 2.11b). These trails are 

parallel to Se which shows both deflection and truncation against the biotite. 

Such biotites have not been seen to be deformed by either F3  or F4 . In rocks 

with relatively high biotite mode, the flakes occur in apparent biotite-rich 

and biotite-poor domains defining S2 and deformed by F3  (Plate 2.11c). In 

rocks containing the G2 - 4  biotite defines the S4 more dominantly than S2  

(Plate 2 .11d). In contrast to muscovite, biotite does not occur as random, 

radial aggregates or interlocked and undeformed crystals at F4  hinge zones 

(Plate 2.2b).

The absence of biotite in S i probably suggests that P-T conditions 

were outside the biotite stability field during D-|. Its existence in S2  and 

deformation by F3  suggest growth during D2 . The very few small biotite

flakes that occur in pressure-shadow areas of the G 2  garnet probably

represent a by-product of the major garnet-forming reaction (Section 

3.5.5). On the other hand, the sporadic occurrence of biotite in most G2-4 

garnet-bearing lithologies probably suggests the involvement of D2  biotite in 

the G2-4 garnet-forming reaction.

The textural relationships of such lens-like biotites, based on their 

orientation, transgressive relationship to biotite in the Se2 , their inclusion 

trails (Si) parallel to the external Se2 , and the amount of Se deflection, 

probably suggest their growth either earlier than those in the Se2  matrix or 

later, during S2  intensification. Either interpretation could be equally 

applied, assuming the non-instantaneous growth of biotite during the D2  

deformation which is responsible for the amount of matrix flattening. The

shape and orientation of such biotite lenses is probably the result of the shape

change due to marginal solution and rotation, rather than by internal 

deformation. The lensoidal biotite did not seem to be deformed by F3  or F4 .
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However the relationship to either D3  or D4  has not been determined although 

growth during D2  is surmised.

The biotite that define S4  suggests growth during the D4  deformational 

phase. There is no static growth expression of biotite with it all being 

techn ica lly  controlled, i.e. S 2 - S4 -b iotite, along with the common 

occurrence in segregated domains could be interpreted in terms of 

metamorphic differentiation. This would suggest that biotite nucleation took 

place in the more deformed sites in which strain energy provoked nucleation 

and promoted the diffusion of biotite-forming components towards the nuclei 

in the deformed region. The less stressed domains develop very little biotite 

(Mathavan, 1984, p.27).

2 .6  Growth of a lb ite

Most lithologies studied contain albite, but the occurrence of albite 

porphyroblast is limited and they are absent from lithologies containing the 

G 2 A garnet although albite porphyroblasts may occur, in relatively nearby 

outcrops, that contain either of the other D2  garnets, and in rocks that contain 

no garnet. The albite exhibits textural relationships that indicate syn-D2 

growth. It may occur in different sizes including porphyroblasts within the 

same domain. Inclusions in albite porphyroblasts may occur as (1) weakly 

curved trails commonly extending over the major part of the crystals and 

terminating near the albite edge (Plate 2 .1 2 c), (2 ) defining a large 

inclusion-rich core and a narrow inclusion-free rim. Both inclusion-rich 

albites may occur adjoining inclusion-free albite. The inclusions in albite 

are essentially significantly smaller than the corresponding matrix minerals. 

The general absence of (Si), left the porphyroblast- matrix relationship as 

the most useful criterion to be used to elucidate the possible albite sequential 

growth. On the other hand albite-matrix relationships present in the 

Balquhidder rocks clearly demonstrate that some of the textural criteria 

commonly used to infer time relationships between porphyroblast growth and 

deformation are ambiguous: the albite porphyroblasts in one rock could 

appear, for instance, as syn-D2  (Plate 2.13). However there is no textural 

evidence to indicate that the growth of albite accompanied either D-1-M 1 or 

D 3 -M 3 . In addition, the possible albite growth during the post-Di static  

period seems impossible to predict due to the lack of unequivocal textural 

evidence for these periods, mainly the result of the possible irregular 

rotation of the albite porphyroblasts shown by the diverse orientation of the 

inclusion trails in albite which are in contact with one another. The albite
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porphyroblasts (up to 1.7mm x 1mm), their length lying parallel to the S2  

fabric which deflect around the porphyroblast with quartz-pressure-shadow 

areas being developed on the opposite sides, suggest growth during the early 

or main part of D2 .

The albite porphyroblasts that overprint the S2  fabric (Plate 2.12b, 

c) suggest growth during the post-D2  phase. The growth of albite during 

post-D2  is also evident from the moulding relationship observed with the G2 - 

4  garnets (Plate 2 .1 2 d) so that overlapping post-D2  garnet and albite growth 

took place. Albite porphyroblasts also overprint F4 crests which indicates 

post-D4  growth. The occurrence of more than one albite growth phase, syn- 

D 2 , post-D2  or post-D4  in a single domain (Plate 2.13) contrasts with the 

single phase of garnet growth in each domain.

2 .7  Growth of quartz

Quartz is commonly found in syn-D2 garnet porphyroblasts as fine 

elongate trails (Si) (Plate 2.6b, c; 2 .7 ). In the matrix it forms 

dimensionally elongate grains, often rectangular, between mica flakes that 

define S2 in semipelitic lithologies (Plate 2.14a). Quartz recrystallization, 

shown at F3 crests of polyhedral equidimensional quartz grains with 

approximately equal angle triple junctions approaching the stable low energy 

configuration, are found in F3 hinge zones; and quartz in S2  is deformed 

around both F3  and F4  (Plate 2.14b, c). Locally dimensionally aligned quartz 

grains express S4 .

The elongate quartz that is included in the syn-D2  garnet provides 

evidence of the pre-D2  quartz growth; this is likely to represent D 1 growth. 

Alternatively, the size and shape of the quartz included in garnet cores and 

rims could indicate early D2  and late D2  growth, respectively. The late-D2  

growth probably accompanied matrix grain coarsening, with some quartz 

being accommodated in the garnet rims (Plate 2.9c). Quartz growth also took 

place syn-D2  as is evident from elongate and rectangular occurrences within 

the S2  mica layers, and was deformed by F3 . The polyhedral equidimensional 

quartz grains at F3  crests indicate that some quartz recrystallized after D3 .

2 .8  Growth of epidote

Epidote is present as inclusions mostly in garnet (particularly G 2 A 

and G2 B) and albite porphyroblasts. Its presence in the matrix is rather 

sporadic, although in some lithologies epidote is a major constituent (Table 

1.1). In rocks containing the G2 C garnets the epidote dominantly occurs in
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the matrix and commonly shows overprinting relationships with S 2  (Plate 

2.15a). The matrix epidote are commonly prismatic and larger than those 

included in garnet and albite porphyroblasts. They show two types of optical 

zoning, always distinct in the larger grains, which show bluish core and 

yellowing rim birefringence colours. The smaller grains commonly show 

only the low birefringence, and both types of such zoned epidote may occur in 

the same lithology. The epidote included in the garnet and albite is 

equidimensional and smaller, but both types of zoning are seen in the same 

host phase.

2 .9  Growth of tourmal ine

Idioblastic accessory tourmaline is present in a number of rocks, 

locally being enclosed in albite and garnet porphyroblasts but mainly 

occurring as larger grains in the rock matrix. The matrix grains are 

prismatic (Plate 2.15b, c) and some have quartz inclusions (Si) which are 

either parallel to, or truncate, the Se2  with overprinting relationship. The 

very small tourmaline grains included in albite and garnet porphyroblasts 

may have grown during D1 (or D1 -D 2  static phase) as it is enclosed in phases 

that have grown during D2 . Tourmaline in the matrix is seen to overprint 

the S2  fabric, and is not seen to be affected by either D3  or D4 , therefore the 

growth history is not certain, except that it was at least D 1 to post-D2 -

2 . 1 0  Growth of hornblende

Hornblende in the garnet-hornblende schists of Gleann Crotha (all 

other metabasites were not investigated) forms large prisms parallel to S2  

orientation, and S2  mica layers deflect around the hornblendes developing 

quartz pressure-shadow areas (Plate 2.16a). Some hornblende shows 

lenticular-like shapes while others show relative rotation in relation to S2  

fabric (Plate 2.16b,c). The hornblende encloses most of the matrix phases; 

i.e. oxides, quartz, fine micas and epidote. Some of the hornblende partially 

included smaller garnet porphyroblasts than those in the matrix which are 

the G2 A garnet phase (Plate 2.16d). The following features suggest that 

hornblende grew simultaneously with the G2 A during D2 .

1 . The similar textural relationship between S 2  and garnet or the

hornblende, as they both show the same amounts of matrix deflection.

2 . Inclusion trails in garnet (Plate 2.6a) and in the hornblende suggest

their possible differential rotation with respect to S 2 .



4 7

3. The chemical composition of matrix garnet, of similar size to that 

partially included in the hornblende, is identical to those larger 

grains in the matrix with core and rim MnO composition (Table 2.2, 

No.9) indicating that they have nucleated progressively. Therefore it 

cannot be due to the garnet growing earlier than the hornblende and 

then some being isolated from the rest of the rock system by the 

enclosing hornblende crystal. Some of the hornblendes have shape 

modification due to solution (Plate 2.16b).

2 .11 S u m m a r y

The sequence of mineral growth in relation to the deformational phases 

established at Balquhidder are presented in Table 2.3.

The D-j deformational phase is accompanied by the growth of 

muscovite, chlorite and quartz. There is no textural evidence to indicate that 

epidote and, or, tourmaline have grown during that phase of metamorphism. 

But their occurrence as inclusions in the syn-D2  garnet and albite 

porphyroblasts is probably indicative of their growth during Di (or D 1 -D 2 ) 

or early D2  before enclosed. D2  deformational phase was the period of 

climactic and porphyroblastic mineral growth. During this phase muscovite, 

chlorite, garnet, biotite, albite, quartz and hornblende have grown, and have 

developed porphyroblastic crystals. The growth of garnet porphyroblasts 

during D2 was prolonged and produced three distinguishable size varieties, 

i.e. the G2 A. G2B> ^20- The D3  deformational phase was not accompanied by 

any new mineral growths, but the annealing of pre-existing assemblages are 

difficult to predict. Very weak S3  defined by muscovite and chlorite is 

recognized. A second period of garnet growth is interpreted as static post-D2  

- pre-D 4  (as to keep within limits of confidence provided by textural 

relationships) and may be pre-D3 . The D4  deformational phase was 

accompanied by the recrystallization of most other phases (except garnet): 

muscovite, chlorite, biotite and albite and muscovite and albite are continued 

after D4 . The last metamorphic imprint that affected the Balquhidder rocks 

is a retrogressive phase which affected the previous assemblages, especially 

the garnets and biotites.
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P L A T E  2.1

( a )  P r e - S 2 arrow-like muscovite-chlorite fabric interfolial

between S2 planes (sp.27)

( b )  Typical S2 consisting of muscovite, chlorite, biotite and iron

oxide, deformed by F4 . (sp. 24)

(c), (d) Partially dissolved muscovite plasts defining the S2 fabric set 

in finer-grained muscovite-chlorite-quartz; in (d) the 

muscovite is slightly rotated as the result of a shear 

component, (sp. 3)



0.5mm



P L A T E  2.2 .

( a ) S2 muscovite and chlorite defining an F3 fold and F4 microfolds

in semipelitic schist; other undeformed flakes represent S 4 

growth (cf. (b)). (sp. 29)

( b ) Undeformed muscovite and chlorite interlocking at F4 crests,

(sp. 2 2 )

( c ) Randomly-oriented muscovite crystals across the S2 matrix 

composed of muscovite and chlorite, (sp.29)





PLATE 2.3. G arnet retrogression. See text Section 2.4.3 for 

explanation

a) Partially to completely chloritized G2 A garnet porphyroblasts

(sp. 2 )

( b ) Completely chloritized G2 C garnet grains (sp. 26)

( c )  Partially chloritized G2-4 garnets; the removed and replaced

parts are interconnected and extended throughout the 

remaining garnet and separate it into a number of disconnected 

islands (sp. 5)





P L A T E  2 .4 . Syn-D2 garnets

(a),  (b) Two garnet porphyroblasts in the same thin section; part of 

the larger crystal (a - 3.44 x 2.36mm) includes quartz and 

albite showing variable grain shapes and no dimensional 

alignment; the small crystal (b - 2.80 x 1.50mm) includes 

generally straight inclusion trails of quartz, muscovite, albite 

and biotite that are largely parallel Se which shows some 

deflection, at porphyroblast boundary, (sp. 8 )

( c )  Round garnet porphyroblast (0.7mm) with straight inclusion

trails oriented at angle to Se which is warped round the garnet; 

quartz has grown in pressure shadow areas, (sp.13)

( d ) Small garnet porphyroblast (0.30mm) with no inclusion 

trails, with Se deflected around it; small albite crystals 

overprint Se (sp. 26)





PLATE 2 .5 . Syn-D2 garnets

(a),  (b) Syn-D 2 garnet porphyroblasts with few or no apparent

inclusion trails showing, Se2 is warped around them and with 

symmetrical (a) or asymmetrical (b) pressure shadow areas 

of quartz developed, (sp. 2 )





PLATE 2.6. S y n -D 2 garnets with type 1 inclusion patterns.

a ) G arnet porphyroblast with linear inclusion tra ils (Si) shown

by opaque iron oxide, that are generally parallel to Se. Locally 

rims rich in opaque minerals show parallelism  to deflected Se. 

(sp. 9)

( b ) Part of a garnet porphyroblast showing straight inclusion

trails (Si) truncated by Se; larger quartz inclusions 

accommodated nearer to the garnet rim (sp. 2 )

( c ) Garnet porphyroblasts showing evidence of corresponding

degrees of rotation as shown by Si-Se relationships; Se 

deflection around porphyroblasts is shown, (sp. 13)

( d )  Garnet porphyroblast in the same section as in (a) with iron

oxide inclusion trails at right angle iron oxide grains in Se. 

(sp. 9)



■ < ± .  ■

0.5mm. .



PLATE 2.7. S yn -D 2 garnets with type 2 inclusion patterns.

( a )  Garnet porphyroblast including bands of weakly curved Si

composed of elongate quartz) that extend continuously from 

margin to margin and parallel to the Se. (sp. 3)

( b ) Garnet porphyroblast with straight inclusion tra ils of quartz

that show slight curvature towards the garnet edge. (sp. 3)

( c ) Garnet porphyroblasts showing continuity of Si and Se; (i) 

incorporates weakly curved Si and (ii) straight Si showing no 

cuvature even at the rim; Si composed of quartz, (sp. 3)





PLATE 2. 8. S yn -D 2  garnets with type 3 inclusion pattern

( a )  Garnet porphyroblast with sigm oidal inclusion tra ils (Si);

the Si quartz crystals showing the spiral are generally of 

similar size to that of Se quartz; Se2 shows degrees of 

deflection and truncation, (sp. 3)

( b )  Garnet porphyroblast incorporating spirals of quartz

inclusions (Si) that are partially truncated by Se which itse lf 

is partially deflectd around the porphyroblast; the 

termination of the spiral away from the garnet edge is the 

result of the cut effect, (sp. 2 )

( c ) Elongate garnet porphyroblast with Si spiral tra ils of quartz; 

Se deflected around the garnet which shows much dissolution 

and indentation against quartz in the matrix, (sp. 6



0.5mm.

0.2mm.

0.2mm



PLATE 2.9. S yn -D 2  garnets with type 4 inclusion pattern.

(a), (b) Elongate skeletal garnet porphyroblasts with Si composed of 

quartz parallel both to Se and the garnet edges; the Si quartz 

crystals incorporated in the garnet rim are sm aller and more 

elongate than those in the core. (sp. 6 )

( c )  Elongate skeletal garnet porphyroblast showing inclusion

trails composed of quartz parallel to Se which, in turn, show 

deflection around the porphyroblast; recrysta llized 

polyhedral quartz grains in pressure shadow areas are in 

direct contact with garnet edge. (sp. 7)



0.5mm. .



PLATE 2.10. Post-D 2 pre-D4 garnets.

( a )  Garnet porphyroblasts showing overprinting re lations with

S2 ; S4 warps around them and there is no development of 

pressure shadows, (sp. 16)

( b ) Garnet porphyroblasts showing overprinting re lations w ith S2

(right top) and strongly developed S4 warped around them 

with no mica-free haloes developed (bottom), (sp. 17)

( c )  Close-up of part of (b).





PLA TE 2.11

(a )  Elongate biotite dimensionally oriented in S2 . The small

garnets, which are partia lly chloritized occur in a quartz-rich 

layer which contains a sm aller proportion of biotite than the 

biotitite-rich layers which have abundant epidote (below) and 

small albite (above), both overprint b iotite  in S2 fabric.

(sp. 25)

( b ) Lens-like biotite plast with straight tra ils  m ainly o f e longate

quartz and muscovite oriented parallel to the S 2 matrix which 

shows slight deflection at the biotite edges (sp. 2 )

( c )  Quartz-rich layer with small biotite and th ick c lusters of

biotite-rich layers both deform ed by F3 . (sp. 25)

( d ) Large biotite defining S4 and axial p lanar to F4 fo lds (sp. 17)





PLATE 2.12

( a )  A lbite porphyroblast with inclusion-rich core and narrow

inclusion-free rim and S2 warped around it. (sp. 19)

( b )  A lb ite m icroporphyroblasts (20%) overprin ting  the S2 fabric

made up of muscovite, chlorite, quartz and iron oxide 

(sp. 28)

( c )  A lbite porphyroblast overprinting S2 fabric w ith curved

inclusion trails oriented oblique to S2 (sp. 29)

(d )  Sutured albite porphyroblast grain w ith m ould ing re la tionsh ip

with the G2-4  garnet both of which overprint S 2 . (sp. 17)



0.5mm

0.5mm

0.2mm0 .2mm



PLATE 2.

( a )

13 Albi te grains showing various textural  
re la t io nsh ip s  (sp. 2 2 )

Adjacent albites show confliction in terms of conventional 

textural in terpretations: grain (iii) and (iv) have

overprinted the S2 which deformed around F4 with (Si) 

parallel and continuous with S2 fabric; grain (i) with 

inclusion-rich core and at least two sets o f trails, showing 

truncation against S2 , has overprinted the F4 crest with no 

apparent physical pushing aside at the boundary of the grain 

and matrix; grain (ii) with straight inclusions truncated w ith 

S2 which, in turn, shows both truncation as well as slight 

deflection around the albite grain.

(b), (c) Close-up of parts of (a)



0.5mm

*
\ t  .  

0.2mm.



PLATE 2.14

( a ) Elongate to rectangular quartz grains between mica defining S2

fabric, (sp. 6 )

( b )  Polyhedral quartz grains showing approxim ately equal angle

triple junctions separated from mica dom ains by weakly 

defined quartz ribbons of slightly elongate and sm aller quartz 

at an F3 crest, (sp. 1)

( c ) Deformed quartz grains of elongate and rectangular shapes 

against mica domains that define the short limb of open F4 . 

(sp. 23)



0.2mm,

0.2mm

0.2mm



PLATE 2.15

( a )  Epidote overprinting the S2 fabric composed of muscovite,

chlorite and biotite. (sp. 25)

( b )  Tourm aline porphyroblast with stra ight quartz (Si) truncated

against Se2 with overprinting relationship, (sp. 7)

( c )  Large prism atic tourm aline porphyrob last w ith stra ight

inclusion trails (Si) composed of quartz overprin ting S2 

fabric, (sp. 29)





PLATE 2.16 Hornblende growth;  all microphotographs from  
sp. 9

( a )  Se warped around a hornblende crystal with the development of

pressure-shadow areas of quartz

( b ) Lensoid-shaped hornblende porphyroblast with serrated

boundaries; Se shows degrees of deflection and truncation.

( c )  Hornblende and garnet porphyroblast (G2A) showing

comparable relationship to Se.

( d )  Garnet partially included; enlargem ent o f top centre o f (c)



0.5mm

0.5mm. |
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CHAPTER 3 

MINERAL CHEMISTRY

3.1 I n t r o d u c t i o n

Most of the litho log ies at Balquhidder now consist o f m uscovite, 

chlorite, and quartz, together with garnet, biotite and albite. These minerals 

w ere va rious ly  developed during successive periods o f m inera l grow th 

pa rticu la rly  syn -D 2 , post-D 2 - pre-D 4 and D4 > that are referred to as M2 , 

M 2-4  and M4 m etam orphic mineral growths respectively. D 1 (M-|), post- 

D1 (Mp0st-1)» D3 (M3) and post-D 4 (Mpost-4 ) m ineral grow ths, also took 

place. However each have only limited expression while the amount of post- 

0 2  - pre-D 4 m ineral growth that corresponds to D3 m ineral growth cannot 

be assessed on the evidence available. Retrogressive metamorphism is seen 

w ith ch lorite  after garnet: the effects are shown by both M2 and M2 -4

garnets and they are presumed to represent a single, if extended, phase of 

retrogression after the second (M2 -4 ) garnet growth.

The chem ical com positions of the various mineral phases have been 

determ ined using the electron m icroprobe. They are used (1) to investigate 

e lem ent d is tribu tion  between co-existing  m ineral phases in very  small 

volum es of rock, including at grain boundaries, as a basis of assessing the 

degree o f a tta inm ent of chem ical equilibrium  and of the e ffect o f any 

re tro g re ss io n , (2 ) to de te rm ine  poss ib le  ga rne t- and b io tite -fo rm ing  

reactions, (3) to determ ine P-T conditions of m etam orphic m ineral growth, 

and (4) to establish other controls on m ineral chem istry such as bulk rock 

composition and mineral assemblages.

In these investiga tions the fo llow ing factors m ust be taken into 

account.

1. Due to the susceptib ility  of phyllos ilica tes to re-equ ilib ra tion , their 

com position is likely to represent conditions operating during the last 

"phase" of metamorphism.

2 . The products of retrogression represent d isequilibrium .
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3 . There is a lack of even small measurable changes in the composition of 

a lb ite .

4 . G arnet com positions provide a record of p rogressive  changes of 

conditions during its growth.

5 . In many nearby outcrops the chemical distinction of a specific mineral 

phase in identical assemblages, the influence of T, P, P h2 0 . P0 2  etc. , 

(i.e. the conditions of metamorphism on the m ineral chem istry), are 

best assessed when the influence of the bulk rock composition can be 

discounted. If the influence of the bulk composition of the rock on the 

m ineral assem blages and the com position of the m inerals can be 

specified, then the role of T, P, P h 2 0 » P02  etc., can more readily be 

iden tified .

3 .2 . C h lo r i te  c h e m is t r y

3 .2 .1  A n a ly t ic a l da ta

Chem ical analyses of chlorite are presented in Tables 3.1 and 3.2 

which distinguish chlorite developed as the result o f "prograde" reactions in 

the rock m atrix (m) from those developed from garnet and b io tite  (r) by 

re trog ress ion .

G enerally each analysis is the average of about ten grains. The 

calculated structural form ula considered only the Ti, Al, Fe, Mg and Mn in 

determ ining the number of the octahedral position occupied. The very small 

irregu la r "Ca" and "a lka li" ions present in som e ch lo rite  analyses were 

neglected (Deer et al., 1962, p .124; Foster, 1962). Because there is no 

reliable method of obtaining the wt. % of Fe203  from the probe analysis, this 

was estimated on the basis of formula normalized to 20  cation per 28 (0 ).

"P ro g ra d e "  m a tr ix  c h lo r i te

"Prograde" matrix ch lorite  is dealt with in relation to that which is 

present with garnets G2A, G2B and G2C as these have been shown to represent 

different, but sequentia l, growth periods during D2 - M2 (Table 3.1a, b, c). 

The com position of matrix chlorite (m) in rocks containing G 2-4  garnets is 

set out in Table 3.1 e. In addition, analyses are given of chlorite present in
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garnet-free rocks (Table 3.1d). Most of the chlorite forms part o f the 

dom inant S2 fabric, i.e. texturally is M2 chlorite. The exceptions are the 

ch lorite  at an F4 fold hinge which probably represents M2 - S2 c h lo r ite  

deformed by F4 (Table 3.1c No. 2 2 ; see Plate 2 .2 b for the textural situation) 

and the pre-D 2 ch lorite that possibly represents M i growth (Table 3.1 d, 

No.29; see Plate 2.1a for the textural situation). Chlorite (M) that exhibits 

apparently different composition within the same thin section to be averaged, 

are set out separately (Table 3 .1b, No.10).

R et r o g r e s s iv e  ch lor i te

C om positional data for chlorite after G2 A. G2 B. 6 2 c  are set out in 

Tables 3.2a, b, c, respectively, for chlorite after biotite in rocks containing 

G 2 A> G2 B. G 2 C and G2-4  and in garnet-free rocks in Table 3.2d, and for 

chlorite after G2-4 in Table 3.2e.

3.2.2 Data ampl i f i ca t ion

The analysed chlorite has oxide totals ranging from 83.62 to 89.99 

(average 86.81 wt.% ). The anhydrous cation totals, on the basis of 28(0) 
range from 19.19 (chlorite in G2C-bearing litho log ies) to 20.76 (ch lorite  

in garnet-free lithologies) (average 19.86). These average cation totals are 

in good accord w ith the sto ichiom etric value of 20. The very small but 

variable proportions of K, Na and Ca are interpreted as representing phengite 

in tergrow ths and not part of the chlorite itse lf (Ernst, 1983). The very 

small proportions of Ti do not appear to show any system atic variation with 

bulk rock com position (see Table 1.2a) either in the m atrix chlorite or the 

chlorite replacing garnet (or biotite). These data, together with the range of 

[S is .70  AI2 .3 0 ] to [Si4 .7 8  AI3 .2 2 L com parable to much other data for 

chlorite from sim ilar and higher grade rocks (e.g. A therton, 1968; Mather, 

1970; Sivaprakash, 1979).

The following are the main com positional features of the 

"prograde" matrix chlorite (m) and the retrogressive ch lorite  (r):

Chlorite in garnet-bearing lithologies

G arnet phase M a trix  (m ) A fte r g a rn e t (r)

G2A repidolitic repidolitic
(Tables 3 .1a; 3 .2 a) (1m, 2m, 3m, 6m, 8m, 9m) (1r, 2 r, 6 r, 8 r, 9r)
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^ 2B repidolitic repidolitic
(Tables 3.1b; 3.2b) (10m, 11m, 13m,) (1 Or, 11 r, 13r)

G2C repidolitic to pseudothurinqite repidolitic to pseudothurinaite
(Tables 3.1c; 3.2c) (22m, 23m, 25m, & 2 4 m l (22r, 23r, 25r, & ? 4 r )

G 2 -4  repidolitic repidolitic to pseudothurinqite
(Tables 3.1 e; 3.2e) (4m, 5m, 14m, 15m, 16m,

(5r, 16r, 18r & 4r. 14r. 18r1 
17m, 18m)

Chlor i te  in g arn et - f ree  l i tho log ies

rep ido litic  (30m) transitional to pseudothuring ite  (29m) (Table 3.1d)

Chlor i te  af ter  b iot i te  (r)

rep ido litic  (9r, 10 r, 23r, 15r, 30r) (Table 3 .2 d)

The other main feature is the absence of Mn in the matrix chlorite 

(m) and the retrogressive chlorite (r) in rocks conta in ing the G2A g a rn e t 

phase.

The fo llow ing features are s ign ifican t in the in terpre ta tion  of the 

compositional data of chlorite.

1. There is no simple com positional distinction in many analyses, either 

between chlorite that developed at d ifferent stages, or between the 

"prograde" chlorite and” retrograde" ch lorite  replacing garnet (and 

b io tite ); e.g. the p re-D 2 ch lo rite  (m) is s im ila r to ch lo rite  (m) 

form ing the S2 -fabric (Table 3.1d, m -29). L ikew ise chlorite (m) 

form ing the S2 -fabric and that at F4 crests are also sim ilar (Table 

3 .1c, m -2 2 ). There fore  textu ra l, not chem ica l d is tinc tion , is 

crucial for the recognition of the successive growth of chlorite in the 

"prograde" and "retrograde" conditions.,

2 . The m atrix ch lo rite  (m) shows h igher M g/(M g + Fe) than the 

ch lo rite  replacing the garnets (r), e.g. m-1, m-2, m -6 , m -8 , m-9 

and r-1, r-2, r-6 , r-8 , r-9 (Tables 3.1a, and 3.2a, respective ly).
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3 . The Mg/(Mg + Fe) is generally higher in ch lorite  (r) that replaces

G 2 A than the chlorite (r) replacing G2 B and, or, G 2C garnet (Tables 

3.2a, b, c).

4 . Rocks with high MgO in the bulk composition have the highest Mg/(Mg

+ Fe) in the m atrix chlorite  (m ),e.g. m -8 , m-25, m-30.

5 . A plot of matrix chlorite Mg/(Mg + Fe) against the modal percentages

of b io tite  (Fig. 3.1) shows that the com position of the ch lorite  is 

certa in ly independent of the amount of modal b iotite  because rocks 

w ith w idely varying am ounts of b io tite  have ch lo rite  with s im ila r 

composition and Mg/(Mg + Fe).

3 .2 .3 .  D iscu ss io n

The best method of assessing the chemical data for the chlorites is to 

evaluate the chemical features in relation to the possible changes during the 

grow th of the M2 and M2-4 garnet porphyrob lasts. The com position of 

p rograde  ch lo rite  (m) is genera lly  richer in M g/(M g + Fe) than the 

retrogressive chlorite (r) formed both from the garnet and biotite. However 

the (m) chlorite m ight represent a possible re-equilibration at least during 

either the two main prograde conditions or the subsequent retrogression. It 

is possib le  that the re trogression changed the com position  of ch lo rite  

identified as being prograde on textural criteria to a composition stable under 

the retrograde conditions. However it is impossible to confirm  or disprove 

this possib ility  so that the com position of the chlorite (m) during prograde 

m ineral growth is uncertain. Perhaps the apparently w ide range of the 

rep ido litic  com positiona l fie ld  (Hey, 1954) is not su ffic ien tly  c ritica l to 

d iffe rentia te  slight, but probably im portant, paragenetic trends. Thus the 

chlorites m -8  and m-3 (Table 3.1a), both from rocks of the P itlochry Schist 

and both containing G2 A. each come within the repidolite group despite the 

considerable variations shown in MgO which can be correlated with variations 

in bulk rock composition.
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T ABLE 3.1a: Chemical  composit ion of matrix chlor ite  (m) in
rocks containing G 2 A garnet  in the Pitlochry Schist  
(see Fig.1.4 for specimen location).

Specimen
No. 1 2 3 6 8 9

Si0 2 2 3 . 4 2 2 4 . 4 0 2 5 . 6 2 2 6 . 6 2 23 .71 2 5 . 3 0 24.1 4

AI2O3 2 0 . 6 5 2 0 . 9 6 2 2 . 6 0 2 2 . 8 3 2 1 . 2 8 2 1 . 2 0 2 0 . 0 7

T i 0 2 0 .1 6 - - - - 0 .1 8 -

FeO 2 7 . 3 6 2 5 . 5 2 2 7 . 8 4 26 .21 2 3 . 6 0 2 2 .6 1 2 6 .1 4

MgO 1 2 .6 2 15.11 1 2 .4 0 1 3 .6 6 1 5 .0 2 17 .31 1 4 .6 8

MnO - - - - - - -

GO - - - - 0 . 1 2 -

Na2 0 - - - - - - -

K20 - 0 .1 3 -

TOTAL 8 4 . 4 5  8 5 . 9 8  8 8 . 4 6  8 8 . 4 0  8 3 . 6 2  8 6 . 8 5  8 5 . 0 2

Si 5 . 0 6 7 5 .2 7 9 5 . 5 4 3

Al'v 2 . 9 3 3 2 .721 2 . 4 5 7

Alvi 2 . 3 3 4 2 . 6 2 5 3 . 3 0 7

XAI 5 . 2 6 7 5 . 3 4 6 5 . 7 6 4

Ti 0 .0 2 6 - -

Mn - - -

Mg 4 . 0 6 6 4 . 8 7 2 3 . 9 9 8

Fe2+ 4 . 8 4 4 4 . 4 3 8 5 . 0 3 7

Fe3+ 0 . 1 4 9 0 . 1 3 7 -

Mg/Mg+Fe 0 . 5 4 4  0 . 5 2 3  0 .4 4 3

5 . 6 4 7 5 . 1 2 9 5 . 4 7 4 5 . 2 2 2

2 . 3 5 3 2 .8 71 2 . 5 2 6 2 .7 7 8

3 . 4 6 9 2 . 5 5 7 2 .8 81 2 .341

5 . 8 2 2 5 . 4 2 8 5 . 4 0 7 5.1 19

- - 0 .0 2 9 -

4 . 4 0 4 4 . 8 4 3 5 .5 81 4 . 7 3 3

4 . 7 4 2 4 . 2 2 7 4 . 0 4 9 4 . 4 4 6

- 0 . 0 4 3 0 .041 0 . 2 8 4

0 .4 8 2 0 . 5 3 4 0 .5 8 0 0 .5 1 6

I v i  19.419 20.072 20.340 20.620 19.670 20.581 19.805
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T A B LE  3.1b Chemical
containing

composit ion of 
G 2 B garnet in

matrix chlori te (m)  
the Ben Lui Schist

in rocks

Specimen No. 1 0 1 1 1 3

Si0 2 2 7 . 5 9 2 4 . 2 6 24.1 9 2 3 .8 8

AI2 O3 2 3 . 7 9 2 1 . 8 2 21 .64 2 0 .4 4

T i0 2 0 .1 5 - - -

FeO 2 6 . 0 2 2 9 . 1 7 3 1 . 1 0 2 8 . 3 9

MgO 1 0 . 1 6 1 2 . 0 0 1 1 . 3 2 1 2 .1 7

MnO 0 .1 7 - - -

GO 0 . 1  1 - - -

Na2 0 - - - -

K20 1 .3 8 - - -

TOTAL 8 9 . 3 6 8 7 . 2 6 8 8 . 2 5 8 4 . 8 8

Si 5 .701 5 .251 5 . 2 3 3 5.1 6 6

Al 'v 2 . 2 9 9 2 . 7 4 9 2 . 7 6 7 2 . 8 3 4

Alvi 3 . 4 9 5 2 . 8 1 8 2 . 7 5 3 2 .3 7 9

XAI 5 . 7 9 4 5 . 5 6 7 5 . 5 2 0 5 .2 1 3

Ti 0 . 0 2 3 - - -

Mn 0 .0 2 9 - - -

Mg 3 . 1 2 7 3 . 8 6 9 3 . 6 5 0 3 . 9 2 4

Fe2+ 4 . 4 9 7 5 . 2 9 9 5 .571 5 . 1 3 7

Fe3+ . . 0 . 0 5 6 -

Mg/Mg+Fe 0 .4 1 0 0 . 4 4 2 0 .3 9 6 0 . 4 3 3

I v i 19 .1 71 1 9 .9 9 2 0 . 0 2 1 9 . 4 4 0
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T A B LE  3.1c Chemical com position of matrix chlorite  (m) in rocks
conta in ing  G 2 C garnet in the Pitlochry Schist

Specimen No. 2 2 2 3 2 4 2 5

Si0 2 2 5 . 6 4 2 5 . 2 3 * 24 .21 2 2 . 7 9 2 4 . 0 7

AI2 O3 21 .09 2 0 . 1 6 2 1  . 1 0 21 .39 2 0 . 5 2

T i0 2 - - - - -

FeO 2 7 . 1 3 2 7 . 4 7 3 1 . 4 3 3 3 . 1 6 2 6 .1 9

MgO 1 4 .4 6 1 4 .3 8 11 .51 9 .3 4 1 3 .9 6

MnO 0 . 3 7 0 .4 2 0 .3 4 - 0 .4 8

GO - - - - 0 . 1 0

Na2 0 - - - - -

K20 0 .0 9 - - - -

TOTAL 8 7 . 7 8 8 7 .8 0 8 8 .6 0 8 6 . 8 5 85 .31

Si 5 .331 5 . 3 9 2 5 . 2 3 8 4 . 9 3 0 5 . 2 0 7

Al ‘v 2 .6 6 9 2 . 6 0 8 2 .7 6 2 3 . 0 7 0 2 . 7 9 3

Alvi 2 . 7 1 0 2 . 4 6 9 2 . 6 1 9 2 . 3 8 6 2 .441

LAI 5 . 3 7 9 5 . 0 0 7 5.381 5 . 4 5 6 5 .2 3 4

Ti - - - - -

Mn 0 . 0 6 8 0 . 0 7 6 0 . 0 6 2 - 0 .0 8 8

Mg 4 .6 6 2 4 . 5 7 9 3.71 1 2 . 9 0 2 4.501

Fe2+ 4 . 6 6 3 4 . 9 0 8 5 . 4 5 9 5 . 8 7 9 4 . 5 4 9

Fe3+ 0 .2 4 5 - 0 . 2 2 8 0 . 1  2 0 0 . 1 8 9

Mg/M g+Fe2+ 0 . 5 0 0 0 . 4 8 3 0 . 4 0 5 0 . 3 3 0 0 . 5 0 2

Lv i 2 0 . 3 5 0 2 0 . 0 3 0 2 0 . 0 8 0 1 9 . 2 9 0 1 9 . 7 6 8

*Chlorite at F4 crests
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TA B LE 3.1d Chem ical com position of matrix ch lorite  (m) in garnet-
free rocks in the Pitlochry Schist

Specimen No. 2 9 3 0

Si02 2 2 . 6 6 * 2 2 . 7 5 2 5 . 3 5

AI2 O3 2 0 . 7 8 2 0 . 9 8 21 .32

T i0 2 - - -

FeO 2 9 . 9 8 29 .51 2 2 . 4 5

MgO 1 2 . 1  1 1 1 .5 9 1 7 .8 0

MnO - - 0 . 2 0

QO - - -

Na20 - - -

K20 - - -

TOTAL 8 5 . 5 3 8 5 . 0 6 8 7 . 1 0

Si 4 . 9 0 2 4 . 9 2 2 5 . 4 8 4

A l iv 3 .0 9 8 3 . 0 7 8 2 . 5 1 6

Alvi 2 . 2 0 2 2 .2 7 3 2 . 9 2 2

XAI 5 . 3 0 0 5 .351 5 . 4 2 5

Ti - - -

Mn - - 0 . 0 3 7

Mg 3 . 9 0 5 3 . 7 3 7 5 . 7 3 9

Fe2+ 4 .8 7 9 5 . 0 7 2 3 . 8 5 9

Fe3+ 0 .5 4 2 0 . 2 6 7 0 .2 0 3

Mg/Mg+Fe2+ 0 .4 4 5 0 . 4 2 4 0 . 5 9 8

Zv i 1 9 . 5 3 0 1 9 . 3 5 0 2 0 . 7 6

* p r e - D 2  chlorite
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TA B LE 3.1e Chemical composition of matrix chlorite  (m) in rocks
conta in ing  the M 2 . 4  garnet, (4, 5) from the Pitlochry
Schist and (14.-18) from  the Ben Lui Schist.

Specimen.
No.

4 5 1 4 1 5 1 6 1 7 1 8

Si0 2 2 3 . 7 2 2 3 .5 2 2 3 . 7 7 2 4 . 0 2 2 4 . 1 3 24 .31 2 3 .3 9

AI2O3 2 1 . 0 3 2 2 .0 4 21 .61 2 2 . 7 5 2 2 . 0 1 2 0 . 9 0 2 2 . 0 0

T i 0 2 - - - - - - -

FeO 2 9 . 5 3 3 0 . 9 9 2 9 . 9 3 30 .61 2 9 . 6 3 2 8 . 4 7 2 9 .3 0

MgO 1 2 .3 3 1 1 .4 9 12 .2 6 1 2 .5 3 1 2 .2 5 1 2 . 7 6 1 2 .5 8

MnO 0 . 1 6 0 .2 4 - - - 0 .1 5 -

QO - - - - - - -

Na2 0 - - - - - - -

K20 - - 0 . 1 0 - - - -

TOTAL 8 6 . 7 7  8 8 . 3 0  8 7 . 6 6  8 9 . 8 8  8 8 . 0 2  8 6 . 6 0  8 7 .7 8

Si 5 . 1 3 2 5 . 0 8 8 5 . 1 4 2

A l iv 2 .8 6 8 2 .9 1 2 2 .8 5 8

Alvi 2 . 4 9 6 2 .7 0 9 2 .6 5 4

I A I 5 . 3 6 4 5 .621 5 .5 1 2

Ti - - -

Mn 0 .0 2 9 0 .0 4 4 -

Mg 3 . 9 7 5 3 . 7 0 5 3 . 9 5 3

Fe2+ 5 . 0 7 6 5 . 3 2 7 5 . 1 9 9

Fe3+ 0 . 2 6 7 0 . 2 8 0 0 .2 1 7

M g /M g + F e 2+0.439 0.41 0 0 . 4 3 2

Zvi 19.843 20.065 20.023

5 . 1 9 6 5 . 2 2 0 5 . 2 5 9 5 .1 6 8

2 . 8 0 4 2 . 7 7 9 2 .741 2 . 8 3 2

2 . 9 9 3 2 . 8 3 5 2 . 5 8 7 2 . 7 7 9

5 . 7 9 7 5 . 6 1 4 5 . 3 2 8 5.611

- - 0 . 0 2 7 -

4 . 0 3 9 3 . 9 5 0 4 . 1 1 4 4 .0 5 6

5 .2 61 5 . 3 0 8 5 . 0 4 8 5 .1 4 2

0 . 2 8 0 0 . 0 5 4 0 . 1 0 3 0 . 1 5 9

0 . 4 3 4 0 . 4 2 7 0 . 4 4 9 0.441

20.573 20.147 19.879 20.136
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TA B LE 3.2a Chemical composition of chlorite (r) replacing G 2 A
garnet in Pitlochry Schist - cf .T ab le  3.1a

1
Specimen No.

2
MG

*

r2G
6 8 9

MG

*

r2G

S i0 2 2 3 . 4 0 2 4 . 7 2 2 4 .0 9 2 3 .8 9 2 4 . 0 7 24.08 23.60
AI2O3 2 1 . 1 0 2 1 . 1 6 2 1 . 3 3 2 1 . 1 0 2 0 . 9 5 2 0 . 7 2 21 .46

T i 0 2 - - 0 .2 5 - - - -

FeO 2 7 . 6 0 2 6 . 6 5 2 6 . 0 6 2 7 . 4 0 2 3 . 9 8 2 7 . 1 9 26.34
MgO 12.61 1 3 .4 8 1 4 .8 0 1 3 . 5 7 1 6 . 1 6 1 3 .8 0 13 .7 9

MnO - - - - - - -

GO - 0 . 1 2 - - - - -

Na2 0 - * 0 .3 2 - - - -

k 2o - - - - - 0 . 1 0 -

TOTAL 84 .7 1  86 .41  8 6 . 8 4  8 6 . 3 0  8 5 . 1 6  8 5 . 8 9  8 5 . 1 9

Si 5 . 0 6 2 5 . 3 4 8 5.211

A l iv 2 . 9 3 8 2 . 6 5 2 2 . 7 8 8

A l vi 2 . 4 4 4 2 . 7 4 5 2 . 6 5 2

XAI 5 .3 8 2 5 . 3 9 7 5 . 4 4 0

Ti - - 0 .041

Mn - - -

Mg 4 . 0 6 6 4 .3 4 6 4 . 7 7 2

Fe2+ 4 . 8 9 4 4 . 8 2 2 4 .5 2 6

Fe3+ 0 . 0 9 9 - 0 .1 8 9

Mg/Mg+Fe2+ 0 . 4 5 4 0 . 4 7 4 0 .5 1 3

Xv i  1 9 . 5 0 3  1 9 .9 1 3  2 0 . 1 8 0

5 . 1 6 8 5 . 2 0 7 5 . 2 0 9 5 .1 0 7

2 . 8 3 2 2 . 7 9 3 2 .791 2 . 8 9 4

2 .5 4 9 2 . 5 5 0 2 .4 9 4 2 .5 7 9

5 .3 8 2 5 . 3 4 3 5 . 2 8 5 5 .4 7 3

4 . 3 7 5 5 . 2 1 0 4 . 4 4 9 4 .4 4 6

4 .7 61 4 . 0 3 5 4 . 7 2 3 4 .6 2 3

0 . 1 9 8 0 . 3 0 4 0 . 1 9 7 0 .1 3 0

0 . 4 7 9 0 .5 6 4 0 . 4 8 5 0 . 4 9 0

1 9 . 8 8 3  2 0 . 1 0 0  1 9 . 8 6 3  1 9 .7 7 8

r iG ,  r2G chlorite composit ion of the same grain close and away from the 

garnet contact, respectively.
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TAB LE 3.2b Chemical composition of chlorite (r) replacing the G 2 B
garnet in Ben Lui Schist, cf. Table  3.1b

Specimen No. 1 0 1 1 1 3

Si0 2 2 4 . 2 4 2 3 . 6 0 2 3 . 1 5

AI2O3 21.89 21.60 2 1  . 4 5

T i0 2 - - -

FeO 2 9 . 4 5 2 9 . 7 7 2 9 . 9 6

MgO 1 2 . 6 9 1 1 . 8 5 1 1 .23

MnO 0 . 2 0 0 . 2 2 -

GO - - -

Na2 0 - - -

K20 - 0 . 1 2 -

TOTAL 8 8 . 4 7 8 7 . 4 0 8 5 . 7 8

Si 5 . 2 4 4 5 . 1 0 6 5 . 0 0 8

A l iv 2 . 7 5 6 2 . 8 9 4 2 . 9 9 2

A l vi 2 . 8 2 7 2 .6 1 5 2 . 4 7 9

SAI 5 .5 8 3 5 . 5 0 9 5 .471

Ti - - -

Mn 0 . 0 3 7 0 .041 -

Mg 4.091 3 .821 3 .6 21

Fe2+ 5 . 1 6 9 5 . 2 2 5 5 . 3 1 2

Fe3+ 0 . 1 6 0 0 . 1 6 2 0 . 1 0 8

M g/M g+Fe2+ 0 . 4 4 2 0 .4 2 2 0 .4 0 5

L v i 2 0 . 2 8 0 1 9 .8 6 0 1 9 . 5 2 0
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TA B LE 3.2c Chemical composition of chlorite  (r) replacing G 2 C
garnet in Pitlochry Schist - cl.  Tab le  3.2c

Specimen No. 2 3 2 4 2 5

Si0 2 2 4 . 2 5 2 2 . 1 0 2 3 . 9 0

AI2O3 2 1 . 8 2 2 1 . 1 0 2 0 . 7 3

T i 0 3 - - -

FeO 3 1 . 7 0 3 3 . 3 6 2 7 . 3 3

MgO 1 2 . 1 0 9 .1 0 1 4 .3 3

MnO - 0 .3 3 0 . 4 5

GO - - -

Na20 - - -

K20 - - -

TOTAL 8 9 . 8 2 8 5 . 8 8 8 6 . 7 5

Si 5 . 2 4 6 4 .7 81 5 .1 71

A I IV 2 . 7 5 4 3 . 2 1 9 2 . 8 2 9

A l vi 2 .811 2 . 1 6 3 2 . 4 5 8

LAI 5 . 5 6 5 5 . 3 8 2 5 . 2 8 7

Ti - - -

Mn - 0 .0 6 0 0 .0 8 2

Mg 3.901 2 . 9 3 4 4 . 6 2 0

Fe2+ 5 . 4 4 9 5 . 6 1 3 4 . 4 9 9

p@ 3+ 0 . 2 8 7 0 .4 2 3 0 . 4 4 5

M g /M g /F e 2+ 0 . 4 1 7 0 .3 4 3 0 . 5 0 7

L v i 2 0 . 4 5 0 1 9 . 1 9 0 20.1 04
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TAB LE 3.2d Chemical com position of chlorite after biotite

Spec.
No.

9
G 2 A-bear ing
P i t lo ch ry
Schist

1 0
G 2 B-bearing
Ben-Lu i
Schist

2 3
G 2C-bearing
P i t lo ch ry
Schist

1 5 3 0  
G 2 -4 -bear ing Garne t - f ree 
Ben Lui P i t lo ch ry  
Schist Schist

Si0 2 2 4 . 3 7 2 3 . 9 7 2 4 . 5 0 2 4 . 4 9 2 5 . 6 2

AI2O3 2 0 . 6 0 2 2 . 1 5 2 0 . 9 7 2 3 . 3 5 2 0 . 6 4

T i 0 2 0 . 1 7 - - - -

FeO 2 5 . 5 0 2 9 . 1 6 30 .9 1 2 9 . 8 5 2 2 . 0 4

MgO 1 4 .7 9 1 2 .7 0 1 1 . 1 0 11 .77 1 7 . 5 0

MnO - - 0 .3 7 - 0 .3 0

GO - - - - -

Na2 0 - - - - -

K20 - - 0 .0 9 - -

TOTAL 8 5 . 4 2 8 7 . 9 8 8 7 .8 8 8 9 . 8 5 8 6 .0 4

Si 5 . 2 7 2 5 .1 8 6 5 . 3 0 0 5 . 2 9 8 5 . 5 4 3

A l iv 2 . 7 2 8 2 .8 1 4 2 . 7 0 0 2 . 7 0 2 2 . 4 5 7

A l vi 2 . 5 2 6 2 .8 3 4 2 .6 4 9 3 . 2 5 3 2 . 8 0 7

ZAI 5 . 2 5 4 5 . 6 4 8 5 .3 4 8 5 . 9 5 5 5 . 2 6 4

Ti 0 .0 2 8 - - - -

Mn - - 0 . 0 6 6 - 0 .0 5 5

Mg 4 . 7 6 9 4 . 0 9 5 3 . 5 7 9 3 . 7 9 5 5 . 6 4 2

Fe2+ 4 . 5 2 2 5 .1 1 8 5 . 5 9 3 5 .4 01 3 . 9 4 8

Fe3+ 0 . 0 9 2 0 . 1 5 8 - - 0 . 0 4 0

M g /M g+F e2+ 0 .5 1 3 0 . 4 4 4 0 . 3 9 0 0 . 4 1 3 0 . 5 8 8

Zvi 19.937 20.21 19.890 20.449 20.49
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TA B LE 3.2e Chem ical com position of ch lorite  (r) replacing the post-
0 2  - pre-D4 garnet; l ithologies as in Tab le  3.1 e.

Specimen

No.

4 5

r iG r2G

1 4 1 6

r i G r2G

1 8

MG r2G

S i0 2 2 3 . 0 7 2 4 . 6 2 2 3 . 8 2 2 3 . 0 0 2 4 . 0 0 2 3 . 9 8 2 3 . 0 0 2 3 .3 2

AI2O3 2 1 . 0 1 2 1 . 8 6 2 2 . 2 9 21 .97 2 1 . 7 2 2 2 . 0 4 21 .38 21 .38

T i 0 2 - - - 0 . 2 1 - - - 0 .1 7

FeO 2 9 . 7 8 31 .81 3 0 . 9 5 3 0 . 0 5 2 9 . 8 5 3 0 . 2 8 2 9 . 0 3 2 8 .8 0

MgO 1 1 .7 8 1 0 .1 6 1 1 .3 3 1 1 .9 9 1 2 . 3 5 11 .94 1 2 . 2 3 1 2 .0 8

MnO 0 .2 7 0 .3 7 0 .1 8 - 0.31 - 0 . 2 0 -

GO - 0 .4 2 - - - - 0 . 1 2 -

Na2 0 - - - - - - - -

K20 0. 1  1 - 0 . 1 1 - - - - -

TOTAL 8 6 . 0 3 8 9 .2 6 8 8 . 6 7 8 7 . 2 3 8 8 . 2 3 8 8 . 2 5 8 5 . 9 6 8 5 .7 6

S i ,v 4 .991 5 . 3 2 6 5 .1 5 3 4 . 9 7 6 5 . 1 9 2 5 . 1 8 8 4 . 9 7 6 5 . 0 4 5

A l iv 3 . 0 0 9 2 . 6 7 4 2 . 8 4 7 3 . 0 2 4 2 . 8 0 8 2 . 8 1 2 3 . 0 2 4 2 . 9 5 5

A l vi 2 . 3 4 9 2.901 2 . 8 3 8 2 .5 7 9 2 . 7 3 2 2 . 8 0 9 2 . 4 2 8 2 .4 9 8

XAI 5 .3 5 8 5 . 5 7 5 5 . 6 8 5 5 . 6 0 3 5 . 5 4 0 5 .6 21 5 . 4 5 2 5 . 4 5 3

Ti - - - 0 . 0 3 4 - - - 0 .0 2 8

Mn 0 . 0 4 9 0 . 0 6 8 0 .0 3 3 - 0 . 0 5 7 - 0 . 0 3 7 -

Mg 3 . 7 9 8 3 .2 7 6 3 .6 5 3 3 .8 6 6 3 . 9 8 2 3 . 8 4 9 3 . 9 4 3 3 . 8 9 5

Fe2+ 5 .0 6 5 5 . 7 5 5 5 . 4 8 8 5 . 0 5 6 5 . 1 8 5 5 . 3 6 9 4 . 9 3 7 5 . 1 0 7

Fe3+ 0 .3 2 3 - 0 . 1 1 2 0.381 0 . 2 1 6 0 . 1 0 9 0 . 3 1 5 0 . 1 0 4

M g /M g /F e 2 + 0 .4 2 9 0 .3 6 3 0 . 4 0 0 0 .4 3 3 0 . 4 3 4 0 . 4 1 8 0 . 3 9 9 0 .4 3 3

X v i  1 9 . 5 8 4  2 0 . 0 0  2 0 . 1 2 4  1 9 . 9 1 6  2 0 . 1 7 2  2 0 . 1 7 2  1 9 . 6 6  1 9 . 6 3 2
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3 .3  M u s c o v i t e  c h e m i s t r y

3.3.1 A n a l y t i c a l  da ta

As with chlorite, the chemical data for muscovite are grouped into 

muscovites co-existing with garnets G2A> G2B. 6 2 c  and G2-4 (Tables 3.3a, b, 

c and e, respectively) and those in garnet-free rocks (Table 3.3d). Apart 

from one pre-D2 muscovite (Table 3.3c, No.29; see Plate 2.1a for textural 

situation) and the S4 -muscovite undeformed at F4 crests (Table 3 .3 e, No.16; 

3.3d, No.22; see Plates 2.11 d, 2.2b for textural situation) the analyses are

of M2 muscovi te either matrix (m) or porphyroblasts(p)(see Plate 2.1c for

textural situation). The different muscovite composi t ions within the same 

thin section are set out separately. The few muscovite f lakes that occur in 

the garnet  pressure shadow areas (R.G), part icularly of the M2 g a r n e t  

porphyroblasts,  are analysed to check if there are dist inct composi t ional  

features.

The anhydrous totals are in the range 94% - which is low for a mica. 

The consistent occurrence of graphite in most spec imens (Table 

1 .2 a), and the scarci ty of hemati te and magnet ite,  supports the

assumption that the iron is divalent (Ernst, 1963). The fol lowing

are the main signi f icant composi t ional  features of the analysed 

muscovites.

1. Phengite composit ions are usual with Si : AIIV, being greater than 3 ; 

1 (Foster, 1956; Deer et a/.,1962) .

2 . They are strictly dioctahedral micas, with cation totals varying from 

13.92 to 14.03 and averaging 13.99 on the basis of 22 (0).

3.  The paragonite (i.e. Na) content varies for grains in one thin section 

and is not linked to the bulk Na2 0  of the rock (Table 1.2a; Fig. 3.2).

4 . The K-content also varies for grains in the same thin section and is 

not l inked to the bulk K2 O of the rock (Table 1.2a; Fig. 3.3).

5 .  The Ti-contents are general ly fairly uniform.

6 . There is no apparent relationship between S1O2 and, or, AI2 O 3 in the 

rock composit ion and the phengite content. There is an antipathetic 

relationship between Aliv and XMg + Fe.
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7. The octahedral occupancy is always greater than 4 per formula unit.

This excess of the octahedral cation over the theoretical is a common

feature in most phengit ic muscovite and the overal l  composi t ion is 

simi lar to typical metamorphic  phengi te in simi lar  metamorphic  

grade, (e.g. Brown, 1967; Cipriani et al. ,1971; Guidotti  and Sassi, 

1976; Fletcher and Greenwood, 1979).

8 . Al though there is some chemical variation within single thin sections

there is no distinct composit ion for each phase of muscovite, e.g. pre- 

D2 muscovite is the same as the S2 (Table 3.3d, No. ,29) and post-D4 

muscovite (Table 3.3d, No.2 2 ). Also there is no simple difference 

between the matrix muscovite (m), plasts (p) in the same section, 

and flakes that occur in the pressure-shadow areas around the M2 

garnets.

3 .3 .2  D iscuss io n

It is general ly recognized that muscovi te is a good pet rogenet ic 

indictor mineral which can reflect condit ions and expresses variables during 

metamorphism. Many studies have demonstrated the effect of T, P including 

PH2O. and bulk rock composit ion on muscovite composi t ion (Cipriani et al., 

1971; Guidott i  and Sassi, 1976; Guidotti , 1978). Such studies have 

thrown light on the elucidation of these variables in metamorphic terranes.

However  the present  muscovi te composi t ion is the product  of 

polyphase re-equi l ibrat ion (see Sect ion 2.3), especial ly dur ing the two 

major  periods of garnet growth, (D2 - ( M 2 ) and post-D2 - pre-D4 (M2 -4 )). 

In addit ion, it represents the final re-equil ibrat ion during the subsequent 

ret rogressive condi t ions. The possibi l i ty of all such var iab les being 

concomitant  is far from rare. The similar relative heterogenei ty of the 

muscovi te composi t ion within the same thin section has previously been 

interpreted as due to the co-existence of more than one distinct muscovite 

composit ion in a single rock (e.g. Crawford, 1965), or to a cont inuous range 

of muscovi te composit ion (Brown, 1967) due to the ion exchange between 

muscovi te crystals and intergranular fluid and not the consequence of a 

sequence  of  d iscont inuous react ions.  The muscovi te  "equi l ibr ium" 

composi t ion presumably occurred during peak temperature when possibly, 

after the retrogression, both equil ibrations occurred in a single rock, mainly
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(Na20) Rock

FIG . 3 .2  Plot of (Na) phengite vs. (N a2Q) in the bulk rock

■ Rocks contain G2A 
o  Rocks contain G2B
•  Rocks contain G2C 
°  Rocks contain G2-4

♦  Garnet-free rocks
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(K20) Rock

Plot of (K) phengite v's. (K2Q) in the bulk rock

■ Rocks contain G2A 
o  Rocks contain G2B 
•  Rocks contain G2C 
□ Rocks contain G2-4 

4 Garnet-free rocks
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TA B LE 3.3a Muscovite composition in rocks containing G 2 A
garnet porphyroblast in P itlochry Schist

M M

1

R.G.* R.G.* M

2

P P

S i0 2 4 4 . 3 6 4 5 . 1 0 4 5 . 5 2 4 5 . 0 0 4 5 . 1 9 44 .9 1 4 6 . 6 6

T i 0 2 0 .2 7 0 . 2 7 0 .4 3 0 .2 9 0 .7 3 0.71 0 .4 6

AL2C>3 3 2 . 7 0 31 .45 3 3 . 8 9 3 0 . 3 0 31 .95 31 .46 3 2 . 3 2

FeO 1 .90 2 . 2 7 2 .0 7 2 .4 8 1 .56 1 .94 1 .80

MgO 0 . 6 3 1 .27 1 .43 1 .61 1 .58 0 . 9 9 1 .75

Q D - - - - - - 0 .1 5

K20 9 .0 6 9 .6 5 9 .6 5 9 .5 6 8 .9 3 9 .5 4 9 .4 2
Na20 1 .0 5 0.51 0 .5 9 0 . 5 4 1 .41 0 .5 4 1 . 1 0

TOTAL 9 0 . 1 4 9 0 .8 2 9 3 . 5 7 8 9 . 7 9 91 .34 9 0 . 1 0 9 3 . 6 5

S i lv 6 . 2 3 8 6 .3 1 5 6 .1 7 4 6 . 3 8 3 6 . 2 6 5 6 . 3 2 3 6.31 7

A l iv 1 .762 1 .6 8 5 1 .8 2 6 1.61 7 1 .7 3 5 1 .6 7 7 1 .683

A l vi 3 . 6 6 0 3 . 5 0 6 3 .5 9 3 3 . 4 4 9 3 . 4 8 6 3 . 5 4 6 3 . 4 7 5

Ti 0 . 0 2 9 0 . 0 6 0 0 . 0 4 3 0.031 0 . 0 7 6 0 . 0 7 5 0 .0 4 7

Fe2+ 0 .2 2 4 0 .2 6 6 0 .2 3 5 0 .2 9 4 0 . 1 8 0 0 . 2 2 9 0 . 2 0 2

Mg 0 . 1 3 2 0 . 2 6 4 0 .2 9 0 0 . 3 4 0 0 . 3 2 7 0 . 2 1  0 0 . 3 5 4

Xv i 4 . 0 4 5 4 . 0 9 6 4.161 4 . 1 1 4 4 . 0 6 9 4 . 0 6 0 4 .0 7 8

K . 1 .625 1 .724 1 .6 7 0 1 .7 2 9 1 .579 1 .7 1 3 1 .627

Na 0 . 2 8 7 0 .1 3 8 0 .1 5 5 0 .1 4 9 0 . 3 7 8 0 . 1 4 7 0 . 2 9 0

K+Na 1 .912 1 .8 6 2 1 .8 2 5 1 .8 7 8 1 .9 5 7 1 .8 60 1 .9 17

Fe+Mg 0 .3 5 6 0 .5 3 0 0 . 5 2 5 0 . 6 3 4 0 . 5 0 7 0 . 4 3 9 0 . 5 5 6

I A I 5 . 4 2 2 5 .191 5 .4 1 9 5 .0 6 6 5 .2 21 5 . 2 2 3 5 . 1 5 8

M g/Mg+Fe  0 .371 0 .4 9 8 0 .5 5 2 0 . 5 3 6 0 . 6 4 5 0 . 4 7 8 0 . 6 3 7

Na/Na+K 15.01 7.41 8 .49 7 .9 3 1 9 .3 2 7 .9 0 15 .1 3

Table explanation:
- (M) matrix, (P) porphyroblast ic muscovite both forming the S 2 matrix, except if 
stated otherwise.
- * R.G. represents muscovite composit ion in contact with garnet and, or, in garnet 
pressure shadow areas.
Cell contents calculated to 22  (0 )
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TABLE 3.3a (contd)

3 6 7

M M P M M R.G.*

S i0 2 4 3 . 9 7 4 6 . 4 0 4 5 . 1 8 4 5 . 9 2 4 5 . 1 4 4 5 . 6 2

Ti0 2 0 .5 0 0.81 0 . 8 0 0 . 7 9 0 . 6 5 0 .5 7

AI2O3 3 1 . 3 3 3 1 . 9 5 3 2 . 3 3 3 2 . 4 7 3 2 . 6 9 3 2 . 0 0

FeO 4 . 5 0 1 .85 1.71 1 .82 1 .61 1 .60

MgO 1 .37 1.61 1 .3 5 1 .30 1 .33 1 .25

GO - - - - - -

K20 9 .6 0 9 .2 6 9 .0 0 9 .2 2 9 .3 8 9 .5 7

Na2 0 - 0 .9 6 1.39 0 . 8 6 1 .28 1 . 0 0

TOTAL 9 1 . 2 6 9 2 . 8 5 9 1 . 7 7 9 2 . 3 8 9 2 . 1 0 9 1 . 6 3

S i iv 6 . 2 0 0 6 . 3 2 9 6 . 2 4 0 6 . 2 8 9 6 . 2 2 2 6 . 3 1 3

A l iv 1 .8 0 0 1 .671 1 .7 6 0 1 .71 1 1 .778 1 .687

A l vi 3 . 4 0 9 3 .4 6 6 3 .5 0 5 3 . 5 3 2 3 . 5 3 4 3 .5 3 5

Ti 0 .0 5 3 0 . 0 8 3 0 .0 8 4 0 .081 0 . 0 6 7 0 . 0 5 9

Fe2+ 0 . 5 3 0 0 . 2 1 1 0 . 1 9 7 0 . 2 0 8 0.1 85 0. 1  8 6

Mg 0 . 2 8 7 0 . 3 2 7 0 .2 7 7 0 . 2 6 6 0 . 2 7 2 0 . 2 5 8

I v i 4 . 2 7 9 4 . 0 8 7 4 . 0 6 3 4 . 0 8 7 4 . 0 5 8 4 . 0 3 8

K 1 . 7 2 8 1 . 6 1 2 1 . 5 8 7 1 .6 1 0 1 .6 5 0 1 .6 9 0

Na - 0 . 2 5 5 0 .3 7 3 0 . 2 2 8 0 . 3 4 2 0 .2 6 8

K+Na 1 .728 1 . 8 6 7 1 .9 6 0 1 .838 1 .9 9 2 1 .958

Fe+Mg 0 . 8 1 7 0 . 5 3 8 0 . 4 7 4 0 . 4 7 4 0 . 4 5 7 0 . 4 4 4

XAI 5 . 2 0 9 5 .1 3 7 5 .2 6 5 5 . 2 4 3 5 . 3 1 2 5 . 2 2 2

Mg/Mg+Fe 0 .351 0 .6 0 8 0 .5 8 4 0 .561 0 .5 9 5 0 .5 8 2

Na/Na+K - 1 3 .6 6  1 9 .0 3  1 2 . 4 0  1 7.1 7 1 3 .6 9
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TA BLE 3.3a contd...

M
8
M P M

9
M P

S i0 2 4 6 . 6 9 46 .11 4 6 . 2 8 4 4 . 0 3 4 5 . 3 7 4 5 . 4 2

T i 0 2 0 .7 2 0 .6 2 0 .6 0 0 . 3 7 0 . 5 7 0 .5 2

Al20 3 3 2 . 2 8 3 3 . 7 4 3 2 . 6 4 3 2 . 4 8 3 0 . 9 9 3 0 . 5 6

FeO 1.7 2 1 .34 1 . 6 8 2 . 9 6 3 . 1 6 3 .3 9

MgO 1 .6 5 1 . 6 8 1 .72 0 .6 9 1 .34 0 .9 7

g o 0 . 1 3 - - - - -

k 2o 8 .9 0 8 .7 5 8 .7 8 9 .1 9 9 .6 4 9 .5 2

Na20 0 .9 0 1 .60 1 .04 1 . 1 2 0.91 1 . 0 2

TOTAL 9 2 . 9 8 9 3 . 8 4 9 2 . 9 3 9 0 . 8 3 91 .98 91 .26

S i lv 6 .33 6 6 .2 0 2 6 .294 6 . 190 6 .315 6 .,367

A l ' v 1 .664 1 .798 1 .706 1 . 81 0 1 .685 1 .,633

A l vi 3.,500 3.,552 3.,528 3.,573 3..399 3,.417

Ti 0 .,074 0 .,062 0 ..061 0 .,039 0 .,059 0 ,.055

Fe2+ 0 .,196 0 ,.151 0 ,.191 0 ,.348 0 ,.368 0 .397

Mg 0 ,.333 0 ,.337 0 ,.349 0 ,.144 0 ,.278 0 . 2 0 2

I v i 4..103 4,. 1 0 2 4,.129 4,.104 4 .104 4 .071

K 1 .541 1 .501 1 .523 1 . 647 1 . 712 1 .651

Na 0 .234 0 .418 0 .275 0 .3 06 0 . 245 0 .277

K+Na 1 . 775 1 .919 1 .798 1 .953 1 . 5 57 1 .928

Fe+Mg 0 .5 29 0 .488 0 .540 0 .492 0 .646 0 .599

I A I 5 .164 3 .350 5 .234 5 .383 5 .084 5 .050

Mg/Mg+Fe 0 . 6 2 9 0.691 0 . 6 4 6 0 .2 9 3 0 . 4 3 0 0 . 3 3 7

Na/Na+K 1 3 .1 8 2 1 . 7 8 1 5 .2 9 1 5 . 6 7 1 2 .5 2 1 4 .3 7
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TA B LE 3.3b Muscovite composition in rocks containing G2 B garnet
all specimens are in Ben Lui Schist.

1 0
M M

1 1
M M

1 3
M M

S i0 2 4 6 . 0 8 4 6 . 7 2 4 5 . 2 6 45 .81 4 5 . 8 4 4 4 . 0 2

T i 0 2 0 .4 6 0 .4 3 0 .6 9 0 .5 9 0 .5 5 0 .3 6

Al20 3 3 4 . 2 2 3 2 . 7 7 3 1 . 1 5 32 .51 3 3 . 5 8 3 4 . 3 5

B O 2 .4 8 2 .4 2 3 .2 8 3.21 1 .48 1 .58

MgO 1 .24 1 .80 1 .7 5 1 .3 2 1 . 1 2 0 .7 5

GO - - - - - -

K20 9 .6 9 1 0 .4 6 1 0 . 1 2 1 0 .5 7 9 .2 3 9.1 1

N ^ O 1 .26 0 .8 2 0 .6 0 0 .4 6 1 .17 1 . 2 1

TOTAL 9 5 . 3 2 9 5 . 4 0 9 2 .8 6 9 4 .4 8 9 2 . 9 7 91 .39

S i lv 6 . 1 6 3 6 .2 6 0 6.261 6 . 2 2 7 6 .231 6 . 1  0 0

A l iv 1 .8 3 7 1 .740 1 .7 3 9 1 .7 7 3 1 .7 69 1 .900

A l vi 3 . 5 4 0 3 .4 3 6 3.341 3 . 4 3 7 3 . 6 1 3 3 . 7 1 2

Ti 0 . 0 4 6 0 . 0 4 3 0 . 0 7 2 0 . 0 6 0  . 0 . 0 5 6 0 . 0 3 8

Fe2+ 0 . 2 7 7 0.271 0 . 3 7 9 0 .3 6 5 0 . 1 6 9 0 .1 8 3

Mg 0 . 2 4 8 0 .3 5 9 0 .3 6 0 0 .2 6 8 0 . 2 2 7 0 . 1 5 4

I v i 4 .111 4 .1 0 9 4 . 1 5 2 4 . 1 3 0 4 . 0 7 0 4 . 0 8 7

K 1 .6 5 3 1 .7 8 7 1 . 7 8 7 1 .8 3 2 1 .6 0 2 1 .611

Na 0 .3 2 7 0 . 2 1 3 0 . 1 6 2 0 . 1 2 2 0 . 3 0 9 0 . 3 2 6

K+Na 1 .9 8 0 2 . 0 0 0 1 .9 4 9 1 .9 5 4 1 .911 1 .9 3 8

Fe+Mg 0 . 5 2 5 0 . 6 3 0 0 . 7 3 9 0 . 6 3 3 0 . 3 9 6 0 . 3 3 7

I A I 5 . 3 7 7 5 . 1 7 6 5 .0 8 0 5 . 2 1 0 5 . 3 8 2 5 .6 1 2

Mg/Mg+Fe 0 . 4 7 2 0 .5 7 0 0 . 4 8 7 0 . 4 2 3 0 .5 7 3 0 . 5 6 7

Na/Na+K 1 6 . 5 2 1 0 .6 5 8.31 6 .2 4 1 6 .1 7 1 6 . 8 2
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TA B LE 3.3c Muscovite com position in rocks contrain ing G 2 C garnet,
P it lo ch ry  S ch is t.

2 4
M

S i0 2 4 3 . 9 9

T i 0 2 0 . 4 7

Al20 3 3 1 . 8 0

FeO 1.9 7

MgO 0 . 6 6

GO -

K20 9.71

Na20 0 .4 3

TOTAL 8 9 . 0 2

S i lv 6 . 2 7 8

A l iv 1 .7 2 2

A l vi 3 . 6 2 9

Ti 0 .0 5 0

Fe2+ 0 .2 3 5

Mg 0 .1 4 0

I v i 4 . 0 5 4

K 1 . 7 6 7

Na 0 . I I8

K+Na 1 .8 8 5

Fe+Mg 0 .3 7 5

I A I 5.351

Mg/Mg+Fe 0 . 3 7 3

Na/Na+K 6 .2 6
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TA B LE 3.3d M uscovite  com position in garnet-free  lithologies,
P it lo ch ry  S ch is t.

M
2 2

M - F 4 p r e - D 2
2 9
M M

S i0 2 4 5 . 7 0 4 6 . 8 9 4 4 . 9 3 4 4 . 4 6 4 4 . 9 5

T i 0 2 0 .6 0 0 .7 4 0.41 0 .4 7 0 .4 4

AI2C>3 3 1 . 6 3 3 2 . 0 7 3 0 . 1 5 3 0 . 8 6 31 .52

FeO 1 .65 1 .70 2 .7 5 2 .6 0 2 .4 5

MgO 1 .5 0 1.51 1 . 6 8 1 .57 1 .49

GO - - 0 .1 3 - 0 . 1 3

K20 9 .2 9 9 . 3 7 1 0 .3 5 9 .9 9 1 0 .1 3

Na20 0.91 0 .9 8 - 0 .3 2 0 .7 9

TOTAL 9 1 . 2 9 9 3 . 2 6 9 0 .4 0 9 0 . 2 9 91 .91

S i lv 6 . 3 3 7 6 . 3 6 0 6 . 3 6 3 6 . 2 9 4 6 .261

A l iv 1 . 6 6 3 1 .6 4 0 1 . 6 3 7 1 . 7 0 6 1 . 7 3 9

A l vi 3 . 5 0 8 3 .4 8 8 3 . 3 9 7 3 . 3 0 7 3 . 4 3 7

Ti 0 . 0 6 3 0 . 0 7 5 0 . 0 4 3 0 .051 0 . 0 4 6

Fe2+ 0 . 1 9 2 0 . 1 9 3 0 . 3 2 5 0 . 3 0 8 0 .2 8 5

Mg 0 . 3 0 9 0 .3 0 5 0 . 3 5 5 0 . 3 3 2 0 .3 1 0

I v i 4 . 0 7 2 4 .061 4 . 1 2 0 3 . 9 9 8 4 . 0 7 8

K 1 . 6 4 4 1 .6 2 2 1 .8 6 9 1 .8 0 5 1.801

Na 0 . 2 4 4 0 .2 5 8 - 0 . 0 8 9 0 . 2 1 3

K+Na 1 . 8 8 8 1 .8 8 0 1 .8 6 9 1 .8 9 4 2 . 0 1 4

Fe+Mg 0 .501 0 .4 9 8 0 . 6 8 0 0 . 6 4 0 0 .5 9 5

I A I 5 .171 5 . 1 2 8 5 .0 3 4 5 . 1 5 0 5.1 76

Mg/Mg+Fe 0 . 6 1 7 0 .6 1 2 0 . 5 2 2 0 .5 1 9 0.521

Na/Na+K 1 2 .9 2  1 3 .7 2 4 .7 0  1 0 .5 8
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TA B LE 3.3e M uscovite com position in G 2-4  garnet bearing
lithologies in Pitlochry Schist (4,5) and Ben Lui Schist 
( 1 4 - 1 8 )

4 5 1 4 1 5

M M M R.G. P P M M

S i0 2 4 5 . 7 3 46 .51 4 6 . 3 8 4 2 . 7 5 45 .71 45.1 1 4 5 . 2 7 4 6 . 7 7

T i 0 2 0 .3 2 0 .5 8 0 . 3 3 0 .4 2 0 .3 3 0 . 2 4 0.31 0 .3 2

Al20 3 3 1 . 9 0 3 4 . 0 4 3 1 . 9 7 3 2 . 0 2 3 4 . 1 2 3 4 . 0 5 3 2 . 1 5 3 4 . 5 2

FeO 2.41 2 .5 6 2 .9 8 5.1 1 1 .90 2 . 2 9 2 . 3 8 1 .89

MgO 1 .40 1 .0 5 1 .24 1 . 0 0 0 .6 0 0 .4 2 1 . 0 0 0 .9 7

QO - - - - - - - -

K20 9 .1 9 8 .7 7 9 .3 4 8 .6 5 9 .3 2 8 . 9 9 9 .4 8 9.11

0 .6 0 1 .0 4 0 .8 0 0 .9 9 1 .32 1 .29 1 . 0 0 1.13

TOTAL 91 .54 9 4 . 5 4 9 3 . 0 4 9 0 .9 4 9 3 .3 0 9 2 . 3 8 91 .59 94.71

S i lv 6 .33 2 6 .810 6 .3 43 6 .06 8 6 .209 6 . 190 6 .28 9 6 . 236

A l ‘v 1 .6 6 8 1 . 190 1 .657 1 .9 32 1 .791 1 .810 1 .71 1 1 .764

A l vi 3..540 4. 690 3.,498 3. 4 2 7 3. 672 3. 69 9 3.,554 3. 661

Ti 0 .,034 0 . 0 63 0 .,034 0 .,044 0 .,034 0 .0 2 5 0 .,032 0 . 032

Fe2+ 0 ,.279 0 .,314 0 ..341 0 .,606 0 .,216 0 .2 6 3 0 .,276 0 .,21 1

Mg 0 ,.288 0 .,229 0 ,.253 0 ,. 213 0 .. 1 2 0 0 .0 8 5 0 ..207 0 .,193

Xv i 4 .141 5,.30 4,.126 4,.290 4,.042 4.,072 4,.069 4.,097

K 1 .623 0 .819 1 .629 1 .5 67 1 .615 1 .,574 1 .680 1 ..549

Na 0 . 159 0 .1 48 0 . 2 1 2 0 .271 0 .348 0 ..343 0 . 272 0 ,.292

K+Na 1 .6 82 0 . 967 1 .841 1 .838 1 .963 1 .9 1 7 1 .9 52 1 .541

Fe+Mg 0 . 567 0 .543 0 .594 0 .8 1 9 0 . 336 0 .3 4 8 0 .4 83 0 .404

XAI 5 .208 5 .880 5 .155 5 .359 5 .463 5 .5 0 9 5 .2 65 5 .425

Mg/Mg+ Fe 0 .508 0 . 4 22 0 .426 0 . 2 60 0 .357 0 . 244 0 .429 0 .478

Na/Na+K 9 .4 5  15.31 1 1 .52  1 4 .7 4  1 7 .7 0  1 7 .8 9  1 3 . 9 3  1 5 .0 4
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TABLE 3.3e contd

M
1 6 

P M - S 4
1 7 
M P

1 8 
M M

S i0 2 4 6 . 4 3 4 6 . 8 9 4 5 . 2 3 4 5 . 3 0 4 5 . 4 2 4 5 . 4 6 45.1 9

T i 0 2 0 .5 0 0 .4 8 0 .3 3 0 . 5 3 0 . 3 0 0 .4 7 0 .3 4

Al20 3 3 3 . 6 0 3 2 . 3 6 3 2 . 1 0 3 1 . 1 0 3 3 . 1 0 3 2 .5 1 33 .61

FeO 2 . 1 6 2 .2 5 2 .3 0 2 .9 0 2 .1 8 1 .90 1 .67

MgO 1 .3 0 1 .63 1 . 1 0 1 .8 4 0 . 8 5 1 .09 0.91

GO - 0 .1 3 - - - - -

K20 9 .9 0 1 0 . 0 0 9 .3 6 9 .4 4 9 . 0 7 9 .1 4 9 .1 9

NajjO 0 .9 8 0 .7 3 1 . 1 2 0 . 8 6 1 .36 1 .24 1 .03

TOTAL 94 .81  9 4 . 4 6  9 1 .4 9  9 1 . 9 4  9 2 . 2 5  9 1 . 8 0  9 1 . 9 2

S i lv 6 .2 3 0 6 . 3 1 8 6 .2 8 7

A I IV 1 .7 7 0 1 .682 1 . 7 1 3

A lv i 3 . 5 4 2 3 . 4 5 9 3 . 5 4 7

Ti 0 . 0 4 7 0 . 0 4 9 0 . 0 3 5

Fe2+ 0 . 2 4 3 0 .2 5 3 0 . 2 6 8

Mg 0 . 2 6 0 0 . 3 2 7 0 . 2 1 8

I v i 4 . 0 9 2 4 . 0 8 8 4 .0 6 8

K 1 .6 9 5 1 .720 1.661

Na 0 .2 5 9 0 . 1 9 0 0 . 3 0 2

K+Na 1 .9 4 9 1 .910 1 .9 6 2

Fe+Mg 0 . 5 0 3 0 .5 8 0 0 . 4 8 6

I A I 5 . 3 1 2 5.141 5 . 2 6 0

Mg/Mg+Fe 0 . 5 1 7 0 .5 6 4 0 . 4 4 9

Na/Na+K 1 3 .0 3 9 .9 5 1 5 .3 9

6 . 293 6 .24 7 6 .2 75 6 .217

1 . 70 7 1 .75 3 1 .7 2 5 1 .783

3. 381 3.,608 3.,567 3.. 6 6 8

0 . 055 0 .,031 0 .,049 0 ..035

0 ..339 0 ,.251 0 ,.2 17 0 ,.1 92

0 ,.380 0 .174 0 ,.224 0 ,.186

4,.155 4 .064 4 .057 4 .081

1 .673 1 .591 1 . 610 1 .613

0 . 230 0 . 363 0 . 3 3 2 0 .274

1 .9 0 3 1 . 954 1 . 9 4 2 1 .887

0 . 719 0 . 425 0 .441 0 .378

5 .0 88 5 .361 5 .292 5 .451

0 ..529 0 ..409 0 .,508 0 ,.492

1 2 ,.09 18 .58 17.. 1 0 14 .52
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control led by the stabil i ty field of "phengite",  P-T condi t ions and PH2 0 . 

operat ing within the di f ferent l i thologies (Velde, 1965b, p .909). In 

addit ion other mineral-forming reactions that may involve muscovi te as a 

reactant, with increasing temperature, e.g. garnet and, or, biotite, may be the 

reason for the present muscovite composit ional features, i.e. decreases the 

celadoni te-content,  or affects the paragoni te content (Sect ion 3.5.5 and 

3.6.2).

The muscovi te in rocks containing the G2A garnet, for instance, is 

general ly of uniform celadoni t ic-content despi te signif icant di f ferences in 

temperature as calculated from garnet-bioti te e.g. T-j < T2 < Ts (Table 3.3a, 

Nos 1 , 2 , 8  and Chapter 4 for temperature estimates) and the fact that lower 

celadonit ic content would occur at higher temperatures.

The main control of muscovite composit ion was, however, probably 

temperature, as rock composit ion does not generally seem to be important.

3 .4 .  The coexisting phengite and chlorite

Element distributions between co-exist ing minerals is control led by 

the e lement  d is t r ibut ion coef f ic ient  Kp  which i tself is inf luenced by

temperature and pressure. The chemistry of the system and the degree of 

a t ta inment  of chemical  equi l ibr ium are also impor tant  (Phinney, 1963; 

Brown, 1967; Greenwood, 1967; Saxena, 1969, 1973; Ernst, 1983).

As the co-existence of phengite and chlorite is widespread, this pair

offers the possibil i ty of determining the degree of attainment of equil ibrium. 

The chemical  composi t ions of each mineral pair, which textural ly co-exist 

within S2 , are establ ished in relation to the presence of garnets G2 A. G2B,- 

G 2C. G2-4 (Table 3.4a, b, c, e) or garnet-absent assemblages (Table 3.4d).

The fol lowing expression (Rao, 1977) is used for the K q of Mg 

be tw een  the coex is t ing pheng i te -ch lor i te - (as  this is the dom inan t

composi t ion of the muscovite) pairs (Table 3.4f):
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\ s   ^mq /  Xnna
Dmg= Ph '  , v ch I 

1 '  x  mg mg

where Xmg = Mg/Y where Y is the total cations. A plot of KoPh*chl versus X 

Ph (Fig. 3.4) exhibi ts regular sympathet ic var iat ion between Kq w h i c h  

increases with the increase of XPh in phengite.

T ie - l in e  pattern between the coexisting  p h en g ite -ch lo r ite

Tie- l ines joining pairs of coexist ing minerals are used to infer 

equil ibrium condit ions and check the effect of bulk composit ion and, or, grade 

on the equil ibrium condit ions during metamorphism.

The att i tude of the tie l ines of the phengite-chlor i te pairs in rocks 

containing the M2 garnets, i.e. G2 A» G2 B. ^2C> and in garnet-free rocks is 

shown in Figure 3.5a, while the pairs in rocks containing the M2-4  garnets 

are shown in Figure 3.5b. In both f igures the three co-ord inates 

represented are: S = Si, A= Al, and F= Fe2+ + Mg (atomic proportions) of the 

analysed pairs. In Figure 3.5a the tie-l ines of the mineral pairs in rocks 

containing the G2 A (1,2,3,6 ,8 ,9) all show paral lel ism. On the other hand 

the tie-l ines of the pairs in rocks containing G2 B. G2 C. as well as in garnet- 

free rocks (13, 24, 29, respectively), show tie-l ines that cross each other 

and the t ie- l ines in rocks containing G2 A- The paral lel t ie-l ines of the 

phengite-chlori te pairs in rocks containing the G2 A suggests the attainment 

of equi l ibr ium with sl ight var iat ions due to exper imental  error and bulk 

composi t ional  changes (Saxena, 1969). However the crossing of the tie- 

l ines of the pairs in G2A-bearing rocks with those with G 2 B and G 2 C. or in 

garnet-free rocks, and also the variation in rocks with G2-4 garnet suggests 

that the pairs had equil ibrated under varying P-T condit ions in the different 

assemblages (Greenwood et al., 1964), or possibly P.H2 O : | i C 0 2  variation 

(Butler, 1969). This is consistent with the deduct ions that (1) the G 2 A, 

G 2 B and G2C assemblages represent different growth periods during D2 - M2 ,
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TA B LE  3.4a C om position of the pheng ite -ch lorite  pairs coexisting
in G2 a g arnet-bearing  P itlochry  Sch ist

1
ch i ph

2
ch l ph

3
ch l ph

Si0 2 2 3 .4 1 4 4 .7 3 2 4 .7 2 4 5 .0 5 2 5 .8 6 4 3 .9 7

T i0 2 0 .0 8 0 .4 2 - 0 .7 2 - 0 .5 0

AI2O3 2 0 . 8 8 3 2 .0 8 2 1 .1 6 3 1 .7 1 2 2 .7 2 31 .33

FeO 2 7 .4 8 2 .0 9 2 6 .6 5 1 .7 5 2 7 .0 3 4 .5 0

McP 1 2 .6 2 0 .9 5 1 3 .4 8 1 .29 1 3 .0 3 1 .37

MnO - 0 .0 9 - - - -

QO - - 0 . 1 2 - - -

Na20 - 0 .7 8 - 0 .9 8 - -

K20 - 9 .3 6 - 9 .2 4 - 9 .6 0

TOTAL 8 4 .5 8 9 0 .4 8 86 .41 9 0 .7 2 8 8 .6 4 9 1 .2 7

S i lv 5 .0 7 6 .2 8 5 .3 5 6 .4 9 5 .6 0 6 . 2 0 0

A l iv 2 .9 4 1 .7 2 2 .6 5 1.51 2 .4 0 1 .8 0 0

A lvi 2 .3 8 3 .5 9 2 .7 5 3 .7 2 3 .3 9 3 .4 0 9

Ti 0 . 0 2 0 .0 4 - 0 .1 4 - 0 .0 5 3

Fe2+ 4 .8 7 0 .2 5 4 .8 2 0 . 2 0 4 .8 9 0 .5 3 0

Mn - 0 . 0 1 - - - -

Mg 4 .0 7 0 .1 9 8 4 .3 5 0 .2 7 4 .2 0 0 .2 8 7

Gi - - 0 . 0 2 - - -

Na - 0 . 2 1 - 0 .2 6 - -

K - 1 .6 9 - 1 .6 5 - 1 .7 2 8

I v i 1 1 .34 4 .0 9 1 1 .94 4 .3 3 1 2 . 4 8 4 . 2 7 9

ZAI 5 .3 2 5.31 5 .4 0 5 .2 3 5 .7 9 5 .2 0 9

Cell content for phengite calculated to 22(0) and for chlorite to 28(0)
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TA B LE 3.4a Contd...

6
ch l ph

8
ch l ph

9
ch l ph

S i0 2 23 .7 1 4 5 .9 6 2 5 .3 0 4 6 .4 0 2 4 .1 4 4 4 .4 5

T i0 2 - 0 .6 4 0 .1 8 0 .6 7 - 0 .4 6

AI2C>3 2 1 .2 8 3 1 .6 6 2 1 . 2 0 3 3 .0 1 2 0 .0 7 31 .81

RO 2 3 .6 0 1 .7 3 22 .6 1 1 .5 3 2 6 .1 4 3.21

MgO 1 5 .0 2 1 .5 0 17 .31 1 .6 7 1 4 .6 8 0 .8 2

MnO - - - - - 0 .0 8

GO - - 0 . 1 2 0 .0 7 - -

Na20 - 0 .9 0 - 1 .2 5 - 1 .1 9

K20 - 9 .2 6 0 .1 3 8 .8 3 - 9 .1 6

TOTAL 8 3 .6 2 9 1 .6 4 8 6 .8 5 9 3 .4 1 8 5 .0 2 9 1 .1 8

S i lv 5 .1 3 6 .3 5 5 .4 7 6 .2 7 5 .2 0 6.24

A IIV 2 .8 7 1 .6 5 2 .5 3 1 .7 3 2 .8 0 1 .77

A lvi 2 .5 6 3 .5 0 2 . 8 8 3 .5 3 2 .4 5 3 .4 9

Ti - 0 .0 7 0 .0 3 0 .0 7 - 0 .0 5

Fe2+ 4 .2 3 0 . 2 0 4 .0 5 0 .1 7 4 .6 3 0 .3 8

Mn - - - - - 0 . 0 1

Mg 4 .8 4 0 .3 0 8 5 .5 8 0 .3 4 4 .4 6 0 .1 7

C& - - 0 . 0 1 0 . 0 1 - -

Na - 0 .2 4 - 0 .3 3 - 0 .3 2

K - 1 .6 3 - 1 .5 2 - 1 .6 4

I v i 1 1 .6 3 4 .0 8 1 2 .5 5 4 .1 2 1 1 .5 4 4 .1 0

IA I 5 .4 3 5 .1 5 5.41 5 .2 6 5 .2 5 5 .2 6
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TA B LE 3.4b Ph - chl pairs in G2B garnet-bearing Ben Lui Schist

ch l
1 3

ph

Si0 2 2 3 .8 8 4 4 .9 3

T i0 2 - 0 .4 6

AI2O3 2 0 .4 4 3 4 .0 7

FeO 2 8 .3 9 1 .53

MgO 1 2 .1 7 0 .9 4

MnO - -

C£> - -

N2O - 1 .46

K20 - 9 .1 7

TOTAL 8 4 .8 8 9 2 .1 8

S i lv 5 .1 7 6 .1 7

A l iv 2 .8 3 1 .83

A lvi 2 .3 8 3 .6 7

T i - 0 .0 4

Fe2+ 5 .1 4 0 .1 8

Mn - -

Mg 3 .9 2 0 .1 9

03 - -

Na - 0 .3 2

K - 1.61

I v i 1 1 .4 4 4 .0 8

IA I 5 .21 5 .5 0
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TA B LE 3.4c Ph-chl pairs in G 2 C g arn e t-b ear in g  P it lochry  Schist

chl
2 4

ph

S i0 2 2 2 .4 5 4 3 .9 9

T i0 2 - 0 .4 7

A l20 3 2 1 .2 5 3 1 .8 0

F0O 3 3 .2 6 1 .9 7

MgO 9 .2 2 0 . 6 6

MnO 0 .1 7 -

GO - -

Na20 - 0 .4 3

K20 - 9 .71

TOTAL 8 6 .3 5 8 9 .0 2

S i,v 4 .8 6 6 .2 8

A l iv 3 .1 5 1 .72

A lvi 2 .2 7 3 .6 3

T i - 0 .0 5

Fe2+ 5 .7 5 0 .2 4

Mn 0 .0 3 -

Mg 2 .9 2 0 .1 4

Ga - -

Na - 0 . 1 2

K - 1 .7 7

I v i 1 0 .9 7 4 .0 6

IA I 5 .4 2 5 .3 6



8 6

TAB LE 3.4d Ph-chl pairs in garn e t-free  P it lochry  Schist

ch l
2 9

ph

Si0 2 22 .71 4 4 .4 6

T i0 2 - 0 .4 7

AI2O3 2 0 . 8 8 3 0 .8 6

RO 2 9 .7 5 2 .6 0

MgO 1 1 .8 5 1 .5 7

MnO 0 . 1 2 -

GO - -

Na20 - 0 .3 2

K20 - 9 .9 9

TOTAL 85 .31 9 0 .2 9

S i,v 4 .91 6 .2 9

A l iv 3 .0 9 1.71

A lvi 2 .2 3 3 .4 4

T i - 0 .0 5

Fe2+ 4 .9 8 0 .3 0

Mn 0 .0 3 -

Mg 3 .8 2 0 .3 3

Ca - -

Na - 0 .0 9

K - 1.81

I v i 1 1 .0 6 4 .1 2

IA I 5 .3 2 5 .2 5
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T A B LE  3.4e Ph-chl pairs with the post-D2 - pre-D4 garnet -bear ing  
samples, 4 and 5 are in Pi tlochry Schists,  14-18 in Ben 
Lui Schist

4
ch l ph

5
ch l ph

1 4
ch l ph

1 5
ch l ph

Si0 2 2 3 .7 6 4 5 .7 3 2 3 .5 2 4 6 .3 8 2 3 .6 4 4 5 .4 1 2 4 .2 6 4 6 .7 7

T i0 2 - 0 .3 2 - 0 .3 3 - 0 .2 9 - 0 .3 2

AI2O3 21 .24 3 1 .9 0 2 2 .0 4 3 1 .9 7 2 1 .2 8 3 4 .0 9 2 3 .0 4 3 4 .5 2

FeO 3 0 .3 0 2.41 3 0 .9 9 2 .9 8 2 9 .5 4 2 . 1 0 3 0 .2 3 1 .90

MgO 11 .87 1 .4 0 11 .49 1 .2 4 1 2 .0 3 0.51 1 2 .1 5 0 .9 7

MnO 0 . 2 2 - 0 .2 4 - - - - -

GO - - - - - - - -

Na2 0 - 0 .6 0 - 0 .8 0 - 1 .31 - 1 .1 3

K20 - 0 .1 9 - 9 .3 4 0 .0 5 9 .1 6 0 . 2 0 9.1 1

TOTAL 8 7 .3 8 9 1 .5 4 8 8 .3 0 9 3 .0 4 8 6 .6 3 9 2 .8 4 8 9 .8 7 94 .71

S i lv 5 .1 4 6 .3 3 5 .0 8 6 .3 4 5 .11 6 . 2 0 5 .2 5 6 .2 4

A l 'v 2 . 8 6 1 .6 7 2 .9 2 1 . 6 6 2 .8 9 1 .8 0 2 .7 6 1 .7 6

A lvi 2 .5 6 3 .5 4 2 .7 0 3 .5 0 2 .5 9 3 .6 9 3 .11 3 .6 7

Ti - 0 .0 3 - 0 .0 3 - 0 .0 3 - 0 .0 3

Fe2+ 5 .2 4 0 .2 8 5 .3 3 0 .3 4 5 .0 5 0 .2 4 5 .3 3 0 . 2 1

Mn 0 .0 4 - 0 .0 4 - - - - -

Mg 3 .8 3 0 .2 9 3.71 0 .2 5 3 .8 8 0 . 1 0 3 .9 2 0 .1 9

Qj - - - - - - - -

Na - 0 .1 6 - 0 . 2 1 - 0 .3 5 - 0 .2 9

K - 1 .6 2 - 1 .6 3 0 . 0 1 1 .59 0 . 1 1 1 .54

I v i 1 1 .67 4 .1 4 1 1 .78 4 .1 2 1 1 .52 4 .0 6 1 2 .3 6 4 .1 0

ZAI 5 .4 2 5.21 5 .6 2 5 .1 6 5 .4 8 5 .4 9 5 .8 7 5 .4 3
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TA B LE 3.4e C ontd ...

1 6
ch l ph ch l

1 7
ph

1 8
ch l ph

Si0 2 2 4 .1 9 4 5 .6 6 23 .31 4 5 .3 0 2 3 .3 2 4 5 .3 2

T i0 2 - 0 .41 - 0 .5 3 0 .1 7 0.41

AI2O3 2 1 .7 7 3 2 .7 8 2 0 .9 0 3 1 .0 6 2 1 .3 8 3 3 .0 6

RjO 2 9 .5 2 2 .1 7 2 8 .4 7 2.91 2 8 .8 0 1 .78

MgO 1 2 .2 8 1 .0 9 1 2 .7 6 1 .84 1 2 .0 8 1 . 0 0

MnO - - 0 .1 5 - - -

CcD - - - - - -

Na2 0 - 0 .9 3 - 0 . 8 6 - 1 .14

K20 - 9 .5 9 - 9 .4 4 - 9 .1 7

TOTAL 87 .81 9 2 .6 3 8 6 .6 0 91 .94 8 5 .7 5 91 . 8 8

S ilv 5 .2 3 6 .2 7 5 .3 0 6 .2 9 5 .0 5 6 .2 5

A l iv 2 .7 7 1 .7 3 2 .7 0 1 .71 2 .9 5 1 .7 5

A lvi 2 .7 8 3 .5 7 2 .6 3 3 .3 8 2 .5 0 3 .6 2

T i - 0 .0 4 - 0 .0 6 0 .0 3 0 .0 4

Fe2+ 5 .2 7 0 .2 5 5 .0 5 0 .3 4 5.1 1 0 . 2 0

Mn - - 0 .0 3 - - -

Mg 3 .9 6 0 . 2 2 4 .1 4 0 .3 8 3 .8 9 0 . 2 1

Ca - - - - - -

Na - 0 .2 5 - 0 .2 3 - 0 .3 0

K - 1 . 6 8 - 1 .67 - 1 .61

I v i 1 2 . 0 1 4 .0 8 1 1 .8 5 4 .1 6 11 .53 4 .0 7

IA I 5 .5 5 5 .3 0 5 .3 3 5 .0 9 5 .4 5 5 .3 7
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T A B L E  3 .4 f X mg fo r  p h e n g ite  (ph ) - c h lo r ite  (c h l)  p a irs , th e
d is t r ib u t io n  c o e f f ic ie n t  (K g ), and X m g / 1 - X mg o f each 
phase  ( fro m  th e  a n a ly s is  p re s e n te d  in T a b le  3 .4a-e).

Sp.No. XPh X chl ^ph-chl X m g /1 -X °h l X m g /1 -XPh

1 0 .0 4 9 0 .3 5 9 0 .9 2 0 .5 6 0 0 .0 5 2

2 0 .0 6 2 0 .3 6 3 0 .1 1 5 0 .5 7 3 0 .0 6 6

3 0 .0 6 8 0 .3 3 7 0 .1 4 3 0 .5 0 8 0 .0 7 3

6 0 .0 7 6 0 .4 1 6 0.1 15 0 .7 1 3 0 .0 8 2

8 0 .0 8 3 0 .4 4 5 0.1 13 0 .801 0 .091

9 0 .041 0 .3 8 6 0 .0 6 8 0 .6 2 9 0 .0 4 3

1 3 0 .0 4 7 0 .3 4 3 0 .0 9 4 0 .5 2 2 0 .0 4 9

2 4 0 .0 3 4 0 .2 6 6 0 .0 9 7 0 .3 6 2 0 .0 3 5

2 9 0 .0 8 0 0 .3 4 5 0 .1 6 5 0 .5 2 7 0 .0 8 7

4 0 .0 7 0 0 .3 2 8 0 .1 5 4 0 .4 8 8 0 .0 7 5

5 0 .0 6 1 0 .3 1 5 0 .141 0 .4 6 0 0 .0 6 5

1 4 0 .0 2 5 0 .3 3 7 0 .0 5 0 0 .5 0 8 0 .0 2 6

1 5 0 .0 4 6 0 .3 1 7 0 .1 0 4 0 .4 6 4 0 .0 4 8

1 7 0 .0 9 1 0 .3 4 9 0 .1 8 7 0 .5 3 6 0 . 1 0 0

1 8 0 .0 5 2 0 .3 3 7 0 .1 0 8 0 .5 0 9 0 .0 3 5
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with G2 B and G2C developed at lower temperatures than G2A and (2 ) the G2-4

growth was at a different time and also developed at lower temperatures than

G 2 A- S im ilar tie-line variations, i.e. showing varying inclination w ithout

cross-cutting re lationships have been interpreted as due to varying grain

sizes of the m ineral pairs in the d ifferent litho log ies (M cNam ara, 1965).

However, lack of equilibrium  is probably the reason for tie -line  crossing. 
-T-i. .x - ph-chl ph
The re lationship between K o mg and X mg (F ig.3.4) suggests that in any

individual rock Mg/(Mg + Fe) has exchanged by the m ineral pairs had their 

own d is tribution coeffic ient, and their unique P-T dependence w ithin their 

bulk com positional characteristics.

3 .5  C o m p o s it io n a l v a r ia t io n s  of g a rn e ts

3 .5 .1  I n t r o d u c t io n

The m ulti-garnet growth sequence established in Chapter 2 , suggests 

that more than one garnet composition may occur. In order to ensure that the 

g a rn e t chem ica l ch a ra c te r is tic s  ob ta ine d  on the m ic ro p ro b e  were 

representative, and minim ise the cut effects, the follow ing procedures were 

adopted : (1 ) the analysed garnets were those in w hich c lear age

relationships based on textures, were observed (2 ) the largest grains that 

showed good crystal faces were chosen, (3) the probe traverses attempted to 

cross the centre of the crystals and some reconnaisance probing assisted in 

identify ing the centres based on chem ical variation, and (4) in specim ens 

where garnets were irregular (e.g. skeletal garnets), or those with abundant 

quartz inclusions, a sufficient number of scattered analyses were carried out 

to check for zoning and to spot the representative centre and rim composition, 

w h ich  were usually taken for the h ighest and low est MnO content, 

respectively. The analytical results are given in Table 3.5a, b, c and d 

including the composition of garnet rims that shows textural replacem ent by 

chlorite for both M2 and M2-4 garnets.

3 .5 .2  C o m p o s it io n a l z o n a tio n  in  g a rn e ts

Both the D2 garnets and the post-D2 - pre-D 4 garnets are chem ically 

zoned. MnO and CaO decreases from the centre towards the rim while FeO and
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MgO show increase. This type of varia tion  in garnet com position  is 

com m only reported in alm andine-rich garnet com position in the Dalradian 

Supergroup and from other m etam orphic terranes (Atherton, 1968; Tracy 

e t al., 1976; S ivaprakash, 1981; Dempster, 1985). Such zonation is 

com m only referred to as "normal" and is a primary and intrinsic feature of 

the garnet growth mechanism under low and medium grade conditions.

A ll the  ga rne ts  are a lm a n d in e -rich  (ty p ic a lly  63 -74% ) w ith  

g rossular as the second largest constituent (typically 25-15% ) Spessartine 

is typ ica lly 1 0 -2 %, but in the G2 C and G2 - 4  garnets the spessartine  is 

higher, being 19-13% and 18-3% respectively . Pyrope in all garnets is 

ty p ic a lly  3 -10% .

The core and rim compositions are plotted on a M n-Ca-(Fe2+ + Mg) 

diagram, (Figs 3.6a, b). This shows that both M2 and M2 - 4  garnets plot in 

the com mon field for garnet in metamorphic pelites (Muller and Schneider, 

1 9 7 1 ) .

Numerous explanations have been proposed to account for the origin of 

the "normal" compositional zonation in garnet.

1 . The fractionation (or segregation) of certain elem ents of the matrix 

during garnet grow th, leads to the pre ferentia l depletion of some 

elements in the rock as they become incorporated into the growing 

garnet (Hollister, 1966; A therton, 1968).

2 . The grow th of garnet during prograde m etam orphism  (Harte and 

Henley, 1966).

3 . Exchange between initial homogeneous garnet and matrix m inerals, 

i.e. post-crysta llization diffusion (Anderson and Buckley, 1973).

4 . The growth was produced by continuous and discontinuous reactions 

(Tracy et al., 1976; Crawford, 1977; Trzcienski, 1977).

5 . Changing oxygen fugacities w ith changing P-T conditions, i.e. by 

influencing the activ ity of the d iva lent iron (M uller and Schneider, 

1971; Tewhey and Hess, 1976).

6 . Combination and, or variations of the above models (McAteer, 1976; 

Finlay and Kerr, 1979).
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Fe + M g
•  &  O  Core & rim composition of G2A

★  &-0- Core & rim composition of G2B
Core & rim composition of G2C

90

70

50

M  n Co10 30 50

Fe + Mg
9 0

•  & O Core & rim composition of G2-4

70

5050 ,

Co5030M n

FIG. 3.6 Core and rim compositional ranges of the analysed (a) M 2 garnets, 

(b) M2-4 garnets



9 3

The depletion model, which is based on Rayleigh fractionation as 

proposed by Hollister (1966) is the most probable explanation of the MnO 

profiles. The model essentially postulates that the fractionation factor (A ), 

(where A = MnO% in garnet/M nO%  in the rock) is high implying that Mn is 

p re fe ren tia lly  partitioned into garnet com pared w ith its entry into other 

m inerals. The Mn zoning therefore is the result of the progressive depletion 

of Mn from the surrounding rock. The model is thought to be less applicable 

to the CaO variation (Hollister, 1966): if the model applies to Mn then it 

must be at least influenced by other ionic variations. Both the depletion 

(Hollister, 1966) and the segregation (Atherton, 1968) models assume that 

d iffusion in the garnet is negligible while diffusion in the surrounding matrix 

has to be faster to maintain homogeneity. Only the thin outer layer of the 

garnet could be in equilibrium  with the rest o f the m atrix. The basic 

assumption in Hollister's model is that the fractionation factor is considered 

constant at fixed P-T conditions but that will only be correct at very low Mn 

concentration in both the reservoir and the garnet. A  Should change with 

changing tem perature and pressure and may be able to give an indicator of 

these variables, although the growth of garnet probably took place over a 

range of P-T conditions (Tracy, 1982).

T rzc iensk i (1977) suggested that the zoning in garnet does not 

require a constant tem perature, or a changing fractionation factor, but it 

occurs by the continuous and, or, discontinuous reaction over a given range of 

temperature. The zoned garnet developed while its surface composition was 

con tro lled  by m ultivariant equilibrium  with one or more reactant. This 

model is genera lly referred to as the "reaction partition ing" model (Tracy, 

1982). This model indicates that the formation of garnet and the amount of 

zoning depends in part on the initial Fe/Fe+Mn of the host rock and, unlike 

the fractionation model, the MnO was not treated as a minor component (see 

3.5.6, page 118).

Much of the present garnet analytical data are interpreted essentially 

on the basis of theTrzcienski (1977) model.
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3 .5 .3 . Composit ional  var iation of the syn-D 2 garnets

3 .5 .3 .1  G 2 A garnet  porphyroblasts

The garnets of the G2 A phase shows normal zoning, with the MnO 

decreasing and the (FeO+MgO) increasing outwards from the centre towards 

the rim. CaO shows compositional variations that are sim ilar to those shown 

by MnO in the general trend but the detailed variation is different from that of 

MnO. The G 2 A garnet MnO rim concentrations are low and in some it 

approaches zero %, e.g. 2  (Table 3.5a, Figs 3.7-9). Com positional profiles 

through the G2 A garnet are given for two specim ens (1 ) and (2 ), both of 

about the same bulk chem istry (Table 1 .2 a) and from nearby outcrops (see 

Fig. 1.4 for sample locations). The two specimens have sim ilar m ineralogy 

(Table 1.1), except that garnets in (1) contain only a few epidote grains 

while the garnets in (2) are epidote-free. The biotite in (1) is coarser than 

in (2 ), which has higher modal biotite. No biotite was seen enclosed in the 

garnets in either specimen. The compositional profiles in two representative 

and sim ilar-sized garnets in each specimen are presented in Figures 3.7 and 

3.8, with the edge and centre of the crystals being identified by minimum and 

maximum MnO, respectively. Towards the rim area all the elements exhibit 

a d istinct break in slope located at different distances from the garnet edges; 

this being particularly distinct for the CaO and FeO profiles. In Figure 3.8 

the CaO rises from 6.4% to 7.6% and then falls again at the garnet edge. 

Such CaO increases are usually compensated by a decrease in MnO and, or, 

FeO. The MnO reaches zero over the outmost edge of the garnet.

The G 2 A in a C a-richer rock e.g. sam ple 8 conta in ing ch lorite - 

b iotite-m uscovite-quartz and albite has also been studied. Both garnet and 

b io tite  are partly ch loritized and the G2 A garnet porphyrob lasts  in th is 

sample (see Table 1 .2 a) reach the largest sizes for garnet in the area (Plate 

2.4a,b) and are full of quartz inclusions. O ther calc-rich rocks com m only 

have the elongate skeletal garnets (e.g. 6,7, see Plate 2.9).

One of the G 2A garnets in (8 ) shows a rather complex com positional 

profile  (F ig.3.9). The CaO shows an antipathetic re lation w ith FeO and 

generally m irrors that of the FeO. In addition the CaO shows a relatively 

more fractionated profile than that of the MnO which, in turn, has a rather 

fla t profile  away from the core region with distinct com positional breaks at 

the rim, while varying antipathetically with CaO. The MgO profile shows a
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gradual increase towards the rim reaching a maximum content recorded for 

the G 2 A garnet rim com position w ith 3.37%  MgO, while at the chloritized 

garnet rim composition it reaches 2.42% MgO.

The garnet rim composition has the lowest MnO com position which is 

often not the case, particu larly for G2 A garnet. These garnet-rim  zonal 

in flec tions genera lly  occur in the ou te r 5-1 Opm from  the garne t edge, 

independent of garnet size but appear consistently where the garnet rim is 

mantled by chlorite. This element inflection shows as a d irect continuation 

with the normal continuous zoning trends. Such rim com positions (Rr) are 

shown in Tables 3.5a-d.

3 .5 .3 .2  G 2 B garnet porphyroblasts

The G2 B garnet phases are generally small, euhedra l and have a 

sm aller grain size range than the G2 A garnet. The largest grains have the 

widest range of MnO, core to rim, with the smallest grains having the highest 

MnO at the rim (F ig .3 .1 0 a,b). The garnet profiles (Figs 3.10-12) show 

that FeO in itia lly  increases e ither abrup tly  (e.g. Figs 3.10a, 3 .11) or 

gradually (e.g. Fig. 3.12) from the garnet centre, then decreases gradually 

before increasing again at the rim, which may show decreasing FeO. The CaO 

profile generally shows the reverse of FeO. MgO exhib its little variation, 

with a gradual increase towards the garnet edge. The MnO has also either 

rapid or gradual in itia l decline from the core fo llowed by a s light decline 

towards the rim. These general patterns have been detected in the analysed 

G 2 B garnet but with some variations in the precise shapes of the profiles. 

Generally the G2 B garnet phase has MnO rim composition higher than the G2 A 

phase.

3 .5 .3 .3  G 2 C garnet

Figures 3.13a, b, give the com positional profiles through two G2 C 

garnets. The profiles are generally flat with fall in MnO and CaO towards the 

edge, but with a compensating slight increases in FeO and MgO. Generally the 

G 2 C garne ts  are low in FeO and have s ign ifican tly  h igher MnO rim 

composition than any other D2 garnets.
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3 .5 .3 .4  D 2  garnets in the hornblende schists

A com positiona l traverse from the centre to the rim of D2 garnet 

po rphyrob las ts  (F ig .3.14; Table 3.5a, N o.9) show s a genera l norm al 

zonation but with a zig-zag pattern, particularly in FeO. This may be due to 

the presence of many quartz inclusions, but could also derive from a complex 

growth history (Atherton and Edmunds, 1966).

3 .5 .4  Composit ional  var iation of the G 2 - 4  garnet  
p o r p h y r o b l a s t s

The G2 -4  garnet porphyrob lasts show a normal decrease in MnO 

outw ards with either a regular decline (Figs 3.15-17) or abrupt decrease 

outwards from the garnet centre, then a gradual decrease towards the rim 

(F ig .3.18). MnO com m only shows antipathetic varia tion w ith FeO which 

m irrors that of FeO, som etim es very closely. The garnet gra ins that are 

most chloritized have the least Mn fractionation and the lowest core minus 

rim com position  com pared with the least ch lo ritized  gra ins (Table 3.5d, 

No.5; Fig.3.19; see Plate 2.3c) which lack MnO enrichm ent at the garnet 

edge. CaO generally shows an initial decrease from the core outwards with 

oscillations up to 1 wt% CaO superimposed on the profiles (Fig. 3.17a). In 

some garnets a single CaO maximum and minimum is fo llowed by a gentle 

decrease to the edge, followed by a final increase (F ig.3 .17b). The G 2-4  

garnet CaO variations generally do not follow the MnO variation.

3 .5 .5 .  G a r n e t - f o r m i n g  r e a c t io n ( s )

P etrograph ic and com positiona l data enables the garne t-fo rm ing  

reactions, especia lly those form ing M2 garnets, to be deduced. From the 

m ineral growth sequence (Chapter 2) ch lorite  and m uscovite are the two 

m ajor m inerals involved in garnet form ation fo llow ing e ither

C h lo rite A  + quartz -► ch lorites + garnet + H2 O 3.1, (A therton, 1964)

o r

Chlorite + muscovite + quartz -*► garnet + biotite + H2 O 3.2, 

(S ivap rakash , 1981)
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B iotite  (M 2 ) in the S2 fabric warps around the M2 ga rne t po rphyrob las ts  

indicating that the garnet pre-dates the biotite. However reaction of type 3.2 

shows contemporaneous growth of biotite and garnet. In the most calcareous 

rocks the following may have occurred:

M uscovite + chlorite + calcite + quartz -► epidote + b iotite  + CO2 + H2 O 

3.3 (B u tle r, 1967)

The presence of epidote as inclusions in the M2 garnets and its virtual 

absence from the rock m atrix suggests the fo llow ing reactions (Brown, 

1 9 6 9 ) :

Chlorite + quartz + epidote -•►garnet + H2 O + O2 (3 .4)

Chlorite + muscovite + epidote -*► garnet + biotite + H2 O (3.5)

A lthough some garnet and biotite growth may be contem poraneous, 

b iotite  growth probably extended over a longer period than garnet growth 

overlap  grow th periods (Rice and Roberts, 1988), and could also have 

proceeded in separate domains, dependent upon compositional inhomogeneities 

and coupled reactions (Carmichael, 1969). It seems unlikely that one single 

reaction is responsible for the garnet formation because some G2 A garnets 

are accom panied by abundant biotite while others have none, so a reaction 

producing garnet and biotite  s im ultaneously (i.e. equation 3.2) could not 

always have occurred. Although M2 biotite was not a reactant in the major 

ga rne t-fo rm ing  reaction it is possib le  that garne t fo rm ed, in part, from 

b io tite , thus explaining the general lack of b iotite  in rocks conta in ing the 

M 2 -4  garnets, assum ing that the M2 b iotite  is not absent due to rock 

com position.

3 .5 .6  D is c u s s io n

The normal compositional zoning with respect to Ca and Mn shown by 

the M 2 and M2 -4  garne t is best exp la ined  by R ayle igh frac tiona tion  

(H ollis ter, 1966) and involves preferentia l concentration of Ca and Mn in 

the garnet progressive ly dep le ting  the m atrix Mn and Ca ava ilab le  for 

incorporation in the outer part o f the garnet. Irregularities in the profile
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could result from  other reactions invo lv ing the re lease or absorption of 

cations into the intergranular fluid. For instance, such a reaction involving 

epidote break-down (3.4, 5) would release Ca and force a decrease in Fe and 

Mn in the garnet unless significant Mn was also released from the epidote. 

The complexity of the detailed changes in the zoning patterns are not likely to 

be the resu lt o f fluctuating  P-T conditions but m ight in part result from 

variations in the size and composition of the domains supplying reactant to the 

grow ing garnet. These dom ains could be in fluenced by sedim entary 

com positiona l layering and other varia tions, e.g. early reactants (Yardley, 

1 9 7 7 ) .

Chemical zonation in garnet can be interpreted in term s of supposed 

continuous and, or, discontinuous reactions and is generally referred to as a 

reaction pa rtition ing  model (Tracy, 1982). Th is p roposes that zoned 

m inerals grow with the surface com position contro lled by some m ultivariant 

equ ilib rium  w ith one or more reactan ts . T racy (1982), T rzce insk i 

(1977) and Kretz (1973) have described this model.

T rzcienski (1977) suggested that the garnet-form ing reaction in the 

Whetstone Lake area, Ontario, Canada was muscovite + chlorite + plagioclase 

+ ilm enite -► garnet + biotite + rutile +H2 O .

The equilibria between the chlorite and garnet defines a divariant loop 

sim ilar to that found in numerous igneous systems (Fig. 3.20). Assuming an 

in itia l Fe/Fe+Mn at N, and tem perature < T 1 , there w ill be no reaction. At 

T 1 , the reaction begins with the form ation of products w ith a Fe/(Fe+Mn) 

ratio at C, and the reactant with a ratio N. With increase of tem perature, the 

equilibria would move along the two solubility curves defined by the reactants 

and products. As the temperature increases to T 2 , there is a gradual change 

in com position  of all the pa rtic ipa ting  m inera ls . As garne t rem ains 

re frac to ry , it does not re -equ ilib ra te  and the re fo re  it p rese rves  the 

equilibrium  com position, for each step of the prograde continuous reaction. 

Thus zonation in garnet results. The o ther m inera ls re -equ ilib ra te  at 

successive  tem peratures through which they pass and reta in  on ly the 

composition of the last equilibrium. On the basis of this model the presence 

of garnet and the am ount o f zoning in garnet depend greatly on the initial 

Fe/(Fe+Mn) ratio of the rock. Unlike for the fractionation model, Mn is not 

treated as a m inor component in this model. Consideration of the reaction
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N I LC
F e /F e + M n )  ►

F IG .3 .20 Schematic representation of product (garnet)-reactant (chlorite) equilibria 
in T -X  space (After Trzcienski, 1977)
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parititioning model (Trzcienski, 1977) also suggests that the relatively high 

Mn rim composition is the consequence of the incomplete growth of garnet due 

to temperature control. The high MnO rim composition does not suggest the 

te rm ina tion  of garnet grow th because of exhaustion  of the reactants, 

otherwise there would be a decline to zero MnO before the garnet ceased to 

grow.

The quantitative calibration of the relative temperature for Mg, Fe and 

Mn end members in various isobaric reactions is T M g > T p e )TM n (Thompson, 

1976), i.e. the tem perature of the reaction with the Mg end member in the 

garnet system is higher than that of Fe and Mn, respectively. Since garnet 

has a higher preferential retention of Mn than any other FAM phase, high Mn 

garnet w ill grow at lower tem perature  than garnets w ith low Mn (Hsu, 

1968; Loomis, 1986). Thus at least the rim com position of the G2 B. and 

certainly the G 2 C garnets, was produced during a lower tem perature than the 

G 2 A phase (Table 3.5a-c; Table 4.2b).

Because magnetite and haematite are rare and graphite is common in 

those rocks it does not seem like ly that high oxidation cond itions were 

responsible for low Fe2+ values which might have promoted the incorporation 

of Mn at the expense of Fe2+ (Chinner, 1960, 1962). The fact that 

va r ia tio n s  in the o x id a tio n  co n d itio n s  took  p lace  d u ring  the la ter 

retrogression is not relevant to the growth history of the G2 C garnets.

The G2 C garnets are thought to have crystallized under different P-T 

conditions from the G2A garnets because the chemical com position of the two 

garnets differs significantly and the rocks containing G 2C garnets do not have 

specia l chem ica l characte ris tics . The G 2 C seem s to have developed 

independently by a reaction of type 4.2 but at a lower tem perature than G2A 

g row th .

The general Mn edge enrichments", mainly found in G2 A mantled by 

ch lorite  (Table 3.5a) is s tra ightforw ard re trogression of garnet to chlorite 

with incorporation of the released Mn into the edge of the relict garnet (Grant 

and W eiblen, 1971).

Several authors have discussed outer edge modifications of garnets and 

several interpretations have been made. These include (1) that the ilmenite 

breakdown results in increases in the Ti and Mn in the garnet rims (Evans 

and Guidotti, 1966; Hollister, 1969), and (2) simple exchange diffusion and
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resorp tion , resu lts in varying the M g/Fe in the garnet rim (M uller and 

Schneider, 1971). The model envisaged by Grant and W eiblen (1971) 

exp la ins the p resen t occurrence  w ith  re -inco rpo ra tion  of Mn into the 

corroded garnets. This m echanism is enhanced by oxid izing conditions 

(Tewhey and Hess, 1976) so that the conversion of Fe2+ to Fe3+ near the 

garnet edge may have produced enough Fe2+ vacancies to enhance the diffusion 

rate for Mn, even under declining tem perature, i.e. P0 2  strongly influences 

diffusion rates (Bethune et al., 1968; W oodsworth, 1977).

The biotite flakes that are in contact w ith, or, in the pressure shadow 

areas of the M2 garnets, particu larly garnet showing ch loritiza tion , have a 

d ifferent com position from the biotite in the matrix. B iotites in the v icin ity 

of fresh M2 garnet have the same composition as the matrix biotite. Thus 

com positional changes in the garnet edges are probably partly the result of 

la te-stage exchanges with other FAM m inerals and are not related to the 

prograde reaction developing the garnet.

3 .6  B io t i te  c h e m is try

3 .6 .1  A n a ly t ic a l d a ta

The biotite chem ical analyses are given in Table 3.6a, b, c and d 

grouped according to the co-existing garnet type. Apart from one S4 -b io tite  

(Table 3.6d, N o.17, Plate 2.11 d) the analyses are of M2 -biotites (m). An 

M 2 -b io tite  (m ).analysis in a garnet-free rock is presented in Table 3.7e. 

Biotite (R.G.) from the pressure shadow areas of the M2 garnets or in direct 

contact with M2-4  garnet are also given.

B io tite  (m ), is cha rac te rised  by a hom ogeneous com pos ition  

throughout each probe section, so that three to four flakes were analysed and 

the average calculated. In common with muscovite iron is assumed to be in 

the ferrous state. This is probably a good assum ption as Atherton (1968) 

and M ather (1970) determ ined a num ber of b iotite  com positions from the 

SW Dalradian rocks by wet chemical methods and found that Fe2+)  Fe3+.

The follow ing are the main com positiona l features of the analysed

b io tite .
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1 . Both biotite (m) and M4 -biotite have uniform composition within the 

field of the thin section both in garnet-bearing and in garnet-free 

rocks, although there is some chemical variation within biotite 

composition from sample to sample. Biotite (m) has a similar 

composition to M4-biotite, both with interlayer site occupancy, being 

consistently less than two (per formula unit) which is a common 

feature and found elsewhere in the SW Dalradian (Atherton, 1968; 

Mather, 1970).

2 . The biotite (m) composition is different from biotite (R .G .) within

the same section with the latter showing much more variation of 

composition from sample to sample than the former. The octahedral 

content (based on 22(0)) for the biotite (m) ranges from 5.767 to 

5.863 while for the biotite (R .G .) it is from 4 .724 to 6.690. 

Generally the biotite (R.G.) has higher AI2 O3  and FeO and less K2 O, 

MgO and T 1O2  than biotite (m). Biotite (R .G .) has identical 

composition to biotite (m) only when the garnet is not chloritized, e.g. 

m-3 and R.G.-3, Table 3.6a.

3 . Mn is consistently below detection limit in both biotite (m) and

biotite (R.G.) in rocks containing G2 A or G2 B but is higher in biotite 

in rocks containing G2 C or G2 -4 .

4 . The modal percentages of biotite (m) in rocks containing G2 A are

significantly higher than those containing G 2 - 4  (Fig. 3.2) and 

generally the modal % of biotite is not consistently linked to the bulk 

AI2 O 3  of the rock (Tables 1.1 and 1.2a; Fig. 3.21).

3 .6 .2  P o ss ib le  b io t i te - fo rm in g  re ac t io n (s )

The biotite-forming reaction in M2  garnet-bearing and garnet-free 

rocks could be:

phengitic muscovite + chlorite -  less phengitic muscovite + chlorite + 

biotite + H2 O. 3.7 (Atherton, 1977)

The antipathetic relationship between the modal percentage of muscovite and 

that of the biotite (Table 1.1) in these rocks is compatible with the possible 

consumption of muscovite during the biotite-forming reaction as in 3.7 

(Atherton, 1977). Variations in biotite modal percentage may be due to (1)
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F I G . 3 . 2 1  Modal % of biotite vs AI2O 3 in the bulk rock composition

■ Rocks contain G2A 
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•  Rocks contain G2C 
□ Rocks contain G2-4

♦  Garnet-free rocks
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biotite destruction by reaction (Section 3.5.5), (2) sign ificant d ifferences in 

the activ ity of CO 2 affecting the prom otion o f the b io tite-form ing reaction 

(G raham  et al. 1983) or (3) revers ib ility  of the reaction of type 3.7, in 

lowering temperature. This suggests the M2-4 garnet-bearing assem blages 

with general sporadic biotite are more retrogressed than M2 -ga rne t-bea ring  

assem blages, but it does not explain the absence of b io tite  in the M 2 - 

assemblages with skeletal garnet porphyroblasts, e.g. 6 , 7, Table 1.1).

The absence of D 1 -M 1 biotite is probably due to the P-T conditions 

being outside those of biotite stability.

3 .6 .3  D iscu ss io n

The uniform  M2 and M ^ b io tite  (m) com positions w ith in  the same 

sam ple indicate hom ogeneous re-equilibration, even after the subsequent 

re trogress ion . Because b io tite  (R .G.) is com positiona lly  d iffe ren t from 

b io tite  (m) on ly  when ch lo r itize d  ga rn e t is p re se n t in d ica te s  the 

re trog ress ion  d is tu rbed  b io tite  com pos ition  in the v ic in ity  o f garne t. 

G enera lly  such b io tite  (R .G .) com position  is s im ila r to the com m only 

reported m etam orphic verm icu lite  com position (e.g. B lack, 1975; Velde, 

1978; O lives and Amouric, 1984; Maresch et al., 1985; W oodland, 1985; 

F rancesche lli et al., 1986).

3 .7  C omposi t ional  var iat ion of albi te

3 .7 .1  Analy t ical  data

Microprobe analyses of porphyroblastic albite, including core and rim 

com positions, are given in Table 3.7 and Figures 3.22-25. The analyses are 

grouped in relation to the nature of the coexisting garnets G2 B» G2 C. G2-4 or 

garnet-absent. No albite porphyroblasts have been recognized in rocks with 

G2A gamet.

1 . G enera lly the porphyrob lasts are unzoned w ith pure alb ite (A n o ) 

co res and w ith s ligh tly  (A n - |-A n 3 ) ano rth ite  riche r rim s (i.e . 

"reverse ly" zoned com ponent w ith most m etam orphic p lag ioclase). 

Two distinct types of rim zoning have been recognized.
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a) The A no  core and the bulk of the crystal is surrounded by a narrow 

A n 3 marginal zone which has a thin rim at the outerm ost edge of the 

crystal of Ano (Figs 3.22-24).

b) The albite has a uniform  core area (An-|_2 ) while at varying 

distances from the rim there is a zone with A n richer (up to Ans) of 

variab le  com position (Fig. 3.24).

2 . Both types of zoned albite occur in garnet-free rocks but only type a 

occurs in garnet-bearing rocks.

3 . The first significant increase in An in both types varies from 30pm to 

5pm from the albite edge. The zoned rims are better developed in 

m icaceous matrix than in quartz-rich ones.

3 .7 .2  D is c u s s io n

"R everse ly" zoned albite porphyrob lasts are com m on in low grade 

metamorphic terrane and are considered to result from increase of grade with 

grow th  (Nord et a l , 1978; Graps and O tsuki, 1983). P lag ioclase is 

generally uniform ly alb itic in the Scottish Dalradian assem blage throughout 

the lower grade zones (Phillips, 1930; Am brose, 1936) w ith no d istinct 

com positional change across the garnet isograd (Jones, 1961; Misch, 1968; 

A the rton , 1977).

Plagioclase com positions in metam orphic rocks are generally thought 

to be con tro lled  by in te rna l s truc tu ra l m echan ism s (e.g. g row th rate 

in fluences) and external in fluences such as PT cond itions and m ineral 

reactions. G oldsm ith (1982) has reviewed in deta il the behaviour of 

p lagioclase under m etam orphic conditions and considered that both of the 

above mechanisms might operate.

However the absence of albite porphyroblasts in rocks containing G2 A 

garnets (although they occur in relatively nearby outcrops and grew syn-D2 

(Plate 2.12a)) probably suggests a rock com positional control. The lack of 

Ca in most of the porphyroblast shows that they cannot have been a reactant 

providing Ca to form G2B» G2C and G2-4  garnets. Presumably the garnet- 

form ing reaction uses the available Ca in making the grossular com ponent and
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only after garnet stops growing the Ca available goes to form the An-bearing 

outer part of some albites.

In many rocks epidote occurs as inclusions in albite, particu larly in 

the core while it is absent or rare in the rock matrix. Hence a reaction of 

type 3.5 or 3.6 (see Section 3.5.5) could have operated which, a fter its 

cessation, allowed decom posing epidote to supply the An-com ponent in a 

reaction of the following type:

a lb ite  + epidote + ce ladon itic  m uscovite  + ch lorite -*zoned albite + less 

celadon itic  muscovite + chlorite ±  biotite ±  oxides. 3.8

The better development of zoned albite rims in more micaceous layers than in 

quartz-rich layers suggests that reaction of type 3.8 were involved in the 

production  o f zoned alb ites (Jones, 1961; Bowes and Convery, 1966). 

There is no textural evidence to suggest that calcite was involved in formation 

of zoned albite.

Generally more data is needed to fully understand the developm ent of 

the a lbite porphyroblasts.

3 . 8  Chemical  composit ion of hornblende from the garnet-
hornblende  schists

The hornblende is genera lly b lu ish-green w ith a few crysta ls of a 

brow n ish-green co lour.

The average chem ica l com position  of both va rie ties  (Table 3.8) 

exh ib its  no s ign ifican t d iffe rences, w ith the brow nish va rie ty  which is 

slightly richer in Fe and poorer in Ti than the bluish ones. The oxide totals 

of about 96% is generally low for a hornblende. This is probably due to the 

incorpora tion  of much Fe3+ . The hornblende (both co lour varieties) are 

generally subcalcic with CaO% very low. The generally high NaO and AI2 O3 

and low Ti indicate crysta lliza tion  under re la tive ly high pressure and low 

tem perature conditions, respectively.
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TA B LE  3.8 Chemical analysis of hornblende from the garnet-
hornb lende schists

G reen ish -b lue
hornblende

B ro w n ish -g re e n
hornblende

S i02 4 0 .4 0 4 0 .4 4

AI2 0 3 1 5 .7 5 1 5 .4 2

T i0 2 0 .3 7 0 .3 0

FeO 2 0 .6 7 2 2 . 0 0

MgO 7 .7 7 7 .2 5

GO 9 .0 5 8 .4 3

MnO - -

Na2 0 2 .0 5 2 .1 3

K20 0 .3 6 0 .3 8

TOTAL 9 6 .4 2 9 6 .3 5

Si 6 .1 9 6 1 .7 8 2

A l 'v 1 .8 0 4 1 .7 8 2

A lvi 1 .0 4 3 1 .0 1 3

T i 0 .0 4 3 0 .0 3 4

Fe2+ 2 .6 5 1 2 .8 2 9

Mg 1 .7 7 5 1 .6 6 2

Mn - -

Ca 1 .4 8 5 1 .3 8 8

Na 0 .6 0 9 0 .6 3 5

K 0 .0 7 0 0 .0 7 5

IA I 2 .8 4 7 2 .7 9 5

(Average of 3 analyses of each variety)
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CHAPTER 4 

PHYSICAL CONDITIONS OF GARNET GROWTH

4.1 I n t r o d u c t i o n

Essential to the main aim of th is study is the determ ination of the 

physical conditions that operated during the growth of garnet which has been 

shown to have been during both the D2 (M2 ) and post-D 2 -  pre-D 2 (M2 .4  

periods). The geotherm om etry and geobarom etry used to establish these 

conditions is based on element partition between co-existing m ineral pairs.

The partitioning of elements, particularly Fe2+ and Mg between garnet 

and b io tite  has been extensive ly investiga ted (e.g. Kretz, 1959; Frost, 

1962; A lbee, 1965; Saxena, 1969; Lyons and M orse, 1970), w ith 

advances in the last decade perm itting reliable estimates of tem perature to be 

made (e.g. Thompson, 1976; Ferry and Spear, 1978), although there is still 

considerab le debate concerning the re liability of derived tem peratures and 

efforts are still being made to extend their application at low grade conditions 

(e.g. Hynes and Foster, 1988). Reviews of the problems involved with P-T 

es tim ations are g iven by Essene (1982); Powell (1985); Hodges and 

Crawley (1985), and Hodges and McKinna (1987).

The distribution of elements between a pair of co-existing phases is a 

function not only o f temperature, but also pressure and the com position of the 

phases. A critical com ponent in the calibration is the equilibrium  constant 

(K q ) which is related to the standard free energy (G ibb's energy) A G 0 

according to the equation (which provides the basis of P-T calculations).

A G 0 = -RT (K) Ln KD

where R = gas constant (1.987 cal. m ole*1 degree*1)

T = temperature in degree Kelvin (K),

provided both the m ineral phases form an ideal solid solution between end 

m em bers.
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4 .2  G e o th e rm o m e try

The partitioning of Fe2+ and Mg between co-existing garnet and biotite 

is tem perature  dependent and it has been ca librated using the fo llow ing 

re la tio n sh ip :

V 3 Mg3 AI2 S i0 3  O 12 + ^ 3  K Fe3 Al S i30-|o  (OH2 ) = V 3 Fe3 A I2 Si3 O 12 + 
( p y r . )  (A n n .) (A im .)

1/ 3 K Mg3 Al S i3 O 10 (OH )2  (4.1)
(p h lo .)

Such a cation  exchange reaction is the basis o f a po ten tia lly  usefu l 

therm om eter because (1) no fluid phase appears in the reaction and therefore 

the activity of volatile components such as H2O and CO2 are of less importance 

than in reactions involving the loss or gain of H2 O or CO2 (Thompson, 1976), 

and (2) the reaction has a very small Av of 0.019 ca l/bar (Ferry and Spear, 

1978), and thus is only s lightly pressure dependent (Thom pson, 1976), 

unless the pressure is very high (Albee, 1965; Perchuk, 1970). However 

where there is zonation shown by the garnet, caution is required (Yardley, 

1 9 7 7 ) .

As this study is aimed at establishing the therm al history, as well as 

the peak metamorphic conditions reached, the least retrogressed com positions 

were considered separate ly from the re trogressed m ateria l (e.g. D ietvorst, 

1982). In this regard the demonstration (Chapter 3) that the com position of 

b io tite  from the m atrix is uniform , while that o f the b io tite  near to garnet 

that shows re trogression may re flect some re -equ ilib ra tion , is im portant. 

It cannot be shown unequivocally that the composition of the matrix biotite is 

that which was in equilibrium with the edge of the prograde garnet, but in the 

absence of evidence to the contrary, this has been assumed to be the case. The 

use o f these m atrix b io tite  com positions in es tim ation  of tem pera tu re  

assum es that these com positions did not change during progressive  re­

equilibration that would be expected during the overall m etam orphic history. 

However if there were changes to more Fe-rich com positions, the result 

would be sm alle r tem perature decline than that ca lcu la ted  (Tracy e t al., 

1976; Cham berlain and Lyons, 1983; Mohr et al., 1986).
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Thompson (1976) and Holdaway and Lee (1977) produced empirical 

calibrations of the garnet -  b io tite  thermometer. The form er is based upon 

analyses of cores of garnet crystals co-existing with biotite from m etapelitic 

assem blages of low and medium grade. It uses independently determ ined 

tem peratures for the studied rocks; and an em pirica l linear re lationship 

be tw een LnKp and 104/Tk (op.cit, p. 429). This calibration is only well 

con tro lled  at the lower tem pera ture  end w ith ex trapo la tion  by best-fit 

techniques to higher tem perature regions. Hence any small error at the low 

temperature end will be magnified at a higher tem perature.

The calibration of Holdaway and Lee (1977) is prim arily based on the 

previous ca lib ra tion . However these authors cons ider that the work of 

O sberg  (1971), on which the low er tem pera tu re  end of Thom pson 's  

calibration is mostly based, yields tem peratures that are too low, and their 

calibration takes account of this.

Ferry  and S pear (1978) pub lish e d  the on ly  e xp e rim e n ta lly  

determ ined calibration of the garnet -  biotite thermometer. It is based upon 

the partitioning of Fe2+ and Mg between pure end-members of the reaction of 

type 4.1 at 2.07Kb over the range of 550°C  and 800°C . This calibration 

assumes that Fe2+ and Mg mix ideally in both garnet and biotite. However as 

it neglects the effect of posible octahedral substitution of Ca and Mn in garnet 

and AIVI, Ti and Fe3+ in biotite its accuracy could be suspect (Hodges and 

Spear 1982; Pigage and Greenwood, 1982; Indares and M artignole, 1985). 

All three ca librations (Thompson, 1976; Holdaway and Lee, 1977; Ferry 

and Spear, 1978) have an uncertainty range of + 50°C .

In the present study the three calibrations are in itia lly  used as they 

appeared in the literature (Table 4.1a, b) and then the mole fractions of Fe, 

Mg, Ca and Mn in garnet and Ti and A liv in b iotite  are considered (Table 

4 .2 a), and the three calibrations applied again to the garnet rim com positions 

(Table 4.2b).

The estimated temperatures for the hornblende schists use the Graham 

and Powell (1984) geotherm om eter, which is based on the partition ing of 

F e 2+ and Mg between garnet and hornblende. This geotherm om eter is 

calibrated using the garnet -  c linopyroxene therm om eter of Ellis and Green 

(1979) app lied  to ga rne t -  c lin o p y ro x e n e  -  hornb lende rocks. Its 

d istribu tion  coeffic ien t (Kp) is also approxim ately independent of pressure. 

This therm om eter is appropriate because of the abundance of the hornblende
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and the non-ideal com position of b iotite  (Table 3.7, No.9). In addition 

textural investigation indicated that the garnet and hornblende are syngenetic 

M 2 growths.

The garnet co re -m a trix  b iotite  tem peratures are consistently  lower 

than the ga rne t r im -m a tr ix  b io tite  te m p e ra tu re s  (T ab les  4 .1a , b, 

respectively) which , except for sample 8 , are sim ilar to those obtained when 

the mole fractions of Fe, Mg, Ca and Mn in garnet and the Ti and A l+6 in biotite 

are considered (Table 4.2b). The Ferry and Spear (1978) ca lib ra tion  

consistently yields tem peratures lower than those of both Thompson (1976) 

and Holdaway and Lee (1977) which give com parable values. For sample 8 

there is a marked difference in tem perature between the original calculations 

and those obtained, when the mole fractions of octahedral components are used 

in the Ferry and Spear (1978) calibration. This sample in itia lly yie lded a 

tem perature of q . 600°C , (Table 4.1b) and, since the slope of Ln Kp versus 

T(K) of the Ferry and Spear (1978) ca libration is m arkedly d iffe ren t from 

those of Thompson and Holdaway and Lee (Figure 4.1) it is to be expected that 

all three calibrations will yield very s im ilar tem peratures between 525° and 

6 0 0 °C ; that of Ferry and Spear (1978) would yield higher tem peratures 

above 600°C . If the calibration of Ferry and Spear (1978) is used (Table 

4.2b) the h ighest tem perature recorded (~ 6 6 0 °C ) is for sam ple 8 which 

contains the largest G2A garnet porphyroblasts. Such high tem peratures are 

substantia lly above those suggested by the m ineral assem blage of the rock. 

The calcite-m uscovite-quartz assemblage in this sample can be stable up to c. 

6 0 0°C  at uniform CO2 and H2 O ratio (S ivaprakash, 1982, Fig. 5, Curve 4). 

This tem perature  is consistent with that obta ined for Sam ple 8  (5 9 8 °C ) 

when only the mole fractions of Fe and Mg are calculated (Table 4.1b). Even 

so the notably higher tem perature relative to the other G2 A bearing samples 

is considered to be due to the higher MgO in the garnet rim -composition used, 

which is d irectly  corre la ted with the high MgO concentra tion  in the bulk 

com position. Other G2 A garnet-bearing sam ples recorded 543C 0 (Sample 

2 ), 482°C  (Sam ple 3), and 423°C  (Sample 1 ). The lowest tem perature 

recorded, (~370°C ) is for G2 C-bearing rocks, while the G 2 B-t>earing rocks 

recorded generally intermediate tem peratures between the above values and 

ranged between 410°C  and 450°C . Two samples containing the G2-4 garnet 

recorded 482°C  (Sample 5) and 377°C  (Sample 17).

The garnet-hornblende schists (Sam ple 9) y ie lded tem peratures of 

5 1 7 ° C  and 461 °C  fo r g a rn e t-(r im )-h o rn b le n d e  and g a rn e t-(c o re )-
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hornblende, respectively, using the Graham and Powell (1984) calibration 

(Table 4.3). As in the case of the garnet-b io tite  pairs, the tem perature 

obtained using the garnet rim is higher than that using the garnet core, with 

the form er considered to be the more m eaningful tem perature estim ate for 

M 2.

4 .3  Effect of octahedral  subst i tut ion in garnet  and biotite

The effect o f octahedral substitution of A lv i, Fe3+ and particularly Ti 

for Fe2+ and Mg in biotite decreases the Kq va lues of garnet-b io tite  pairs 

(Dallm eyer, 1974). This substitution increases the positive charges in the 

octahedral layers, an increase that is accommodated through increased A l3+ 

at the expense of S i4+ in the tetrahedral -  and also by octahedra l positions 

being left unoccup ied (Foster, 1960). The result is a s ligh t s tructura l 

m ism atch that favours the slightly larger Fe2+ over Mg in the octahedral 

layer. Therefore at constant tem perature, increasing octahedral Ti, A lvi and 

F e 3+ subs titu tion  resu lts  in the decrease  of the K d  va lue  and the 

overestim ation  of the tem perature. Th is accounts fo r the tem perature  

(4 4 9 °C ) ca lcu lated for the garnet G2 B-biotite  pair for Specim en 10 (with 

h igher Ti in the biotite) being higher than that ca lcu la ted for Specim en 13 

( 4 1 0 ° -  w ith low er Ti in the b io tite ). It is th is la tte r tem pera ture , 

determ ined in the specimen with the lowest Ti in the biotite that is considered 

to represent the best estimate of G2b growth (Tables 4.2a, b).

S im ila rly  the d iffe rences in tem peratures ca lcu la ted  for the G2 -4 

garnet-bearing rocks can be explained on the basis o f the higher temperature 

recorded for Specimen 5B (with higher A lvi in the biotite) than Specimen 17 

(w ith low er A lvi in the b io tite ), w ith the low er o f the two tem perature  

e s tim a te s  (3 7 7 °C ) cons idered  to be the be tte r rep resen ta tive  of the 

particu la r m etam orphic conditions.

The effect of octahedral substitution of Mn and Ca for Fe2+ and Mg in 

garnet produces structural expansion that favours Fe2+ over Mg. This leads 

to increases in the Kq va lue  that result in a low ering  o f ca lcu la ted  

tem perature  (D allm eyer, 1974). Such an exp lana tion accounts fo r the 

tem perature obtained for Specim en 1, in which XMn-Ca in garnet is higher 

than in other G2 A-bearing samples.
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The tem perature derived using the calculation of Hodges and Spear 

(1982, equation 9) based on the com position-activ ity re lationships in garnet 

has only been applied to data based on ca lib ra tions of Ferry and Spear 

(1978). The tem pe ra tu res  de rived  from  th is  co rre c tio n  resu lt in 

considerable increases in temperature estimates which, in the case of some of 

the samples, are inconsistent with the m ineral assem blages present. For 

example, the 616°C  value for Sample 2  is such that sillim anite development 

m ight be expected while the 821 °C  value for Sample 8 would be consistent 

w ith a high g ranu lite  fac ies m inera logy which is c lea rly  not present. 

Accord ing ly it seem s that th is em pirica l correction of Hodges and Spear 

(1982) is unnecessary if the XMn-Ca m garnet is less than 0.2  and Xxi-A lvi 

in b io tite  is less than 0.15 (Ferry and Spear, 1978) w ith ne ither lim it 

being exceeded for any of the samples investigated (Table 4.2b).

4 . 4  T e m p e ra tu re  of re trogress ion

Tem peratures of retrogression are based on garnet edge composition 

(Rr) and biotite matrix (hornblende for the hornblende schists)w ith data and 

tem peratures for garnet -  biotite schists and garnet -  hornblende schists set 

out in Tables 4.5a and 4.5b, respectively. The very high difference between 

prograde and retrograde tem peratures for Sam ple 8 (Table 4.5a) is mainly 

due to the lower MgO of the retrograde garnet com position relative to the 

h igher MgO of the prograde garnet com position used in the ca lcu lations. 

Corresponding data when retrogressed biotite composition (R.G.) is used, and 

calculated tem peratures, are set out in Table 4.5c. A lthough the data are 

lim ited, in the case of three samples, the tem peratures of retrogression (and 

hence the difference between prograde and retrograde temperature estimates) 

are ve ry  s im ila r to those  de te rm ined  when the com pos ition  o f the 

unretrogressed matrix biotite is used in the calculations. The exception is 

Sam ple2 where a tem perature h igher than that determ ined for prograde 

m etam orph ism , and c lea rly  incons is ten t w ith the m inera ls  p resent, is 

ca lcu la ted  (Tab le  4.2b) w hich is d irec tly  due to the non-idea l b io tite  

com position  used in the ca lcu la tions. Th is b io tite  is qu ite  d iffe ren t in 

com position  from prim ary b io tite  in the rock m atrix and has a chem ica l 

com position that is strongly constra ined by its im m ediate environm ent with 

the retrogressed garnets.
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4 .5  G e o b a r o m e t r y

M etam orph ic  pressure  estim ates are gene ra lly  ra the r im precise  

com pared with those for temperature. Among the geobarom eters applicable 

to the Balquhidder rocks are those of Ghent and Stout (1981) and Powell and 

Evans (1983). The latter is preferred as the form er (p lag ioclase-b iotite- 

garnet-m uscovite  geobarom eter) has the fo llow ing d isadvantages: (1 ) the 

activ ity com position re lationships are such that where the anorthite content 

of the plagioclase is less than 8 %, incom plete correction of deviations from 

the ideal m olecu lar m ixing is like ly  (G hent and Stout, 1981), (2 ) the 

geobarom eter was bu ilt on the geotherm om etry of G hent e t al., (1982) in 

conjunction with the garnet-b io tite  therm om eter of Ferry and Spear (1978) 

and assumes ideal m ixing situations in all the partic ipating m inerals, which 

is clearly not the case for zoned garnets and plagioclase.

The b io tite -m uscov ite -ch lo rite -quartz  geoba rom ete r o f Powell and 

Evans (1983) is based on the Mg-AI celadonite substitution in m uscovite in 

equ ilib rium  w ith b io tite  and ch lo rite . A lthough it is insens itive  to the 

oxidation  state of the m ineral phases it is, however, sensitive  to w ith in- 

sample variation in muscovite com position, which has been observed in the 

present samples.

A lthough, broadly, tem perature and pressure increase together w ith 

increase of grade in metamorphic rocks, it is now well-known that P and T do 

not necessarily reach a peak together. M oreover m ineral assem blages such 

as those with G2 A. G2 B . G2 C and G2-4  probably form ed over a range of 

tem peratures and pressures and since the prograde garnet rim compositions 

encompass syntectonic and post-tectonic growth temperatures and pressures 

were probably not precisely in step. Moreover, because the calculation of 

pressure is sensitive to the value of the tem perature input to the form ula 

calculating pressure, there is a strong correlation of high calculated pressure 

with high estim ated tem perature, which is an artefact o f the m ethod used. 

There is some constraint, however, on the estimates of pressure because they 

shou ld  be co n s is te n t w ith  the p e tro g e n e tic  g rid  re su lts  based  on 

experim enta lly determ ined reactions (e.g. Harte and Hudson, 1979; Spear 

and Cheney, 1989) consequently a P-T-t path cannot readily be defined. In 

only one sample (3) are the essential requirem ents of the b iotite-m uscovite- 

chlorite-quartz geobarom eter fu lfilled and using the calibration of Powell and 

Evans (1983) a pressure estimate of 7Kb is calculated (Table 4.6), which is



1 4 8

likely to represent the peak m etam orphic pressure. This is consistent with 

the pressure estim ated for the most assem blages located in the Southern 

H ighland Flat Belt (Dem pster and Harte, 1986, p .99).

4 . 6  S u m m a r y

At pressures of 7 Kbar the fo llow ing tem peratures, based entirely on 

the ca lib ra tion  of Ferry and Spear (1978), were obta ined (1) ~ 5 0 0 °C  for 

rocks conta in ing G 2 A. (2) ~410°C  for rocks containing G2 B. (3) ~ 370°C  for 

rocks containing G 2 C and (4) ~370°C  for rocks containing G2 -4 - Because of 

the  u n c e rta in ty  o f the  d e g re e  o f b io tite  re -e q u ilib ra t io n  d u rin g  

retrogression, it is not clear whether the tem perature obtained represents a 

m in im um  o r a m ax im um . T e m p e ra tu re  e s tim a te s  o f re tro g ra d e  

m etam orph ism  are genera lly  s ligh tly  low er than p rograde m etam orph ic  

tem peratures, but in two sam ples (8  and 1 1 ) the retrograde tem peratures 

are much lower than the prograde tem peratures and indicate that retrograde 

equilibration has differentia lly changed much of the garnet edge-com position.
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1 5 2

T A B LE  4.2b XMn-Ca> Xyi -A lvi» K d values and temperature  estimates  
obtained using 3 cal ibrat ions

Rim
Sample

No. XMn-Ca X jj-A iv  i Kd LnKo T-|°C t 2° c t 3° c

1 0 . 2 0 4 0 . 1 7 3 1 0 . 0 1 6 2 . 3 0 4 7 3 4 6 7 4 2 3

2 0 . 1 9 7 0 . 1 4 7 6 . 6 4 4 1 . 89 561 5 4 6 5 3 0

G2A 3 0 . 1 6 0 0 . 1 4 4 7 . 8 7 6 2 . 0 6 5 2 2 5 1 2 4 8 2

8 0 . 1 9 6 0 . 1 5 3 4 . 5 0 5 1.51 6 6 5 6 3 5 6 6 3

1 0 0 . 2 2 6 0 . 1 6 5 8 . 9 4 3 2.91 4 9 5 4 8 7 4 4 9

1 1 0 . 2 5 8 0 . 1 4 3 9 . 0 5 0 2 . 2 0 4 9 3 4 8 5 4 4 6

G2B 1 2 0 . 2 6 5 0 . 1 5 3 9 . 9 9 3 2 . 3 0 4 7 3 4 6 7 4 2 3

1 3 0 . 2 1 3 0 . 1 2 0 1 0 . 6 3 2 2 . 3 6 461 4 5 7 41 0

G2C 2 5 0 . 4 0 8 0 . 1 3 8 1 3 . 10 2 . 5 7 4 2 4 3 9 7 3 6 7

2 6 0 . 3 9 5 0 . 1 4 6 1 2 . 4 4 9 2 . 5 2 4 3 2 431 3 7 7

G2-4 5 0 . 241 0 . 3 9 5 7 . 8 3 5 2 . 0 6 5 2 2 5 1 2 4 8 2

1 7 0 . 2 7 5 0 . 1 6 8 1 2 . 4 5 0 2 . 5 2 4 3 2 431 3 7 7

2740 + 0.0234 P (bars)
T l ( K )  =   ±_ 50° Thom pson (1976)

LnKo + 1 -56

6150 + 0.0246 P (bars)
T 2 (K) =   ±. 50° Holdaway and Lee (1977)

R L n K D + 3.93

4151 + 0.019 P (bars)
T 3 (K) =   ±  50° Ferry and Spear (1978)

RLnKD + 1.554
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T A B L E  4.3 T e m p e ra tu re  e s tim a te s  fo r  h o rn b le n d e  s c h i s t s
(sa m p le  9) u s in g  g a rn e t -  h o rn b le n d e  g e o th e rm o m e te r  o f 
G r a h a m  and  P o w e ll (1984)

XFe

G a r n e t

X M g  X mn XCa

H o r n b l e n d e

Xpe X M g

K d LnKp T °C

C o re 0 .6 6 5 0 .0 3 0 0 .0 7 3 0 .2 3 2 1 2 .5 2 3 2 .5 3 461

0 .6 3 9  0.361

Rim 0.71 0 0 .0 4 9 0 .0 2 8 0 .2 1 3 8 .1 8 6 2.10 51 7

K d  = XFe / XMg . XMg / X pe

2880 + 3280 XCa
T(K) = ---------------------------------

LnKD + 2.426

The garnet compositions (core and rim) and the mean composition of the hornblende 
used are those given in Tables 3.5a and 3.8,respectively.
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T A B L E 4.6 Act ivi ty data and pressure est imate  from biotite-  
m u s c o v i t e - c h l o r i t e - q u a r t z  g e o b a r o m e t r y .

Sample
No.

Xphl Xmus XCel Xclin LnK P (Kb) at

3 0 . 031 0 . 3 0 7 0 . 0 5 7 0 . 0 0 3 3 . 8 9 5 7 . 0

For equations used to calculate values of X, K ,see Powell and Evans (1983)
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CHAPTER 5 

SYNTHESIS AND DISCUSSION

5.1 G arnet d is trib u tio n  and developm ent

Garnet occurs throughout the area north of Balquhidder - Loch Voil (Figs 5 

1a,b). They are found below as well as above the so called "isograds" of both Elies 

and T illey  (1930) and W atk ins (1984). A cco rd ing ly  d iscuss ion  of garne t

distribution in relation to the position of an isograd in the area is not meaningful. In 

addition garnet growth is polyphase, having taken place during D2 (the main growth 

of garnet) and post-D 2 -  pre-D 4 . This means that assessm ent of the position of 

isotherms -  zones etc. must be made for more than one time period and studies that do 

not separate the d iffe rent grow ths, and treat the d is tribution of garnet in a bulk 

manner, can only lead to confusion in assessment of the metamorphic development of 

this part of the Caledonides.

The d istribu tion  of garnet from  outcrop to outcrop, and w ith in individua l 

outcrops, has a com positional control. This explains (1) the nearby occurrence of 

garnetife rous and non-garnetiferous rocks, (2 ) the occurrence of particu la r types 

of M2 garnet (G2 A. G2 C) and the absence of the other type of M2 garnet (G2 B) in the 

Pitlochry Schist and (3) the occurrence of only one type of M2 garnet (G2 B) together 

with M2-4  garnet in the Ben Lui Schist. Evidence for this com positional control is 

set out in Chapter 3 and the various garnet expressions in different lithologies as set 

out and 'illus tra ted  in Chapter 2.

The range (530 -367°C ) determ ined fo r M 2 tem pera tu re  from  garne t- 

biotite and hornblende-biotite pairs must be assessed in the light of the controls of 

G2A. G2 B and G2C formations. On the basis of textural evidence all three expressions 

represent M2 growth and the highest tem perature determ ined (530°C  for G2 A) is 

cons idered  to be the peak tem perature  during D2 . It is not possible to state 

unequivocally the order of growth of G2A v$ G2 B vs G2C. but the zoning profiles (Figs

3.7 - 19) represent typical prograde growth conditions. The 377°C  tem pera tu re  

determ ination for the separate G2-4  growth is considered to approxim ate to peak 

conditions during the M2-4 "phase" (Chapter 4.3).

Any discussion of geotherm al gradient based on tem perature versus depth 

(e levation -  there is c. 0.5km variation in topography in the area studied) can only 

be m ean ing fu l in the ligh t o f the above constra in ts . H ow ever the s ing le  

determ ination of pressure of c. 7kb for a rock containing G 2 A indicates a therm al
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gradient of c. 27°C /Km  during D2 -  M2 on the basis that this pressure corresponds 

to the peak tem perature (530°C) for M2 . Such a geothermal gradient is within the 

range of w hat is genera ly  accepted fo r B a rrov ian -type  m etam orph ism  (e.g. 

M iyashiro , 1973. One im plication of th is is that the M 2 a lm and ine  isograd

("boundary" of biotite and almandine zones) must be at least 2 km away, presumed to

be upwards on the basis of the regional flat-lying distribution of isograds in the Flat 

Belt. Another im plication is that the staurolite isograd is not far away (downwards) 

or that staurolites m ight have formed in the Balquhidder d istrict -  had there been 

rocks of suitable composition.

The interpretation of W atkins (1984) o f the existence of a fla t-ly ing garnet 

isograd and of inverted zones near Balquhidder (Fig. 5.1a) and between Balquhidder 

and Lochearnhead (Fig. 1 .2) would appear to be related to the development of G2C in a 

particu lar fla t-ly ing  litho log ica l unit in the P itlochry Schists. This conclusion is 

based on the correspondence both in grain size and tem perature of growth of G2 C 

determ ined in th is rock with that of the size and tem pera ture  of the garnets 

determ ined by W atkins (1985, fig .2 , p .159). His sta tem ent (1985, p .163) that 

the garnets are post-M 2 is unsupported by any textural evidence. The differently 

placed flat-lying "isograd" and the "inverted" zones of Elies and T illey (1930) would 

appear to be related to the developm ent o f G2 B and G2-4 in particu la r fla t-ly ing

lithologies in the Ben Lui Schists.

The representation by W atkins (1984 Fig. 1) o f a steeply-dipping to vertical 

isograd further W (e.g. Gleann Crotha - Fig. 5.1c) could have been influenced by the 

localized occurrence of prom inent G 2 A garnets: it has no basis from the mapped 

distribution of all types of garnet. The westward continuation of this "isograd" is 

depicted by W atkins (1984, Fig. 1) in a way which, when put on a contoured map, 

ind ica tes varia tion  from  steeply-d ipp ing to sha llow ly-d ipp ing and from  southerly- 

d ipping to northerly dipping. It can only be assumed that such an irregular pattern, 

that is unlike any other known for an isograd in Barrovian-type terrane, results, at 

least in part, from  treating all types of garnet in a bulk m anner and excluding 

com positional controls o f growth.
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5 .2  C ond itions of m etam orphism

5.2 .1  M 1

There is no mineral assemblage that permits P-T conditions for M-i to be 

closely constrained. However the very small amounts of Mi muscovite (phengite) 

and chlorite (a Fe-rich chlorite, Table 3.1 d, No.29) that survived M2  are indicative 

of a low metamorphic grade (see Plates 1.2a and 2.1a). This conclusion is supported 

by the fine grain size of the inclusions in M2  porphyroblasts: quartz, epidote and 

micas in garnet, albite, biotite and hornblende (see Table 2.3).

5 .2 .2  M 2

D 2  deformational phase was particularly strong concomitant with the 

widespread development of S2 -fabric and M2  metamorphic reconstitution. During 

the M2  phase muscovite, chlorite, garnet, biotite, albite, quartz and hornblende 

grew, with all except chlorite and quartz expressed, at least in part, as 

porphyroblastic crystals. Matrix grain-coarsening took place, probably mainly 

late in D2 . This has been shown by the size of the Si quartz inclusions in syn-D2  

garnet cores relative to those at the rims (see Plate 2.6a). The S2 -mica schistosity 

which is the dominant fabric expression in the area was used as a "datum" for 

determination of the relative time of mineral growth, particularly garnet. From 

garnet-biotite and garnet-hornblende pairs a maximum of c .5 3 0 °C  has been 

determined for M2  tem perature, and from biotite-m uscovite-chlorite-quartz  

assemblage the pressure has been determined as being c. 7Kb. These values mean 

that M2 can be considered generally as being of mid-amphibolite facies. They are 

consistent with the quartz-chlorite-almandine (+ biotite) mineral assemblage on 

the basis of known data for the chlorite + quartz = garnet and chlorite + muscovite + 

quartz = garnet + biotite reactions, c. 450-500°C  and 6.7Kb -  e.g. Spear and Cheney 

(1989, Fig. 1).

5 .2 .3  P o s t - M 2 -  p re -M 4  (in c lu d in g  M 3 )

The static growth of post-M2  garnet that can be definitely constrained to be 

p re-M 4 could have been pre-M3  (see Chapter 2 , p. ). The 377°C  determined for
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its tem perature of growth is considered to be a tem perature near to the maximum 

conditions, which thus correspond to upper green schist facies.

The only known m etam orphic m ineral grow th that can be unequ ivoca lly  

assigned to M3 is that of a few flakes of m uscovite and chlorite defin ing weakly 

developed S3 (Plate 2.2a) and thus a dynamic (D3 ) growth.

This is also likely to represent greenschist facies conditions but there is no 

evidence on which to base spec ific  P-T or w hether tem perature  increased or 

decreased following garnet growth. It is possible that there was continued growth of 

m uscovite, ch lorite , epidote and probably tourm aline grow th at th is stage (Table 

2.3) but the textura l evidence is unavailable in the rocks exam ined. Some such 

continued growth could have been post-M4 .

5 . 2 . 4  M 4

D 4 is characte rised  by open flexura l fo lds, k ink bands and crenu la tion  

cleavage. These features are indicative of low tem perature, possibly spanning the 

zone of the beginning of metamorphic mineral growth into the lowerm ost parts of the 

g re e n sch is t fac ies . A t th is  s tage som e fu rthe r m im etic  re c rys ta lliza tio n , 

pa rticu la rly  of phy llos ilica tes, could have taken place. The presence of very 

localized S4 muscovite and biotite possibly indicates the existence of local fluid flow.

5 . 2 . 5  M p OSt -4  (P ro g ra d e )

The deve lopm ent o f late m uscovite  and a lb ite  (P la tes 2 .2c  and 2.13, 

respective ly) which are prom inent in places, marks the last recognized prograde 

m ineral growth at Balquhidder. These Mp0st-4 static grow ths o f m uscovite would 

suggest a thermal regime but there is no evidence concerning the nature of the heat 

source. Detailed evidence relating to the growth of albite is outside the scope of the 

p resent investiga tion  as it does not m ateria lly  a ffect stud ies of ea rlie r-fo rm ed 

Barrovian zones. There is much controversy concerning the heat source, but there 

is genera l agreem ent that the large a lb ite  porphyrob last grow th is late in the 

m etam orph ic-de form ationa l h istory (Jones, 1960; M athavan, 1984)

The lim its o f a lb ite porphyrob lasts g iven by Jones (1961) (see Fig. 1 .2 ) 

point to an essentially post-tectonic development.
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5 . 2 . 6  M p o s t - D 4 (R e tro g ra d e )

O ther post-D 4 m etam orphic activity is retrogressive and most noticeably is 

seen as the alteration to chlorite of the M2 -garnet, M 2 -b io tite , M2-4  garnets and 

M 4 -b iotite . The beginning of the retrogressive a lteration may be related to D4 

de fo rm ationa l phase (which is associa ted w ith reg ional up lift - see 5.3) and 

continues thereafter. It is possible, however, that late developm ent of both the 

regional ch loritization and the growth of Mpost-4 a lb ite porphyrob lasts genetica lly  

related (Jones, 1964). However as yet this is uncertain. Generally the retrograde 

conditions of metamorphism cannot be explained solely by decreasing tem perature of 

deform ation, because chloritized and unchloritized m inerals often occur together in 

variable proportions and, commonly in the same thin section. Since all samples are 

from  a genera lly  restric ted  area, and approxim ate ly the sam e structu ra l level, 

s im ilar P-T conditions during uplift and cooling are assum ed. The variab ility  o f 

developm ent of retrograde textures, however suggests that the d iffe rent m inerals 

may have re -e q u ilib ra te d  at d iffe re n t tim es, and thus under d iffe re n t P-T 

cond itions, which may also reflect local varia tion in the ava ilab ility  of flu ids for 

hydration reactions.

5 .3  B a lq u h id d e r in  th e  S c o tt is h  C a le d o n id e s

In com m on w ith many other parts o f the Dalradian fla t belt the rocks at 

B a lquh idder reveal evidence of a po lyphase de fo rm ationa l and a po lyphase 

m etam orphic history. Both the field and m icrostructural evidence e.g. (P late 1.1, 

2, 3) indicate a D-i -  D4 sequence of progressive fo ld and fo lia tion developm ent. 

A lthough the intensity of expression of the d ifferent structural e lem ents varies from 

place to place the overall D1 -  D4 development is clearly the same as that of nearby 

areas. However there is no obvious expression of D5 structures seen in the Loch 

Lomond area (McArthur, 1971; Bowes, 1973, 1979; Mathavan, 1984). It is also 

consistent with the D 1 -  D4 deform ational sequence found regionally (Harte et al., 

1984; F ig .1.2; see Chapter 1), in which the m ajor s tructu res are the D 1 Tay 

Nappe, (which caused inversion of the stratigraphy) and the D4 open folds (e.g. Ben 

Lawers synform , e tc.). The dem onstra tion  that the m ajor fab ric-fo rm ing  and 

m inera l-grow th event is associated w ith D2 (M2 ) and that there was only lim ited 

p o s t - D 2 dynam ic  m inera l grow th m eans that the p roducts  o f the c lim ac tic  

m etam orph ism  rem ain la rge ly extant, (but w ith m im etic recrys ta lliza tion , gra in
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growth etc.) and the gross disposition of the M2 palaeoisotherms must remain. This 

is apparent from the regional pattern of isograds (Fig. 1 .1 ). There is no evidence of 

the existence of structures away from the H ighland Border Downbend that could 

result in major changes in their disposition, while the evidence of R ichardson and 

Pow ell (1976) ind ica tes the garnet isograd is essen tia lly  co inc iden t w ith an 

iso the rm .

The in terpre ta tion  of W atkins (1984) that the isograd-iso therm  pattern in 

the Ba lquh idder-Lochearnhead d istrict is anom alous, when taken in the regional 

context of zonal patterns, and the proposal o f an inverted therm al grad ient is not 

closely integrated with textural studies demonstrating times of m ineral growth and is 

based on a d is tribu tion  of garne t which th is  s tudy shows to be incorrect. 

Accordingly, additional discussion here of specific aspects o f the model presented by 

W atkins (1984) is not considered to be relevant. The interpretation of a structural 

inversion of isograds proposed by Elies and T illey (1930) is now known to be 

inconsistent with the regional structure (see also 5 .1 ).

The evidence for increasing grade of m etam orphism  leading to c lim actic  

co n d itio n s  du ring  M 2 is cons is ten t w ith c rusta l th icken ing  due to tecton ism  

(associa ted w ith nappe form ation) using the model of England and R ichardson 

(1977). Both the regional continuity of D1 structures and the regional expression 

of the D 1 _  D4 structura l sequence perm its the tim e of the M2 m etam orphism  at 

Balquhidder to be constrained as being pre-590Ma (Rogers et a i  , 1989) and to be 

an expression of what these authors redefine as the Grampian Orogeny. The M2-4 

(?M 2 -3 ) static garnet growth and the M3 dynam ic m ineral growth are interpreted as 

the result of heating associated with a separate crustal thickening event. Again on 

the basis of regional correlations, the D3 event at Balquhidder is constrained to be 

c .500-490M a (R ogers et a i,  1989, table 2). The crustal th ickening would have 

been som ewhat earlier "possibly around 520Ma" (Rogers e ta !., 1989, p .796), with 

the increasing grade of metamorphism following the model of England and Richardson 

(1977). The existence in a fla t-ly ing assem blage, with varying litho log ica l types, 

including pelites and the very strong development of the S2 (Sc) fabric, means that 

this crustal thickening could have taken place by movement essentially parallel to S2 

(Sc) and particu larly in the less com petent units. Such activity would account for 

the very patchy (presum ed relict) d istribution of the stretching lineation (L2 ) and 

it is expected  tha t there  would have been m im etic  re c rys ta lliza tion  of M2 

phyllosilicates. The F3 structures seen are interpreted as representing a late stage 

in th is crusta l th ickening event in the more com petent lithologies. The ir patchy 

d is tribu tion  and re la tive ly  sm all size are cons is ten t w ith the dom inance o f slip
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movement along pre-existing plane structures. On the basis that the thermal 
gradient during M3 was similar to the thermal gradient during M2( the features seen 

represent deformation and recrystallization in basement rocks at a depth of c. 15km.

Regionally D4 is related to uplift and while it may have spanned a 

considerable time period it is well constrained to be c. 460Ma (Harte et ai, 1984). 
Upright F4 axial planes and local S4 would provide channelways for fluid movement 

which is interpreted to have been involved in the development of some S4 minerals 

and continued during the post-M4 retrogression. Neither the time nor the genetic 

relationships of the retrograde post-M4 activity to the prograde post-M4 activity is 

known. However the latter has the features of static growth consistent with thermal 

metamorphism but the present study is unable to assess either the nature of the heat 

source or whether there was any associated hydrothermal activity. The possibility 

of the existence of a late Caledonian igneous mass (es) as the heat source must be 
borne in mind.

The metamorphic history determined for the Balquhidder district would 

appear to be similar to, and possibly representative of, a considerable area of 

Dalradian rocks in the SW Highlands. It clearly differs from the metamorphic 
history in NE Scotland where the peak of metamorphism is generally D3, thermal 

gradients can be higher (Buchan-type) and there were large masses of basic magma 
emplaced about D3 time. Whether the NE Scotland presents a major D3 thermal 

overprint of a Balquhidder-SW Scotland-type terrane where the climactic conditions 
are D2 is a matter for further investigation.
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CHAPTER 6  

C O N C L U S I O N S

The following are the major conclusions from this study.

1. The metamorphic rocks at Balquhidder are polyphase deformed and 

polyphase metamorphosed. Four phases of deformation Di -  D4  

producing folds, and associated fabric elements have been identified. 

The established structural sequence provides a context in which to 

interpret the microstructural observations in order to elucidate the 

metmorphic history (Chapter 1 ).

2 . The major fabric-forming and metamorphic mineral growth is 

associated with the D2  deformational phase. The S2 -mica schistosity 

was used as a local "datum" in determining the relative times of 

growth of different minerals, particularly garnet (Chapters 1 , 2 ).

3 . Microstructures indicative of progressive foliation and crenulation 

development occur. These were used to establish a sequence of 

porphyroblast growth and to discriminate between the mineral 

phase(s) that grew during more than one deformational phase 

(Chapter 2).

4 . Recent models for porphyroblast growth during progressive 

schistosity and crenulation development were used to determine the 

sequence of events. W ell-preserved  inclusion trails in 

porphyroblasts, whether straight or sigmoidal, are here interpreted 

in terms of representing overgrowth of an earlier matrix foliation and 

matrix rotation around porphyroblasts. The results are used to infer 

the metamorphic history in which the sequence of events is 

constrained by porphyroblast -  matrix relationships (Chapter 2 ).

5 . Growth of garnet was polyphase. Three "types" of D2  -  M2  garnet 

have been recognized and their growth has been related to their non- 

instantaneous nucleation in rocks of suitable composition. The second 

period of garnet growth was post-D2  -  pre-D4 , but possibly post- 

0 2  -  pre-D3  (Chapter 2).
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6 . All garnets exhibit growth zoning patterns indicative of prograde 

conditions during both M2  and M2 -4 . The garnets are characterized 

by decreasing amounts of Mn and Ca, shown by bell-shaped growth 

zoning curves, while Fe, Mg and the Mg/Fe ratio increase from core 

towards the rim due to reaction partitioning.

7 . No single dominant reaction was responsible for producing garnets 

(chapter 3 .5 .5 ).

8 . The type of garnet-producing reaction depended primarily on bulk 

rock composition which influenced the chemistry of the reactant 

phases. This controlled both the type of garnet developed and whether 

garnet is developed or not, and is used to explain (1 ) the nearby 

occurrence of garnetiferous schists and non-garnetiferous schists and

(2 ) the presence of different types of garnet in the Pitlochry Schist 

(G 2 A» G»2 c )  and in the Ben Lui Schist (G 2 B» G2 -4 ) lithologies 

(Chapter 3).

9 . The compositions of garnet rims and matrix biotite are used in the 

Ferry and Spear (1978) geothermometer to estimate temperature of 

M 2  and M2 - 4  garnet growths, while the composition of garnet rims 

and hornblende are used by Graham and Powell (1984) to estimate 

tem perature of M 2  garnet growths in the hornblende schists. 

Temperature estimates for M 2  garnets are 530 -  482°C  for type 

G 2 A-almandine, 423 -  410°C  for type G2 B'almandine and 370°C  for 

type G 2 C- spessartine-rich (Chapter 4).

1 0 . It was not possible to predict unequivocally the order of growth of G 2 A 

vs. G 2 B vs. G 2 C. but the growth zoning curves represent typical 

prograde growth conditions. The 530°C  is considered to represent 

peak temperature during M2 . The temperature obtained for the G2 - 4  

phase is 377°C  and is considered to approximate to peak conditions 

during M 2 - 4  (Chapter 4).

11 . A single determination of pressure based on biotite -  muscovite -  

chlorite -  quartz geobarometer of Powell and Evans (1983) is 7Kb 

for a sample that contains the G2 A gamet phase.
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1 2 . On the basis of a peak temperature of 530°C  and a pressure of 7Kb a 

Barrovian type geothermal gradient of c. 2 7 °C /K m  is deduced 

(Chapter 5).

13 . Garnets are found throughout the whole Balquhidder area so that 

interpretations of inverted zonation, based on their occurrence only in 

lithologies at higher topographic levels, cannot be sustained 

(Chapter 5).

1 4 . The garnet isograd is at least c.2 Km above the present topography and

the area studied is entirely within the M2  almandine zone. It is 

possible that the initiation of staurolite growth could have taken place 

had there been rocks of suitable composition, but there is no garnet- 

biotite boundary present (Chapter 5).

15 . On the basis of regional structural correlations, D 1 (M-|) _  D2  (M2 ) 

took place before 590Ma and are assigned to the Grampian Orogeny as 

redefined by Rogers et al. (1989). The M2 - 4  garnet growth, and D3 

are c. 75-1 OOMa younger and represent m etam orphic-tectonic  

activity in basement crystalline rocks. D4  is related to the major 

uplift period c. 460M a ago (Chapter 5). There was subsequent 

prograde and retrograde mineral growth but this was not related to 

Barrovian zone formation.

1 6 . The deformational and metamorphic history within Balquhidder area 

generally corresponds to, and may be representative of, Caledonian 

activity in at least considerable parts of the SW Highlands
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