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ABSTRACT

The area under study, which lies west of Loch Killin, 
Inverness-shire, was mapped during the years 1975-1978.

The continuous sequence of pelitic and psammitic meta
sediments comprises four formations and each is character
ised by dominant lithotypes and distinctive minor metased- 
imentary facies. Lithotypes are described for each formation. 
Sedimentary structures are described in some detail, allowing 
an insight into the depositional environment.

The area has been subjected to polyphase folding and four 
phases (P^-P^) are determinable. Morphology and distribution 
are considered for each fold phase. Geometrical analysis is 
applied to selected folds. Production of the regional fol
iation (S1) accompanied P-j with later fabrics forming with 
subsequent deformational episodes. The S1 fabric is analysed 
graphically (using selected smaller areas)thus elucidating 
trends and the influence of later phases of folding.

All lithotypes are described petrographically and the 
petrology of both white and green calc-silicates is discussed 
in some detail, with reactions postulated to account for 
mineral assemblages. The white calc-silicates are further 
used to establish metamorphic zones which aid in assessing 
the metamorphic grade in the absence of a full sequence of 
Barrovian zonal index minerals. Timing of metamorphism is 
related to deformational episodes using textural information 
and two major metamorphic peaks (M.j and M2 ) are isolated.

Minor intrusive bodies of the Newer Granites and two ' 
petrographically distinct suites of granophyres occur in the 
area. Selected samples are described and compared. Small 
suites of amphibolites and meta-appinites are also studied.



Abstract-continued.

Chemical analyses of 115 samples are presented and the 
geochemical study appraises the results from various suites 
in order to link chemical and mineralogical variations, to 
discover the chemical bases for differences between groups 
and to compare Killin rock types with similar lithologies 
from other regions.
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NOTES
i) The scale of field photographs is indicated by the

following!►»

Hammer shaft-32 centimetres
Hammer head-14 centimetres
Long edge of clinometer-10 centimetres
Lens cap-3 centimetres

ii) The pocket at the rear of the thesis contains the 
1:10,000 field map of the Killin area.
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INTRODUCTION

i) Physical Geography of the Killin area.

The area studied lies 5 kilometres south-east of 
Loch Ness and covers approximately 80 square kilometres.
It is situated in the south-western Monadhliath mountains, 
lying between latitudes 57° 12'' to 57° 4' N and longitudes 
4° 35' to 4° 25' W. The area is approximately triangular 
and has at its apex Whitebridge, a small village connected 
by minor roads to Port Augustus in the west and Foyers 
to the south.

Rivers are the main features which delineate the 
area (Figure 1), in the east the Rivers Fechlin and 
Killin and south of Sronlairig Lodge, the Allt Odhar. On 
the north-western side the boundary is formed by the 
Cumrack Burn with its right-bank tributary, the Allt 
Vungie south of Loch nan Eun. The southern and south
western limits are partly followed by the River Tarff and 
the Allt Doe.

The largest loch is Loch Killin which lies in a 
typically U-shaped valley. Small lochs are numerous, 
especially in the western part of the area, the larger 
ones being Loch nan Eun and Dubh Lochan. All valleys are 
U-shaped and dissect a plateau which forms much of the 
area and is covered by extensive peat bog. This is 
especially true in the south and south-east around and 
below Carn Easgann Bana and the Allt a Choire Odhar. 
Exposure here is poor but isolated outcrops are seen in 
peat bogs or in small burns. To the west of Glen Brein 
exposure improves especially around Cairn Vungie where



Figure 1 Main geographical features of the Killin area





- 2 -

low ridges alternate with small lochs. Exposure else
where is reasonable, particularly in the eastern rivers 
and the area north and west of Loch Killin.

Access to. the area in the north-east is by a road 
which approximately parallels the River Fechlin and Loch 
Killin. South of Loch Killin the road is private but 
continues to Sronlairig Lodge. From the lodge paths 
skirt the Allt Odhar and the southern parts of the area. 
The central and western parts of the area are reached by 
paths which run alongside the Allt Breineag and the Allt 
Vungie respectively.

Although the major valleys are all U-shaped and 
glacial deposits are abundant, they do not form part of 
this study. Alluvium covers much of the northern reaches 
of the Cumrack Burn west and north of Meall an Tarsaid 
and the River Killin. The latter possesses a flood plain 
almost 600 metres wide which is now used as pasture.

ii) History of Research.

Anderson produced the earliest geological 
description of the area in 1956. He produced a very broad 
stratigraphic division into Eilde Flags and Monadhliath 
Schists and equated the Highland succession with that of 
the Lochaber District produced by Bailey (1934). 
Description of the structures was limited primarily to 
to the major features eg. the Corrieyairack Syncline 
which repeats the succession in the Killin area.

Information about the Newer Granites is provided by 
three authors, especially Anderson (1956) who mentioned 
all three intrusive granites in the Killin area. Mould 
(1946) instigated research on the Foyers Granite and
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Marston (1971) provided a detailed study of the Foyers 
intrusion. No detailed study of the Allt Crom Granite has 
been documented.

Reference has been made to the study of white calc- 
silicates in the Western Moines. This minor lithology was 
studied initially by Kennedy (1949) and subsequently in 
increasing detail by Winchester (1970, 1972, 1974 b & c) 
and Tanner (1976). Work by Winchester on the metamorphic 
zones of Fannich Forest and Freevater Forest provide the 
base for similar work in the Killin area.
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CHAPTER ONE-STRATIGRAPHY 

1.1 Nomenclature

The term 'Moire' itself has no stratigraphic 
significance (Johnstone,1975), in the past it has been 
used in a regional sense. It would therefore seem logical 
to refer to such rocks as the Moinian Metamorphic Assem
blage (Anderson,1948) or the Moine Succession (Johnstone, 
1975), implying a sequence of lithologies.

Subdivision of an assemblage produces major groups 
composed of formations (Harland et al.,1972). The group of 
rocks covering much of the Monadhliath Mountains and form
ing the 'cover' to the Central Highland Division basement, 
is not named in this thesis but has been termed the 
Grampian Division (Piasecki,1980) to conform with the 
existing nomenclature of the subdivisions of the Moinian 
Assemblage proposed west of the Great Glen.

Rocks to the east of the Great Glen (underlying the 
Dalradian and collectively known as the 'Central Highland 
Granulites', Anderson,1948), have been regarded as part of 
the Moinian Assemblage for some time. Although similarities 
have been noticed (e.g. Johnstone,1975) no definite 
stratigraphical correlations across the Great Glen Fault 
have been proven. The rocks studied in this thesis may 
form part of the Grampian Division (Piasecki,1980) but the 
status of this Division within a regional stratigraphy is 
largely outside the scope of this thesis.

The four tectono-stratigraphic units described here 
can therefore be termed formations, but correlation with 
possible equivalents in earlier works is difficult
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because of the multitude of names produced by numerous 
authors over the past years. Examples are provided by 
Anderson (1948) and later by Piasecki (1975).

The term 'Monadhliath Schist' was first applied by 
Anderson (1948,1956) following traverses across the 
Monadhliath mountains. Subsequent work equated the schists 
of the central region (south of the Great Glen) with those 
of the Lochaber region further southwest, although the 
connection remained unproven. Hence the use of 'Monad
hliath Semi-pelite' in this thesis is for ease of 
recognition and not for purposes of correlation with 
earlier proposed successions.

1.2 Stratigraphic Column

1.2.1 Introduction

The succession consists of four tectono- 
stratigraphic units within the Grampian Division. Their 
distribution is shown in Figure 2a. Throughout the area 
(with one locality excepted) bedding (Sq ) represented by 
calc-silicate bands and compositional changes in the major 
lithologies was seen to be parallel to the prevalent 
tectonic foliation (S^). Primary sedimentary features 
are occasionally preserved and substantiate the Sq/S^ 
fabric. The continuity of the tectono-stratigraphic 
sequence is confirmed by the lack of evidence for major 
tectonic discontinuities or mylonites and the gradational 
nature of boundaries between the formations. The four 
formations are distinguished firstly by their dominant 
lithotype and secondly by characteristic subsidiary 
associations. Calc-silicate bands, which occur as two 
major distinct lithological types with one subsidiary
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Figure 2a Distribution of tectono-stratigraphic units

Figure 2b Lithologies and sedimentary structures in the 
succession (see also Figure 3)
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type (Arnipol type; MacGregor,1948), are restricted to 
specific units (cf.Figure 2b) and can be used to position 
unit boundaries.

Detailed descriptions of the two major calc-silicate 
types are given in Chapter 3 but their salient features 
can be summarised here. Named after their overall field 
appearance, both'green' and'white' types occur predomin
antly as thin ( 4cm. thick) bands or lenses. The major 
minerals in the white calc-silicates are quartz, garnet, 
amphibole, clinozoisite and plagioclase whilst the green 
calc-silicates contain quartz, amphibole, pyroxene, 
zoisite/epidote and some plagiocase.

1.2.2 Fechlin Psammite Formation (**950 metres
thick)

This unit, which forms the base of the 
sequence, is confined to the northern part of the area 
and the main outcrop is seen in the River Fechlin. Further 
north still, (grid reference 145490), the unit is 
extensively veined and altered by granitic material 
which is probably related to the Foyers Newer Granite.
The effect of this and other granitic intrusions on the 
country rocks will be discussed later (Chapter 6). 
Lithotypes:

(i) Psammite: The meta-sandstones or psammites are 
planar bedded with a sheet-like bed form. A more detailed 
sedimentological discussion is set out in Chapter 2. The 
psammites are coloured beige or grey and the partings in 
the rock vary from 5 centimetres in thickness thus im
parting a flaggy aspect, up to 1.5 metres producing 
massive beds. Within each psammite bed the pelitic content
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varies, in some cases present as thin pelitic laminae and 
in other examples as a definite increase in mica content 
throughout the bed, in a more homogeneous nature, produc
ing a semi-psammite. The pelitic laminae are thin (2 milli 
metres thick) and may be regarded as a relict planar 
fabric (Sq ) and in many cases they delineate primary 
features other than bedding e.g. cross-bedding and cross- 
lamination.

(ii) Semi-psammite: This forms one of several 
subordinate lithologies occurring as bands (<15 cent
imetres thick) within psammite sequences or as thinner 
bands comprising a more substantial unit (>30 centim
etres thick). The change from psammite to semi-psammite 
is denoted by an increase in biotite content. Garnet is 
absent from both these lithologies.

(iii) Quartzite: Laterally discontinuous grey 
quartzites occur at only two horizons. Reaching a 
maximum thickness of 5 metres, both exhibit well- 
defined jointing.

(iv) Calc-silicates: Although uncommon, green calc- 
silicates occur sporadically throughout the unit usually 
as lenses. Characteristically weathering brown, they 
rarely exceed 3 centimetres in width and 10 centimetres 
in length. Their overall light-olive green colour is 
uniform over the width of the lens, but the margins 
often show a white quartz-rich selvage, sometimes with 
pink garnets (1.5 millimetres diameter), and a subsequent 
gradation into the host psammite or semi-psammite.
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1.2.3 Knockchoilum Semi-Psammite Formation (<2000 
metres thick)

This semi-psammite unit covers extensive 
areas on both the northern and southern limbs of the 
major Corrieyairack syncline, part of its upper junction 
in the northern outcrop being fault-bounded. It is 
distinguished from the Fechlin Psammite by an increase 
in pelitic material up the succession producing a higher 
proportion of semi-psammite and semi-pelite bands. Green 
calc-silicates are also present but occur primarily as 
bands, not lenses.
Lithotypes:

(i) Semi-psammite: Bands up to 20 centimetres in 
width are common, some with thin (<3 millimetres thick) 
pelitic partings. The semi-psammites are various shades 
of grey in colour and often show a •salt-and-pepper' 
appearance due to the distribution of quartz with 
biotite.

(ii) Semi-pelite: Bands occur up to 5 centimetres in 
in width and, with an increase in mica content, grade 
into pelite. Throughout the unit the bands may form a 
pelitic sequence reaching 50 metres, which then grades 
back into the semi-psammite. Small pink idioblastic 
garnet porphyroblasts (1 to 3 millimetres in diameter) 
occur in all lithologies but are most common in the 
pelitic bands.

(iii) Quartzite: Grey quartzite bands, 5 metres thick, 
were observed in three locations, two of which may be
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stratigraphic equivalents. The beige to grey quartzites 
are similar to others elsewhere in the area, and are 
strongly jointed. In one occurrence the quartzite unit 
was divided by a thin (4 centimetres thick) pelitic 
band.

(iv) Calc-silicates: As in the Fechlin Psammite 
formation, green calc-silicates are present throughout 
and these are identical to those of the psammite unit 
except for their dimensions. Here they occur as bands 
up to 2.5 centimetres thick, commonly traceable for 
several metres, but lenses are rare.

1.2.4 Glen Poe Semi-Psammite Formation (<1400 
metres thick)

This unit outcrops on both limbs of-the 
Corrieyairack syncline and shows a disparity in total 
apparent thickness. Lithologically, this unit is very 
similar to the underlying Knockchoilum Semi-psammite 
but with one important difference; the presence, in the 
former, of white calc-silicate bands.

Lithotypes:

(i) Semi-psammite: With partings between 6 and 10 
centimetres in thickness, semi-psammite comprises 
flaggy sequences (<50 metres thick) with semi-pelite 
thinly interbanded (4 centimetres thick). The semi- 
psammite is usually coloured dark grey and often the 
arrangement of quartz grains and small aggregates of 
mica produces a mottled appearance. Garnets are uncommon.

(ii) Pelite and Semi-pelite: Both lithologies are
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common throughout as thin (< 5 centimetres thick) bands 
in semi-psammitic sequences. Subhedral garnets are often 
present reaching diametres of 3 millimetres. Often 
associated with thin (< 5 millimetres thick) quartzose 
bands, these pelites weather a rusty brown.

(iii) Psammite: Bands of psammite are more common in 
this unit than in the Knockchoilum Semi-psammite.
However, they are not sufficiently consistent features
to be useful in distinguishing between the units. Coloured 
grey and frequently massive (bands >50 centimetres thick), 
this lithotype often outcrops over several metres.

(iv) Quartzite: Several occur but all are of limited 
lateral extent. The major development is on the western 
shore of Loch Killin, immediately below the boundary with 
the Monadhliath Semi-pelite. The quartzite is beige to 
grey in colour and in places reaches 10 metres in thick
ness with strong jointing. However, over a distance of 
200 metres quartzite is the dominant rock type constitut
ing a subsidiary lithology. It is not possible to trace 
this quartzite westwards for more than 1500 metres, 
where it grades into relatively more pelitic lithologies. 
This is undoubtedly the quartzite mapped initially by 
Anderson (1956) and named the Eilde Quartzite. Piaseckl 
(1975) also discovered a poorly exposed impersistent 
quartzite in the Pindhorn district which he likewise 
equated with the Eilde Quartzite. It is considered that 
the discontinuous nature of this and many other quartzites, 
and the lack of correlation of the Monadhliath Semi-pelite 
with the Eilde Schist, renders definite correlation with 
the Eilde Quartzite of Lochaber extremely dubious.
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(v) Calc-silicates: White calc-silicate bands occur 
in this unit and most cluster near the upper boundary 
(with the Monadhliath Semi-pelite) both on the northern 
and southern limbs of the Corrieyairack syncline. The 
calc-silicates are very distinctive in the field occurring 
as thin (<4 centimetres thick) bands, usually coloured 
white or, more rarely, grey. They characteristically 
contain hornblende and clinozoisite and garnet (see 
Chapter 3). Hornblende occurs as dark green blades and 
garnet as dominantly euhedral pink to red porphyroblasts 
up to 4 millimetres in diameter. Clinozoisite commonly 
exists in bladed or tabular form. Banded calc-silicates 
are less common, the bands being visible as a colour 
difference related to the phase content.

1.2.5 Monadhliath Semi-pelite Formation (c. 700 
metres thick)

This uppermost unit of the succession, 
occupying the core of the syncline, is distinguished by 
the pronounced increase in the proportion of semi-pelite 
and pelite, the boundary with the Glen Doe Semi-psammite 
being completely gradational. Psammitic lithologies 
become subsidiary and white calc-silicate bands are not 
only more common but also better developed.

Lithotypes:

(i) Semi-pelite: This lithotype totals approximately 
65% of the whole unit exposed. With individual bands 
rarely exceeding 7 centimetres in thickness, semi-pelite 
units may reach thicknesses of up to- 1 metre. The semi-
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pelite contains small red to brown, dominantly euhedral, 
garnets (2 millimetres in diameter) and in places a great 
number of quartz-rich laminations. Such development 
produces an interbanding of pelitic and quartzose layers 
on a small scale, individual laminations reaching 3 to 4 
millimetres in thickness.

(ii) Pelite: A substantial 'wedge' of dominantly 
pelitic schist is discernible around the southern end of 
boch Killin, extending for approximately 1100 metres 
laterally and 750 metres perpendicularly to the strike 
trend. No tectonic discontinuities are associated with the 
Pelitic wedge which must therefore reflect an initial 
variation in composition in the original sediment.
Small pink euhedral garnets occur but cannot be described 
as very common. Lack of garnets in pelites or semi- 
Pelites must be due to compositional variation between 
bands i.e. insufficient iron and magnesium. Staurolite 
or aluminium silicate minerals were not found in any 
Pelitic lithologies.

(iii) Psammitic lithologies: Semi-psammite bands 
form a frequent subsidiary lithology, usually thinly 
banded (5 to 10 centimetres thick) and often intimately 
interbanded with semi-pelite. Psammites are less common 
in this unit, as are quartzites.

To the south of Killin Lodge, semi-psammites become 
more apparent but are not sufficiently developed to 
warrant inclusion as a separate subsidiary lithotype 
within the formation.

(iv) Calc-silicates: White calc-silicates are 
abundant as bands commonly 4 to 5 centimetres thick but
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reaching 9 to 10 centimetres in thickness. A more 
comprehensive petrological description is given later 
(Chapters 3 and 4). The bands are very similar in 
appearance to those described from the Glen Doe Semi- 
psammite.

All unit boundaries show a transitional change over 
many metres (<150 metres) with no evidence of tectonic 
discontinuity.

1.3 Lithological Variations

Throughout the sequence, apart from an initial 
vertical alternation of lithologies producing inter
banding, there is also a transitional change of rock 
types laterally, related to the original depositional 
conditions.

Within a semi-psammite unit, pelitic content varies 
considerably but tracing individual semi-psammitic beds 
to monitor the transition is very difficult due to both 
lateral variation in composition and to the lack of 
continuous outcrop. The task is somewhat simplified by 
choosing a distinctive lithology e.g. a thin (<50 cent
imetres thick) quartzite band which affords an excellent 
example that, with better exposure, may well be applicable 
to the thicker developments of quartzite. Towards the edge 
of the quartzite, intercalations of psammite and semi- 
Psammite occur, accompanied in some instances by a 
thinning of the quartzite suggesting an initial lens 
shape.

The 'wedge' of pelitic schist within the Monadhliath 
Semi-pelite is probably a similar development. The lack
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°f tectonic features associated with the schist suggest 
a lateral lithological transition with the adjacent semi- 
Pelitic rocks.

1.4 Stratigraphical Correlations

1.4.1 Correlation of the Moines Assemblage west 
°f the Great Glen Fault with the sequences east of the 
Great Glen.

The Moine succession west of the Great Glen 
fault consists of a threefold division-the Morar, 
Glenfinnan and Loch Eil Divisions-a subdivision erected 
by Johnstone et al.(1969). Of these three, the Loch Eil 
Division outcrops in the east (cf. Figure 6 of Johnstone, 
1975) and is adjacent to the Great Glen Fault for its 
entire length on the mainland of Scotland.

The rocks east of the Great Glen Fault possess a 
lithological similarity which has led previous workers 
"to equate them with the Moines west of the Great Glen 
Fault.

Local successions in the North-western Highlands 
(e.g. Ramsay and Spring,1962; Powell,1964) illustrate 
bhe similarity in lithologies throughout the Moine out
crop. The schist formations contain subordinate psammitic 
r°cks and calc-silicate bands, and these have their 
e9uivalents, superficially, in the Killin area. Likewise 
bhe Fechlin Psammite formation shows similarities to the 
western psammitic formations. However, the general 
equivalence is still not proven and if any reference is 
bo be made, the Killin sequence is better placed with 
bhe Grampian Division (Piasecki,1980)

Isotopic data has now produced ’Morarian1 and
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'Grenvillian' dates east of the Great Glen Fault (Piasecki 
& van Breeman,1979,1979a) comparable to those existing in 
the western Moines. Grampian Division rocks form a cover 
to Grenville age rocks of the Central Highland Division 
(op. cit.) and unless a proven 'Grenville' age for Loch 
Eil and Morar Division Moines is produced, then one of 
these latter two divisions may form a likely equivalent 
to part of the Grampian Division.

1.4.2 Correlation of the Monadhliath Semi-pelite 
with the Leven Schist

The equivalence of the Monadhliath Semi-pelite 
(Monadhliath Schist of previous authors) with the Leven 
Schist was accepted after its postulation by Anderson 
(1956), and it appeared in many subsequent publications.
The quartzite intermittently present near the base of the 
formation was thus correlated with, and frequently called, 
the .'Elide' Quartzite (Piasecki,1975).

Detailed mapping to the south-west of the Killin area 
(Haselock, pers. comm.) has suggested that at least two 
breaks occur in the continuity of outcrop between the 
Monadhliath Semi-pelite and the Leven Schist. Also, the 
two units do not occur at the same stratigraphic level. 
Mapping between Glen Roy and the Corrieyairack Pass has 
shown the Monadhliath Semi-pelite to thin southwards and 
bo H e  stratigraphically beneath the Leven Schist from 
which it is separated by a thick sequence of semi-psammites 
(Haselock & Winchester, in press). The Leven Schist 
consists of grey-green phyllite and mica schist 
(Hickman,1975) but phyllitic lithologies are absent in 
bhe Killin area. The presence of distinct 'calcareous



-16-

strata' which indicate the proximity of the Ballach- 
ulish Group do not find their equivalent in the 
Monadhliath formation. Calc-silicate bands are abundant 
in the latter, but occur throughout the formation as 
discrete bands. Correlation between the two formations 
is therefore difficult, especially since major facies 
changes must also be postulated (Anderson,1956;
Hickman,1975).

If all this evidence is correct, there is no justif
ication for equating the Leven Schist and Monadhliath 
Semi-pelite stratigraphically and hence little evidence 
for including the Monadhliath Semi-pelite as part of the 
Dalradian Assemblage, unless the entire Grampian Division 
is interpreted as an integral part of the Dalradian 
Assemblage.

1.4.3 Equivalence of 'Moine' with Torridonian

This possibility has been raised several times, 
especially with regard to the Moine Assemblage of the 
Northern Highlands. Although work in the Killin area pro
vides no information, a brief summary of relevant evidence 
is included here.

No reliable date yet exists for deposition of western 
Moine sediments although Long and Lambert (1963) suggested 
& maximum of about 1000 m.y. Brook al. (1977) recorded 
a whole rock age of 1 0 0 2 - 9 4 m.y. for the metamorphism of 
the Morar Pelite at Druimindarroch. A further date from 
the Upper Morar Psammite of 820 m.y. (Moorbath,1969) would 
seem to comply with these dates. A minimum depositional age 
of 730 m.y. has also been postulated in the Knoydart-Morar
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area (Giletti et al.,1961; Long & Lambert,1963).
Ages from the Torridonian provide dates of 965 and 785 

m.y. for the Lower and Upper Torridonian respectively (Moon 
bath,1969) and therefore possible equivalence with either 
part cannot be ruled out. However, because the picture is 
complicated by the movement along the lines of the Moine 
Thrust, Sgurr Beag Slide and Great Glen Fault, any correl
ation between the Torridonian and any part of the Grampian 
Division is equally almost impossible to prove.
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CHAPTER TWO-SEDIMENTARY STRUCTURES

2.1 Introduction

Relict sedimentary structures are found in all four 
formations (Figure 2b). They include cross-bedding and cross 
lamination, cut and fill structures, graded and rhythmic 
bedding and examples of soft-sediment deformation.

Preservation depends on two factors; (a) the lithology 
and (b) the amount of tectonic deformation, hence the 
formation in which most primary structures are seen is the 
relatively competent Fechlin Psammite in which deformation 
has been less penetrative than in the more pelitic 
sequences. This also applies to quartzite beds. The termin
ology used for thickness is that of Ingram (1954); beds >1 
centimetre, laminae < 1 centimetre.

Since these rocks have been affected by regional 
metamorphism all of the minerals present have been re
crystallised. The internal structures preserved, such as 
cross-bedding and cross-lamination, are outlined by pelitic 
laminae which now occur as discrete planes of biotite (and 
muscovite). It may be assumed that the mica grew from 
primary bands of sediment which were rich in alumino-ferro- 
magnesian minerals, for example, a shale band within sand
stone. Since recrystallised metamorphic minerals outline 
the relict structure of the original sediment the term 
'blasto-psammitic' may be applied (Spry,1969).

2.2 Cross-bedding (plate 1)

Cross-bedded semi-psammitic beds within alternating 
semi-psammitic and semi-pelitic sequences occur throughout



Plate 1 Cross-bedding from the Killin area

Plate 2 Cross-lamination
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^he area. The cross-bedding is defined by concave-upwards 
Pelitic laminae, maximum thickness 3 millimetres, often 
slightly flattened by subsequent tectonic deformation.
^he laminae are tangential to the bases of the beds, and 
■truncated at the tops (which are therefore erosive). The 
■maximum thickness of these isolated, tabular (McKee &
Weir,1 9 5 3) sets is approximately 35 centimetres and they 
extend laterally up to a maximum of 3 metres. In both style 
and scale, these cross-bedded sets resemble those described 
from the Moines of Sutherland and Ross-shire (Wilson et al., 
1953). Few examples of cross-bedding from the Killin area 
afforded surfaces for precise measurements to be taken to 
enable determination of the palaeocurrents. Only four such 
■measurements were possible and from these, only random 
directions were obtained, unlike the southerly derivation 
determined in Sutherland (op. cit.)

2*3 Cross-lamination (Plate 2)

Thin cross-laminated cosets with individual set 
"thicknesses of 3 centimetres are common within banded semi- 
Psammitic beds. Some units, where the tops of the inclined 
PeUtic laminae are truncated, resemble the cross-bedding 
°n a smaller scale. The structures are laterally impersistent 
■Occurring over a maximum of 40 centimetres, and the sets 
show truncated surfaces.

 ̂*4 Cut and Pill Structures

These are the least common sedimentary structures, 
0nly two good examples being recorded, from the Monadhliath 
Semi-peiite and the Knockhoilum Semi-psammite. The former 
exampie (Figure 4 ) has an irregular base cut into the



Plate 3 Scour channel exhibited in pelite w i t h  white

calc-silicate bands

Figure 4 Scour from the Monadhliath Semi-pelite (from 
Plate 3)
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underlying pelite, the fill consisting of semi-psamraite and 
white calc-silicate bands. The scour is asymmetrical, 
Measuring 13 0 centimetres in width and 55 centimetres at 
its maximum depth. The fill is coarse and cross-statified 
at a low angle with respect to the planar scour top. Within 
the scour, several areas show a steepening of the bedding 
a*id these probably represent secondary scours. The edges of 
the scour are locally steep and this would have led to 
secondary scouring of unconsolidated sediment. The bedding 

the fill is similar to epsilon cross-bedding (Allen,
1965) which is generally believed to record accretion on 
the side of a laterally migrating channel.

The second example which occurs at the top of a banded 
semi-psammite is 35 centimetres wide and 8 centimetres deep 
in the centre, the overall shape being symmetrical. The 
scour clearly truncates pelitic laminae in the host semi- 
Psammite and the fill is of coarser psammite with no 
internal features,(Plate 4).

2.5 Graded and Rhythmic Bedding (Plate 5)

Within the Pechlin Psammite a sequence of rhythmlc- 
ally-banded psammites and semi-psammites contains both 
Reverse and normal grading. Gain or loss of pelitic material 
(depicted by changes in biotite content) represents an 
0riginal variation in mud content and thus may reveal 
°riginal grading. Each bed exhibits a couplet consisting 
°i a lower coarsening upwards and an upper fining upwards 
uhit. This couplet (Figure 5) is observed in at least 
i-welve consecutive beds and therefore warrants the term 
Phythmic bedding.

The two couplets illustrated in Figure 5 each have a



Figure 5 Graded couplet from the Fechlin Psammite

Figure 6 Flattening of load structure

Figure 7 Erosion surface within convolute lamination
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Plate 4 Small channel scour in semi-psammite





P l a t e  5 G r a d e d  s e q u e n c e ,  w i t h  l o a d s ,  i n  t h e  F e c h l i n

Psammite formation

Plate 6 Loaded white calc-silicate hands
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lower unit which is an average 20-25 centimetres thick and 
exhibit an erosional base underlying semi-psammite which 
shows dominantly planar lamination. The semi-psammite 
grades into psammite with a loss of pelitic material, until 
below the upper half of the couplet it reverts to a semi- 
Psammite. The upper part exhibits normal grading and its 
Psammitic base is invariably loaded down into the under
lying semi-psammite.

It is not possible to give a precise interpretation of 
bhe processes of deposition of these beds. Any process 
proposed must account for the production of the couplet. 
However, although a complete Bouma (1962) sequence has not 
been observed in the fining upwards units, they do tend to 
Resemble turbiditic deposits.

2.6 Soft Sediment Deformation

2.6.1 Load Structures

The best developed load structures are those 
Previously mentioned from the Fechlin Psammite, where the 
Psammitic base of the upper unit of the couplet has loaded 
down into the underlying more pelitic parts (Plate 5).

pelitic laminae of this upper psammite are corres
pondingly deformed though subsequent tectonic deformation 
Has flattened the original shape of the loads (Figure 6 ) 
and rotated the associated injection structures. In some 
bhits loading has progressed to the extent of producing 
isolated load-balls (see Plate 5) where loads have become 
detached fronj their parent bed. These features suggest 
iaPid deposition and the trapping of much pore fluid 
(Heineck and Singh,1975) giving a liquefied bed for a short
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period soon after deposition.
A further example of loading occurs in the Monadhliath 

Semi-pelite (Plate 6 ). Here three pods ranging in depth 
from 5 to 10 centimetres (in the direction of loading) 
extend down from a thin white calc-silicate band. Although 
tectonic deformation is intense in this area, these features 
cannot fully be explained as tectonic in origin because 
their long axes are parallel or sub-parallel to the 
direction of maximum compression; thus it would seem that 
they are related to some primary feature. The three pods 
have clearly been more resilient to deformation than the 
relatively less competent pelitic matrix. They may represent 
recrystallised calcareous nodules but their shape makes 
their interpretation as load structures a more obvious 
choice. They appear very similar lithologically and 
geometrically to pseudo-nodules (Kuenen,1958) and may have 
developed from an originally thicker portion of a marl bed 
(now calc-silicate).

2.6.2 Convolute Lamination

This structure occurs in layered psammite units 
°f the Glen Doe and Knockchoilum Semi-psammite formations. 
Careful examination reveals internal erosion surfaces 
(Figure 7) suggesting an origin from cross-laminated units.

This mode of genesis is commonly recognised and 
attributed to a combination of sediment liquefaction and the 
shear stress produced by currents at the sediment surface 
(Kuenen,1955; Sanders,1965; Allen,1977). The troughs are 
hroad and open whilst the crests are sharp and peaked and 
aPpear in places to be'ruptured', probably due to the
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expulsion of water (Pettijohn, Potter and Siever,1972).

2.7 Interpretation

The structures and sequences are not considered 
unique to a specific environment. Deposition in deep marine 
conditions could produce many of the features described but 
the association of predominantly tractional features 
including abundant cross-beds, with calc-silicate bands 
(originally impure carbonate sediment) is more readily 
compatible with a shallow to marginal marine environment. 
This is similar to the suggestions of some earlier studies 
in the Moinian Assemblage west of the Great Glen Fault 
(Wilson et al.,1953; Johnstone,1975).

In fact each feature can be attributed to one of 
several depositional environments. Storm dominated offshore 
°r fluvial conditions could produce cross-bedding, channels, 
grading and possibly convolute lamination (Johnson et al., 
1978), whilst shallow marine sedimentation could account 
for most of the structures seen in the Killin area 
(Johnson,1 9 7 7 ).

The overall picture would therefore suggest shallow 
marine/sub-tidal conditions subject to the effects of 
storms resulting in the production of graded beds, where 
each coarse sandstone may represent a storm event.
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CHAPTER THREE-PETROGRAPHY OF METASEDIMENTS

3.1 Psammitic and Pelltic Lithologies

Samples have been studied from all the formations 
and the information has been compiled here to present an 
overall picture. Where necessary, individual cases are 
cited. Each constituent mineral is described for psammitic 
and pelitic lithologies respectively.

3.1.1 Quartz

Quartz forms a ubiquitous constituent of all 
the metasediments. Most samples from the Fechlin Psammite 
formation show the effects of nearby granitic intrusions. 
Quartz has recrystallised into sub-grains, or exhibits 
large grains (up to 0 . 4 5  millimetres long) with strained 
extinction. Foliation trends are disrupted by the intrusions, 
a feature paralleled by the truncation of micas in thin 
section. Quartz-quartz boundaries are curved or embayed 
"thus suggesting non-attainment of equilibrium (Spry,1969)» 
further substantiated by the disparity in grain size.
Contacts between granite veins and semi-psammites are 
delimited by clearer, larger quartz grains.

In ordinary psammitic and semi-psammitic samples, 
quartz is invariably strained with development of sub- 
grains and disequilibriate boundaries. Grains are commonly 
elongate with a length to width ratio up to five (length <
1 » 0 millimetres).

Pelitic lithologies contain less quartz, which usually 
occurs as bands alternating with sheaths of close-packed 
fticas. Quartz grains are often elongate and although most 
Bamples do exhibit strained grains with curved or embayed
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mineral boundaries, some also show straight boundaries 
with triple points suggesting an approach, if only partial, 
"to equilibrium.

3 .1 .2  Biotite

In the Fechlin Psaramite formation biotite 
occurs as elongate flakes (<2 . 5  millimetres x 0 . 4  

millimetres) exhibiting pleochroism from pale to dark 
brown,.and as very dark brown or bottle green tabular 
grains (<1 . 0  millimetres x 0 . 5  millimetres) showing little 
Pleochroism. In the remaining formations, there is 
considerably less biotite in the psammites and it is 
associated with quartz in a granoblastic-polygonal texture. 
The higher proportion of biotite in the Fechlin samples may 
be due to the proximity of granitic intrusions, resulting 
in a partial mobilisation of potassium over short distances.

In semi-psammitic samples, biotite forms flakes exhibit
ing pleochroism from pale to medium brown. Often it is seen 
as small flakes growing across, and possibly from another 
biotite flake. All semi-psammites show development of a 
Planar fabric due to mica alignment, a feature also well- 
illustrated in the pelitic lithologies.

In all pelitic samples studied in detail, biotite is a 
major constituent and is usually present as close-packed 
deaths, often associated with muscovite. Biotite occurs 
as elongate flakes and laths (2.75 millimetres x 0.5 
millimetres). The fabric is often folded in micro- 
cnenulate style producing fanned extinction in the micas. 
Zircons form common inclusions in biotite flakes, exhibiting 
Pleochroic haloes around the inclusions.
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3.1.3 Muscovite

In the more psammitic lithologies, muscovite 
Usually forms a minor constituent occurring as small flakes 
Caching a maximum of 1 millimetre in length, aligned with 
"the major planar fabric.

In pelitic samples muscovite occurs more abundantly, as 
flakes interleaved with biotite often surrounding garnets.

3.1.4 K-feldspar

K-feldspar is common in all psammites, occurring 
Primarily as orthoclase, but with some subsidiary microcline. 
Samples close to late igneous intrusions show large ortho- 
°lase crystals reaching 3.5 millimetres in length and 1.5 
millimetres in width. Simple twins are frequently seen and 
many grains are cloudy and flecked with small grains of 
Secondary sericite. In the remaining psammites, orthoclase 
occurs as smaller (<2.0 millimetres long) equant grains and 
constitutes a much smaller volume than it does in samples 
close to granitic intrusions. Microcline occurs only in 
Very small amounts as inequant grains showing vague cross- 
hatch twinning. It is hard to distinguish because in many 
8amples, growth of sericite obscures the properties of 
A e  feldspar. Insufficient information is therefore 
available to comment reliably upon the distribution of
microcline.

In more semi-psammitic samples, orthoclase is the 
Primary mineral again exhibiting cloudiness. Habit varies 
from 'interstitial’ between quartz and biotite, to larger 
Srains with straight or curved feldspar-feldspar interfaces.

In pelitic samples orthoclase is present as small 
Approximately 0.4 millimetres long) cloudy grains within
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wica sheaths. Microcline, where determinable, is again 
subsidiary.

3.1.5 Plagioclase

In the psammites plagioclase is not common, 
occurring primarily as short (< 1 . 0  millimetres long) stubby 
grains showing multiple albite twins. Not all grains were 
sufficiently clear to enable determination of the An content. 
However, where possible, the content was approximately 
determined using the Michel-Levy method. Most was seen to 
fall within the oligoclase-andesine range.

Plagioclase varies in its abundance in the semi-psammites 
sometimes forming the dominant feldspar, occurring mainly 
as grains with multiple twins or, less commonly, pericline 
twins. Most of the plagioclase is in the compositional 
range oligoclase to andesine, Angg-An^, although some 
showed an albite composition. Crystals usually exhibit a 
stubby, rectangular outline and are often cloudy with incip- 
teut alteration. Zoning was rarely seen.

Serai-pelitic and pelitic lithologies contain little plag
ioclase but scattered, often elongate grains were seen surr- 
°Unded by micas. The grains are distinctive in that they are 
clear with well-developed twinning on the Albite law, and are 
less altered than in more psammitic lithologies. The compos
ition, where determinable, falls in the oligoclase-andesine 
rauge, An2 6~An4 1f although the Glen Doe samples do show more 
albite-rich grains.

3.1.6 Garnet

In the psammites of the Glen Doe and Monadhliath
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formations red-brown garnet (1.4 millimetres x 1.0 milli
metres) occurs only as scattered xenoblastic granules 
outlining the crystal shape. In the semi-psammites it is 
more common, reaching diameters of 1.5 millimetres. The 
subidioblastic garnets are often granular, without zoning,
but may be pseudomorphed by chlorite, biotite and magnet
ite.

Deep red to red-brown garnets in pelitic lithologies 
are xenoblastic to subidioblastic, and reach diameters of 
4.25 millimetres. In samples 716 and 6204 (Grid referen
ces 467094 and 438053, respectively) the garnets are 
without exception idioblastic *and show a zonal development 
indicating at least two periods of growth (see Section 
8*3 .1).

Inclusions occur in many garnets and consist primarily 
°f quartz although calcite was also recorded. All 
garnets in sample 716 contain quartz inclusions but in 
only a few are any distinctive inclusion trails produced.

3.1.7 Accessory Minerals

Accessory minerals are few in the psammites. 
Dyrite and magnetite occur most frequently. Pyrite is the 
dominant opaque mineral, usually associated with 
subsidiary magnetite, and both occur as anhedral, 
irregular grains reaching a maximum of 1.5 millimetres 
ih length. In some samples a core of pyrite is rimmed 
either by haematite or limonite and occurs mainly in the 
Psammites and pelites. The semi-psammites contain 
magnetite, often with a limonite core, and pyrite is 
either subordinate or absent.

Sample 6243 (Grid reference 531061) is a psammite
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which contains numerous pyrite cubes reaching 2.5 milli
metres in diameter. Their formation must post-date the 
major deformational episodes since there is no development 
°f pressure shadows. The only visible products of 
^formation are occasional deformation twins (pressure 
■twins of Ramdohr,1969), and cracks within the pyrite 
Crystals which are infilled by calcite. This idiomorphic 
Srowth of pyrite after deformation is recorded elsewhere 
e*g. Sulitjelma and the Schiefergebirge of the Rhine 
(o£. cit.).

Apatite is common as small rounded grains with raoder- 
ate relief and low birefringence. Chlorite is rarely 
8een in any of the lithologies but in samples 716 and 
^ 2 0 4 post-tectonic chlorites cross the foliation and 
contain opaque inclusions in continuity with the external 
fabric.

Tourmaline occurs in six pelitic samples usually as 
small hexagonal cross-sections rarely exceeding 0.1 
^Himetres in diameter (Plate 7). Some grains are zoned 
with dark green centres and brown rims and pleochroism 
i® marked. Sample 666 (Grid reference 504126) shows 
differing tourmaline habits with both hexagonal cross- 
actions and large, pale yellow tabular grains (Plate 8).

latter is crowded with quartz inclusions and in some 
aaPects resembles staurolite.

3.2 Quartzites

Quartzites form a subsidiary lithotype and six 
samples have been selected for this study.

3.2.1 Quartz

Quartz occurs in a variety of habits. Small



D i f f e r i n g  h a b i t s  o f  t o u r m a l i n e  e x h i b i t e d  i n  K i l l i n  s a m p l

Plate 7 Small hexagonal grains in pelite

Plate 8 Tabular grain with quartz inclusions
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rounded grains (average diameter 0.25 millimetres) are 
common with curved quartz-quartz boundaries and the grains 
are often pervaded by a fine, opaque mineral dust.
Some samples possess larger grains which occasionally 
reach 4.0 millimetres in length and in these the bound
aries are lobate to cuspate. Straining is apparent in 
some larger grains from the slightly undulose extinction, 
but formation of sub-grains is not well developed.

3.2.2 Muscovite

This is usually the only mica present, 
occurring as small rectangular flakes. Grains rarely 
exceed 0.5 millimetres in length unless forming part of 
one of the few aggregates.

3.2.3 Orthoclase

K-feldspar is represented by orthoclase and 
this forms the dominant feldspar in all but one of the 
samples examined. Simple twins are apparent in most grains. 
The rounded to sub-rounded grains show curved grain 
boundaries and many are cloudy due to incipient alterat
ion to sericite.

3.2.4 Plagioclase

Plagioclase shows a similar cloudiness due to 
sericitisation but several grains show multiple twins 
(on the Albite law). The composition range is oligoclase 
to andesine An2g-An^^, the latter being dominant. Most of 
the grains are sub-rounded and rarely exceed 0.5 milli
metres in length.
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3.2.5 Accessory minerals

Remaining minerals occur in exceedingly small 
proportions, as scattered grains, with opaque minerals 
alone being found in all six samples. In one specimen, 
the fine grains could he identified as haematite and 
magnetite.

Sphene, chlorite and biotite were also recorded, 
with small rounded grains of orthite present in one 
quartzite from the Glen Doe formation.

3.3 White Calc-silicates

Occurring in both the Monadhliath Semi-pelite and 
Glen Doe Semi-psammite formations, this distinctive meta- 
sedimentary facies can be classified on mineral assem
blages as shown in Table 3.1. Fifty five samples have 
been studied and Figure 8 shows the distribution of the 
groups.

Important mineral phases will now be described in the 
various groups, moving sequentially through the groups.

3.3.1 Biotite
Group A-1: In all six samples, biotite 

exhibits a normal dark-to pale brown pleochroism. Grain 
size varies between samples and three different habits 
are seen. These are stubby prisms (0.4 millimetres x 0.2 
millimetres), thin slivers (0.5 millimetres long) and 
laths with dark cleavage planes due to opaque grains 
(former up to 3 millimetres long). Associated minerals 
are normally chlorite and hornblende and in sample 747, 
biotite is growing at the expense of hornblende in the



Figure 8 Distribution of white calc-silicate assemblages 
(group assemblages are defined in Table 3.1)
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Presence of calcite, probably in a mechanism similar to 
"that proposed by Winchester (1974 (c), reaction 2; and 
section 4.1.3).

Group A-2: All biotite in this group is remnant and 
is found either with chlorite or as small laths partially 
surrounded by hornblende. Therefore this assemblage shows 
Phases which are marginal to group B-2. No grains greater 
"than 1 millimetre in length are seen.

3.3.2 Amphibole

Group A-1: Hornblende exhibits pleochroism 
from pale to dark green. Many samples contain quartz 
delusions imparting a spongy texture to the grains. The 
Sximum dimensions noted are 3 millimetres length and 1.5 
Sllime très width. The hornblende forms close associations 
with quartz and serieite, biotite and chlorite. In sample 
^4, a small amount of blue-green amphibole is present, 
^his may ke actinolitic amphibole and it occurs with 
hornblende -biotite intergrowths, the biotite often with 
aîl opaque core.

Group A-2: Predominantly pale to medium green horn
blende occurs either as single spongy crystals ( 2 m i n i 
stres x 0.75 millimetres in size) or as aggregates 
(Plate 9)„reaching 4.5 millimetres x 1.5 millimetres in 
aize and composed of smaller individual grains (0.5 m ini
stres x 0,2 millimetres). Sericite commonly encloses 
subidioblastic hornblende laths.

Group B-1: In this group, hornblende is again very 
sPongy with quartz inclusions. The hornblende grains reach 
^•5 millimetres in length and 1 millimetre in width. In



's

Plate 9

Plate 1

Aggregates of hornblende grains in white calc- 
silicate

0 Growth of hornblende from biotite



** w



-33-

two samples (6116 and 6 1 5 6 ) the hornblende is in contact 
with xenoblastic biotite and is probably growing from it 
(Plate 10). Chlorite has partially replaced hornblende in 
sample 674 but is seen little in other specimens.

Group B-2: Table 3.2 shows the major properties of 
hornblende in this group and from this the major features 
can be discerned. Most samples contain both single grains 
and grain aggregates, the former averaging 2 . 2  millimetres 
in length with a maximum of 7 millimetres and the latter
3.5 millimetres, with a maximum of 11 millimetres. Most 
grains are spongy, the inclusions being predominantly 
quartz, but in some instances including clinozoisite 
and occasionally garnet. Quartz, clinozoisite and sericite 
are common associates and secondary biotite very 
occasionally forms along basal cleavage planes of horn
blende .

Group C-1: In both samples, aggregates of small 
prismatic grains of hornblende form elongate bands 
reaching 4 millimetres in length. Sericite is intimately 
associated with these hornblende bands and they alternate 
with similar bands of quartz. No relict plagioclase is 
visible within much of the sericite but this is presumably 
the source.

Group C-2 : Spongy to skeletal hornblende occurs in 
both samples reaching 4 millimetres in length in sample 
6224. Clinozoisite laths are partially enclosed by horn
blende in sample 6 1 1 3 and the former commonly borders 
bhe pale green amphiboles.
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Group Major Mineral Phases Samples
A-1 Bi:Hb:Sodio Plag. 68,698,6229,724,747,7412.

A-2 Bi:Hb:Sodic PlagîClzo. 67,6111 ,6121 ,6210 , 
7413,7416,7528.

B-1 Hb:Sodio Plag. 673,674,6116,6117,6156,
6 1 5 7 ,6 1 6 0 .

B-2 HbîSodic Plag:Clzo. 691,692,6114’,6125*,
6136,6141,6142,6143,6146, 
6 1 52*,6 155,6 175,6207, 
6208,6209,6212,6213,6216
6221,6222*,6228,73,75,
730,751,765,7526,7527,
7553,7554,7555.

C-1 Hb:Calcic Plag. 6225,6227.
G-2 Hb:Calcic Plag:Clzo. 6113,6224.

* signifies clinozoisite is rare.

Table 3.1 White Calc-silicate Groups and Assemblages
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No. Grain Maximum size Inclusions
single aggregate

691 s,a 0.7 X 0 . 2 1 . 0 X 0.4 qtza
692 s,a 1.5 X 0 . 8 1.9 X 0.4 qtz3,a
6114 s 3.0 X 0.9 qtz;clzo
6136 s,a 1 . 0 X 0.4 4.0 X 0 .6 qtzs,a;clzoa
6141 s,a 1.5 X 0.5 2 . 0 X 0.4 qtzS’a
6142 s,a 4.0 X 1 . 0 4.0 X 4.0 qtzS
6 1 4 3 s,a 0.5 X 0 . 2 4.0 X 0.5 qtzs
6146 s,a 3.5 X 0.75 4.25 X 1 . 0 qtzs,a
6152 a 2 . 0 X 0.75 qtz
6155 s, a 2.5 X 0.5 2.25 X 0.75 qtzS’a
6175 s,a 0.5 X 0 . 1 3.0 X 1 . 0 qtza
6 2 0 8 s,a 4.0 X 1 . 0 5.0 X 2 . 0 qtz3,a
6209 s,a 1 . 0 X 0.25 1 . 0 X 0.4 qtz3 ,a;clzo3
6 2 1 2 s 4.0 X 0.5 qtz;clzo
6213 s 0.75 X 0.15 qtz
6 2 1 6 s,a 5.0 X 1 . 0 3.0 X 1.5 qtzS»a
6221 s,a 0.35 X 0 . 2 1.5 X 0.5 qtza
6 2 2 2 s,a 7.0 X 1.75 4.5 X 1 . 0 qtz3 *a;gt/bi3
6 2 2 8 s,a 2 . 1 X 0.5 5.0 X 1 . 0 qtz3 *a
73 s,a 2 . 1 X 0.4 3.5 X 0.5 qtzs,a;gts
75 s 2 . 0 X 0.75 qtz
730 s,a 3.5 X 1.0 6.0 X 3.0 qtz3
751 s,a 4.0 X 2 . 0 1 1 . 0 X 0.5 qtz3 *a
765 s 1 . 0 X 0.75 qtz
7526 s,a 3.0 X 0.4 4.0 X 1.25 qtzs,a
7527a s, a 3.5 X 1 . 0 4.0 X 1.5 qtz3 *a
7553 s, a 3.75 X 0 . 8 3.5 X 1.5 qtzs,a
7554 s,a 0.5 X 0.15 4.0 X 1.5 qtza
7555 s,a 1.25 X 0.3 3.75 X 0.6 qtz3

s * single, a = aggregate; qtz = quartz, clzo 
zoisite; gt = garnet; bi = biotite. the
Superscript by inclusion mineral(s) refers to 
relevant grain. Sizes are in millimetres •

gable 3.2 Propertle" &™pbibole in_^QBE-^-
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3.3.3 Clinozoisite

Group A-2: Apart from sample 6121, in which 
clinozoisite occurs as isolated grains within garnet, the 
common form is that of tabular blades reaching 1 milli
metre in length. Small clinozoisite grains are present 
in sample 67, usually within garnet, and in sample 6210 
some of the clinozoisite may have formed from the break
down of garnet since the latter has a somewhat corroded 
'relict1 texture. If this reaction occurred then it may 
be a sign of retrogression. Evidence of retrogression 
elsewhere in the area is not common and would therefore 
suggest that this clinozoisite is not a retrograde 
feature. The corroded garnet occurs at the calc-silicate 
margin (with the host semi-psammite) whilst all other 
garnets in the calc-silicate band are idioblastic or 
sub-idioblastic. This would also suggest that the feature 
is not retrogressive, but possibly a product of local 
metasomatic reactions at the margin of the calc-silicate.

Group B-2: Table 3.3 illustrates the habit and size 
°f clinozoisite grains in this group. Grains average 0.5 
roillimetres in length and rarely exceed 1 millimetre. In 
four samples, a second generation of granular clinozoisite 
maY exist, impinging upon the earlier tabular form 
(Plate 11). The four samples are scattered over the area, 
and therefore show no geographical sequence. Two of the 
four samples have been analysed but show no chemical 
similarities, although all four are not dissimilar 
roineralogically.

The growth of clinozoisite occurred during the 
Phase of deformation resulting in its incorporation in 
the S 1 fabric, with amphibole, quartz and biotite, if



Plate 1 Possible second generation of clinozoisite m  
white calc-silicate

Plate 12 Clinozoisite grains within the S1 fabric
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Number Habit(s) Maximum Size (mm. )
691 g/t 1 . 0 X 0.25
692 g/t 0.5 X 0 . 1
6 1 1 4 t/p2 0.75 X 0.15
6136 g/t 0.5 X 0 . 1
6141 (g)t/p 1 . 6 X 0.75
6142 g/t 0.35 X 0.05
6143 g/t/p 0.4 X 0 . 1
6146 g/t 0.7 X 0 . 1
6152 g/t 0.3 X 0 . 1
6155 g/t 0.3 X 0 . 2
6175 (g)t 1 .1 X 0 . 2
6207 g/t/p 1 . 2 X 0.3 0 . 8 x 0 . 5
6 2 0 8 g/t 0.3 X 0 . 1
6209 g/t 1 . 2 X 0.3
6212 g/t 0.5 X 0.3
6 2 1 3 g/t 0.4 X 0 . 1
6216 g/t(p) 0 . 8 X 0.25
6221 g(t) 0.5 X 0 . 1 0.4 x 0.3
6 2 2 2 g/t/p 0.4 X 0 . 1 0.3 x 0 . 2
6 2 2 8 g/t/p2 0.4 X 0.3 0 . 6 x 0 . 2
73 g/t 0.4 X 0.05
75 g/t(p) 0.5 X 0 . 2
730 g/t(p) 0.5 X 0 . 1
751 t/p2 0.7 X 0 . 2
765 g(t) 0 . 6 X 0.4
7526 g/t 0.35 X 0 . 1
7527a g/t 0 . 6 X 0 . 2
7527B g/t 0.35 X 0.08
7553 (g)t 1.5 X 0.3
7554 g(t/p) 0.4 X 0.15
7555 g/t/p2 0 . 8 X 0 . 1

® = granular; t = tabular; p = platy. 2 = possible 2nd
Seneration. Habit in parentheses indicates the subsidiary
form.

5.3 Properties of Cllnozoisite in Group B2
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present. Any further and distinct growth must therefore 
he post—i'.j. Direct evidence for growth during D2 is 
absent since there is no cross-alignment of mineral 
grains. Development of second generation clinozoisite in 
a handful of samples would infer such growth in other 
samples but this was not observed.

To establish the presence of a second clinozoisite 
generation a more detailed survey would be required with 
sections taken mutually at right angles to determine the 
angular relationship of grains which possibly cut the S-j 
fabric.

Group C-2: All the properties and features described 
above are exhibited in samples 6113 and 6224. A further 
texture seen in sample 6224 is that of tabular zoisite 
enclosed by later hornblende. Since both minerals conform 
to the s 1 foliation, this arrangement must indicate 
relative growth during the first metamorphic episode.

3.3.4 Garnet
Group A-1: Host samples contain xenoblastic 

garnets (maximum diameter 2 . 5  millimetres), showing sieve 
textures with inclusions predominantly of quartz and 
calcite. Sample 7 2 4 contains no garnet but some small 
chlorite-sericite magnetite pseudomorphs.

Group A-2: All garnets in this group are idioblastic 
to subidioblastic (maximum diameter 2.5 millimetres) and 
m°re euhedral than those in group A-1. Inclusions them
selves form several assemblages:-

(i) quartz + chlorite
(ii) calcite + quartz
(iii) (calcite) + clinozoisite
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(iv) chlorite + spheric + quartz + opaque (magnetite) 
When associated with biotite, assemblage (iv) forms a 
near complete replacement of the garnet.

Group B-1: Garnets of this group are very similar to 
those of group A-2 (maximum diameter 2.5 millimetres), 
but in some cases possess inclusion-free rims. This simple 
zonation is not a common feature.

Group B-2: Table 3.4 shows the occurrence of garnet 
in this group, indicating form, size and inclusions 
present. The average diameter is 1.95 millimetres and 
maximum 4.0 millimetres. Inclusions, particularly quartz, 
are present in all samples.

Group C-1: Reaching a maximum diameter of 2 milli
metres, garnets in these two samples show a subidiohl 
to xenoblastic shape sieved with quartz and some clino- 
zoisite (sample 6 2 2 5 ) inclusions.

Group C-2: Skeletal garnets, somewhat similar to group 
C-1 , characterise this assemblage and may be present 
as scattered, partially linked granules. In sample 
the garnet remnants are intergrown with tabular
zoisite.

3.3.5 Plagioclase

Plagioclase usually forms granoblastic 
aSgregates with quartz and often shows multiple twi 
Ulbite twin law). Often partial or .total sericitisation 
ftay obscure twin planes and form elongate blebs 
mica. Nevertheless, approximate anorthite conten 
determined in most samples using the mean of a numb 
(six or more where possible), of good twinned samp



Figure 9 Plagioclase variation in the white calc-silicate

groups
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No.

691
692 
6114 
6136
6141
6142
6143 
6146 

6152 
6155 
6175
6207
6208 
6209 
6216 
6221  
6 2 2 2  
6228 
73 
75 
730 
751 
765 
7526 
7527A 
7527b
7553
7554
7555

Outline Texture Inclusions Max. Pii 
(mm.)

S s qtz:chi:op 1.2
S s qtz:op:bi 2.0
X s/g qtz:cc:chl:clzo 3.5
S s qtz:cc:op 3.0
S g qtz:chi:op 1.75
i / s s qtz:chl:op:sph 2.0
s g qtz:cc:chl 2.0
s g qtz:chi:op 2.5
s g qtz:chi 2.0
s g qtz:cc:chl:op 2.0
s g qtz:cc:chl:bi 2.0
s g qtz:chi 3.0
s g qtz:chi 2.25
s s/g qtz 3.75
I / s s/g qtz:cc:chl:op 2.0
X sk qtz 1.75
I / s s qtz:cc:op 1.5
s /x sk/g qtz:cc 4.0
s s qtz:sph 1.5
I / s s qtz:cc:op 3.5
s /x s/sk qtz:sph:clzo 2.25
I / s s qtz:chi:op 2.25
s g qtz:chi:op 1.65
s s qtz:op 1.75
I / s s qtz:op 2.0
I / s s qtz:chi:op 1.5
s sk qtz:chi:op 1.75
s g qtz:chi:op 1.5
s sk qtz:chl:bi 2.0

S * shbidioblastic, I = idioblastic, X = xenoblastic.
sieve, g = granular, sk = skeletal. 
a luartz, chi = chlorite, cc = calcite, bi = biotiteclz0 s clinozoisite, op = opaque mineral, sph = sphene.

Properties of Garnet in Group B2



(Michel-Levy method). Table 3.5 shows the range within 
each calc-silicate group.

GROUP NUMBER RANGE MEAN
A-1 6 An 42-53 42
A- 2 5 34-50 39
B-1 7 34-58 46
B-2 25 34-58 48
C-1 2 69-76 73
C-2 1 67 67

Ranges and Means of An content in
Groups (see also Figure 9)

3.3.6 Accessory minerals
Sphene is common, primarily as anhedral 

®rains (o.i to 0.4 millimetres in diameter). Also present 
maSnetite, commonly as a fine'dust' incorporated into 
ri°ite, mantling quartz.
Apatite also occurs as very small rounded grains. 

rc°n is rare.

3.3.7 Textural note

Textures in the white calc-silicates are
y similar throughout all the groups and samples. 

A^Phitole and biotite define the major fabric which, with 
Jugate quartz aggregates, enclose spongy garnets

augen structures. If clinozoisite is present, 
Htller as tabular or bladed grains, then these too enclose 
filets (Plate 12).

Clin
vlth

ozoisite also forms granoblastic intergrowths 
quartz (Plate 13), the latter forming inequant grains



Plate 1 Granoblastic fabric composed of quarts and 
clinozoisite

Plate 14 Elongate quartz aggregates associated with 
'stringers' of sericite
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which exhibit two states of strain. Large grains (>3.0 
millimetres in diameter) show some strain while others 
*°rm aggregates of sub-grains. Large-grain aggregates 
Show some approach to equilibrium with a proportion of 
8^aight boundaries (and some triple points) whilst the 
EmaHer grains display curved or embayed quartz-quartz 
boundaries.

group G assemblages, elongate quartz aggregates 
miliime-tres long) with embayed boundaries, alternate 
Sericite 'stringers', presumably derived from 

Seoondary alteration of feldspar (Plate 14). The sericite
ells° forms isolated blebs within quartz, and may enclose 
SmaH  grains of hornblende.

3*4 Green Calc-silicates

Green calc-silicates form a distinctive,
accessory lithotype in both the Fechlin Psammite and the
^n°ckchoilum Semi-psammite formations (see Sections 1.2.2 
Und 1 o _ ..‘¿•3). The green colour results primarily from the 
^resence of scattered amphibole, commonly associated

i,v
olinopyroxene.

3.4.1 Assemblage Groups

Sreen
P1aglo

In addition to amphibole and pyroxene, the 
calc-silicates also contain quartz, some biotite, 
clase, which is invariably sericitised, and minerals

of
e epidote group, namely epidote itself with 

°ciated subsidiary clinozoisite. Several consistent
<Uff
er°ups

erences between the green and white calc-silicate 
are noticeable. Hornblende is the only amphibole
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Present in the white calc-silicates whilst it is one of 
three amphiboles in the green group. Garnet, common in 
the white calc-silicates, is rare in the green calc- 
stlicates and clinozoisite is a less common primary 
constituent of green calc-silicates than it is in the 
^hite ones.

Unlike the white calc-silicates it is difficult to 
subdivide the green equivalents on a mineralogical basis. 
More samples are required to provide a positive distinct
ion. The lack of fresh plagioclase renders any differ
entiation on anorthite content dubious.

^able 3 , 6  indicates the minerals present in the 
i^enty-one samPles examined. In the marginal selvages, the 
arnPhibole and clinopyroxene characteristic of the calc- 
silicates decrease in proportion and biotite becomes 
c°rrespondingly more dominant. This produces a group of 
amPles which can be considered gradational to semi- 
P8ammites and it is represented in Table 3.6 by three 
8ai*Ples.

3.4.2 Quartz

Quartz is abundant in green calc-silicates 
^  depending upon the other constituent minerals and
bhe i vtx Proportions, tends to occur in various habits. In
Salo""Silicates where both amphibole and biotite are 
Sca+ +'-ered throughout, the quartz forms large, inequant,
rained grains which show undulóse extinction. Many large 

&rain ,
13 break down to form sub-grains (strain assisted 

igh-energy' nucléation: Spry, 1969) with distinctively 
Guartz-quartz boundaries. This texture is usually
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Major Component
er Qtz Hb/Trem Act Clpx Ep Clzo SerNumb 

640
650
651 
653 
662  
664 686 
696
£-*7(i) x 

*
6102
6103
6104
6241
6242 
750 
752 
755 758 761

( x )x
xHb
x
xHb

(x) (x)

&HbHb
(x)
(x)Hb
(x)Hb 
' x )Hb 
x)Hb 
x
X

X
X

X
X
X
X
X
X
X

X
X

(x)

X

X
X

X

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

PI
(x
(x
X
(x)

(x)
X X X X
X X X X X (x) X
X X X X X

Accessory Key
Gt Bi Chi Sph Cc Op Qtz-quartz(x) X X (x) X X Hb-hornblende(x) X X X X Trem-tremolite

X X Act-actinolite
(X) X Clpx-clino-
(x; X X pyroxene
(x) X X Ep-epidote
X (x) X Clzo-clino-

(x) (x) X (x) zoisite
(x) X X (x) Ser-sericite
(x) X (x) X Pl-plagioclase
(x) (x) (x) X (x) Gt-garnet
X (x) X X (x) Bi-biotite

X Chl-chlorite
(x) (x) (x) (x) Sph-sphene

(x) X X X Cc-calcite
(x) X X X (x) Op-opaque
(x) X X X mineral
X X X (x)(x) X X X

X X (x)
(x) X X X

Number 
640
650
651 
653 
662 
6 6 4  
686 
696
697(1)
697(11)
699 
6 1 02
6103
6104
6241
6242 
750 
752 
755 
758 
761

signifies very 
~5 identified thus: 
samples 6102, 6241»host seml-psammite.
h samples 650, 65« r.Pn  icateg
» no- in ftreen QjLij----- 'ĝtle 3.6  Minerals^Occurr— S---

small quantities: dominant amphibole 
x.
and 6 2 4 2 are gradational with the 
Apatite occurs as small rounded grains 

, 699 and 6103.
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associated with pyroxene-free calc-silicates with a 
lower sericite (after plagioclase) content.

Samples with clinopyroxene and sericite often contain 
small, slightly elongate grains of quartz isolated in a 
soricite matrix. A third habit is that of dominantly 
rounded to sub-rounded quartz grains and sub-grain 
segregates. Quartz-quartz boundaries are curved or 
smbayed, often with sericite along the boundaries in 
°uspate patches,

3.4.3 Amphibole

Amphibole is present in all the green calc 
silicates, primarily either as hornblende, or, what is 
probably blue—green actinolitic amphibole. (Small 
Quantities of tremolite may also be present). It is a 
Primary constituent with grains parallel to the calc- 
Silicate margins which usually mirrors the major
illation.

The
iypi(

actinolitic amphibole occurs as small needles or
Cal basal sections with a strong blue-green colour 

nlike hornblende) and an extinction angle in the range
to 1rO • Although the petrological identification ideally

'̂®qUl'r>o■res confirmation by microprobe analysis, this
a»t»Ub0le
ietrol<
°ther

will be referred to as actinolite on the 
°gic evidence since it is clearly distinct from 
amphiboles in the green calc-silicates, 
twelve out of fifteen samples the actinolite is 

Sely associated with clinopyroxene and in many cases is 
ea-ting on the pyroxene. Although some acicular

ac ttn°lite parallels aligned biotite in the adjacent 
"Psammite or psammite, there is an incipient cross-

<*lo
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fabric developing (in the marginal selvage zone) composed 
of small actinolite needles (Plate 15) relating to a 
later tectono-metamorphic event.

3.4.4 Glinopyroxene

Glinopyroxene occurs in twelve samples and is 
associated with actinolite in each one. The clinopyroxene 
always occurs as granular to elongate grains (Plate 16). 
Based on extinction angle (c.40°), the pyroxene is diopsidic 
b^t further evidence would be required to identify it 
Positively. Under plane polarised light it is character
istically pale green with high relief. Elongate stringers 
of sericite (probably after plagioclase) are also 
associated with the clinopyroxene and often partially 
enclose the grains.

3.4.5 Biotite

minor
Biotite occurs in eleven samples but often in

quantities. In assemblages with amphibole only as the
^°r ferromagnesian constituent, biotite forms very small 

ii&kei
(and

îs associated with chlorite and is clearly residual

a

Possibly secondary).
Where the amphibole is actinolitic, the biotite forms

Pholeus from which the amphibole grows. In amphibole-
cH n °Pyroxene assemblages, biotite is an accessory as
sman flakes either within hornblende (and therefore
Pfobably residual), or in amphibole-biotite fibrous 

eSates.
Blotite also occurs as large plates which form a
er component (e.g. samples 752 and 755) of the calc-

8U i Ca+le» where the calc-silicate is less calcareous and



Plate 1 Small needles of actinolitic amphibole forming 
a cross-fabric

Plate 16 Typical clinopyroxene from green calc-silicateS





■therefore is gradational with the host semi-psammite.

3.4.6 Epidote

Members of the epidote group occur in some 
green calc-silicates, usually associated with clino- 
Pyroxene. Epidote forms small gramiles scattered through- 
°u't, and may occur as the core to unzoned clinozoisite 
r̂°m which it may be distinguished by the pale, yellow- 
green colour.

In sample 7 5 8 , the clinozoisite forms a web usually 
endosing sphene or sericite and itself enclosed either 
pai“tialiy or totally by amphibole laths (Plate 17).

3.4.7 Plagioclase

Plagioclase remains only as a few isolated 
grdns within secondary sericite. Elongate stringers of 
8ericite alternate with quartz and/or amphibole bands and 
^noxene and quartz grains are often totally surrounded
by sericite.

Senicitisation of plagioclase tends to obscure the
twin -HiPlanes in the original plagioclase, rendering even
ft Y\

r°ximate determination of composition very difficult.
The sericitisation of the plagioclase feldspar is so 
Unive*.« ,xsai that it is probably a late stage hydration
6f ie c t .

3.4.8 Garnet

Mlep
hesj
°alc-

Garnet occurs in all but five samples and 
Present it is invariably in very small quantities, 
garnet seems to have developed than in the white

St sHicates and existing garnets are skeletal or
am a ar* Quartz, sphene, sericite and chlorite may form



Plate 17 Thin clinozoisite webs enclosing green calc-
silicate minerals
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aggregates with grains.of garnet and may be products 
garnet replacement in a complex hydration reaction.

Some subidioblastic garnets are recorded (mean 
diameter 1.75 millimetres) but these are very spongy with 
abundant inclusions of quartz and rimmed by sericite and
luartz.

3.4.9 Accessory minerals
These include sphene, pyrite and magnetite 

(with pyrite dominant), apatite and calcite, the last 
often occurring as late thin veins cross-cutting the calc 
Plicate bands. Granular sphene is common and in one 
sample forms small bands (<1.5 millimetres thick) of 
densely packed grains at the calc-silicate/semi-psammite
boundary,

Apatite is rare, no more than a few rounded grains 
burring in any one sample. Pyrite grains are scattered 
th*oughout the bands with separate subsidiary magnetite.
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CHapter EOTTr-CALC-SILICATE PETROLOGY

4.1 White Calc-silicates

4.1.1 Previous research

White calc-silicate bands form a widespread 
subsidiary lithotype in both the Glen Doe Semi-psammite 

an  ̂the Monadhliath Semi-pelite (see Sections 1.2.4 and

i'or the last thirty years their presence has been ack- 
n°wledged and their mineralogy used to attempt to estimate 
Inetamorphic grade in pelitic sequences lacking orthodox 
2°nal minerals. Kennedy (1949) provided the first detailed 
8tudy °f this metasedimentary lithotype from western
^verness-shire and north-west Argyll. He distinguished
^°Ur zones based on index minerals:

1 ) zoisite-(calcite)-biotite
2 ) zoisite
3) anorthite-hornblende
4) anorthite-pyroxene, in order of increasing

Qe* He also subdivided the first zone into three assem-
®es based on the presence or absence of zoisite and

Calcite.
a) zoisite-calcite
b) zoisite-calcite-hornblende

Ken
c) zoisite

hedy differentiated each major zone on mineral assoc-
iati°ns, and proposed three reactions as being transit-
iohai between groups.
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Zone Transition 
1 / 2

2/3
3/4

The

Reaction
biotite + calcite (zoisite)=

hornblende
2 zoisite = 3 anorthite + Ca(0H ) 2  

hornblende = 4 pyroxene
Se reactions and groups were equated with Eskola's 

^a°iés (namely from the epidote-amphibolite to the 
Pyroxene hornfels facies) and also with zones in pelitic 
Schists. This last comparison'Kennedy based on Barth’s 
(1936) work when he stated anorthite-hornblende granulites 

be isofacial with the sillimanite zone. Kennedy 
"therefore equated zones 1 and 2 with the garnet zone and 

found further corroboration from work in the Trondheim 
re§ion by Goldschmidt (1915).

For several years after Kennedy, no further informat- 
*°n Was forthcoming save for a mention of the presence of 

c-siiica-fceg by Anderson (1956), notably in the 
°nadhlia-th Mountains. Winchester undertook detailed
s¡"tudiies of calc-silicate mineralogy, petrography and met- 
°rPhism in Fannich Forest. Minerals present in the

Cal« -in"Silicates (Winchester,1970,1972) mirrored those 
de
the

che
and

Sci>ibed by Kennedy but assemblages equivalent to only 
^ rst two of Kennedy's zones were found in Fannich. 

ner (1976) also studied the mineralogy and geo- 
mtstry of calc-silicates around Morar and Knoydart 
distinguished three major zones trending approx-

. +he area. Table 4.1 showsirately north-south over
2cpal 
tit

assemblages and their correlation with the distinc-
■ons made by Kennedy.
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Kennedy,1949. Winchester,1970,1972. Tanner, 1976.

 ̂ Zo,cc,bi
Zo,bi-na plag

Alb,zo,cc,bi 1
- Olig,zo,cc,bi(hb) 2a

2 Zo And,zo,bi(hb) b
Zo,hbina plag And,zo,hb(bi) c

3 An,hb Byt/an,hb(zo,bi) 3a
4 An,px Byt/an,px(Hb) b

^ey: zo-zoisite, cc-calcite,bi-biotite,hb-hornblend e,
Px”Pyroxene;alb,olig,and,byt,an-albite to anorthite
Plagioclase.

^ ble 4.1 Correlation of White Calc-silicate Zonal Assemblages

i*1 the Killin area three groups are discernible based 
mineral assemblages seen in thin section. Each can be 

shbdivi(3e(3 on the presence or absence of clinozoisite and 
bivalents to the first three groups of Table 4.1 are seen.

Kennedy Tanner
Bi-hb-sodic plag
Bi-hb-sodic plag-clzo 1/2 2(a)
Hb-sodic plag
Hb-sodic plag-clzo 2 2(c)
Hb-calcic plag '

) 3 3(a)
The Presence of each mineral, its habit, size and texture 

°een described in Chapter 3. Associations, of minerals
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with each other will now be discussed and reactions will 
be postulated to account for variations seen.

4.1.2 Calcite in calc-silicates

Calcite occurs in only twelve out of sixty- 
bhree calc-silicates studied in thin section, and in two 
°£ those is present in very small amounts (<$:0.5 volume fo). 
Of the remaining ten samples, nine contain calcite as 
inclusions within garnet thus indicating the primary 
nature of the calcite. When occurring outside garnet, the 
Calcite is invariably associated with chlorite or biotite, 
and also sphene, sericite and quartz.

^be comparative scarcity of assemblages containing 
Calcite outside garnet renders elucidation of its role 
father difficult. One noticeable feature is that in all 
sbch samples, there is no calcite associated with the 
cbinozoisite-rich areas thus lending weight to the 
faction:

(Wi
3 An + Cc + HgO ----^ 2 Zo + COg (1)

Chester,1972; Storre & Nitsch,1972; Ghent & DeVries,
19?2; H®witt,1973; Hoy,1976). 
s®where, chlorite is associated with, and growing at 
exPense of, hornblende in the presence of calcite and

serici.ue» and complex intergrowths of chlorite, calcite,
sPbei
ftopç
Pie
ah
*ef,

' rip* opaques and garnet are seen. In the latter case,
Phan one reaction must be taken into account for the

sent
°Paqu

assemblage. The occurrence of a sphene rim upon 
e core is repeated throughout sample 674 (Grid

qUart2
erence 511118) always in the presence of calcite and 

» thus suggesting:
Ilm + Cc + Qtz ----^ Sph + COg (2)
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Associated with this in some samples is the chloritisation
A■L Sarnet, a process difficult to express by reaction but 
aPProximating to:

Gt + H20 ----> Chlorite + Qtz (3)
Chloritisation often occurs in the core of the garnet or 
along fractures.

The inverse reaction illustrated by reaction (1) was
Postulated by Winchester (1970,1972) in Fannich but
refuted by Tanner in 1976 on the grounds that more sodic
Plagioclase is produced. In the Killin area evidence is
Scarce due to the intense sericitisation of plagioclase

these examples,„which makes the existence of more Na-
^oh plagioclase hard to prove or disprove. However, one
SamPle does show corroded clinozoisite adjoining sericite
in the presence of calcite, the latter appearing to fill 
in areas between clinozoisite laths.

4.1.3 Ferromagnesian minerals in calc-silicates

Biotite occurs in group A (Table 3.1) in all 
k^rteen samples but in group A-2 tends to a more remnant 
rm. However, in all assemblages biotite participates in 
pr°grade reactions• Hence evidence of the reaction 

qu°ted by Kennedy (1949):
Biotite + Calcite (Zoisite) ----^  Hornblende

(4)is rare* Only one sample (7411 collected by J.A.W. Grid 
erence 490082), shows amphibole definitely growing
hiotite in the form of acicular grains clustering

on k
 ̂ own biotite with adjacent calcite, quartz and seric- 

(^late 18). Although other samples show biotite and 
ende in juxtaposition, quartz is the only assoc-



P l a t e  18 A m p h i b o l e  r a d i a t i n g  f r o m  b i o t i t e  i n  a w h i t e

calc-silicate

Piate 19 Growth of biotite along the basal cleavage
hornblende
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“iated mineral thus implying that all the reacting calcite 
been consumed or that the two minerals are merely in 

Physical contact.
7he retrograde growth of biotite from hornblende was 

Se®n extensively by Y/inchester in Fannich and the intro
duction of potassium into the calc-silicates from micro- 
°hine in adjoining pelites was postulated:

Hornblende + Microcline ----> Biotite +
Anorthite + Quartz (5)

^  ^he Killin area this retrograde production of biotite
i5 seen in a few examples, occurring along the cleavages 

basal sections (Plate 19). Two factors are apparent, 
iirstly that no products other than quartz and biotite are 
Seen, an(j secondly that the alteration occurs on the calc- 
stlicate margin but not in the centre. These two observ- 
atiops would suggest that potassium is indeed introduced 
0Rl the country rock and also that the reaction is 
chieved via pore fluid (cf. Tanner,1976).

4.1,4 Clinozoisite and Plagioclase (in some 
dances, the former in association with epidote)

Clinozoisite is present in most calc-silicates 
 ̂aPpears to form from calcite, plagioclase and garnet. 

eaction (1 ) illustrates the prograde formation of clino-
20i jGjj a., with the production of more sodic plagioclase, 

°linozoisite occurring as both granules and tabularthe
êï>ai
Mai

ns* This reaction was also noted by Perry (1 9 7 6 ) in
tle* Most clinozoisite however, is closely associated 

Hth Sericitised plagioclase, small needles of the former
kein^ completely enclosed by sericite. The sericitisation 

Ss is the latest involved since larger grains of
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w^ite mica trend across the foliation, the latter out
lined by clinozoisite laths and elongate quartz grains. 
Thia Post-dates the partialbreakdown of plagioclase to 
Produce clinozoisite.

In some samples there are clinozoisite and hornblende- 
Plagioclase bands, the former associated with sieved and 
somewhat granular garnets. The garnets are more anhedral 
within the clinozoisite-rich areas and there is an 
a8sociated decrease and near loss of plagioclase compared 

hornblende areas. A reaction involving the removal
Of TPlagioclase and depletion of garnet is therefore 
ŝ Sgested:

(Gh

5 An + Gross + 2H20 
Na plag. absorbed

4 Zo + Qtz (6)
c. rock

ent & DeVries,1972; Winchester,1972; Hoy,1976).
lihin the clinozoisite areas very small grains (0 .0 1  

millimetres long) of plagioclase are seen but the mineral
e<age8 are decomposed. Also, fairly good albite twins are

m  the centre of grains which have a sericitised
^composed outer rim suggesting an incomplete reaction.
Clinozoisite is frequently seen adjacent to, or

n°losed by garnet which is breaking down in the presence
Calcite, quartz and sometimes sericite. Where sericite
Involved, reaction (6 ) may again be invoked but many

XamPles exhibit only calcite and quartz with garnet and 
°lin°2oisi-te. The clinozoisite often has a distinctive,

°na-l but continuous rim of more epidotic material 
 ̂Plying further growth of the mineral but with a greater 
** content. On the introduction of water, the grossular
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component of the garnet may break down thus:
H2 O + 5 CO2  + 3 Ca^A^Si^O-^ ^
2 Ga2Al3Si3012(OH) + 5 CaC03 + 3 Si02

Ufter Narayanan Kutty & Anantha Iyer,1977). The iron
necessary for production of an epidote rim seen in some
sampies may have two sources. In one example the margins 
0 ̂ a hornblende lath lose their colour and exist as 'ghosts' 
*mPlying loss of iron taken up in epidote. The alternative 

that an iron-bearing component of the garnet (e.g. 
alroandine) releases iron on breakdown. It is noticeable 

sphene is often present when clinozoisite is form- 
but its role, if any, in the formation of new epidote 

^aerals is not discernible.
Plagioclase is present in most calc-silicates studied

ill +■thin section either as twinned or sericitised grains.
^  ^annich, Winchester (1970,1972)found that thirty perc-

the calc-silicates contained no plagioclase and he
°nsidered that this was due to completion of reaction (6 ).

A <sP®cimen previously described (see preceding page)
°Ptains clinozoisite-rich areas with a consequent deplet- 

Plagioclase but rarely does this apply to the 
e of any calc-silicate from the Killin area. Only 

^ecimen 6 120/1 (Grid reference 502113) contains no plag-
1qq1_ase» the sample being crowded with fresh clinozoisite
and Aear quartz, with garnet and hornblende. Specimen
G iom / r\

' ¿ from the same rock shows a few partially sericit- 
Srains on the margin of the calc-silicate, as does

ion in 
whoi{

Í8ed
8ampi
*ePleti 
8111 abund

e 744 (Grid reference 472069). The absence or
on of plagioclase does seem to be associated with 
ance of clinozoisite but that the reaction is
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controlled to some extent by the original chemistry also 
seems probable.

Determination of plagioclase composition in forty- 
nin® samples was attempted (using symmetrical extinction), 

majority being from group B-2. Tanner (1976) sub
divided his assemblages on 'jumps' in plagioclase compos
ition, a feature not readily apparent in the Killin area.

equivalent of zone one of Tanner is seen; thus An 
Values start just above the oligoclase junction. Zones
A *1 jXo B2 in Killin show a progressive increase in 
anorthlte content when the mean value is taken for each
&roup. However, there is no substantial overlap between 
ei>oups. pour values from groups C1 and 02 do however,
sk°w a considerable increase in anorthite content (Figure 
9)'» and there is a jump with no An values recorded between 
An58-6?* Tlle SrouPs have a mean value of An^Q, the higher 
Value "being attributable to increasing grade (Winchester, 
197°; Tanner,1976).

4.1.5 Garnet

Garnets occur in all the calc-silicates
Xamined. No garnets from Killin have been analysed but
"til°Se studied by Winchester (1970,1972) were found to be 
alcic almandine. Most garnets studied contain inclusions, 
^imariiy of quartz and calcite but sphene and opaque 

b are sometimes present.
The production of garnet from magnetite and anorthite 

may vave occurred in some samples (specifically from 
°UP B-i)f although as noted by Tanner (1976), this 
. °n tends to be characteristic of higher grades and
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may n°t be readily applicable.
4 Magnetite + 6 An + 6 Qtz ---->

2 Calcic Almandine + 2C>2 (8 )
(Muecke,1969; Winchester, 1970,1972). In such samples,
Waller and much fresher garnets occur amongst larger ones 
wbich in some cases have complete, or near complete rims. 
^araPle 6210 (group A2) also contains blades of clinozoisite 
Presumably enclosed during garnet growth. However, rework-

the garnet thus enclosing changing suites of minerals, 
as Ascribed by Tanner (1976), has not been observed.

Retrograde changes involving garnet have been discussed 
in Previous sections (4 .1 .4 ), the products including chlor- 

zoisite and clinozoisite. Instances of this reaction 
are however not particularly common, and no general retro-
Pf'Yyession in the area seems indicated by the mineral assem- 
■̂ages and textures.

4*? Origin of the Calc-silicates

The field appearance of both white and green calc- 
^icates confirms their sedimentary origin. The bands or

^ A sog are para]_]_e]_ -to the Sq/S^ fabric and sedimentary
r̂Pctures substantiate this conformity. Their origin 

w°Ulci
the

therefore seem to be as calcareous nodules or bands,
differences between the two groups being an initial

ci ̂P a ri ty in chemical components (see Section 7.4.1).
The presence of calc-silicates in the Western Moines 
acknowledged by many authors including Kennedy (1949),

Butioer (1965) and Winchester (1972) but few postulate their
*Sin. Similar studies have been made elsewhere such as
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that of Vidale (1969) in New England, Ghent and DeVries 
C1972) in British Columbia, Thompson,?.H. (1973) in 
Canada and Thompson,A.B. (1975) in Vermont. However, in 
®any accounts, very little basic descriptive information 
is presented. Both Ghent and DeVries (1972) and Thompson 
(1973) describe epidotic calc-silicates, in the latter 
case formed due to metamorphism of calcareous psammites.
B°th also describe assemblages very similar to those exhib
ited by the Killin green calc-silicates. Apparently marg- 
inal to these are Arnipol types (see Section 4.4), init-
l-ally described and named by MacGregor (1948) and attrib
uted by Winchester (1975) to the metamorphism of epidotic 
«*its. Unlike the Arnipol calc-silicates, garnet is present 
in the Killin green calc-silicates and the epidote does ndt 
aPPear to be primary. This may suggest a slightly different 
thltia.1 sediment composition.

Vidale (1969) and Vidale and Hewitt (1973) studied 
Zoned calc-silicates produced experimentally by metasomatic 

fusion, with subsequent comparison to natural examples. 
Petrographic evidence for metasomatism in natural samples 

given by Vidale as the symmetry of mineral assemblage 
Zones (and zone width) about the band centre. The low number 
0i Mineral phases and discrete changes in composition of 
z°hes from the band centre to the enclosing schist are also
lUoted.

$ev

8s

Comparison with Killin white calc-silicates reveals 
eral differences which tend to discount metasomatic diff- 
°h as the dominant process. On the whole, near-equilibrium
sembla£es are observed and reactions therefore proceeded
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nearer to completion in contrast to Vidale's assemblages 
which were 'quenched’ either by a drop in temperature or 
a loss of pore fluid. Killin calc-silicates tend not to 
^evelop zoning to any great extent but where zonations 
are seen, these are invariably asymmetrical and irregular.
The only comparable feature is a marginal selvage of bio-
"̂ke, but this is a comparative effect due to its paucity
the body of the calc-silicate. Many calc-silicates

show a gradation into the host rock with an increase in
^otite content and a loss of calcium aluminium silicates. 
This may in part be due to an initial lithological gradat- 
^°n» but in most cases the bands are relatively homogeneous. 

I’he zoning discussed by Vidale and Hewitt (1973) owes 
8 origins to fluid gradients. The enclosing pelitic 
ĉ ist provides a reservoir of water and the calcareous
batid
«1

(in this study impure limestone) a source of carbon 
oxide. Subsequent migration of carbon dioxide and water 
o^Uces a gradient with zoned phase assemblages, each 

one local equilibrium. It is noticeable that white 
silicates occur in host rocks with differing peliticcalc~

°ont
Prod

ents and therefore water capacities. The assemblages 
Uced are nevertheless remarkably constant over the area

ani3 within the bands.
That

fo
io

some migration of elements occurred during the
^mation of the Killin calc-silicates is implied by occas-.

textural features. However, a wholescale system of 
aiit«sion is negated by the very morphology and occurrence

^he bands.
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4.3 Green Calc-silicates

Occurring dominantly as thin bands and lenses in 
Psammitic and semi-psammitic lithologies, the green calc- 
silicates form a metasedimentary facies hitherto un- 
^escribed (see Sections 1.2.2, 1.2.3 and 3.4).

They consist of quartz, plagioclase, amphibole - 
Sarnet, t  pyroxene and i epidote. Subdivision into groups 
*s not possible on the available information (Section 
^•4.1). Minerals are here discussed and possible reactions
A

r their formation are postulated.

4.3.1 Biotite

Biotite occurs in several samples (Table 6 , 
^apter 3 ) but in few is it present in significant 
Proportions. Sample 697(ii) contains biotite, which mostly 
iorms nuclei on which actinolitic amphibole grows (Plate 
^  in the presence of excess calcite. Sphene is.' often 
Pi‘esent (although in small quantities), with the biotite
^  actinolitic amphibole surrounded partially or totally 
by a mosaic of feldspar. Due to alteration, any' feldspar 

s are very poor, but some may be potash feldspar. This 
therefore suggest the reaction:

Bi + Cc + Qtz -- —^-Act + Sph + K-feldspar +
C02 + H20 (9)
(Thompson,1973)

^action proposed by Hewitt (1973) will produce a
simiTaY,ar assemblage:

Bi + Cc + Qtz --- >  Araph + K-feldspar (10)
+ co2 + h2o

and >eaction (1 0 ) is substantiated by reaction 5 of



P l a t e  20 A c t i n o l i t i c  a m p h i b o l e  n u c l e a t i n g  o n  b i o t i t e

Plate 21 Granular garnet enclosing and enclosed by
calcite
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Carmichael (1970). In the remaining samples, biotite occurs 
as a few scattered grains usually associated with actinol- 

amphibole and the biotite is clearly a residual 
Phase, taking part in an amphibole-producing reaction.

4.3.2 Amphibole

Amphibole is present in all the green calc-
S1 T *lcates and three 'classes’ are seen:

(i) primary hornblende
(ii) primary actinolitic amphibole
(iii) secondary actinolitic amphibole

Grò
(S

UPS (i) and.(ii) are separated on petrographical grounds
ection 3.4.3). The hornblende forms large spongy grains 

*ith
for

numerous inclusions of predominantly quartz. Its
^tion is taken to be as shown in reaction (10). Primary
^holitic amphibole is seen growing from biotite (reaction 9)
* although only in five samples does it constitute a 

rnainv, Part of the calc-silicate.
■hy far the commonest occurrence of actinolitic amph

ibole ,;is derived from clinopyroxene. The clinopyroxene,
which
iaii
acti

(c

may be diopside (Section 3 .4 .4 ), is totally or part- 
^ surrounded by needles or typical basal sections of 
n°litic amphibole. This would suggest1.that slight local- 
retrogression occurred (Section 8.3.3) within the 
calc-silicates since water is introduced:

5 Di + 3 C02 + H20 --- > Act + 3 Cc^+ 2 Qtz (11)
Michael,19 7 0 ; Thompson,1973; Hoy,1976). The reagents-' 
Pfoducts of this incomplete reaction are seen over a 
area in the green calc-silicate bands. A high pC02,
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^r°m original green calc-silicate chemistry and associated 
^actions may have contributed to the process. Calcite is 
^variably associated with amphibole and clinopyroxene, 
although not all calcite present in some samples necessar- 
ily owes its origin to this reaction.

4.3.3 Clinopyroxene

Clinopyroxene (possibly diopside) occurs in 
"twelve samples and in all is associated with secondary 
ac-tinolitic amphibole. In three samples however, the 
Pyroxene is surrounded by sericite with only very small 
Quantities of actinolitic amphibole present.

same agents responsible for the alteration of
cl i°Pside in reaction (11), may also have participated in 
the Sericitisation of feldspars. The presence of feldspar 
may have buffered the production of actinolitic amphibole 
Îï>0ni topside in the three samples mentioned, producing 
^ roxene (-actinolite)-sericite-calcite-quartz assemblages.

4.3.4 Epidote minerals

Both epidote and clinozoisite are found in the 
a^c'silicates, nearly half the samples containing one or
both
Of

the

°£ these minerals, and their presence is the result

£ral

Several processes. (Compared to the white calc-silicates, 
£reen variety contain much less clinozoisite). Bladed
ns °£ clinozoisite are seen within totally or partially 
°ttised feldspar, possibly formed by reaction (1 ):

6 to
‘«te

Cc + 3 An + H20 ---->  2 Zo + C02

Sericitisation of plagioclase, it is difficult to
rinine any relationship between anorthite and clino-
site
The

content.
usual occurrence of epidote minerals is as xeno-
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hlastic grains or thin dendritic growths enclosing other 
mineral grains. Some samples (e.g. 6 8 6 ) contain epidote 
and clinozoisite associated with clinopyroxene, garnet 
anâ sericite. Small amounts of actinolitic amphibole are
also
^ich

seen in such assemblages. Two reactions, both of 
suggest the introduction of water, are implied:

5 Di + 9 An + 4 H.0 --- >  6 Zo + Ac + (12)
2 Qtz

(Strens,1965; Hoy,1976)
Gross + 5 An + 2 .HgO ---->  4 Zo + Qtz (13)

(Ghent & DeVries,1972; Hoy,1976)
^Pidote and clinozoisite dominate the assemblages in some

2» 755 and 7 6 1 ) samples with biotite forming a subsid- 
iary

Plagi
Of

constituent. All three samples show a diffuse nature 
calc-silicate assemblages scattered throughout a 
oclase-quartz-biotite host. A common texture consists 

Snanular epidote or clinozoisite surrounded by slivers 
k^otite, actinolitic amphibole and calcite with
°clase (and sericite) and sporadic small grains of 

asil feldspar. At least two limited reactions may have 
Qe<1 here with biotite breaking down to form actin-

flag! 
Pot

the 
PI a.

•c amphibole (reaction 9 ) and some potash feldspar, 
released water participating in the conversion of 
gioclase to zoisite (reaction 1 ).

4.3.5 Garnet

8ili
ePid

Garnet is anhedral in all the green calc- 
Cates and absent from some samples. In samples without
°^e minerals, the garnets are granular and skeletal

bounded predominantly by calcite (Plate 21), with
s®ricite and rare amphibole. This suggests the
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reaction:
Gross + 2 CO2 ---->  2 Cc + An + Qtz (14)

quoted by many authors. In epidote-bearing assemblages, 
Sarnet is either absent or forms only a few relict granules, 
^hat it has broken down to form epidote seems probable.

S’he composition of the garnets in these calc-silicates 
*s unknown but grossular may be found in regionally 
metamorphosed impure calcareous rocks (Deer, Howie &
^ussman, 1962) hence metamorphism of sediments with substan- 

amounts of magnesium and calcium should lead to 
deduction of garnet with a high proportion of the
Suossular molecule. Analysed garnets from 'white1 Moinian
ĉllc“silicates elsewhere have all been Ca-rich almandines
Winchester, pers. comm.) and no true grossular occurs, 
but some compositional variation should be expected based

chemical and mineralogical differences between the 
v*Ute an*ana green groups.

4.3.6 Feldspar

Both plagioclase and potash feldspar particip
ate in

n several reactions but few samples show good examples
either mineral and differentiation between them is 

tehd(ered difficult.
Howiever, in the epidote-bearing assemblages scattered
ns °f plagioclase are found from which the anorthite 

can be determined. Using the symmetrical extinc- 
method of Michel-Levy for multiple albite twins and 
^thod of F.E. Wright (1911) for combined Carlsbad- 

"twins, a few values were obtained.
^ s4railar procedure used by Ghent and DeVries (1972)

ti
th.

*lbU e
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revealed that an increase in anorthite content could he 
correlated with an increase in metamorphic grade, as 
indicated by associated, pelitic assemblages. This was also 
n°ted by Kennedy (1949), in ’white' calc-silicates.

In the Killin area there is a scatter of values and 
although the higher anorthite contents group in the north-
eas't (albeit with some lower values), no definite trend 
enierged.

tho

^•4 -Arnipol Calc-silicates

The rarest group of calc-silicates in Killin are 
Se designated by MacGregor (1948) as 'Arnipol' type,

Gained
bevg

after their first locality. Arnipol calc-silicates
subsequently been recorded by Tanner (1970,1976) and 

^Chester (1975). The bands or lenses generally average
1 o r .  pc centimetres in width and rarely exceed 10 centi
metres* The distinguishing feature is that unlike their 

e counterparts garnet and zoisite are absent but 
Xe is abundant. MacGregor (1948) described them as•i

••».dominantly white or pink quartzo-feldspathic rocks, 
with i■L°cal greenish streaks.... .without garnet.... and
ich epidote."

Winchester (1975) noted that the epidote, accompanied by
s"Pbene occurred as rounded or sub-angular granules 
°sed by biotite, hornblende, quartz or plagioclase.
Only

c&n
one sample (6174) which occurs in the Killin area

be
ains

oonsidered to belong to this group. It contains 
oi epidote within predominantly hornblende, now

^antially chloritised and, atypically, garnet forms 
constituent. Similar intermediate types were alsomin



-67-

n°ted by Winchester (op. cit.). Calcite is present and 
Plagioclase forms a minor phase. The An content of the 
^eldspar was noted by MacGregor as oligoclase and Winchester 
as An16 to An5 6 but in the Killin sample it is more calcic 
Un42>-



-68-

¿SffigR FIVE-STRUCTURAL ELEMENTS IN THE KILLIN AREA

5»1 Introduction

Description of the diverse structural elements 
involve use of specific abbreviations denoting part

icular planar fabrics or linear features. Fabric is defined
fta combination of both textural and structural elements

(Whitten, 1966), thus including the spatial and geometric
Oniiguration of all recurring properties constituting a
°ck (Turner and Weiss,1963»Hobbs, Means and Williams,1976).

Planar fabrics are distinguished by S with a numerical 
SUffi
te

x* hence SQ is primary bedding and S 1 is the first 
c"tonic foliation and regional schistosity. The letter P

siniii
the

arly refers to different fold generations, and L to
associated lineations formed during the relevant def-

°rmati°nal phases, D.

^ela
50 » or primary bedding, is rarely seen either in the

°« the 
this 
io

or thin section. The dominant planar fabric through- 
e whole area is the S1 foliation and it is within 
that later generation folds have developed. This reg—

 ̂ al foliation is axial planar to small scale, isoclinal,
rafoliai P̂  folds which have parallel, often attenuated, 

limbg and thickened hinges which are especially visible in
ea calc-silicates.
Ihrree subsequent fold generations are discernible but Of

Se only one (F,) shows good development of a planar 
fabric ,

crenulation cleavage).
Xiiyieations associated with early deformations are rare, 

inant element being the crenulation lineation.
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5*2 Informational Synopsis (see Figure 10)

The D 1 episode is, in many ways, the major deform-
a^ion of the area in that it produced the regional foliat-
*0n' No major fold structures are evident in the area under
^udy but scattered examples of minor folds are seen. Trend
an  ̂Plunge of axes (Figure 11), where measurement is poss 
iblp „» are variable depending upon later folding. All F̂

s are recumbent isoclines with thickened hinges and att-
nuated limbs which are pinched out in the foliation. Int-
nse flattening is therefore inferred and during this epis
ode -fho oe O] foliation and subsequent parallelism of this and 

0 fabric developed. Discordance of to Sq is rare,the g

k°ugh Sq ¿g apparent in thin section.
^ 2 episode which is most apparent in a central east-west >

lending belt, formed close minor folds during ductile 
atl°n. The stratigraphy of the area was folded into a 

 ̂ e synform, the Monadhliath semi-pelite forming the core. 
major fold matches the Corrieyairack Synform of

A V'975) and is considered to be its south-westerly 
nt. Minor folds reflect the trend of the major str-

^turg
na a flattening event produced near similar stylesU ee Secti

PI on 5.7) with a weak axial planar cleavage. Axial
are steep to sub-vertical, trending approximately

thi

west,
RefoldinS of the Corrieyairack Synform occurred in the

.on with a resultant change in trend of theeeformati<

a more south-westerly direction. Trending approx
imately

n°rth-east/south-west, the F, folds are upright, 
Ay symmetrical, open crenulate in style, with an



Figure 10 Major structural elements of the Killin area



1



Figure 11 Orientation of F-j fold axes



1



-70-

axial planar crenulation cleavage. They occur mainly in 
th<a northern and central parts of the area. Axial planes 
are steep to sub-vertical and the majority dip south-east.

^3 axial trends change considerably south of an arbit- 
rary line (see Figure 17) and plunge directions are rever- 
Se<̂' Although no mesoscopic evidence is apparent the pres- 
en°e of major F^ structures is nevertheless inferred.
°t>ably occurring as warping with resultant alteration of 
rend in minor F^ axes, little additional evidence is app- 
■rent for this deformation. Minor structures are restricted 
a individual kinks with varying axial trends, which 

^Part little information save to show that deformation 
as relatively brittle.

Subsequent deformation was limited to faulting and 
°̂iniing, a dominant trend being north-east to south-west.

linear Features-Folds

5.3.1 F1 folds

a*ea
The earliest linear features seen in the Killin 

are sporadic, isoclinal, intrafolial folds. These are
outiiued by calc-silicate bands (see Chapter 1) or early 

veins and the regional schistosity (S^) is axial
51a:
th

nar to them. S.j is outlined by prismatic amphibole in
Calcrsiiicates. All examples of F., folds possess sub- 
aH y  thickened hinge zones and attenuated limbs

?late
C i ) * The intense flattening of these folds and con

s e n t Production of the S. foliation has produced very
°ea fold limbs. Rarely do these exceed 3 centimetre! 

n ^ickr,-̂ness, and overall fold length does not exceed 60



P l a t e  22 E x a m p l e s  o f  f o l d  m o r p h o l o g y ,  o u t l i n e d  b y

white calc-silicate bands
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centimetres. Their attitude is dominantly recumbent.
Occasionally pelitic laminae within psammitic or semi- 

psamraitic -beds delineate F^ folds but these are less 
common than folded calc-silicate bands.

Since the regional foliation is axial planar to these 
folds, measurement of axial trends is difficult unless a 
pelitic bed contains a substantially harder folded band. 
Fourteen such axes have been obtained and Figure 11 shows 
their distribution, orientation and subsequent stereo
graphic plot. With so few measurements no clear trends are 
likely to emerge but there may be a bi-planar distribution, 
and the line of intersection of the two planes is very 
nearly parallel to the F^ trend (plunging 2 3 ° to 1 8 4 ). 
However, since major episodes of deformation post-date S-j, 
it seems more likely that this distribution is a function 
of the paucity of information.

5 .3 . 2  F2 folds

A total of 87 minor F2 fold axes have been 
measured, the majority of them from the belt which trav
erses the centre of the area in an east-north-east/west- 
south-west direction. All are associated with the major 
F2 Corrieyairack Synform.

The wavelength of minor F2 folds is commonly 30 to 50 
centimetres (Plate 23) depending upon the lithologies 
involved and the associated degree of flattening. All folds 
are isoclinal to close (Fleuty,19 6 4 ) with an average inter
limb angle of 35° to 50°, and monoclinic symmetry. These 
asymmetrical, near cylindrical folds possess rounded to 
sub-rounded hinge zones and in many cases show considerable



Plate ?3 Fr, fold outlined by quartz veins





Figure 1 Poles to 22 axial planes
(North point is marked by vertical line)



Oo



Figure 13 Axial plane trends for F2 and ^ 3 fo]-ds
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Sickening in this region with attenuation of limbs, shown 
to some extent in Plate 23.

2̂ axial planes are steep to sub-vertical and trend 
aPproximately east-north-east/west-south-west. Pips from

ladings are split between north-west and south-east 
(PiSure 12) producing a bimodal distribution. This change
* ^ P  direction is noticeable south-east and south of Loch
^lin (Pigure 13) where both regional foliation and F? 
a*ia1A Planes steepen in the axial region of the major Fg 
Syn£orm.

The
(Pi
acj.

majority of these folds are moderately plunging
ePty,1 9 6 4) although there, are several changes of plunge 
°Ss the belt of minor fold axes (Figure 14). A stereo- 
iC Plot (Figure 15) shows the uneven bimodal distrib- 
with most of the 87 readings plunging east-north-east 
remainder west-north-west. Girdles may be drawn 

°u£h the plotted points although the great circle so 
8-trUcted for the westerly-plunging folds is rendered 

arbitrary by the low number of readings. Subsequent

Ption

the
th

rather
thters
ariy

ection of these two planes produces an axis very
Ay c°-axial to the mean F, trend. Hence the distribution 5
ah<3 the undulation in F0 fold axes is attributable to 
t'fect of the P^ deformation.

5°3.3 F^ folds

 ̂ Features developed during the P^ deformation
$ mihate the northern part of the Killin area. Minor 
3 foid axes are common throughout, except around Loch 

* and are related everywhere to major structures.



Figure 14 Minor F2 fold trends



i



Figure 1

Figure 1

Stereographic plot of 87 F2 fold axes 
(North point is marked by vertical line)

Contoured stereographic plot of 231 ^ 3 f0^  
(North point is marked by vertical line)

Contours at 1 , 3, 5 and 7$



o
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Th
6 major axes which plunge south-south-west are repeated 

about a median line throughout the area (Figure 10) which 
*s responsible for the alteration of the trend of the major 
*2 synform.

The amplitude of F^ folds is highly variable and it is 
Possible to state a finite value since all are inter- 

elated. it can be said that there is a range of wavelengths 
r°m less than 5 millimetres, to several kilometres for the
®ra-ll structures, all folds being crenulate in style and 

Pos

(Pi
sniaii
^eave
fo
n

sessing monoclinic symmetry.
Profiles show the folds to be dominantly open or gentle 
euty, 1964). The hinge zones tend to be angular and the 

degree of flattening (see Section 5.7.4 and Plate 24) 
8 hinges and limbs of competent bands relatively uni-

rin in thickness. The folds are mainly cylindrical but
3 +•e 25 shows a departure from this pattern with the off-.

fold crests and hinges over relatively short distances. 
The trend of minor F^ fold axial planes is shown in 

'5. A fairly constant trend is maintained about a
•east/south-west direction and most dips are to the 
east, this being mirrored by the crenulation cleavage.

st cleavage and the axial planes of the F^ folds are°th

eP to sub-vertical across most of the area. 
The
8 how

**b

^5 axes have an average plunge of 36° and Figure 
8 their distribution. The axes form a bimodal dist-

Ptin°n with a considerable number of points in the north- 
^hadrant. This is related to the change of plunge dlr-

Of A Which is most noticeable in the south-western corner
the area although scattered axial undulations do occur



Plate 24 Small scale P folds

Plate 25 ^  folA crests





17 fold
5

trendsFigure
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elsewhere. An arbitrary line may be drawn subdividing the
area into two (Figure 17), the northern part exhibiting
Mostly south-westerly plunges and the southern part mainly
easterly plunges. The changes in orientation must be relat
ed +t0 a later deformation and this is evident from the

<Hvi
e°graphic plot of F^ axes (Figure 16), which shows the
sion about an east-south-east direction. The arbitrary
dividing the fold axes is influenced by the avail-

^ I t y  of data and its direction cannot therefore be acc- 
utat('ely fixed. Even so, the line is subparallel to the con- 

Uc-ted trend which affects the Fj folds. Hence it is app- 
x that a fourth deformation consisting of major, open 
.XlBtB.
exposures in the extreme south-eastern corner are£ o

stderably affected by the Allt Crom granite. The regional 
ioUi
Int

ation is disrupted and it seems likely that forceful
rusi has produced a disorientation of linear structural
etnent£*cnts* j_n^ense veining and feldspathisation of host

llthoino..ubies suggests that the granite, which outcrops to 
th ^"^-east, is at no great depth in this area. It is

feasible that the disruption of F, axes was induced by
the int 3r^sion. The trend is approximately parallel to the

bulbous margin of the granite and on moving fur- 
west, its effects become less obvious. A few F, trends

'‘'in ̂ area deviate from this pattern, the majority

T>01ht
c°hia

horth-south or northwest-southeast. At this particular 
• the effective dislocation caused by the intrusion 

been essentially vertical rather than oblique,
^ght found on the flanks of the granite.



Plate 26

Plate 27

Muscovite crystal illustrating an early stage 
of kink formation

Muscovite crystal illustrating a later stage

of kink formation
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5.3.4 P4 folds
Elsewhere, occurrence of structures-in the

field is scarce and is limited to a small number of minor 
kinks
in
M m

cs* Major structures are responsible for the undulation 
*3 fold axes (see Section 5.3.3), but are discernible 
a£ily by graphical methods.
The axial trend of the kinks varies, from east-north-

6ast to south-east and west-north-west. All show an angular
Action of the foliation but no conjugate sets are seen 
s determination of the direction of compressive stressihu

ia n°i; feasible.
^ 4 deformation is better shown in thin section by

bkea
M s t

muscovite crystals. Plates 26 and 27 show selected
ads, hut the grains are disoriented.

Int
*1

ernal deformation usually occurs by flexural slip
& the layering and constant orthogonal thickness is

thua
maintained (Ramsay,1967). It is now suggested by sevrai
a^thors (Gobbold et al,1971;Gay and Weiss,1974), that 

lilies  vDegin as buckles which are subsequently modified to
Nil;
Pt
St
in

°ce
"ar form. Migration of axial surfaces (Ramsay, 1967)
e<3a from an initial kink with lateral and longitudinal 

Otyth* Elates 26 and 27 illustrate this concept with kinks
nn

a 1 ®arly stage of formation (marked E on Plate 26) and 
at$r

fillStati
stage, (designated L on Plate 27), with boundary 
°n in the latter.
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5.4 Linear Features-Lineations

Lineations do not form a persistent or common tec-
tonic feature in the Killin area. Two are discernible, the 
eailier (Lj) a mineral alignment associated with F2 folds, 

a crinkle lineation (L^) associated with microcrenul- 
°ns comprising F^ folds.
•̂ °th distribution and trend (Figure 18) of these lineat- 
8 is therefore very similar to those of the minor folds. 
c°nd lineations are dominant in the east near Loch Killin

Ud
ati

Un
Sg
aHd
U

in-
(Ft

ih the west, whilst third generation ones predominate 
central and northern areas.
L2 lineation is an axial alignment of minerals, 

Viably biotite with muscovite. A stereographic plot

We

Shre 19) shows the similarity in trend to the minor F2 

Of the thirty readings, six show a plunge to the 
horth-west due to the effect of the later folding.
"S lineations show a similar parallelism to the minor

su

3 fold axes and reflect later tectonism in the same way,

Un ■Primarily to F^ warping. However, there is considerable
nin,

4 s of lineation trends and this probably reflects a
°f conicalness in the F, folds over the whole of thev ,  5

5 c
*■* —°^d inage

„ Although not common, examples of boudinage have been
sualiy they occur within early quartz veins, and 
nicknesses ranging up to 40 centimetres. Pinch and 
thin quartz veins was also noted.

^tstantial flattening and therefore lateral stretching 
Ve been responsible for their production, and since



Figure 18 Trend and distribution of lineations



X 1



Figure 19 Stereographic plot of lineations
(North point is marked by vertical line)

x - lineation 
o - Lg lineation



X
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He within the foliation it is probable that they 
Ineâ during the intensive flattening of the episode 

ultimately produced the foliation.
Reaching a maximum length of 4 metres, the area of

necking in some boudins is clearly seen to contain a
PeHti 
str

c infill, the latter flowing under the compressive

the
ess (Plate 28). This illustrates the pre-D^ nature of
Quartz vein since the host pelite has infilled the

necv  t produced during deformation. Boudins folded in 
er heformational episodes were occasionally noted, on

tlle Umbs of P2 and F^ folds. Where the folds involved a

ho
^egree of compression further separation of the

Udins way have occurred after folding (Plate 29).
The

tin
te

axes of boudinage show two trends (080 and 180)
Wyi ng that the axes have been rotated during subsequent

f°ld

tonic events.

5,6 Refolding

As with any multiply folded area, examples of re-
ing occur throughout. This brief section outlines the

Is naat styles. The most common is the refolding of F-j 
°clin«es by open crenulate F, folds, usually illustrated
y Pol ^

:-ciiica-tes or quartz veins. Development of the 
enRlati

c*
°n cleavage fades on approaching the isoclinal

hin;
ài
£e. Occasionally the more competent bands show 
screte fractures sub-parallel to the direction of

53 cleavage (Plate 30).
Sûre 20 shows the refolding of an isoclinally foldedPi

Ibi
si-licate band with the P̂  axis now parallel to the F^ 

8 is a type three interference pattern of Ramsay



P l a t e  28 N e c k i n g  of q u a r t z  b o u d i n s

P]a te ?9 Folded quartz boudin (upper left of lens





P l a t e

Plate 3

30 Crenulations with development of cleavage 
fractures

Refolded white calc-silicate band s
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(1967)
at

'the

with the ’a' direction of superimposition orientated
a high angle to the first fold axial surface. This is
®ost common refolding pattern in the Killin area with 

is°cHnal P1 cl osures often occurring on the limbs of tight 
2 ^°lds,

■Plate 31 shows a refolded calc-silicate which closely
Sernbles the type two structures of Ramsay (op.cit.). The
I'al crescent shape is surrounded by a further calc-
°ate band suggesting a section through an arched fold, 
thi

°ant: 
sUl 
In

iolàed

Pi
Is
th:

s instance, the axial plane and limbs are both 
» the former making a large angle with the imposed 
rection which is again the Fj fold trend.
Sure 21 again illustrates a type three pattern which

Alined by calc-silicate bands, but in this case all 
ee trends are present, each being folded by progressively

y0Uil
folds, F, being the most recent. Axial traces of 

the 5
the

■Pirst and second generation are now sub-parallel with
g3 "trace superimposed at a high angle to both and

>  Int
ana

ense flattening is apparent in the formation of S1 
S2* their traces paralleling the regional foliation.

^*1 Geometrical Analysis of Folds

5.7.1 Introduction

Ve*al
Analysis of folded layers is possible using 

geometrical properties which are constructed upon
Profiles. Construction of dip isogons (Elliot,1965),
e(p I01d classification according to isogon patterns

Pi
Et,

ay*l967).
P isogons are lines which connect points of equal 
eht through successive fold layers (and occur as such



F i g u r e  20

Refolding patterns from the Killin area
Figure 21



C a lc -s i l ic a te  band •< --------------  S 3  t r e n d

i
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in

the
ûet

subsequent examples), and the relative orientation of 
isogons with respect to each other and the axial trace,
ermines curvatures of layer boundaries. Study of isogon

Patterns produces three basic fold classes (ojd. cit.) 
ending on fold arc curvatures. If in tracing isogons 

rottl the outer to inner arc of a folded layer there is

indi
is

ergence on each other and on the axial trace, this is
Native of class 1 geometry. Class 2 shows parallel 

°£ons
&0U
c°hv

the
(ìl

and class 3 divergent ones, class 1 being the only 
$ which can be subdivided on the degree of isogon 
ei>gence.
A further parameter used to describe fold shape is t, 
°rthogonal thickness (ojd. cit.). Using a fold profile
&hre 22), the thickness toe between two folded surfaces

th 6 ^e^erm^ne^ ky constructing tangents to each of
( 8e* making an angle 90°-°<. with the fold axial trace,t i *
0 3 the thickness measured at the fold hinge zone and

the ^atio of the two, produces a useful parameter

fi ŝ da

Ua

thi

** ' ^raPhical representation of tj* vs.c< produces five 
0r lines relating to the different fold classes, 
second graph may be constructed in the same way but

,g  T» the thickness between surfaces parallel to the 
^race (Figure 22). The relationship between the two

in
a*tal

«lea,

shd in

ess parameters is expressed as: 
t* = T^ cos <*

% OUld "true similar fold (class 2), the thickness t
foilow the relationship: 

t ',x = cos oc.

i e final parameter used is (Huddleston,1973) whichmeasUred in conjunction with the dip isogons. ^  is



Figure 22 Fold profile illustrating the parameters

in analysis



p

A
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^ined as the angle between the isogon and the normal > 
the tangents bounding fold surfaces (Figure 22). In a

Plot

Parai
°f <i> and oc sign conventions are necessary for both 
deters. o< is positive for antiform right limbs and

^form left limbs and negative for the other limbs. <j> 
is
vise

Positive if the isogon is "deflected” in an anticlock- 
sense relative to the perpendicular from the inner to

°ute
41

r arc, and negative if ’’deflected” in a clockwise

In

Motion (ojd. cit. ).
^  is a very useful parameter since it reflects changes
fold

4et
geometry. Curvature changes in complex folds are

4*t

ermined using dt'/clcx and d2t’/d<x̂  against oc plots 
aniaay,l967), but plotting of (p^ against oc reveals a 
6 very similar to that of the first differentiated 
(Huddleston,1973). Also, fa is independent of the

( R ,

cUï7
Plot

um
to

Position unlike t'* , and is therefore less liable
eri‘ors since a datum change results in a constant

shOw
Lar difference. Subsequent graphs of and oc again 
a subdivision into five fold classes.

In
Of
Is

the
amples of Fg and F^ folds follow and each is analysed
banner described. F. folds are not studied on account

their
1

extreme deformation which has produced tight
°cli

Se nes with attenuated limbs. Such deformation renders
ome ty» j•C1cal analysis unnecessary. 

5.7.2 Analysis of F2 folds

°n6

and
the

Fold one is composed of five layers, all but 
(hhmber five), being semi-psammitic in composition 
eaching a maximum thickness of 7 centimetres. From
Crest of layer one to that of layer five is a distance
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57 centimetres and \/2 averages 22 centimetres. This 
lightly asymmetric fold has dominantly rounded crests 
^leuty,1964), with interlimh angles for individual layers 
Varying from 35° to 75°» the overall profile being tight 

close (erg. cit.).
figure 23 shows the isogon orientation for each layer 

results are summarised in Table 5.1:

î yer Hinge Right limb Left limb
1 Parallel (2) convergent (1B) divergent (3)
2
3

Parallel (2) convergent (1C) convergent (1A)
Parallel (2) convergent (1C) divergent (3)

4
5

Parallel (2) divergent (3) convergent (1B)
divergent(3) divergent (?) divergent (3)/ 

convergent (1A) at 
high

Table 5.1

Ihe
ci
e8
ass 2

a*iai

Noticeable property is that the fold displays 
geometry at the hinge with a combination of class- 
3 along the limbs. layers one to three have been 
"Using the graphical methods already described.

t»
it:Crii

graph shows layer one (Figure 24) to be class 3 
hinge zone until oc reaches 25°, class 2 up to

5°° aHj, class 1C thereafter. This is substantiated by the 
7 against oL plot.

a^6r ^Wo lies in the 1C field for all three graphs 
 ̂ a Blight fluctuation in gradient of the right limb
6̂ reeil AnO n iand 55°. This is illustrated in the against



Figure 23 Isogon orientation on the profile of Fold 1



h o r iz o n t a l



Figure 24 Graphical plots for Fold 1, layer 1



LAÏEB-J



Figure 25 Graphical plots for Fold 1, layer 2
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01 Plot and is due to a slight thickening of the limb 
figure 25).

The right limb of layer three is seen to be consist-
class 1C (Figure 26) whilst the left one fluctuates

êir̂ y about the class 2 to class 3 boundary, for low
h®s of oc , and moves into the class 3 field when oL is 

45° 0£ more.

•̂ old two is slightly asymmetric with rounded crests 
ihterlimb angles from 45° to 56°. Total thickness along

a*iai
th:
ly
to

trace (1) is 80 centimetres, two layers (one and
ree) being semi-psammitic in composition and two, slight-
more pelitic.A/2 averages 35 centimetres for this close

20°

°Pen fold (Fleuty,1964)•
figure 27 shows the fold with isogons constructed•at 
intervals and the results are summarised in Table 5.2:

iayer
1

__ Axial trace (1) Axial trace (2)
Left limb Right Limb Left Limb Right limb
convergent convergent weakly weakly

convergent convergent
¿ divergent parallel/ divergent + divergent

3
convergent (convergent)

convergent parallel convergent weakly
convergent

Th
aPe,

Table 5.2
e i-Sogons illustrate an alternation of fold layer

°ti •̂ayers one and three showing dominantly class 1C
enta-Mtlon, whereas layer two displays class 3 geometry.
Ali "three layers have been analysed using the t'^,



Figure 26 Graphical plots for Fold 1, layer 3



LAYER 3



Figure 2/ Isogon orientation on the profile of Fold 2



(2)
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and <j> (Figure 28) for the intermediate limb of the fold, 
%er one showing class 1C geometry in all three plots.

two shows a near perfect similar fold plot for 
Valtea of oc up to 40°, but diverges into the class 3 field 
at higher angles. The third layer shows gentle changes in 
slope from ciass 3 geometry at low angles (<*- < 3 5 °)» to 
Ĉ ass 1c at higher values of w..

5.7.3 Interpretation

Ca*mot 
Ite 
Pio

Although graphical analysis of six fold layers 
be considered to be representative of all 1 0 folds,

th,

sbyles throughout are reasonably constant and this 
Cess therefore serves to interpret, if only partially, 
^  mechanism of formation.
The

‘»P«
Of

variations in fold style are the products of the

th

1C

and amount of deformation and the differing competency 
e folded layers.

six analysed layers show a predominance of class
^e°metry with subordinate classes 2 and 3 and as suchtosty

6 indicative of buckling of competent layers with 
SeclUent flattening (Ramsay, 1962 ; 1967). Layer parallel 
ening would lead to the initial development of buckle

%

too
aC

This would produce parallel (class 1B) folds in 
c°mpetent beds. Less competent material produces
^dating fold styles. Plots of t*^ against oc. can be 

Posed on a similar graph indicating the variation
/\

1) , 2 ^1 in flattened parallel folds (Ramsay,1967 p. 413).!jn ePrnihntion of the superimposed strain is feasible only

%
a ti

ve
<* Plot produces points falling along a similar



Figure 28 Graphical plots for Fold 2
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In both fold one and two, no plot of t 1̂  against oc 
^Uces a perfect curve on the A 2A -1 variation diagram.

layer three of fold one shows a curve which is 
Cotlstant enough to warrant use of this method. Values of 
°m 2 5 0 to 63° show a flattening of 65$. The fold hingeft.

limb extremities both show a divergence from this 
Value.

In fold two, layer two shows a near perfect similar 
line and layer one shows a fairly constant value of 

• deviations from these near constant curves can be

foid

e*Pl

tr

ained by deformation continuing by processes other 
flattening. An original fold profile which did not 
°ximate to class 1B would also produce curves

Regressing theA 2/A-| lines.
Fold one would therefore have been compounded of 
Ss 3, 1C and both 1C and 3 for layers one two and three 
Actively. Bold two shows a basic alternation of styles

1 ̂ * classes 1C and 3 (more pelitic) which together prod
uce aa fold that closely follows the class 2 trend. These 

deduced by modification of different layers with

ïe 
1

te 1B
h°mo

and 1C geometry which, after superposition of

°cn,
‘tVe
ieat

Aeneous strain, take up a near class 2 geometry when 
s*3ered together (Ramsay,1967). Thus the buckled layers
hudergerne deformation by a combination of processes.

chi
Uï>es associated with dominantly flexural slip
eniB*n e.g. tension fissures, are not seen in P2 folds
^hls leads to the suggestion that the tangential 

°nSiturnuainal strain is the major factor. As noted by
cit.), it is unlikely for this process to take



Figure 29 Isogon orientation on the profile of Fold 3
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Place alone and it will therefore he accompanied by some
fle*ural slip.

Folds thus developed would change in style due to
ixatte
W e

-ening and associated with this, the F£ cleavage would
formed. Although this is not a dominantly penetrative 

abric it probably formed in this way, parallel or sub- 
Waliei to the F? axial planes.

5.7.4 Analysis and interpretation of F^ folds

To give some indication of the F^ fold style 
Particular fold has been selected. Figure 29 shows the

Ps

la

"e> the style being dominated by a major competent
Orniti
yers.

c band within incompetent pelitic and semi-pelitic

isogon pattern produced for the psammitic band,
’"Uch
‘h,

l. clearly resembles a cleavage fan (Figure 29), shows
6 10

gî>aPhi
PI

geometry of the layer and this is substantiated 
cally (Figure 30). The curves produced in the t^

ot are almost identical for both limbs (about axial trace
an<3 a sufficiently constant trend is obtained for deter- 

^atio°n of the amount of flattening. In this case a value 
is obtained for superimposed homogeneous strain,35*

sub
*h.e F
W v

Se

staatiaiiy less than in the tentative values gained for 
2 folds. Associated pelitic and semi-pelitic bands 
typically accommodating styles with fold hinge thick- 
aîl(l limb attenuation, both consistent with class 3

°metry.
c°mhination of all these properties again suggests 

Pfial longitudinal strain as the prime factor in F^



Figure 30 Graphical plots for Fold 3
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formation. Study of F^ fold geometry tends to be more
^fficult than for F2 folds due to the open crenulate style 
0f •

"the former, and the fact that the F^ folds are seen 
^inly j_n thinly multilayered sequences. This brief analy- 

^oes, however, serve to elucidate some of the factors
Solved.

5.8 Foliation

Foliation is defined here as parallel, penetrative
eleniehts (Fairbairn, 1949) produced by a combination of 
% s i (

He9.ïis

Wan,

•cal discontinuities between compositionally differing 
and a preferred orientation of mineral grains (Hobbs, 
and Williams,1976). It Is a product of deformation

$3

°ften coincides with the original S surface. Hence the 
ar fabric developed in this area can be often designated
V s r

BWicls
V e
^ti

5.8.1 Sq fabric

Sq bedding surfaces are revealed by calc-silicate 
and sedimentary structures. All these primary features 
^heir enveloping planes parallel to the regional fol-
°n> thereby substantiating the Sq/S-j fabric. In the
e of such features, SA is rarely seen but it is hinted 

^ in °8 alternations of semipelitic and semipsammitic units
^aracterlstic of the area which may reflect compositional 
ences between individual beds in the original sediments.

eSe are almost everywhere parallel to the fabric.
however, in the hinges of isoclinally folded calc-sil-

l C a t e s  q’ Oq an<3 g are clearly discordant. Only on one other
u was SA recorded in the field, where a dominantly 

0r°ck contained a psammitic band which had a clear
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anSular discordance with the foliation. In thin section, 
Signed biotite and muscovite grains define the foliation

in the pelitic unit and they have been crenulated by 
latcer folding. In the psammitic band, rarer micas still 
°u-tline a planar element which is sub-parallel to both 
e si foliation and the SQ boundary. This sample is 

bought to illustrate the refraction of the foliation 
ĉ Used by a difference in competence between the bands.

Two additional samples may show evidence of Sq in thin 
SecÜon, both as quartz inclusions in garnets. In both 
°ases there is a tripartite division based on inclusion 
ŝ 2e. In sample 6210, a white calc-silicate band with the
^araSenesis quartz-garnet-hornblende-clinozoisite-andesine,
the rim of the garnet contains inclusions ranging up to
0 1c millimetres in diameter. The centre band has sizes up 

0.01 millimetres and the remaining division is relatively 
delusion free (Plate 32). This arrangement is mirrored in 
Sample 721t the garnet occurring in a pelitic band within 
a 'thin (<1o centimetres thick) quartzite. For these inclus- 
ions to represent original quartz-rich or poor bands there 
®u®t have been little or no metamorphic segregation and 
Btatic garnet growth. In both examples, the boundaries bet- 
We®n inclusions show a slight angular discordance with the 
S 1 fabric.

5.8.2 S1 fabric

Within the Killin area, there is no evidence 
^°r the existence of the major folds with which the 
^ectonic fabric may be associated. However, the mechanism 
which produced strain and possible sliding to the north-



Plate 32 Three-fold division of garnet based on inclusion

size
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Wes"t (Parson, 1979) and south (Haselock,pers.comm.) may also 
âve been responsible for the regional foliation. No major 
stratigraphic inversion or recumbent folds were revealed to 
6xist within the Killin area.

Microscopic: In pelitic and semi-pelitic schists the 
Elation is defined by platy mica grains both in hand spec- 
t^ens and thin section. In more quartzose semi-pelites mic- 
a°eous laminae alternate with quartzose bands, the latter 
c°ntaining elongate quartz grains with length to breadth 
ratj-os reaching 6. In psammites the foliation is less evid- 
6ilt but examination of thin sections reveals alignment of 
lnica crystals and slight parallelism of the long axes of 
l^artz grains. In all lithotypes, early garnets form augen 
8tructures within the foliation but in few cases are any 
stinctive quartz inclusion trails developed. Where they 

are visit>ie, straight trails are discordant to the fabric
Provide further evidence for the Sq fabric.
la calc-silicate bands prismatic amphibole, and in many 

°ases tabular clinozoisite, delineate the fabric.

Mesoscopic: The foliation varies in direction about two 
<̂0r'iinant trends, namely northeast-southwest and northwest- 
s°htheast. A contoured stereographic plot of poles to 1280 
illation planes (Figure 31) shows most of the readings to 

in the north-westerly quadrant with a subsidiary cluster 
the south-easterly quadrant. This indicates the dominance 
the northeast-southwest trend but division into four sub- 

areas (Figure 32) outlines the trends in more detail and 
aifords evidence of the effects of later folding episodes.

Sub-area one (Figure 33) shows the predominance of



Figure 31 Contoured stereographic plot of poles to 1280 
foliation planes
(North point is marked by vertical line) 

Contours at 0.5, 1, 2, 3, 4 and 5$

Figure 32 Division of area into foliation sub-areas



1



Figure 33
_ .

Contoured stereographic plot of poles to f®11 
planes in Sub-area 1
(North point is marked by vertical line)

Contours at 2, 4, 6 and 8$; n=88

Figure 34 1 jContoured stereographic plot of poles to fon 
planes in Sub-area 3
(North point is marked by vertical line)

Contours at 1, 3, 5 and 6.5$; n=153
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s°utherly and south-westerly dips producing a girdle, the 
axis °f which corresponds to the F^ direction. Sub-areas 
^̂ ree and four (Figures 34 and 35) show a similar distrib- 
^ion but with a dominant south-easterly dip and the former 
shows some bimodal distribution about the F^ axial trend.
 ̂combination of F2 and subsidiary F^ folds produces a 
r^ther more diffuse plot in sub-area two (Figure 36) with 
ĥe foliation dipping east, south-east, and north-west 
ahout the F2 folds, and also south-west about the F^
structures.

5.8.3 S2 fabric

The development of an S2 fabric is very weak, 
being limited to a few occurrences scattered throughout 
the area. Approaching the hinge zone of folded white calc- 
silicate bands, prismatic hornblende crystals are aligned 
Parallel or sub-parallel to the axial plane of the fold. 
However, due to the competent nature of individual calc- 
silicates this does not produce a strong penetrative fabric.

t

Folds in psammitic and pelitic lithologies also show a ! 
Very weak fabric which is best developed in pelitic bands, 
^he more psammitic bands show a poor fracture cleavage with 
subsequent cleavage refraction into more pelitic bands.

5.8.4 fabric

This is the dominant of all the minor fabrics 
developing an axial planar or sub-axial planar element to 
°Pen F^ crenulate folds. Although associated with some large 
folds, the crenulations are small scale Q  = 1 millimetre to 
15 millimetres) and occasionally, a good crenulation



Figure 35 Contoured stereographic plot of poles to foli^ 
planes in Sub-area 4
(North point is marked by vertical line)

Contours at 1, 3, 4.5, 6 and 7.5$; n=190

Figure 36 -i • ati0*5Contoured stereographic plot of poles to foil 
planes in Sub-area 2
(North point is marked by vertical line)

Contours at 1, 3, 5 and 7$; n=205
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°leavage is developed due to transposition of the fol- 
*aiion. The dominantly asymmetric crenulations are found 

^he more finely handed or intensely foliated units.
^late 33 shows the crenulations and a developing crenul- 
ation cleavage in a semi-pelitic outcrop. Micas of the S| 
•̂abric are folded and fractured about F^ profiles and are 
s°nietimes recrystallised and realigned along the crenulat- 
ion or strain-slip cleavage planes, indicating both mech
anical rotation and growth. The crenulation cleavage and 
associated axial planes dip predominantly to the south-east.

The crenulation cleavage consists of planar to sub- 
Planar domains of orientated micas, elongate quartz grains 
ailh opaque minerals which produce a parting in the rock.
ie Planes coincide with the limbs of microfolds (crenul- 

aiions) and constitute zones of mineral orientation and 
Srowth. The formation of the cleavage is dependent upon the 
existence of orientated flaky minerals, subsequently folded 
(Gray,1 9 7 7 )#

Figure 3 7 , taken from a thin section, illustrates cren- 
^lations and the associated fabric produced in a semi-pelitic 
s°hist. Developed by buckling of the fine mica layers 
(Cosgrove,1 9 7 6), there is an associated redistribution of 
Minerals (op.clt.) to produce zonal crenulation cleavage 
(Gray,1 9 7 7 )# The intermediate cleavage trace in Figure 37 
c°nsists of, in two dimensions, a triangular area where 
Predominantly muscovite and biotite lie at a high angle to 

cleavage trace. This feature, the sub-parallel nature 
°£ the cleavage traces and their zonal, rather than discrete 
nature (op.clt.), suggests that this particular example is 

a relatively, early stage in its development.



fatricFigure 37 Microcrenulation with development of



VO mm.

Zone of j  
mineral /re-orientation

Muscovite 
l+Biotite)



Plate 33 Crenulations and developing crenulation

cleavage





5.9 Jointing

Systematic joints (Price,1966) are developed 
throughout the area. Although seen in all lithologies 
^hey are concentrated in the more competent quartzite and 
hsammite bands. The thicker white calc-silicate bands also 
exhibit good minor jointing.

The majority of the joints appear to be related to 
ĥe later F^ phase of warping (see Sections 5.2 and 5.3.4) 
^he main trends are outlined below (see also Figure 38): 

165-180° ac joints
075-090° be joints(longitudinal)

015-030° )
045-060° ) shear joints 
105-120° )

The shear joints tend to produce a cluster with the 
^15-030 direction being dominant. Sets trending 045-060 
may be related to the late stage northeast-southwest
faulting.

Many joints are vertical or sub-vertical and few 
Possess a dip less than 65°, the average being 72°. There 
*s some late chloritisation of micas along joint planes 
ahd epidote is also seen within areas veined by the
granites•



Figure 38 Joint rose diagram (for metasediments)
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5.10 Faulting

Minor faults with displacements of two or three 
Metres occur throughout the area. They are easily disting
uished by the displacement of distinctive bands, such as 
white calc-silicates, which can be used as markers. However, 

gradational lithologies render the location of major 
faults difficult.

One major fault (the Glen Foe fault, in the northern 
Part of the area) displaces the boundary between the Glen 

and Knockchoilum semi-psammites. Fifficulties arise 
because only one marker is available from which the move
ment can be estimated. There is an apparent sinistral 
movement with a displacement of 1900 metres, although 
some vertical displacement also occurred. The fault appears 
io die out rapidly to the north-east.

The trend of most faults in the area, and to the north 
(Parson,1979) is northeast-southwest, parallel to the 
Great Glen. These form part of the general fault pattern 
(Johnson and Frost,1977) in the Central Highlands. Shear 
Planes in the Newer Granites also possess this trend and a 
dominantly strike-slip movement, analogous to that of the 
Great Glen fault, is implied. It is also suggested that 
faulting continued after intrusion of the granite masses, 
dated at approximately 400 million years (see Section 6.6).
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^SAPTER six-igneous rocks and amphibolites

6.1 Introduction

The Newer Granites (Read,1961) intrude the Killin
ea: the Foyers granite in the north and the Allt Crom

£ranite in the south-east. The Corrieyairack granite also
aPProaches within five kilometres of the southwestern cor-
ner of the area (Figure 39).

Figure 40 shows the subdivision into areas which is
Use<i todescribe the intrusions. It is difficult to map
c°ntacts precisely, hence those illustrated on Figure 40
arP approximations. Field occurrences are thus limited to
^ykes and sheets, although the scale may differ considerably
between and within each group.

Granitic intrusions are the most common, with subsidiary
&ranodiorite and adamellite and rare tonalites. The relative
abundance and the petrography of these rock types is similar 
ina each sub-area, hence their descriptions are contained in 
°ne section. Classification of the intrusions is based on 

distinctions of Carmichael, Turner and Verhoogen (1974), 
°hfiimarised below:
GRANITE:potash feldspar> plagioclase:biotiteihornblende or

muscovite
GRANODIORITE:plagioclase> potash feldspar:biotite and/or

hornblende
ADAMELLITE:potash feldspar and plagioclase subequal:biotite

and/or hornblende
^ONALITE:plagioclase:biotite and hornblende



Figure 39 Newer Granites bordering the Killin area

Figure 40 Four sub-areas affected by intrusive igneous 
rocks (as described in text)
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6.2 Field Occurrence

6.2.1 Sub-area A

Figure 41 shows the distribution and trend of
fusions in sub-area A. Most are exposed in the River

^chlin. Broad granitic dykes occur in the northern part
oi the area, traceable for up to 100 metres and reaching 
50 metres in width. These dykes are sheared along a north-
6ast to south-west direction which imparts close joints to
"fcVie granite. Secondary epidote and chlorite have developed 
^long the joint planes.

Further south small dykes and sheets occur, commonly as
■f v 1ln (5 to 20 centimetres) homogeneous veins with sharp con- 
tacts. Little planar fabric or crystal orientation is dev- 
®Ioped, although larger bodies do possess a lensoid appear- 
ance. Since the fabric is poorly developed, it is unlikely 

be the distensive foliation seen at Foyers (Marston,1971) 
may be sheet jointing (Price,1966).
The larger granitic dykes contain metasedimentary 

delusions (Plate 34) with randomly oriented semi-pelitic 
an  ̂semi-psammitic blocks reaching 25 centimetres in length, 
^thin the 'granite contact' (Figure 41) larger metasediment- 
ary xenoliths exist but it is not possible to completely 
^etermine their boundaries.

Inclusions usually retain their original shape although 
°ccasionally the 'splintered' end of a semi-pelitic block 
shows incipient assimilation with an increase in quartz and 
°rthoclase content. Mafic schlieren are not developed.

Both granodiorite and adamellite dykes occur but it is 
not Possible to determine relative ages from the observed 
■̂ ield relationships.



P l a t e  34 M e t a s e d i m e n t a r y  i n c l u s i o n s  i n  g r a n i t i c  d y k e

Plate 35 Puhedral sphene crystals in granitic sample





Figure 41 Igneous elements in Sub-area A

Figure 42 Igneous elements in Sub-area B
('contact' illustrated in Figure 40)
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6.2.2 Sub-area B

The Allt Crom granite is exposed in this sub- 
areai but exposure is generally very poor. Where discernible 

majority of exposures are dykes (Figure 42) and all but 
^ree are granitic. The remainder comprise two granodiorites 
an<̂ one microtonalite, and all occur as dykes.

All dykes vary from 50 centimetres to 10 metres in width 
and occur with concordant granitic sheets up to one metre 
^ick, all showing sharp contacts (see Section 6.2.5). These 
Etrusions have disrupted the regional foliation in the 
v^°inity and have feldspathised the host lithologies. Larger 
^ykes contain numerous xenoliths (>2.5 metres long) and with 

granitic sheets tend to isolate large rafts of host 
Ethologies (>10 metres in length). This is an area of veined 
ftetasediments noted originally by Anderson (1956), in which 

host rocks first lose their orientation.
The larger dykes and sheets possess joints with a dom- 

Eantly north-east to south-west trend. Two trends, 030 and 
are defined by plotting on a rose diagram (Figure 43). 
Pegmatites also occur in this sub-area, in the Allt 

*Ehar and the Allt a Choire Odhar. These irregular, thin 
^ ? centimetres thick) veins contain quartz, muscovite, 
°rthoclase and black tourmaline in approximately equal 
^portions.

6.2.3 Sub-area 0

No major intrusions are exposed in this area- 
it consists of a concentration of dykes. Intrusions are all 
£ranitic, forming both dykes and sheets in exposures along 

River Tarff. The exact northerly extent of the granitic



Figure 43 Joint rose diagram for granitic dykes and sheets
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^trusions is unknown due to lack of exposure but is prob- 
al%  limited since previously mapped granite sources are 
8°me distance away. Although it may be related to the Corrie- 
^■rack granite (op.clt.) to the south, it seems more likely 
^at it is an offshoot of the closer Allt Grom granite.

The granite dykes reach 18 metres in width and granitic 
ŝ eets up to one metre thick may be traceable for 45 metres.

are well developed and show two dominant trends at 
°55 and 160.

6.2.4 Sub-area D

bi
In sub-area D a six metre thick dyke of dark red 

°tite granite occurs at the south-western end of Loch nan
£un
¡net
cl

(Figure 40). It exhibits sharp contacts and surrounding 
Pediments show feldspathisation. This occurrence is 
°sest to the westerly offshoot of the Foyers granite (Figure

39) and this seems to be the most likely source.

6.2.5 Intrusion contacts

th
In all cases, intrusion contacts are sharp and 

er® is no melting of country rock, except where small 
^elusions are contained within intrusions. This suggests 
b̂ at intrusion post-dated metamorphism as well as deformation 
^  "these rocks.

It is not possible to determine the precise relationship 
between the numerous dykes and the two major intrusions due 
0 lack of suitable outcrop, but it seems likely that the 
iylceB are offshoots of the larger bodies.
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6.3 Petrography

Table 6.1 shows average modal analyses of selected 
r°ck types from sub-areas A and B.

6.3.1 Granites

The granites contain quartz either as large 
Stains with undulose extinction and sub-grains (where the 
°riginal grain has ’fractured*), or close-packed masses of 
Srna.ller grains on boundaries between K-feldspar grains, 
larger grains (up to 4.0 millimetres long and 2.0 millimetres 
wide) show curved to lobate boundaries, whilst the smaller 
°hes form sub-rounded grains with an average diameter of 
•̂1 millimetres.

Plagioclase occurs predominantly as rectangular blades 
°^en with slightly rounded boundaries. Grains reach 3.5 
Millimetres in length and 1.5 millimetres in width and both 
Multiple (albite) and combined Carlsbad-albite twins are 
c°mmon. Plagioclase compositions (Table 6.1) are determined 
Using the symmetrical extinction method of Michel-Levy for 
Multiple twins, and the combined twin method of Wright (1911) 
ior Carlsbad-albite twins. A few untwinned grains also occur. 
Some grains are zoned but the cores are totally sericitised 
rendering determination of composition difficult. Rare anti- 
^rthitic textures are present.

K-feldspar is represented by orthoclase, with subsidiary 
Microcline, primarily in sub-area B. Rounded anhedral grains 

orthoclase are often clouded by incipient alteration but 
^srlsbad twins are still discernible. Grains reach a maximum 
oi> 5 millimetres in length and 2 millimetres in width and 
Some contain quartz and plagioclase inclusions. Myrmekitic
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1 2 3 4 5 6
Quartz 49.8 48.2 34.4 21.6 39.9 40.6
B^agioclase 13.6 23.0 15.2 29.8 15.0 25.1
A*1 value 31 32 28 34 27 34
Crthoclase 23.9 25.6 29.1 16.0 30.7 23.5
^icrocline - - 1.5 —— —  — 8.5 4.3
®Pidote — — 4.0 11.9 tr —
Muscovite 1.2 tr tr tr 0.4
Biotite 7.5 0.3 0.2 —  — 4.6 1.5
hornblende — — 0.2 — —  — —  —

Chlorite 3.2 0.7 7.5 16.5 0.6 2.5
^Paques 0.4 — 2.3 0.1 0.5 1.9
Cphene tr tr 0.7 2.2 — —

■^Patite tr tr tr tr tr tr

^ey: 1-granite of sub-area A
2- adamellite of sub-area A
3- sheared granites, of sub-area A
4- sheared granodiorite of sub-area A
5- granite of sub-area B
6- adamellite of sub-area B 
tr-trace

Higgle 6.1 Average Modal Analyses of Selected Igneous Rocks
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intergrowths occur between adjacent grains of plagioclase 
and alkali feldspar by vermicular quartz intergrowing in 
Plagioclase. Although several processes could be responsible 
*'0r its formation (Phillips,1974), one of replacement seems 
®°at feasible.

Biotite is the dominant mafic mineral and often occurs 
as clusters associated with chlorite, both showing an undul- 
^ion along their length. Biotite also occurs as small flakes 
some of which are rectangular, pleochroic from straw yellow 
P° deep brown. Smaller flakes average 0.5 millimetres in 
^ehgth and may enclose thin 'slivers' of sphene measuring 
aPproximately 0.3 by 0.05 millimetres.

Opaque minerals consist of magnetite and haematite with 
Very little pyrite. Scattered growths of ilmenite also occur, 
Usually adjacent to magnetite or rimming sphene. Sphene 
°ccurs as isolated grains and is common in the sheared 
Sranites as euhedral crystals reaching 1.75 millimetres in 
^ehgth and 1.0 millimetre in width (Plate 35).

6.3.2 Adamellites

The adamellites are texturally very similar to 
granites. Quartz occurs as large grains (3 by 2 milli- 

m®tres) showing strained extinction, or as small grains 
forming aggregates. Some of the larger grains now comprise 
sub-grains. Quartz-quartz boundaries are dominantly lobate.

Plagioclase and alkali feldspar occur in approximately 
e9ual amounts and both contain scattered grains of sericite. 
■^lagioclase often occurs as large grains (up to 4 by, 1.5 
millimetres) with Carlsbad-albite and some pericline 
fwinning. Some grains also show normal zoning,

Orthoclase similarly occurs as large grains (up to 4
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^  2 millimetres) or rounded grains with a diameter of
1 C millimetres. Simple twins occur and zoning is apparent 

a few grains. lesser amounts of niicrocline occur as 
r°unded grains (approximately 1.25 millimetres in diameter) 
e*hibiting cross-hatch twinning and microperthitic textures.

Both muscovite and biotite are present, the former only 
as scattered flakes. Biotite is associated with chlorite 
ahd sphene and forms dark brown flakes with dark cleavage 
r̂ aces.

6.3.3 Granodiorites and tonalites

Quartz occurs in various grain sizes. Inequant grains 
sh°w lobate boundaries (and are often associated with epidote) 
an<̂ small grains occur in thin crush zones between K-feldspar 
S-hd epidote.

Blagioclase forms large grains (up to 4 by 2 millimetres) 
^"th albite twinning and some microfaulting of twin planes 
(•Plate 36). Grains are commonly flecked with sericite. Some 
2oned anti-perthitic plagioclase occurs with a little 
^icro-perthitic orthoclase. However, orthoclase occurs prim
e l y  as large (3 hy 1.5 millimetres), slightly rounded 
Stains with simple Carlsbad twins. Sericite flakes again 
Produce a cloudy effect.

Epidote occurs in some samples, either as a 'web* assoc- 
■^fed with quartz or as small prisms forming aggregates and 
°losely associated with chlorite. The epidote shows pleo- 
^^oism from green to yellow and individual grains reach 
^•4 millimetres in diameter. The chlorite is frequently 
a<iidacent to or enclosing calcite (see Section 6.4). Chlorite 
Stains reach 3 millimetres in length and 1 millimetre in



Plate 36 Mierofaulting of plagioelase grains
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Remaining components include sphene and opaque minerals. 
eile commonly forms rhombs reaching a length of 1.75 milli- 
es. Magnetite and pyrite usually form isolated grains 

millimetres in diameter), but are sometimes associated
1,1 th sphene.

tonalités do not form a very distinctive or common suite
^ therefore only brief mention is made here• Quartz occurs
3S
ào
t.

Predominantly small grains or subgrains, but larger grains 
°ccur. Plagioclase is the commonest feldspar with subsidiary
fel<aspar. Brown-green hornblende;is present with biotite and
^ttle magnetite.

6.3.4 Pegmatites

Pegmatites occur primarily in sub-area B and cont- 
■Large (5 millimetres in length and 3 millimetres in width) 

Ûattz grains with undulose extinction and lobate boundaries, 
^scovite occurs as large blades (6 millimetres x 4 milli- 

res) which may be kinked, and tourmaline (schorlite)
Urs with cross-cutting fractures. Green-brown in thin section, 

116 tourmaline contains quartz enclaves and either partially 
* totally encloses slightly perthitic K-feldspar. Small (0.7 
^limetres x 0.4 millimetres) muscovite flakes are also 
il°lhded in the schorlite, the latter occurring as one crystal 
easuring 2 centimetres in length and 0.5 centimetres in width.

The pegmatites clearly cut the metasediments but their 
Nation to the major intrusions is not apparent. .

^•4 Shearing Effects

ih
Physical effects of the shearing include microfaulting 

Plagioclase grains (Plate 36), and the production of 'micro-
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crush* (mylonitic) zones. The zones reach 2 millimetres 
width and 1 centimetre in length and contain small 

(< 0.02 millimetres) rounded grains of quartz, plagiocl- 
sse, often with epidote, and late calcite (see Section 
^•3.3). Some of the features, especially those seen in 
luartz, i.e. undulose extinction, subgrains and certain 
serrated grain boundaries, are analogous, if not compat
ible with the development of mylonitic characteristics 
(Bell and Etheridge,1973).

The development of secondary minerals due to shearing
is best seen in the granites of sub-area A. Biotite is
almost completely absent and is replaced by dark green 

nichlorite (penniite). Hornblende is also partially replaced 
ni ^

by pennj|te and, closely associated with the latter, either 
Partially or totally enclosed by it, are numerous grains 
of epidote. Individual rounded grains reach 0.5 milli
metres in diameter but aggregates of prismatic epidote 
attain 1 millimetre in length and 0.75 millimetres in 
width and possess straight boundaries with some triple 
Points. This latter feature suggests a relatively late 
formation under little stress.

Late veins of calcite are common and also present in 
very small amounts are tourmaline (dravite) and allanite, 
the latter occurring as small granules, pleochroic from 
Pale brown to dark red-brown.

6.5 Marginal Effects

As previously noted (in Section 6.2.5), all 
hyke and sheet contacts are sharp, implying post-metamor- 
Phic intrusion. No new minerals are formed, but all 
lithologies show a hardening and feldspathization
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(suggesting small-scale metasomatism) with an increase
in11 orthoclase and quartz, producing a porphyroblastic 
texture. Small (< 5 centimetres long) pods of orthoclase 
and quartz are also formed and incipient recrystallisation 

common.
Intrusions produce a disruption of the host-rock 

^°liation which may be of the order of metres, depending 
uPon the size on the intrusion. In thin section, the 
Planar fabric delineated by biotite flakes is superceded 
by biotite flakes parallel to the contact and discordant 

the earlier foliation, suggesting physical readjustment 
caused by the intrusion.

The lack of a thermal aureole on the larger granite 
c°ntacts implies that the rocks in the Killin area may 
^ave been warm prior to intrusion, and that the country 
r°cks may have been too Al-poor and Ca-rich for the form- 
aPion of such minerals as andalusite and cordierite.

6.6 Ages of Intrusion

The potassium-argon ages which have been produced 
fr°m the Newer Granites of this area suggest that emplace- 
ment occurred approximately 400 million years ago. Miller 
* Brown,(1965) and Brown, Miller & Grasty (1968) have 
Produced the following ages:

Foyers Granite 404 -  18 Ma (2 readings at different
locations)

Foyers Tonalite 396 i 18 Ma
Allt Crom Granite 404 -  15 Ma
Foyers Tonalite 406 i 8 Ma
Foyers Granodiorite 397 - 8 Ma (2 readings)
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Marston (1971) produced an emplacement order of tonalite, 
Sranodiorite and finally adamellite. The above figures 
w°uld seem to confirm this and to fix the relative ages

the intrusions in the Killin area, although field 
eyidence does not assist in elucidating the pattern.

6.7 Granophyre Suite

6.7.1 Occurrence

A suite of granophyre dykes occurs through- 
°ut the Killin area (Figure 44). These are distinguish- 
a^le in the field by the occurrence of scattered mafic 
Minerals set in a light coloured matrix. All samples are 
troadly granitic in composition with a predominance of 
°rthoclase over plagioclase.

Hand specimens vary in colour from beige and grey 
t° red and pink with darker mafic flecks. All intrusive 
c°ntacts are discordant and abrupt but in some cases the 
Sramophyre does tongue into the country rock (Plate 37). 
The dykes vary in size from pods 2 metres square to dykes 
which average 10 or 12 metres in thickness and may reach 
150 metres in length. Weathering of the lighter coloured 
samples produces an orange coloured hue which is distinc
tive and readily visible in the field.

All exposures are well jointed, commonly possessing 
three planes with one dominant and very closely spaced 
^ 2 . 5  centimetres) trending east-south-east/west-north- 
West. Figure 45 shows the dominant joint directions 
trending 025°, 085° and 145°. The first two trends are 
^Iniost parallel to those in the granitic dykes in sub
sea B.

The intrusion of these granophyres is late since their



Figure 44 Granophyre occurrences in the K i l l i n  area

Figure 45 Joint rose diagram for granophyres
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Plate 37 Contact of granophyre with country rock
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field relations show them to post-date all tectonic 
Reformation except for late faulting. Their late emplace
ment is substantiated by the lack of crystal orientation 
and the retention of the igneous granophyric texture.

There is no evidence to date the granophyres relative 
the granites but a suite of felsites bordering the 

Great Glen has been dated at 380 million years by Dearnley 
(1967). Although no petrographic details are provided for 

felsites (o£. cit.),' they may be compatible with the 
Sranophyres of the Killin area.

6.7.2 Petrography

Twelve samples have been studied in thin 
section. All but four samples contain phenocrysts and in 
each the groundmass is very similar, containing small 
(0.2 millimetres by 0.1 millimetres) quartz grains 
forming an interlocking matrix with orthoclase and 
Plagioclase laths (up to 0.15 millimetres by 0.05 milli
metres) . The orthoclase and quartz form typical grano
phyric textures resulting in a matrix crowded with quartz 
hieroglyphs in some specimens. Spherulites are sometimes 
seen, with radiating crystals.

Up to five different minerals may occur as pheno
crysts in any one rock. Table 6.2 shows the variation 
and the maximum sizes, grouped in individual samples.
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PHENOCRYST MAX. LENGTH io OF TOTAL
(mm. ) PHENOCRYSTS

Plagioclase 6 100
Green biotite 5 32.5
^lagioclasel 
J^rthoclase J

6 68.5

Green biotite 4.5 25.5
iron oxide 1.5 5.0
(Strained) quartz 2.5 38.5
Orthoclase andi 5.0 31.0
J?lagioclase /
Orthoclase 3.0 60.0
(Strained) quartz 3.0 40.0
bibite, pericline plag. 3.0 10.0
Orthoclase (aggregate) 4.0 80.0

Quartz 2.0 10.0

Orthoclase and ^ 5.0 95.0
Plagioclase(aggregate)J  

Green biotite 1.5 5.0

Orthoclase 2.5 50.0

î’iagioclase 2.0 20.0

Quartz 2.0 30.0

Biotite 1.75 10.0
^erthitic K-feldspar 2.0 10.0
Sphene 1.0 1.0

Orthoclase (aggregate) 4.0 54.0

Blagioclase 3.5 25.0

Table 6.2
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6.8 Younger Basalts

Two occurrences of younger igneous rocks were 
Napped. Both occur as thin (< 20 centimetres) sill-like 
bodies with sharp, planar contacts. They are traceable 
f°r only a few metres laterally.

Phenocrysts of augite (Plate 38) and andesine plag- 
ioclase reach 1 millimetre and 2 millimetres in length 
Respectively. Other phenocrysts are chloritised and appear 
bo pseudomorph olivine (Plate 39). The groundmass consists 
of very fine plagioclase laths of indeterminate 
imposition.

The relatively late occurrence of the intrusions is 
indicated by the lack of deformation. However, chlorite 
Nay now form pseudoraorphs of olivine, and although the 
olinopyroxene remains reasonably fresh, alteration has 
occurred.



Plate 38 Augite phenocryst in basalt

Plate 39 Chloritised olivine crystals in basalt
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6.9 Amphibolites

Amphibolites are rare in the Killin area. Eleven 
samples have been collected (Figure 46) with an additional 
three from the margins of one amphibolite dyke.

The eleven samples can be divided into two groups 
based on field occurrence. The first group (Section 6.9.1) 
are concordant with the regional foliation and themselves 
Possess a foliation. The second group (see Section 6.9.2) 
Cut the regional foliation and later structures.

The amphibolites are also divided on chemical grounds 
(Section 7.5.3).

6.9.1 Foliated Amphibolites

These amphibolites occur either as thin, 
lensoid pods (< 2 metres long and 0.5 metres thick) or 
as larger sill-like features. All lie within the regional 
foliation but the development of a planar fabric within 
"the amphibolites varies. Indeed, although the field 
ovidence points to an early origin, the planar fabric 
may be weak. Hand specimens are typically olive green.

Minerals present are hornblende (with some tremolite), 
biotite which is often green, plagioclase, sphene, 
magnetite and pyrite. Epidote may also be present and 
calcite occurs, often as late, cross-cutting veinlets.

Bladed hornblende and tremolite may reach 4 milli
metres in length, and commonly measure 2-3 millimetres 
long by 1-1.5 millimetres wide (Plate 40). They are 
often spongy with quartz inclusions and corroded edges 
show sericite rims. Hounded sphene (average diameter



Figure 46 Occurrence of amphibolites in the Killin area





Plate 40 Hornblende and tremolite crystals from
amphibolite sample
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0*15 millimetres, but often larger) is common and is 
°ften associated with hornblende and tremolite.

Hornblende may also occur as small crystals averaging 
0*3 millimetres in length and 0.1 millimetres in width, 
often with a granular habit. Sphene is again commonly 
associated with the hornblende as is biotite (< 0.4 
Millimetres long and 0.2 millimetres wide) which often 
exhibits a strong brown-green colour.Where both prismatic 
and basal hornblende crystals occur, quartz often forms 
an 'intersertal' mineral.

Where hornblende and tremolite occur together, the 
two are commonly intergrown. Hornblende usually forms a 
core surrounded by tremolite in physical continuity, 
although some crystals contain several zones exhibiting 
an alternation of hornblende and tremolite with lines of 
optical separation. These boundaries within mineral grains 
are attributed to a compositional break in this mineral 
series due to a miscibility gap (Shido AMiyashiro,1959; 
Klein,1969; Cooper & Lovering,1970).

Plagioclase occurs primarily in the matrix as small 
Plates and laths. Grains reach 0.5 millimetres in length 
and 0.2 millimetres in width. Sericitisation of the grains 
is common.

Remaining components include pyrite, magnetite and 
small amounts of both chlorite and epidote. Garnet is 
notably absent.

6.9.2 Unfoliated Amphibolites

All samples in this category are seen to cut 
the F.j foliation and four of the five samples are from the
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Allt Vungie amphibolite which cuts F2 generation folds 
(fiate 41). The dyke, which reaches approximately 7 metres 
*n "thickness, exhibits a massive, crystalline central 
area and slightly lensoid margins.

The fifth sample of this group does show what may be 
a very weak planar fabric but it nevertheless cuts the 
1̂ foliation. Its similarity to the Allt Vungie is noted 
chemically and it forms part of the meta-appinite suite 
(Winchester,1976 and Section 7.5.3). Hand specimens in 
"this category are predominantly pale to dark green in 
c°lour.

Minerals present are tremolite with hornblende, (brown) 
biotite, plagioclase, chlorite and opaque minerals. Very 
kittle sphene is present and epidote occurs in only one 
sample. Calcite again forms late, discordant veinlets.

Tremolite is the dominant amphibole. It occurs with 
hornblende either as large crystals (reaching 3 or 4 milli
metres in length) or as small grains with a 'granular' 
habit. Biotite is commonly associated with amphibole, as 
is chlorite.

Quartz is present primarily as small ( 0.15 millimetres 
diameter) strained, inequant grains and plagioclase 
aSain occurs as small plates or laths.

Pyrite, and lesser amounts of magnetite, are also 
Present.

6.9.3 Marginal effects

The samples described in this section are not 
amphibolites but occur along the margins of the Allt 
^Ungie amphibolite. Minerals present include muscovite



Plate 41 Amphibolite dyke cutting P2 generation folds
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with some biotite, K-feldspar, chlorite, quartz, calcite 
and magnetite. Little plagioclase is present and epidote 
°ccurs in only a very small amount in one sample.

In places a ‘brecciated' texture is exhibited, with 
small blocks (<1 centimetre) of quartz, orthoclase and 
shlorite crossed by thin bands of granular quartz.Within 
blocks there is a slightly lensoid appearance, accentuated 
by elongate quartz veins separated by thin chlorite laths. 
I'his texture is from the margin of the amphibolite and 
Probably represents the brecciated host rock.
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¿HAPTER SETRN-rr-RQCHEMICAL STUDY 

Introduction

One hundred and .fifteen samples have been 
analysed in an attempt to supplement the overall picture 
Produced in the Killin area. Preparation of specimens 
^°r analysis and the subsequent methods and techniques 
employed (using X-ray fluorescence spectrometry) are out
lined in Appendix 1. Where the number of samples in a 
&roup is low, the sample populations are used only as an 
indication of the chemical nature of a rock type.

Ten major element oxides have been determined,. namely: 
si02, A1203, Fe205, MgO, CaO, Na20, K20, Ti02, MnO and 

Some trace elements were also used for selected 
lithologies. For the metasediments Mb, Zr, Y, Sr, Rb, Ni 
and Cr have been determined. The same elements have also 
been determined for the amphibolite samples whilst only 
four have been used in studying the acid igneous rocks, 
namely Rb, Sr, Y and Zr. In discussion, the mean of a set 
of analyses is normally used. All analyses are available 
in Appendix 3.

C02 has not been determined and therefore constitutes 
part of the loss on ignition (Appendix 1). Iron has been 
determined only as total Fe205 and no correction has been 
made for the oxidation of the FeO component to Fe205.

Where mean values have been compared and are said to 
show 'significant' differences or otherwise, this is a 
statistical statement. In most cases Student's t-test has 
been used with a 95$ limit hence the term is only used 
where valid (see Appendix 2).
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7.1 Metasediment Chemistry-Major Elements

In studying the metasediments, a chemical and comp- 
°8itional distinction has been made between samples which 
are dominantly pelitic and dominantly psammitic. In this 
8tudy the distinction is made at 66.00$ Si02. This distinction 

the Killin samples is an arbitrary one, the mean silica 
Values for each lithology in each formation showing a break 
around this value (Table 7.1).

FECHLIN KNOCKCHOILUM GLEN DOE MONADHLIATH
Semi- n=3 n=9 n=10 n=5
Pelitic 61.25 56.70 59.74 58.07

Semi- n=2 n=4 n=9 n=2
Psammitic 70.83 69.40 68.90 66.73

T_able 7.1 Mean SiOo Values in each Formation

This classification accords well with previous analyses 
(e.g. Shaw,1956;Wedepohl,1969) and therefore encompasses 
the pelites studied by Shaw (ojD.cijt.) when the average

«silica content of 155 samples was 61.54$ and also the mica 
schists used by Wedepohl (op.cltQ which contained approx
imately 60.00$ Si02.

7.1.1 Semi-pelitic chemistry

A major use of mean values is to compare form
ations with each other for each oxide to see if any differ
ences or similarities are suggested. Using the semi-pelitic 
samples comparisons can be made between the groups shown in
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Table 7.2.

FORMATION
FECHLIN KNOCKHOILUM GLEN DOE MONADHLIATH

n 3 9 10 5
Si02 X s X s X s X s61.26 5.92 56.70 4.43 59.74 4.10 58.07 4.61
A!203 17.17 2.56 18.77 2.05 16.83 2.18 18.94 2.44
îe2°3 6.39 1.51 8.28 1.36 7.71 1.34 7.56 1.61
% 0 2.35 0.60 2.68 0.48 2.50 0.48 2.49 0.52
CaO 1.73 0.35 1.54 0.30 2.35 2.10 2.32 1.13
Ka20 3.55 0.47 2.46 0.66 3.16 0.98 2.74 1.50
KjO 4.07 0.28 4.88 0.97 3.32 1.18 3.86 2.19
Ii02 0.76 0.18 0.95 0.13 0.88 0.15 0.94 0.14
Mno 0.10 0.03 0.13 0.02 0.16 0.07 0.19 0.04
p2°5 0.21 0.05 0.23 0.07 0.27 0.09 0.27 0.06

^able 7.2 Mean Values for Semi-pelitic Samples

These mean values show "that there is little significant 
deviation between the principal formations. Only in two of 
the major oxides are any differences apparent namely KgO

Iand NagO. Between the Glen Doe and the Knockchoilum 
samples there is a significant difference in 1^0 content 
Reflecting a.higher biotite and K-feldspar content in the 
Knockchoilum formation. The Knockchoilum formation means 
also show a slightly higher Fe20^> MgO and A^Oj which may 
also reflect higher biotite content.

The difference in Na20 content between the Fechlin and 
Knockchoilum formations is considered significant and may 
Relate to the plagioclase content variation.
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7.1.2 Semi-psammitic chemistry

Table 7.3 illustrates the mean compositions
°f the psammitic samples in each formation.

FECHLIN KNOCKCHOILUM GLEN DOE MONADHLIATH
n 2 4 9 2

X x s x s X

Sl02 70.83 69.40 2.76 68.90 0.74 66.73
Al2°3 13.81 13.87 1.38 13.33 0.98 15.18
îe2°3 2.82 4.81 0.75 4.34 0.58 5.42
Wgo 1 .09 1.60 0.27 1.42 0.19 1.45
Cao 1.14 1.57 0.24 2.92 1.17 3.74
Na2o 3.34 3.08 0.53 3.11 0.52 4.40
k2o 4.01 2.93 0.45 2.15 0.57 0.94
Ti02 0.44 0.68 0.09 0.64 0.06 0.71
Mno 0.07 0.09 0.02 0.12 0.03 0.34
P2°5 0.13 0.15 0.04 0.15 0.03 0.35

0 1.20 0.95 ■ 0.69 0.21

^able 7.3 Mean Values for Semi-nsammltic Samples

Although certain differences between the formations 
a*e apparent in Table 7.3 sample numbers are low for the 
^echlin and Monadhliath formations. For this reason standard 
deviations relating to these formations have been omitted.

The gradual increase in Si02 and decrease in A^O^ from 
the Fechlin formation down the sequence is noticeable. Ass
ociated with this trend, the Monadhliath formation contains

t
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highest Fe20^, CaO and Na20 contents. This reflects an 
0verall more pelitic character higher up the sequence spec
ifically due to a lower quartz and a higher biotite content 
ib the Monadhliath formation.

Two minor distinctions are apparent in the CaO and K^O 
Coiitents. The higher CaO content of the Glen Doe samples 
Exceeded only by the mean content of the Monadhliath samples) 
reflects the plagioclase content and its calcic nature. Both 
8Phene and epidote are either absent or occur as rare grains 
ah<l therefore contribute little to this value. Free calcite 
i® also uncommon in these samples.

Calc-silicate minerals forming discrete bands are wide- 
sPread in both the Glen Doe and Monadhliath formations. In 
some cases however a similar rock type, a calcium-rich semi- 
Psammite, may contain plagioclase as the dominant calc-silicate 
Mineral with occasional accessory clinozoisite present.

The higher KgO content of the Knockchoilum formation 
(when compared to the Glen Doe formation) mirrors the differ- 
ehce in the pelitic samples. Again due to a higher biotite 
a*id K-feldspar content, this would seem to provide a relat- 
ively consistent distinction between the two formations, 
further major differences between these two formations are 
backing.

The Fechlin and Monadhliath samples will be mentioned 
briefly but only to provide preliminary indications of their 
impositions and apparent differences. The most noticeable 
differences are in the K20 and Fe20^ contents. The former 
is significantly higher in the Fechlin samples reflecting 

increase in K-feldspar which is certainly partially due 
the proximity of granite in the north-eastern part of the
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area. The higher Fe20^ of the Monadhliath formation is due 
to several factors. There is a higher biotite content in 
k°th samples and this is accompanied by an increase in 
°Paque minerals (primarily magnetite). The third difference 

that garnet persistently forms a minor constituent of 
the Monadhliath samples, unlike the other formations 
where it is either absent or present in only very small 
founts. The garnet is also the likely mineral host for 
the much higher MnO content of the Monadhliath samples.

also shows a marked increase in the Monadhliath 
formation relating to the sphene content and the much 
higher P2O5 content reflects the presence of numerous 
8Mall apatite grains (both features being identifiable in 
thin section).

One further difference is the increase in CaO up the 
Sequence reflecting the dominance of K-feldspar in the 
Mechlin formation and the higher proportions of calcic 
■Minerals in the Monadhliath formation including plagioclase 
ahd sphene.

7.1.3 Summary

In this brief study of forty-four samples, the 
analyses show few significant differences when applying the 
Student's t-test with 95i° probability. For the ten major 
slement oxides the four formations can therefore be consid- 
ei‘ed to belong to the same sequence. There is apparently 
n° break in continuity. The few differences that exist 
between the Knockchoilum and Glen Doe samples might suggest 
that both belong to the same formation which can then be 
subdivided on minor properties. One such easily determined
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feature in the field is the presence of white or green 
calc-silicate bands.

Trace Elements

Thirty-five selected samples have been analysed 
for seven trace elements, namely Rb, Sr, Zr, Y, Nb, Ni 
and Cr to determine if any distinctions can be made 
between formations. All figures quoted are in parts per 
Million.

7.1.4 Semi-pelitic chemistry

Table 7.4 shows the average concentrations in 
each of the seven elements for twenty-one semi-pelitic 
samples.

n Nb Zr Y Sr Rb Ni Cr Rb/Sr
MONADHLIATH 4 15 214 34 295 163 36 116 0.55
geen DOE 7 17 224 42 311 137 37 112 0.44
knockchoilum 8 17 168 36 242 188 43 114 0.78
kechlin 2 15 163 33 295 157 (34) (86) 0.53

£able 7.A Average Concentrations of Trace Elements in 
Semi-pelitic Samples.

Prom these, data it is seen that no clear distinction 
Can be made. The only difference is that the Monadhliath 
afld Glen Doe formations possess higher mean Zr values than 

Knockchoilum or Fechlin formations. However, the range 
values obtained from individual analyses (Appendix 3) 

fs too large to allow any significance to be attributed 
these differences. Variations are more apparent in the
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Kb/Sr ratios discussed in section 7.2.1.

7.1.5 Semi-psammitic chemistry

Similar variations are shown by the mean 
Concentrations of semi-psammitic samples in three format
ions (Table 7.5). The Fechlin formation again shows lower 
"'ean Zr and Y concentrations. The steady decrease in these 
two trace elements is noticeable from the stratigraphically 
higher Glen Doe to the lower Knockchoilum and Fechlin 
formations. The Zr values may relate to lower zircon cont
ents in the respective formations, but few other distinct
ions can be made.

n Nb Zr Y Sr Rb Ni Cr
GLEN doe 9 17 265 32 367 89 28 81
knockchoilum 3 16 225 29 263 101 30 85
EECHLIN 2 17 134 15 270 105 25 62

!Lable 7.5 Average Concentrations of Trace Elements in 
Semi-psammitic Samples.

7.2 Sediment Type and Minerals based on Analytical 
Information

Using both major and trace element analyses, attempts 
can be made to outline trends suggesting a possible parent 
Sediment type for the Killin metasediments. No definite 
Pairing of sediment to metasediment can be made but only 
a tentative and preliminary correlation.

Although there will probably have been some movement 
°f components during metamorphism (primarily alkalis), most
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elements can be considered relatively immobile (Elliot,
1973; Field and Elliot,1974; Engel and Engel, 1962). The 
Presence of sharp edges to most white calc-silicates 
*ould seem to point to a lack of widespread metasomatism.

7.2.1 Semi-pelitic lithologies

Table 7.2 shows the mean compositions of 
Politic samples from the four Killin formations. The 
Variation in components is clear when compared to the 
semi-psammitic averages and serves to illustrate the 
Progressive chemical differences.

Table 7.6 compares the psammitic and pelitic means.

PSAMMITIC PELITIC CHANGE RELATIVE
n 17 27 TO PELITIC
Si02 68.99 58.59 -

ai2o3 13.73 17.91
ïeJ°3 4.40 7.73 +
MgO 1.43 2.54 +
CaO 2.49 2.01 ' -

Na20 3.28 2.89 -

k2o 2.41 4.02 +
Ti02 0.63 0.90 +
Mno 0.13 0.15 +
p2°5 0.17 0.25 +

?ablft 7.6 Psammitic and Pelitic Means
SiC>2 an<̂  an^ Na2 0 are the only three components to 

skow a reduction related to quartz and feldspar changes.
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■̂ e remaining components all show increases which can be 
largely attributed to the increase in mica. The dominance 
°f MgO over CaO suggests that the original clay minerals 
Probably included a high proportion of chlorite, and the 
Presence of illite and montmorillonite may be indicated by 
the high Na2 0 and KgO contents.

The increase in A^O^ will relate to the increase in 
minerals (and feldspar). The relatively large rise in 
will also be related to the increase in clay minerals 

c°ntent. In the case of the accessory minerals, PjOtj shows 
a 50% increase in the pelitic mean reflecting greater 
Sundance of detrital apatite. The MnO shows a slight 
increase and will occur primarily in garnet although since 

is chemically similar to both Fe and Ca it could occur 
*n other minerals including biotite and chlorite. TiOg 
Bhows a considerable increase in the pelitic mean related 
directly to the sphene content. This probably reflects 
a higher titanium content in the sediment contained in 
detrital rutile, possibly ilmenite, and clays.

Figure 47 illustrates the grouping of twenty-one semi- 
Pelitic samples using the triangular plot of Moore and 
^ennen (1970). In this diagram, plots of the principal 
elements Si, A1 and Fe are recalculated and can be related 

the silica ranges for various rock types. Compositional 
fields on the diagram are those derived by Moore and Dennen.

The Killin samples indicate a spread between greywacke 
and shale sediment-type, no formation producing a very 
°lose grouping. The semi-pelites do not actually show 
Matures readily compatible with a greywacke composition 
(high Na20, near equal CaO and MgO) but the plot is any case



Figure 47 Triangular Si-Al-Fe plot for semi-pelitic 
samples (after Moore & Dennen,1970)

Figure 49 Triangular Si-Al-Fe plot for semi-psammitic 
samples (after Moore & Dennen,1970)

'Arkose' field derived from:Pettijohn,1949 & 
1963;Middleton,1959 and Schwarcz,1966.



10 2 0  3 0  Ü O  F e



- 1 2 2 -

°nly an indication of possible parent type.
This is reflected by the trace element contents of 

ĥe semi-pelitic samples both in absolute values and in 
^elation to the semi-psammitic values. Table 7.7 shows 
three sets of trace element ratios.

Sr/Y Rb/Sr P205(x103)/Zr
ttONADHLIATH 8.7 0.55 1.26
glen DOE 7.4 0.44 ' 1.21
knockchoilum 6.7 0.78 1.37
eechlin 8.9 0.53 1.29

Table 7.7 Trace Element Ratios in Seml-pelitic Lithologies 
The Sr/Y ratios illustrate the degree to which minerals 

will accept Sr but not Y i.e. the higher the ratio the 
higher the proportion of minerals into which Sr can enter 
such as feldspar (Pettijohn, Potter and Siever,1972).
High Sr/Y ratios therefore suggest a relatively high prop
ortion of feldspar (although not as high as in the semi- 
psammites, Table 7.8). The Rb/Sr ratios reflect clay 
minerals (into which Rb enters). All values are below unity 
but are considerably higher than the semi-psammitic values, 
reflecting the increase in clay minerals. Although Rb is 
mobile (rendering the results likely.to some modification) 
these values would suggest that the semi-pelites are 
relatively immature sediments in which some feldspar was 
retained, suggesting quite rapid erosion and deposition.

The P20^/Zr ratios also provide information concerning 
"the maturity of these parent sediments. P20^ occurs
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Primarily in apatite and compared to zircon (accounting for 
the Zr) the mineral is less refractory and will be reduced 
ky sedimentary sorting (Krynine,1935). The ratios are 
c°nstant between formations and are substantially higher 
than the semi-psammitic values. A combination of two factors 
ts therefore suggested. Firstly, that the parent sediments 
were deposited quite rapidly and secondly that the original 

2̂^5 content was high. The trace elements would therefore 
SuSgest quite rapid deposition. A shale would, as a parent 
Sediment type, suggest an enrichment in clay minerals due

more extended weathering and sorting. It is therefore 
"tore likely that the greywacke-type trend shown by some 
Samples is more indicative of the metasediment type.

The remaining traces offer little distinctive evidence. 
Analyses for chromium are few and, excluding the Fechlin 
formation, are constant. It can be expected that It will 
substitute for ferromagnesian minerals (as will nickel)
^•e* in biotite and chlorite. The value .of approximately 

p.p.m. Cr is however lower than averages quoted for 
shales by Rankama & Sahama (1950) of up to 600 p.p.m. but 
Very close to the value of 110 p.p.m. determined by Shaw 
(1954) for pelitic rocks.

Overall, the trace element data would seem to indicate 
few differences between formations suggesting that all are
related and there are no undetected breaks in the success
ion.

7.2.2 Semi-psammitic lithologies

Table 7.3 illustrates K20/Na20 ratios derived 
from mean values for the formations. These show a clear
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^rend decreasing from the basal Fechlin to the Monadhliath 
formation, suggesting a change from arkosic to greywacke 
sediment type. The Fechlin formation lithologies have been 
stated (see Section 6.5) to exhibit some features of small 
Scale metasomatism close to granitic intrusions and it 
^ight therefore be expected to affect this ratio. However, 
even if the K20 content had been increased by 20$ the ratio 
would still have approached unity, maintaining the trend, 
ft is thus envisaged that the value is sufficiently valid 
for the purposes of general comparison.

Figure 48 shows a graphical representation of the rel
evant major elements when used in the maturity diagram of 
Pettijohn, Potter & Siever (1972). Logarithmic ratios of 
si02/Al205 and Na20/K20 are plotted for each sample thus 
Positioning it in one of the 'fields' derived from numerous 
analyses (o£.cit.). The possibility of change in alkali 
contents in these metasediments renders the plot more app
roximate but it nevertheless provides an insight into the 
original sediment types. Also, bulk chemistry will be a 
combination of many factors, including source area geology, 
weathering, transport and matrix composition and this will 
render discrimination between sandstone types approximate. 
Such plots will however illustrate the uniformity or other
wise of the samples from different formations.

The diagram shows that most of the points fall on the 
greywacke side of the boundary between greywacke and lithic 
arenite suites, save for two which straddle the line. The 
Monadhliath mean value has a higher Na20 content and there
fore falls well within the greywacke field but, bearing in 
mind the possibility of minor variations, the remainder can



Figure 48 Maturity diagram for semi-psammitic samples 
(after Pettijohn,Potter & Siever,1972)
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said to border the lithic arenite field. It is clear how- 
®ver that there is a definite trend up the sequence based 
Primarily on alkalis content. The SiOg/A^Oj ratios are 
considered near to constant save for the Monadhliath mean 
^ich has a slightly higher A^O^ and lower SiC^ content.

The Monadhliath formation has the highest mean NagO 
c°ntent suggesting a dominance of Na-feldspar due either to 
Source variations or subsequent growth. This feature is 
compatible with a greywacke-type sediment and is also exhib
ited by the mean value of the Glen Doe formation. A further 
feature likely to be shown by this sediment type is the near 
equal contents of CaO and MgO (from mean composition table, 
Page 15 of Pettijohn,1963). This is due to a higher chlorite 
content in the matrix, but o n l y  the Knockchoilum formation 
falls into this category.

These chemical characteristics indicate the possible 
original sediment which the Killin metasediments may repres
ent, based on four of the major elements analysed. However, 
this indication gained is far from definite and a confirm
ation is therefore sought, using the triangular diagram with 
Si, A1 and total Fe forming the end-members (Moore & Dennen, 
1970). To enable comparison to be drawn, an arkose 'field' 
is incorporated, constructed from four data sources.

Figure 49 shows the triangular diagram with the Killin 
sample 'field' plotted. The clustering is clear and borders 
the greywacke and subgreywacke fields and thus presents a 
similar conclusion to that derived from the maturity diagram.

Trace elements can be used and produce information con
cerning the maturity of the parent sediments. Using Sr and 
Y values from Table 7.5, Sr/Y ratios can be determined for
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all but the Monadhliath formation. The Fechlin formation 
has the highest (Table 7.8) Sr/Y ratio suggesting a high 
Proportion of minerals into which Sr but not Y could enter. 
This would suggest a high feldspar content (also suggested 
^  the low Rb/Sr ratio), rapid erosion and deposition, and 
"therefore relative immaturity (since feldspar is likely to 
breakdown under normal weathering).

Sr/Y P2Q5(x103)/Zr Rb/Sr
fechlin 18.0 0.97 0.39
kno ckchoilum 9.1 0.67 0.38
gle n doe 11.5 0.57 0.24

Table 7.8 Trace Element Ratios in Semi-psammltic Lithologies

The Glen Doe formation possesses the highest Sr value 
and this may imply a calcareous cement as suggested in the 
high CaO of the Monadhliath formation.

The relative immaturity of the Fechlin formation is 
again suggested using the T^Ocj/Zr ratios (Table 7.8). 
occurs primarily in apatite and Zr in zircon but since the 
former is less refractory (Krynine,1935) than the latter it 
will be reduced by sedimentary sorting. A lower ratio may 
"therefore reflect a more mature sediment or possibly sedim- 
ent eroded from a sedimentary source rock. The latter 
Proposal would seem less likely since the formations tend 
"to show gradual compositional changes and an overall group- 
ing suggesting little basic change in source material.

The psammitic metasediments would therefore seem to 
Represent relatively immature (although no distinction can
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made between textural and compositional immaturity) sed
iments which were probably rapidly deposited, and which 
resemble in composition a suite of greywacke to lithic 
srenite sandstone types.

7.2.3 Comparative chemistry

In this section the Killin mean analyses, for 
both semi-pelites and semi-psammites, are compared with 
average compositions of sediments (Table 7.9). The table 
shows that these mean compositions can be used only as a 
broad indication since minor differences abound. The Killin 
Politic samples resemble the shales of Van der Kamp _et al. 
(1976) save for a higher Na content. The composite analysis 
°f Wedepohl (1969) which comprises results from Clarke (1924), 
Goldschmidt (1933), Minami (1935) and Shaw (1956) presents 
similarities in Si02, MgO, and CaO but has a substantially 
different Na20/K20 ratio (Table 7.10).

The pelitic samples from Killin possess a Na20/K20 ratio 
higher than all other shale values and although they do not 
show the dominance of Na20 over K20 expected of greywackes 
they may form an intermediate between these two groups.

The Killin psammitic samples show similarities to both 
groups of greywackes with respect to the Na20/K20 ratios 
but do not show the parity of CaO and MgO expected of grey
wackes. They resemble more the arkoses of Van der Kamp et 
¿1. (1976). These samples therefore fall between pure 
arkoses and greywackes and show characteristics of both 
lithologic types.
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A (Dn 27 14

C\J
Oco

58.58 58.87
41203 17.91 17.12
ieS03(tot.) 7.73 7.64
Mgo 2.54 2.83
Cao 2.01 1.98
Na2o 2.89 1.71
k2o 4.02 3.56
Ii02 0.90 0.86
Mno 0.15 0.08

P2°5 0.25 0.14

(4) (5)n 23 61
si02 64.43 66.7
ai2o3 15.48 13.5

i'e2°3 ('to't • ) 6.54 5.5
MgO 3.12 2.1
Cao 2.22 2.5

H 0 3.74 2.9*
K20 2.44 2.0

Ii02 0.62 0.6
Mno 0.14 0.1

p2°5 - 0.2

(2) (3)
277 155

58.9 61.54
16.7 16.95
6.9 6.65
2.6 2.52
2.2 1.76
1.6 1.84
3.6 3.45
0.78 0.82
0.09 -

0.16 -

(6) (7) B
26 17

66*1 69.62 68.99
8.1 12.84 13.73
5.3 3.60 4.40
2.4 1.73 1.43
6.2 2.67 2.49
0.9 3.07 3.28

1.3 2.74 2.41
0.3 0.44 0.63
0.1 0.06 0.13
0.1 0.14 0.17

7.9 Comparison of Klllin analyses to sediments

(see Table 7.10 for key to columns)
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A (D (2) (3)
^ 20/k20 0.68 0.48 0.44 0.53
caO/MgO 0.79 0.69 0.84 0.69
Si02/Al203 3.27 3.44 3.53 3.63

(4) (5) (6) (7) B
Na2°/K20 1.53 1.45 0.69 1.12 1.35
°ao/Mgo 0.71 1.19 2.58 1.54 1.74
Si°2/A120j 4.16 4.94 8.16 5.42 5.02

7.10 Comparison of Ma.ior Element Ratios

Kgy to Sources:
A -Killin semi-pelites 
B -Killin semi-psamraites
(1) -Shales,Van der Kamp et al.(1976)
(2) -Shales,composite by Wedepohl (1969) including Shaw

(1956)
(3) -Pelites,composite by Shaw (1956)
(4) -Greywackes,Condie (1967)
(5) -Greywackes,Pettijohn (1963)
(6) -Lithic arenites,Petti John (1963)
(7) -Arkoses,Van der Kamp (1976)
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7.3 Comparative Moine/Dalradian Chemistry
The trace element analyses of the Killin samples 

°an be compared to similar Dalradian and Moine lithologies 
to highlight any differences. A plot of the pelitic samples 
using Rb and Sr results is shown in Figure 50. Means of 
analyses are taken from other pelitic schists from the
Moinian and Dalradian.

Average and individual compositions of various Moine 
and Lower Dalradian rocks show little overlap when Rh 
Plotted against Sr. On this basis Lambert, Winchester & 
Holland (1981). have been able to draw an optimum
line dividing the fields of Dalradian and Moinian rocks. 
Ihis difference probably relates to original compositions 
With a higher clay content (and therefore Rb content) in
Phe Dalradian pelites.

The Killin samples show a very strong affinity for the 
Moinian field, with higher Sr values. In most cases the 
Sr/Rb ratio exceeds 1.00. This suggests that the Killin 
Pelites originated from shales with a high concentration 
°f detrital feldspar whereas the Dalradian samples contained 
a higher proportion of clay minerals (higher Rb than Sr).
The slates of the Dalradian, however, represent part of a 
rhythmic sequence occurring primarily as black mud which 
has undergone chemical weathering (Rickman,1975). The 
higher clay minerals content could also imply derivation
ftom a sedimentary source.

This would appear to be the main difference between the 
two supergroups although other minor distinctions can be 
Postulated. Y seems to be lower in Moinian samples whilst



Figure 50 Plot of Rb and Sr values for Killin pelitic 
samples (marked thus:x)

Reference values:
Solid circles 1-Basal Morar Pelite (n=25)

2- Morar Pelite (n=39)
3- Glenfinnan Pelite (n=23)
4- Loch Eil Pelite (n=6) 

(from Lambert, Winchester <& Holland,1981)

Open circles 1-Glen Oreran )
2- Allt Eilidh | (n=55)
3- Glen Roy )
4- Ballachulish Slate (n=35)
5- Cuil Bay Slate (n=15) 

(from Hickman,1975)
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P205 is higher in the Dalradian reflecting more different
iated sediments (Lambert & Holland,1974).

Almost all the Killin samples fall into the Moine field 
indicating chemical affinities with the Moine. There is 
therefore no justification for placing these metasediments 
in the Dalradian.

7.4 Calc-silicate Chemistry:Major Elements

7.4.1 Differences between white and green types

43 samples of both types of calc-silicate have 
been analysed to determine their chemical differences.
Table 7.11 illustrates the mean composition of all samples 
in both groups.

Green Type White Type
8 35

X s X s
Si02 63.14 (3.36) 62.16 (3.53)
-AI2O3 14.12 (1.56) 16.58 (1.13)
Pe205 4.04 (0.48) 4.68 (0.93)
MgO 1.51 (0.13) 1.52 (0.35)
CaO 9,89 (2.79) 8.95 (2.37)
Na20 1.39 (1.03) 1.94 (0.90)
k2o 2.20 (1.20) 0.81 (0.61)
Ti02 0.65 (0.07) 0.69 (0.08)
MnO 0.27 (0.07) 0.37 (0.11)

P2 ° 5 0.20 (0.05) 0.31 (0.18)

Table 7.11 Mean Compositions of White and Green Calc
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mean compositions define three statistically significant 
differences namely in the A120^, K20 and MnO contents. Slight 
differences are apparent in other oxides (Fe20^, CaO and 
â2 0 ) but these were not found to be significant using 
Student's t-test.

The occurrence of actinolitic amphibole and diopside in 
the green calc-silicates instead of the hornblende charact- 
eristic of the white calc-silicates accounts for many of the 
differences. The lower alumina content of the green calc- 
silicates relects the more minor role played by hornblende 
wben compared to actinolite. The latter would also seem to 
contribute to the absence or scarcity of garnet which is a 
feature of the green calc-silicates.

The higher AlgO^ of the white calc-silicates may also 
be reflected in the presence of clinozoisite which is more 
abundant than is epidote in green calc-silicates.

The loss on ignition shows a substantial difference 
between the two groups. For the green and white types the 
bosses are respectively 2.80$ and 1,60$, reflecting princ
ipally the presence of more abundant calcite in the green 
calc-silicates.

7.4.2 Chemical differences within the white group

Within the white calc-silicates three groups 
Can be defined by different phase assemblages and these 
correspond to similar assemblages (see Section 4.1.1) 
initially suggested by Kennedy (1949). The number of samples 
is weighted in favour of the andesine-hornblende bearing 
Sïoup since this type is the most common throughout the 
Killin area. The remaining two groups also contain hornblende
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but are distinguished by the presence of biotite in one and 
bytownite in the second, mineralogical variations attributed 
to differences in metamorphic grade (Kennedy,1949)•

Table 7.12 illustrates the mean compositions of calc- 
sHicates containing the different phase assemblages within 
"the white group. Comparison of the first two groups produces 
°nly one significant difference. The group containing horn- 
blende and andesine has a lower K20 content compared with 
the group containing hornblende and biotite. This is readily 
•Explained by the replacement of biotite by hornblende with 
an increase in metamorphic grade and a consequent removal
°f K20.

Hb & Bi Hb & And Byt & Hb'
5 28 2

X s X s X
Si02 60.11 (4.82) 62.55 (3.17) 62.62

U 2°3 16.51 (1.26) 16.57 (1.15) 16.84
Fe2°3 4.81 (0.61) 4.71 (0.98) 3.91
Mgo 1.63 (0.23) 1.51 (0.37) 1 .26
Cao 9.05 (4.05) 8.86 (1.92) 9.92
Na20 2.09 (0.95) 1.99 (0.88) 0.94
k2o 1.52 (0.70) 0.69 (0.52) 0.73.
TiO? 0.70 (0.06) 0.69 (0.08) 0.63
Mno 0.35 (0.07) 0.38 (0.12) 0.42
P2°5 0.46 (0.37) 0.29 (0.10) 0.28

Table 7.12 Comparison of White Calc-silicate Assemblages
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•̂ e change from hornblende-andesine to bytownite-hornblende 
Assemblages is accompanied by few changes. Owing to their 
Scarcity in the field, only two bytownite-bearing calc- 
silicates are used. Of the two differences apparent there- 
°̂re (i.e. Fe2 0  ̂ and Na2 0 contents), it is possible that 

Fe2 0  ̂ variation may be due either to sampling effects 
°r statistical variation, and this may also apply to some 
extent to the Na20 variation. The lower Na2© value in the 
Vtownite-bearing group may mirror the less sodic nature of 

plagioclase, reflecting the increase in grade.

7.4.3 Chemical differences within the green group

Since fewer analyses are available for green 
°alc-silicates than for the white ones, it is less easy to 
define chemical differences. Individual analyses show a 
^arge range of values for particular oxides, notably CaO, 
N^O and K20. This renders meaningful comparisons of groups 
difficult.

Unlike the white calc-silicates, groups based on phase 
Assemblages are less well established. Two 'associations'
°an be chosen however for samples containing either biotite 
°r pyroxene, amphibole being common to both. Table 7.13 
shows mean analyses for these two groups.

Differences are apparent in the A^O^, Fe2®3* CaO and 
^a20 values. (Note. Because of low numbers of samples and 
^igh variations, Student's t-test has not been applied in 
^his case. Differences are therefore not statistically 
significant). The difference in CaO content is due to the 
friability of the analyses and also the presence of calcite 
•*-h some samples, reflected by higher losses on ignition.
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Bi-bearing Px-bearing
n 3 4

Si°2 61.00 64.03
a i2o3 H.96 13.38
Fe203 4.32 3.79
MgO 1.55 1.49
CaO 9.26 10.78
Na20 1.49 1.10
k 2o 2.47 2.32
Ti02 0.69 0.61
MnO 0.29 0.28

P2°5 0.22 0.18

gable 7.13 Mean Compositions of Blotite and Pyroxene-bearing 
Green Calc-silicates

The higher A1205 of the biotite-bearing group probably 
^elates directly to the presence of this mineral and the
higher Fe„0, may reflect the varying proportions of ferro-

2 3 .
Magnesian minerals. The difference in Na20 content is prob- 
ably linked to changes in plagioclase composition. However, 
since sericitisation of the plagioclase is a feature of 
these green calc-silicates, it is not possible to confirm 
°r refute this.

Summary: Minor chemical differences are therefore apparent 
between the green and white calc-silicates and within the 
green calc-silicates. The white calc-silicates do show 
chemical differences between different assemblages which 
can be attributed to an increase in metamorphic grade.
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7.5 Amphibolite Chemistry

Amphibolites are not common in the Killin area- 
and only six samples have been analysed. These can be 
divided on morphology, two structurally •early' samples 
occurring as foliated pods in the Fechlin Psammite and 
four 'late' samples occurring as more massive dyke-like 
bodies in which foliation or preferred orientation of 
Minerals is lacking. The latter samples all occur in the 
Glen Doe Semi-psammite.

7.5.1 Major element chemistry

The mean major elements concentration in the 
two groups are shown in Table 7.14.

Foliated Unfoliated
2 4

Si02 45.15 45.96
A120^ 13.74 9.25
Pe205 13.64 9.34
MgO 7.51 16.35
CaO 9.54 8.43
Na20 0.64 0.80

o
C\1
« 3.61 1.56

Ti02 2.80 0.76
MnO 0.25 0.18
po0c 0.35 0.21

£able 7.14 Mean Compositions of Amphibolite Groups



-137-

Differences are readily apparent on studying the comp- 
°sitions but none have been qualified statistically because 
°f the low number of samples and the range in particular 
°xides, notably MgO and (illustrated in Figures 51
and 52). Major differences between groups are nevertheless 
aPparent for MgO, Fe2C>5 and Ti02. More minor variations are 
n°ted in K20, MnO and P2C>5 values. Average Si02 values are 
similar.

The high Ti02 content of the foliated group is reflected 
numerous grains of sphene apparent in thin section. Var

iation in the Fe205 and MgO values is related to the relat
ive proportions of hornblende and tremolite in the samples. 
Hence the tremolite-rich, unfoliated specimens have higher 
Mgo contents than the foliated amphibolites, even though 
the latter contain both hornblende and biotite•

The lower alumina content of the unfoliated group can 
also be related to the high tremolite and low biotite con
tents when compared to the foliated amphibolites. A high 
^20 content in the two foliated samples also reflects their 
content of biotite. The overall composition of the four 
anfoliated samples is similar to the meta-appinites noted 
intruding the Moines west of the Great Glen Fault (Winch
ester, 1976). Many components show similar values to those 
analysed by Winchester (op.cit.), namely Si02, Fe20^, MgO, 
CaO and Ti02. Four of these oxides have been used to super
impose the Killin samples on variation diagrams used by 
Winchester (op.cit.). The similarity in composition is 
noticeable for two of the three diagrams from the meta- 
appinite field.



Figure 51 Variation diagrams for Killin foliated and 
unfoliated amphibolite samples. 
Meta-appinite fields from Winchester (1976) 
The dotted line in part (c) is explained in 
the text.



foliated sample X unfoliated sample O



Figure 52 Variation diagrams for Killin foliated and 
unfoliated amphibolite samples 
Meta-appinite fields from Winchester (1976)
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7.5.2 Trace element chemistry

The division of the amphibolites into two 
groups, termed foliated and unfoliated, is substantiated 
V  a brief survey of the trace element values (Table 7.15).

To try and categorise these amphibolites using trace 
element data is difficult due to the small number of samples.

igneous origin of the samples is determined by their 
field occurrence and the distinction between the two groups 
suggested by their major element chemistry can be emphasised 
Using certain plots which confirm the later, unfoliated 
group as belonging to the meta-appinite suite.

sample Nb Zr Y Sr Rb Ni Cr
Foliated 652 11 231 51 285 79 79 314

654 9 315 76 172 254 45 269

Unfoliated 6148 9 141 27 511 21 81 504
6187 7 32 12 118 75 993 1573
6189 1 67 14 328 66 654 871
6192 17 42 13 139 5 1389 2102

Table 7.15 Trace Element Content of Amphibolites and 
Meta-anninites

In each case the Killin samples are plotted using the 
variation diagrams of Winchester (1976) and four trace 
elements are used namely, Y,Sr, Cr and Ni (Figure 51).
The diagrams illustrate the chemical differences between 
the amphibolites and meta-appinites. In the case of Cr,
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"the dividing line occurs at a lower value for the Killin 
samples, although this line (dashed in Figure 51*c) could 
elually have been drawn using Winchester's data. Although 
some of the plots show one point straddling the line divid
ing the two fields, it is clear that the later unfoliated 
Snoup has a trace element chemistry broadly similar to that 
°£ the meta-appinites discussed by Winchester (op.clt.).

The chemistry of the two foliated amphibolites suggests 
a broadly basaltic composition, but further classification 
must be very tentative. Plotting Si02 against total alkalis 
(Macdonald & Katsura,1964) places both samples in the alk- 
&line field, although this may prove unreliable if chemical 
cbange accompanied metamorphism. Both bodies are relatively 
small and as their K20 contents greatly exceed that of aver
age basalt, introduction of K20 during metamorphism seems
Probable.

Further discriminative plots may be employed (Floyd & 
Winchester,1975) using elements which may normally be con
sidered immobile during amphibolite facies metamorphism 
(Engel & Engel,1962; Elliot,1973; Field & Elliot,1974).
Ti02 vs. Zr/P205 and Nb/Y vs. Zr/P205 discriminant plots 
Used by Winchester & Floyd (1976) suggest that the foliated 
amphibolites originated as subalkaline basalts.

7.5.3 Conclusions

Two groups are thus discernible, not only from 
their field relationships but also by their chemistry. The 
larger group is probably related to the suite of meta- 
aPPinites mentioned by some authors (Richey,1 9 3 8;Johnson & 

^alziei,1966; Winchester,1976) and found intruding all the
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^°ine divisions of the Western Highlands.
The second and smaller group of foliated amphibolites 

8how similarities to amphibolites elsewhere in the Moines 
west of the Great Glen Fault. However, with so small a 
sample, no more definite conclusion can be reached.

7.6 Acid Igneous Rock Chemistry

In a study of the acid igneous rocks, samples 
bought to be related to the Foyers and Allt Crom granites 
Were analysed together with samples from two suites of 
S^anophyres.

Comparisons are made within both the granite and gran- 
°Phyre groups and the two lithologies are compared in order 
to discover what differences or affinities exist.

7.6.1 Granites-major element chemistry

The granites were collected from areas heavily 
intruded by dykes from the Foyers and Allt Crom granites.
Since only two samples from each type are available, these 
Results can merely be used as an indication of the group 
chemistry. However, the mean compositions do show some 
differences worthy of mention (Table 7.16). Differences are 
8een in all components and all are marked (deemed significant) 
save for three, namely Si02, A120j and MgO. Although the MgO 
comparison does not satisfy the 95$ confidence limit it is 
clear that there is some minor difference in content. The 
aPparent compatability shown by the test may well be due to 

low sample numbers.
The higher Fe^^ an<̂  MgO contents of the Foyers mean 

reflects two features of this group. Firstly, the biotite
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Foyers Allt Crom
n 2 2

Si02 73.50 70.02
AI2 0 j 12.50 15.06
Fe2°3 3.27 1.73
MgO 1.16 0.62
CaO 2.30 1.03
Na20 3.01 4.28
k2o 1.62 4.77
t ì o2 0.55 0.28
MnO 0.09 0.04
P2°5 0.13 0.09

Rb 69 67
Sr 307 496
Y 20 10
Zr 197 155
Rb/Sr ratio 0.22 0.14

ìable 7.16 Mean Compositions of Granite Samoles-Ma.ior 
and Trace Elements
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c°ntent is higher in the Foyers samples and secondly they 
c°ntain more chlorite.

The Allt Crom mean shows the higher alkali content, the 
®°re pronounced difference lying with the KjO content,
^ich reflects the greater role played by orthoclase in 
these samples. A slightly higher proportion of plagioclase 
ta recorded in the Allt Crom samples and this is reflected 
ky the higher Na20 value. The remaining minor components 
reflect variations in the accessory minerals.

These differences, although only tentative, suggest that 
the two compositions are unlikely to be related or to lie 
°n the same differentiation trend.

7.6.2 Granites-trace element chemistry

The concentrations of the trace elements Rb,
Y and Zr have been determined for the Foyers and Allt 

^rom granitic dykes (Table 7.16). Low sample numbers detract 
from the value of these figures which do however indicate 
that there are clear differences between the means.

The substantially'higher Sr value of the Allt Crom gran
itic dykes is probably related to a higher plagioclase feld
spar content. Both Y values are low but the Foyers value is 
twice that of the Allt Crom, reflecting a higher proportion 
°£ calcic minerals e.g. hornblende and sphene. A higher 
sPhene content relates to the high Ti02 content of the Foyers 
Sroup (Section 7.6.1 and Table 7.16)

7.6.3 Granophyres-major element chemistry

The ten granophyre samples are clearly divisible 
into two groups based on their chemistry. There exists no
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Seographical pattern of distribution and the samples bear 
n° relationship to the major granites, each group showing 
a broad scatter of locations.

Table 7.17 illustrates the mean compositions of the two 
Sroups. The samples were not subjected to Student's t-test 
but evident differences exist in all the components save 
for SiC^, A1205 and MnO.

These chemical differences mirror the petrological diff- 
erences which lie in the phenocryst type. Group 2 samples 
contain biotite (and secondarily chlorite), sphene and to 
a lesser extent hornblende whilst group 1 samples contain 
°nly quartz, feldspar and rare biotite phenocrysts (see 
Section 6.7.2).

7.6.4 Granophyres-trace element chemistry

The two groups of granophyres are again easily 
Separated by their trace element values (Table 7.17). In 
each case, the group 2 samples show substantially higher 
values. These can be related directly to the phenocrysts of 
^his smaller group. The Y reflects a higher proportion of 
calcic minerals i.e. sphene and hornblende, whilst the Sr 
relates to the plagioclase feldspar content. The Rb value 
must be accommodated mainly in the increased number of bio- 
"tite phenocrysts. Thus these results mirror the petrographic 
details and the major element chemistry.

The two Rb/Sr ratios can be compared with similar ratios 
Trom the two sets of granitic dykes. Although the group 2 
value is close to that of the Foyers mean, any affinities 
would seem to be negated by the lack of any geographical 
r®lationship. The group 1 Rb/Sr value shows no affinity 
with either set of granitic dykes.
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Group 1 Group 2
n 8 2

X s X s
s i o 2 74.75 (0.90) 70.59 (3.08)
a i?o3 14.12 (0.22) 13.62 (1.80)
Fe20^ 0.32 (0.14) 3.26 (0.09)
MgO 0.17 (0.04) 1.11 (0.11)
CclO 0.41 (0.14) 1.95 (0.31)
Na20 4.79 (0.15) 3.76 (0.82)
k2o 4.40 (0.39) 2.86 (1.16)
Ti02 0.12 (0.01) 0.56 (0.04)
MnO 0.03 (0.01) 0.07 (0.01)

P2°5 0.02 (0.01) 0.15 (0.04)

Rb 63 99
Sr 213 416
Y 7 17
Zr 57 204
Rb/Sr ratio 0.30 0.24

^able 7.17 Mean Compositions of Granophyre Samples-Maior 
and Trace Elements
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7.6.5 Granite/granophyre comparative chemistry

In a comparison of the mean compositions of 
aH  granites and the larger group of granophyres, suffic
ient important differences occur to suggest that they are 
hot related. Where differences occur, they are large enough 
io validate such a grouping. The comparison is shown in 
Table 7.18.

Granites Granophyres
4 8

X s X s
Si02 71.76 (2.55) 74.75 (0.90)
AI2O3 13.78 (1.58) 14.12 (0.22)
Fe2°3 2.50 (0.82) 0.32 (0.14)
MgO 0.89 (0.30) 0.17 (0.04)
CaO 1.67 (0.65) 0.41 (0.14)
Na20 3.64 (0.66) 4.79 (0.15)
k20 3.19 (1.61) 4.40 (0.39)
Ti02 0.42 (0.14) 0.12 (0.01)
MnO 0.06 (0.02) 0.03 (0.01)

p2°5 0.11 (0.02) 0.02 (0.01)

Table 7.18 Mean Compositions of Granites and Group
Granonhyres

The differences are considered significant using Student's 
t-test at the 95$ confidence level. Only two oxides, A120j 
and K2O can be considered to belong to the same population.
The composition of the granophyres reflects that they 
contain primarily quartz and K-feldspar and very few other



- 1 4 6 -

Ninerals. Little or no biotite is present, shown by the 
Very low iron and magnesium values, the high potassium 
^elating more to the presence of K-feldspar. Little sphene 
is recorded in the granophyres, indicated by a low TiC>2 

value.
A comparison of both granophyre groups to the two 

groups of granites is made in Table 7.19 for the oxides 
which exhibit the major differences.

GRANITES
FOYERS ALLT CROM

n 2 2

a> rv> O 3.27 1.73
MgO 1.16 0.62
CaO 2.30 1 .03
Na2o 3.01 4.28
k2o 1.62 4.77

jLable 7.19 Comparison of Se 
Granophyres

GRANOPHYRES
GROUP 1 GROUP
8 2

0.32 3.26
0.17 1.11
0.41 1.95
4.79 3.76
4.40 2.86

Oxides for Granites and

It is clear that the group 1 granophyre is comparable 
only to the Allt Crom samples and then only in total 
nlkali content. The smaller group 2 does show a greater 
resemblance, although still slight, to the Foyers samples. 
However, it does seem clear that no one group, whether 
granite or granophyre can be said to belong to the same 
Population (summarised diagrammatioally in Figure 5 3).



Figure  53 Comparative p lo ts  of g ra n ite s  and granophyres

using selected major elements
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7.6.6 Miscellaneous sample

Sample 713 shows some similarities to the 
Sroup 2 granophyres hut is intermediate in composition and 
is classified as a microdiorite. Table 7.20 compares the 
foicrodiorite to. the group 2 granophyres.

Si02
Sample 713 

59.94

A12°3 15.66

Pe2°3 6.24
MgO 2.96
CaO 2.16
Na20 4.51
K2° 4.02
Ti02 1.16
MnO 0.10

P2°5 0.62

Table 7.20 Comparison
2 Granophyres

Group 2 Granophyres
70.59
13.62
3.26
1 . 1 1

1.95 
3.75 
2.86 

0.56 
0.07 
0.15

Microdiorite to the Group

The microdiorite shows a substantially higher Fe20j , 
and MgO content and slightly higher CaO content. This - 
sample contains large biotite phenocrysts, which is also 
reflected in a higher ^ 0  content. Large, euhedral sphenes 
are also apparent, mirrored by a very high T1Û2 content.

7.6.7 Summary
Two features therefore emerge. The two sets 

of granite dykes may not be direct descendants of the same
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Parent since their chemistry is substantially different. 
Secondly, the granophyres cannot readily be associated 
with either granite suite. This would suggest that the 
granophyres either form part of a completely different 
suite or a substantially differentiated group rich in 
silica and alkalis.
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CHAPTER eig h t-metamorphism in the killin area

8.1 Introduction

The term metamorphism is here used to encompass 
all changes that reflect altering physical and chemical 
conditions. It is really to be applied when the total 
rock composition is unaltered, but in fact most metamorph- 
ic processes involve some chemical change and metasomatism 
is therefore included.

This principle is illustrated on a small scale in 
Killin by individual white calc-silicate bands where 
evidence of metasomatism is apparent at the margins of 
"the bands. Hence for some elements the system must be 
open. However, on a large scale, taking for example, all 
the rocks involved, chemical changes seem to be very 
limited and metamorphism can be regarded as being broadly 
isochemical.

Regional metamorphism has affected the whole Killin 
area. Only the granite rocks are unaffected as they were 
intruded after the last metamorphic event. In various 
metasedimentary lithologies minerals are present which 
indicate the grade of metamorphism. The relative timing 
of mineral growth can be related to different deformation- 
al episodes.

8.2 Evidence of Metamorohic Grade

8.2.1 Pelites
Garnet is present throughout the Killin area 

Primarily in biotite-bearing pelitic and semi-pelitic 
rocks. No alumino-silicate index minerals defining other
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^arrow zones were found in the area. This renders precise 
determination of grade difficult, using the index minerals 
°f the Barrovian zonal sequence. This difficulty has been 
hoted by Butler (1965) in Ardnamurchan, and occurrences 
°f alumino-silicate minerals such as staurolite, kyanite 
a*id sillimanite have been found to be rare throughout the 
Moine and Central Highlands even where alternative evidence 
suggests that the pressure and temperature conditions 
Would have favoured the growth of such minerals in a rock 
of suitable composition. Sporadic occurrences of these 
minerals are known (Barrow et- al.,1913; Horne and Hinxman, 
1914; Hinxman and Anderson,1915; Bosworth,1925; Read,1931; 
Prever,1940; Anderson,1947a and 1956; Clifford,1957;
Pleuty,1961; Tobisch,1963; Balziel and Brown,1965; Dalziel, 
1966; Poole,1966 and Winchester,1972) but the greater CaO 
content of Moine pelitic and semi-pelitic rocks usually 
Precludes their occurrence (Winchester,1974a). The absence 
of these minerals in the Killin area, therefore, does not 
Preclude the possibility that the metamorphic grade may 
have been high enough to favour their formation in rocks 
of a suitable composition. The evidence from the phase 
assemblages in pelitic rocks therefore only provides a 
broad suggestion that the entire area was subject to 
amphibolite-facies regional metamorphism.

8.2.2 Amphibolites

Wiseman (1934) interpreted the absence of 
hiotite in amphibolites as indicative of kyanite grade.
The foliated amphibolites of the Killin area contain some 
green biotite and the unfoliated group contains some brown
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biotite. The latter is in some instances replacing horn
blende and may therefore be partially a retrogressive 
product. The later unfoliated amphibolites cut across 
folds of ? 2  age and their mineralogy therefore relates 
bo post-F2 metamorphism.

Wiseman (o£ cit.) further interpreted hornblende and 
andesine (- epidote, biotite and garnet) as being charac
teristic of the amphibolite facies. Plagioclase in many 
of the Killin samples is too sericitised for its composit
ion to be determined but of those samples where determin
ation is possible, andesine is present in some instances. 
This may tentatively place the Killin samples in the 
amphibolite facies.

8.2.3 White calc-silicates
(a) mineralogical variations: A greater range 

of mineral assemblages is exhibited by the white calc- 
silicate bands in the Killin area. As noted in the Western 
Moines, the calc-silicates have provided the most precise 
indication of metamorphic grade and evidence of variations 
of grade within the area. The mineralogical assemblages 
in the white calc-silicates from Killin have been classif
ied in Chapter three and their geographical distribution 
is illustrated in Figure 8.

White calc-silicates have been used previously (Kennedy, 
1949; Tanner,1976; Winchester,1972 and 1974 b and c) in 
an attempt to determine metamorphic grade in the Western 
Moines. Based on the calc-silicate mineralogy, zones have 
been drawn and can similarly be constructed in the Killin 
area (zones are outlined in Chapter four). The zones, 
determined by the occurrence or disappearance of index
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minerals are designated thus:
(i) biotite and hornblende
(ii) hornblende
(iii) bytownite and hornblende

The noticeable feature is that in isochemical calc- 
silicates, bytownite-bearing samples are found only in the 
east, near Loch Killin, thus indicating higher grade. By 
including samples from east of Loch Killin, (collected 
by Winchester and analysed by Winchester and K.H.W.) 
assemblages containing pyroxene enable a fourth zone to 
be indicated. The mineral assemblages progress from west 
to east through biotite and hornblende to pyroxene and 
therefore suggest an eastwards increase in grade. The 
area exhibits a topographic range of up to 500 metres 
and this permits construction of a three dimensional 
picture of the zonal pattern.

(bt) Chemical controls: The method of using 
calc-silicates to assess metamorphic grade has been 
used by Winchester (1972,1974c) in northern Ross-shire.
It was then found that the CaO/A^Oj ratio exercised the 
most direct influence upon the mineral assemblages of 
any particular grade, probably because most reacting 
phases are calcium-aluminium silicates i.e. hornblende, 
clinozoisite and plagioclase. Other components, such as 
MgO and K20, might be expected to control the assemblages 
to some extent, but they occur in relatively low concent
rations (particularly ^ 0  which is often well under 1.0# 
of the rock) and appear to have little effect. However,
KjO does exhibit local mobility at the contacts of calc- 
silicate bands and pelites, producing a biotite-rich 
selvage zone.
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Some overall discrepancy may exist due to potential 
error in CaO/A^O^ ratios and the minor effect of other 
components. However, these appear to affect the conclusions 
only slightly.

Few calc-silicates were used which contained free 
calcite (none with calcite > 1 . 5  vol.$). The presence of 
calcite shows no particular affinity with any one assemb
lage and is probably controlled by the partial pressure 
of CO2 . Hence exclusion of calcite-bearing calc-silicates 
limits the occurrence of minerals favoured preferentially 
by a high PCO2 and eliminates the 'favouring1 of Ca- 
bearing minerals.

(c) Isograds and isograd surface: Tilley 
(1924) defined isograd as 'a line joining points of 
similar pressure/temperature values in metamorphic rocks'. 
The production of various minerals must, however, be 
dependent on the whole rock composition.

Atherton (1965) divided isograds into two types 
based on the first appearance of an index mineral, or on 
the disappearance of a particular phase.

In the Killin area, the isograds are based primarily 
on two factors: the occurrence (and therefore disappearance) 
of specific minerals, and related whole rock compositions. 
The former includes the appearance of hornblende and 
bytownite, the latter mineral to some extent changing 
composition with grade. Bytownite is the term applicable 
to plagioclase which has the compositional range An^Q to 
An^Q. However, in the white calc-silicate group, bytownite 
is used loosely to include plagioclase with An content 
exceeding An^g. This is on the calcic side of a composit
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ional 'gap* shown by plagioclase in the white calc- 
silicate group (Section 4.1.4).

The area to the east of Loch Killin, although strictly 
outside the area covered by this thesis, afforded the best 
opportunities for accurate determination of metamorphic 
grade, because well-developed calc-silicates were widely 
distributed in an area with high relief and extensive 
outcrop.

Using several samples from one location the critical 
CaO/A^O^ ratios controlling phase assemblages can be 
determined at each location, for example dividing samples 
in which bytownite is developed from those with less calcic 
Plagioclase. Increase in grade allows development of 
bytownite in progressively less calcic calc-silicates.
Where the critical CaO/A^O^ ratios are the same, these 
locations have been interpreted as lying on the same 
isograd.

At four locations southeast of Loch Killin the critical 
ratio above which bytownite is developed is 0.5 and this 
can be used to determine the 0.5 bytownite isograd surface. 
Using a geometrical construction (Figure 54) the orientat
ion of the isograd surface can be determined by constuct- 
ihg two triangles. This indicates that the attitudes of 
"the isograd surfaces are 552° strike, 11° westerly dip 
and 358° strike, 15° westerly dip in the eastern and 
Western examples respectively. Since these two results 
show an aggreement well within the expected error it has 
been assumed that the attitude of the isograd surface 
in the area is consistent. Therefore the average for the 
0.5 bytownite isograd surface (a strike of 355° and a



Figure 54 Calculation of the angle of dip of the 0.5
bytownite isograd. X denotes a sampling 
location with the elevation in metres 
(from Winchester & Whittles, 1979)

Figure 55 Section illustrating dip of isograd surfaces 
(from Winchester & Whittles, 1979)
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westerly dip of 13°) has been interpreted as the closest 
approximation to the actual attitude in this area.

Since the metamorphic grade increases eastwards and 
downwards, the metamorphic zones are seen to be uninverted 
in contrast to those in northern Ross-shire (Winchester, 
1972,1974c). Using the same method, further isograd strike 
lines can be constructed and Figure 55 shows a cross- 
section, illustrating the separation between the isograds. 
The pyroxene 0.7 isograd is calculated east of Loch Killin 
on Loire Meurach and is separated by 330 metres from the 
0.5 bytownite isograd. The separation between the bytown- 
ite 0.5 and 0.7 isograds is shown in the cross-section 
and by coincident structure contours as 400 metres.

Further west near Glen Brein primary biotite is 
recorded in the least calcic calc-silicates and the iso
grad is defined along the eastern edge of the area, as 
the occurrence of biotite in calc-silicates with a ratio 
of up to 0.4. Assuming parallelism with the other isograds, 
approximately indicated by the calc-silicates in Glen 
Brein, it is separated from the 0.7 bytownite isograd 
surface by 650 metres (Figure 55). If this westerly dip 
of 13°» determined from information east of Glen Brein is 
maintained further west, the calc-silicates occurring 
west of Glen Brein would also contain biotite. However, 
hornblende and not biotite is recorded in all calc- 
silicates to the west collected from many different 
elevations, and this suggests that a slight increase in 
grade occurs westwards. To produce an isograd dip, petro
logical constraints are used. Bytownite is not present
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^snce the dip cannot be high and since biotite is not 
Present west of Glen Brein, then to achieve this with the 
structure contours, an optimum easterly dip of approxim
ately 4° is determined. Figure 56 shows the resultant 
structure contour map. This shows a simple structure with 
a 'metamorphic synform' inferred east of Glen Brein which 
Plunges northwards at approximately 2°. Other (minor) 
folds may be present, but the evidence is not sufficiently 
Precise to prove their existence.

The overall trend of the 1metamorphic synform', roughly 
north-south, is subparallel to the trend of F^ fold axes 
and discordant to the first and second generation folds.
The evidence therefore suggests that the F^ folding post
dated the establishment of the isograds. Later metamorphic 
episodes were of low grade and evidence suggests that the 

and only just reached the Lower Greenschist facies 
(biotite and chlorite formed respectively- see Section 
8.3.1).

(d) Calc-silicate zones: The definition of 
the bytownite and pyroxene isograds as the occurrence of 
these minerals in calc-silicates with a ratio of 1.0 
(Winchester,1974b) is not applicable in the Killin area 
since only one sample exceeds this ratio. More applicable 
isograds are thus defined in calc-silicates with a CaO/ 
AlgO^ ratio of 0.7 (Winchester and Whittles,1979).

The calc-silicate zones are therefore defined as below: 
Pyroxene: pyroxene present in all calc-silicates with a 
CaO/A^O^ ratio which exceeds 0.7 
(only occurs east of the Killin area)
Bytownite: bytownite present in all calcite-free calc-



Figure 56 Structure contour map of isograds in the KilÜn 
area (from Winchester & Whittles, 1979)

Figure 57 Zonal map of the Killin area (from Winchester 
& Whittles, 1979)



- f

9
i

>■



-157-

silicates with a CaO/A^O^ ratio which exceeds 0.7 
Hornblende: hornblende present in all calcite-free calc- 
silicates with a CaO/A^O^ ratio which exceeds 0.4 
(Winchester,1974b).
Hornblende and Biotite: this forms a transitional zone 
where both hornblende or biotite may be present in calc- 
silicates with CaO/A^O^ ratios which exceed 0.4

The last zone was found by Winchester (1974c) to be 
400 metres thick in northern Ross-shire, but in the Killin 
area its full thickness cannot be determined. Figure 57 
shows isograd traces and the intervening zones as actual 
ground traces. The interval between the hornblende and 
Pyroxene isograds is shown to be less than 1400 metres, 
assuming that the isograd surfaces have an average west
erly dip of 13° around Loch Killin, as calculated using 
bytownite-bearing assemblages.

8.2.4 Correlation of Barrovian and calc-silicate 
zones

Correlation of calc-silicate zones with Barrov
ian zones is imprecise because, as previously noted, the 
aluminium silicate index minerals are frequently absent 
from Moinian and Killin pelites. Tentative correlations 
have been made based on isolated occurrences of kyanite, 
staurolite and sillimanite (Winchester,1972). Comparison of 
calc-silicate assemblages with sources of index minerals 
from pelitic zones by Tanner (1976) suggested that pyrox
ene-bearing calc-silicates could be equated with the 
sillimanite zone. Less decisive evidence was available for - 
Tanner's bytownite/hornblende zone, possible equivalents
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including three pelitic zones (sillimanite, kyanite and 
staurolite). However, most available information seemed 
"to indicate an equivalent in the kyanite zone.

Kennedy (1949) produced similar results, equating his 
Pyroxene with the Barrovian sillimanite zone and the 
biotite and zoisite zone with the Barrovian garnet zone. 
Winchester (1974b) correlated the hornblende isograd with 
the kyanite isograd and although the former occurs in the 
Killin area, a definite correlation of isograds should be 
avoided.

8.3 Structural Correlation and Timing of Metamorphic 
Events

It has already been stated that lsograd surfaces 
deduced from the distribution of calc-silicate assemblages 
have apparently (cf. 8.2.3 (d)) been folded by folds. 
This conforms with the microstructural evidence which

I

can be used to date the growth periods of major minerals.
This growth pattern which indicates two major periods 

of mineral growth is reflected in pelitic assemblages and 
is summarised in Table 8.1.
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CALC-SILICATES

clpx g—
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act -----g---
St g—
clzo + ep

GREEN
CALC-SILICATES

g

Table 8.1 Schematic Representation of the Major Features 
involved in the Timing of Metamorphism

Key: g=growth;r&g=rotation and growth
gt=garnet;bi=biotite;mus=muscovite;chl=chlorite; 
hb=hornblende;clzo=clinozoisite;clpx=clinopyroxene; 
act=actinolitic amphibole ;ep=epidote
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Two principal metamorphic peaks are indicated, 
apparently extending from before until just after the 
first phase of deformation. M2 is very similar in grade 
and indeed a metamorphic 'plateau* may have existed to 
some extent between D1 and D2 since garnet growth appears 
to have continued between the two fold phases. The 'grade 
during and until after the F2 event must have remained 
high since the structural evidence indicates post-F2 
intrusion of the dykes in the Glen Doe semi-psammite. The 
dykes now exist as amphibolite bodies.

There is scant evidence for post-M2 metamorphism. 
Localised retrogression is sporadically evident with 
muscovite and chlorite development, either axial planar 
to F^ folds or replacing phases formed in the M2 event.

8.3.1 Evidence from pelites

Psammitic metasediments do show many features 
which verify the association of minerals with structural 
deformations noted in pelites. However, the picture is 
less obvious as the increased competence due to greater 
quartz content renders these metasediments less able to 
adjust to deformation than their pelitic counterparts.

Within the pelites, many garnets are zoned, suggest
ing that growth occurred in several stages. Many also 
contain inclusion trails and these help establish the 
relative timing of metamorphic events and principal 
deformational episodes. However, not all garnets exhibit 
inclusion trails and many occur as small idioblastic 
grains, rarely disturbing the foliation, indicating 
static post-tectonic growth. Growth appears to have 
continued up to the phase of deformation.
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Three samples with zonal growth and inclusions are described 
and each is enveloped by aligned mica flakes which outline 
the S.j foliation and show later folding. Plate 42 exhibits 
a garnet from a sample which is composed of quartz, chlorite 
and garnet. The outcrop occurs as an elongate pod which is 
discordant to the foliation but partially folded (there
fore suggesting rotation in D2 )•

The features it exhibits suggest a syn-F2 rotational 
core with a post-F2 homogeneous rim.

Plate 43 (which is represented diagrammatically in Figure 
58) illustrates a pretectonic and rotated core surrounded by 
a syntectonic ring with curved inclusion trails. The outer 
rim contains no inclusions and is probably post-tectonic.
This would suggest that garnet growth continued up to and 
after the F2 event. This is also suggested by the third 
example illustrated in Plate 44. Several zones can be deter
mined, although interpretation may not be definitive. The 
growth periods can probably be assigned to post-F^ rotation, 
growth during F2 folding and growth post-dating F2 folding.

Biotite occurs, with minor muscovite, as oriented flakes 
defining the S1 foliation. Crystal growth was therefore 
largely syn-tectonic with the first period of deformation. 
Subsequent development is only reflected in the growth of 
some biotite and muscovite flakes parallel to the axial 
Planes of some F^ crenulations. Thus the latest growth is 
syn-F^. Some grains are kinked by F^ kink bands (as illust
rated in Plates 26 and 27). Occasionally randomly oriented 
biotite grains are seen to occupy the nose of a minor fold 
and this may be an example of post-tectonic polygonisation 
(Spry,1969). No mineral growth can be clearly associated 
with the F^ episode of folding.



Plate 42

Inclusion trails in garnet
Plate 43





Figure 58 Outline of garnet growth zones (from Plate 45)
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P la te  44 Zoned garnet w ith in c lu s io n  t r a i l s

talsPlate 45 Post-tectonic chlorite overgrowing mica crys
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Chlorite is restricted to late growth and all examples 
exhibit post-tectonic growth. Plate 45 illustrates grains 
overgrowing micas oriented by F^ crenulations. Since the 
effect of post-F^ deformation is limited, it is not possible 
to specifically date the growth of chlorite further than a 
Post-F^ age.

Although opaque grains are common, they are rarely de
formed. Plate 46 illustrates one exception with predominantly 
small grains of magnetite outlining an Fj crenulation. The 
larger grains only partly reflect the crenulation form, in
dicating their relative competence.

8.3.2 Evidence from white calc-silicates

Hornblende, clinzoisite and garnet are the three 
minerals which provide most information. Although quartz and 
plagioclase (the latter often sericitised) are present, they 
provide little textural information. Quartz grains are slight
ly elongated within the S1 foliation indicating pre to syn- 
tectonic growth. Evidence for later growth is scarce but 
there is polygonisation of larger grains.

Hornblende prisms define the S1 foliation and this strong 
alignment suggests predominantly syn-tectonic growth. Early 
garnets are enclosed by hornblende and the latter also 
encloses pressure shadows of quartz which have subsequently . 
polygonised. Later hornblende growth is limited to a few 
examples of growth along Sg planes. The apparent lack of 
physical response to later deformations is a result of the 
relative competence of calc-silicate bands compared to the 
adjacent semi-pelitic or semi-psammitic rocks.

Clinozoisite blades and grains parallel the attitude of



Plate 46 Opaque grains outlining an F^ crenulation
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hornblende. Syn-tectonic grains contribute to the foliat
ion and also enclose garnets. Later growth is restricted to 
scattered grains growing across the foliation and granules 
impinging on earlier blades. The scarcity of this feature 
renders correlation with a tectonic event difficult, but it 
*ould seem to show a similar development to that of hornbl
ende .

Garnet growth in the calc-silicates is primarily syn-F^ 
since it is enclosed by aligned hornblende prisms and bladed 
clinozoisite. Rare quartz inclusion trails may indicate a 
pre-F^ growth. The inclusions, which form straight trails, 
are discordant to the fabric and in one instance present 
a tripartite division based on inclusion size (see Section 
5.8.1). Later growth is indicated by small garnets in some 
calc-silicates. It is difficult to be certain about the 
Period of growth due to the lack of features readily equated 
with later tectonic events. Since the smaller grains usually 
contain fewer inclusions (than the larger garnets) and often 
impinge upon biotite in the foliation, it may be assumed 
that they are at least post-F^ in age.

8.3.3 Evidence from green calc-silicates

Evidence relating mineral growth to structural 
Phases is again limited to a few minerals, namely amphibole, . 
garnet and to a minor extent clinopyroxene and epidote.
Growth of quartz and plagioclase is very similar to that 
exhibited in the white calc-silicates but sericitisation of 
the feldspar is much more prevalent thus obliterating text
ural relationships to a large degree.

Clinopyroxene growth is apparently syn-F^ since the 
isolated tabular grains are all aligned within the foliation.



-164-

Response to subsequent deformation is difficult to discern, 
save for some slight fracturing.

Amphibole occurs as both hornblende and actinolitic 
amphibole. The former shows alignment with the fabric 
and often alternates with 'bands' of elongate quartz grains 
and sericite 'stringers' (after plagioclase). Actinolitic 
amphibole nucleates on grains of clinopyroxene (and appears 
"to be derived from it) and assumes an orientation discordant 
to S1 and aligned with the weak S2 fabric (Plate 15 and 
section 3.4.3).

This syn-F2 development is the latest growth of amphibole 
in the green calc-silicates and this may suggest that P2 was 
slightly less intense than .

Garnet is rare or absent from many green calc-silicates. 
When present it occurs only in skeletal form or as isolated 
granules (see Table 3.4). To determine a relative age is 
therefore difficult, blit the skeletal texture suggests early 
growth followed by replacement. In many instances the garnet 
'grains' are enclosed either partially or totally by 'webs' 
of epidote and clinozoisite. This is a late feature and is 
apparently unaffected by any deformation and must certainly 
be post-F^.

8.4 Conclusions on Timing and Metamorphic Grade

From the foregoing sections, several conclusions 
can be drawn concerning the metamorphism of the Killin area.

i) The metamorphic grade increases from west to east 
in the eastern part of the area and is broadly constant in 
the west.

ii) The metamorphic zones constructed are not inverted,
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and their thicknesses can be directly measured where white 
calc-silicates are present.

iii) The metamorphic zones are apparently folded by 
the F^ generation folds and so relate to M2 .

iv) Two major metamorphic peaks were produced. The 
first peak accompanied F̂  and post-dated it a little. The 
Second peak similarly accompanied F2 . This pattern is illust
rated by the pelites and to a lesser extent by the white 
calc-silicates. The green calc-silicates indicate two periods 
of growth but no clear sequence of zonal phase assemblages 
can be seen in this particular suite.

v) In the pelitic lithologies a third low-grade meta- 
morphic event (M^) accompanied F^.

vi) The M^ event apparently had scant effect on the 
calc-silicate isograds established in Mg.

vii) Thermal effects of the post-tectonic granites 
were slight and would suggest that the rocks were still warm 
at the time, or under pressure (see also Sections 6.2.5 and 
6.5).
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appendix one-techniques and methods of c o l l e c t i o n.
PREPARATION AND ANALYSIS OF SAMPLES

115 samples from the Killin area were analysed using 
X-ray fluorescence spectrometry. This technique was used 
in preference to classical chemical methods due primarily 
to the greater speed of analysis. Errors are considered to 
be greater in the rapid analysis method but the accuracy is 
considered sufficient for this first insight into the geo
chemistry of these metasediments. Several publications des
cribe in detail the equipment, sample preparation, analysis 
and calculations (Leake et al.,1969; Norrish & Chappell, 
1967) hence the following sections present basic relevant 
information.

A1.1 Sample Collection

Fresh field samples (approximately one kilogram 
minimum weight) were obtained for analysis. Distribution of 
samples was determined by amount of exposure in many parts 
of the area, but it was attempted with the more common litho 
types to collect representative samples of the lithologic 
units. River and stream sections presented ideal access for 
specimen collection and many samples are from such locations

Depending upon the grain size, a particular minimum 
weight was prepared from the field sample in order that a 
representative analysis be produced. For grain sizes up to 
1 millimetre, 500 grams of sample were taken and for grain 
sizes up to 10 millimetres, 1000 grams. Some calc-silicate 
bands collected for analysis were thin (<1.5 centimetres 
thick) and large amounts had to be taken to allow for the 
removal of adjoining rock-types. To facilitate the removal
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°f the adjoining rock, many samples were sawn into thin 
slices thus allowing splitting along the margin of the calc- 
silicate .

A1.2 Preparation of Sample

Any weathered faces were removed either using a 
rock-splitter or a rock-cutting circular saw. The sample was 
then reduced to small (<2 centimetre) blocks using a Denbigh 
fly-press rock splitter and further ground to gravel (5 milli
metres and less) in a Sturtevant 5” x 2" jaw crusher. After 
homogenisation by successive cone-and-quartering, one quarter 
of the sample was selected. The gravel was reduced to a pow
der (120 mesh) using a Tema disc mill. The mill reduces the 
charge of approximately 100-125 grams to powder by eccentric 
movements of two rings and a central barrel of tungsten 
carbide (Widia) within the shallow pot.

The powder was then poured onto a clean sheet of paper 
and thence decanted into a sample bag or jar. The mill and 
tungsten carbide rings were cleaned using a vacuum, clean 
cloths, fine-bristled brushes and tissues. Every attempt was 
made to keep machinery as clean as possible to avoid contam
ination.

For X-ray analysis the powder (approximately 20 grams) 
was homogenised (to 200 mesh) in a Glen Creeston M280 tungsten 
carbide ball mill for a further 30 minutes.

A1.3 Determination of Loss on Ignition

After leaving overnight in an oven (at 110°C), one 
gram of homogenised powder was accurately (to within 0.01/6) 
weighed out into a platinum dish. Batches of six dishes, each 
containing a different sample, were placed in a furnace at
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1000°C for 30 minutes and each was partially covered with a 
Platinum lid. After the correct time, the dishes were removed 
from the furnace and quickly transferred to a desiccator. 
After allowing to cool for 20 minutes each sample was weighed 
again and the weight loss noted.

To check the reproducibility of this process, six samples 
Were chosen at random for a repeat measurement. These com
prised amphibolites (with higher than average losses), semi- 
psammites and a semi-pelite. The average variation was 5.25$ 
for the six samples.

A1.4 Preparation of Discs for Analysis by X.R.F.

The homogenised powder was prepared for analysis in 
two ways, either as a pressed pellet or a fused disc. The 
former method, using unignited powder was used for analysis 
of trace elements and sodium. A powder sample was preferable 
for trace elements due to their low concentrations, and any 
sample dilution would result in a sensitivity loss.

The pellets were prepared by thoroughly mixing 6 grams 
of the powder in an agate mortar with a few drops of binding 
agent, Mowiol N90/98 (produced by Hoechst Chemicals Ltd.).
The powder-cement mix was then compressed in a cylindrical 
dye faced on either side by polished tungsten carbide coated 
plattens. The disc assembly was subjected to 5 tons weight 
for one minute and 25 tons weight for a further four minutes. 
After drying overnight at 110°C, the pellet was ready for 
analysis. Such pellets were very useful since the surfaces 
were smooth and both sides could be analysed.

The fused discs with which most of the major elements 
Were determined, were produced using a technique modified
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frorn that used by Norrish & Hutton (1969). 0.5 grams of 
ignited powder were mixed with 2.5 grams of lithium meta
borate flux (LiB02* Spectroflux SP 100A) and then fused in 
a platinum crucible over a meker burner until quiescent and 
homogeneous. The melt was then poured onto a brass die on a 
hotplate (at a temperature of 230°C) and immediately chilled 
to glass by stamping and cooling with an aluminium plunger. 
The resulting glass disc was contained within a ring of 
copper wire, previously mounted on the die.

The fusion method was used to avoid the influence of 
differing particle sizes and to help overcome effects due to 
variations in absorption coefficients. Lithium metaborate 
also readily dissolved all silicate powders. (Absorption 
coefficients, in this case the mass-absorption coefficient, 
have fixed values for a given element for a particular wave
length of X-rays and refer to the absorption of incident 
X-rays in the sample being analysed).

A1.5 Methods of Analysis

Each sample, whether fused disc or pressed powder 
pellet was analysed using the Philips PW 1212 fully auto
matic sequential X-ray spectrometer in the Department of 
Geology at Keele University.

An approach similar to that used by Leake et al.(1969) 
was adopted. For major elements, the fused discs were 
analysed for a minimum of three cycles and the mean of 
these recorded. For pressed powder pellets, both sides of 
the sample were analysed, usually for at least two cycles. 
The thickness of the powder pellets exceeds the critical 
depth of penetration by the X-rays and each side effectively
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forms a duplicate sample.
Counts were made on both peaks and backgrounds and the 

net counts (peak-background) were used, with or without 
additional corrections for matrix effects. Jenkins & de 
Vries (1967) provide full details of this approach.

In all cases, calibrations were achieved by analysing 
selected international standards (Flanagan, 1974) concurr
ently. Keele departmental spikes were also used. The inter
national standards used included W-1, PCC-1, BCR-1 and AGV-1. 
Apparent fluorescent values were obtained following an 
approach similar to that of Harvey _et al. (1973). Inter
element corrections were made using the method of Norrish & 
Hutton (1969).

Calibration of the trace element data was achieved using 
international standards, with mass absorption corrections 
being applied when necessary. The method of Reynolds (1963) 
vas followed for Rb, Sr, Y and Zr determination.

Instrumental precision has been gauged using replicate 
analyses of the same rock samples over a period of time.
For this particular study, several analyses were made of two 
standards, KUI-3 (Keele departmental) and ¥-1 (International). 
Duplicate analyses of Killin samples were also made and con
formed to the figures presented in Table A1.1. The coeffic
ient of variation (or relative deviation) can be used to com
pare sets of results on a percentage basis.

Seven major elements have been particularly chosen for 
this exercise due to their greater usage in the geochemical 
study (Chapter 7).

The precision is generally poorer for elements present 
in small or trace amounts and this applies to the lower



1 7 1 -

concentrations in Table A1.1.

mean range
standard
deviation

coefficient of 
variation (fo)

Si02 70.120 0.919 0.40 0.57
ai2o3 15.20 0.079 0.03 0.20

Pe2°3 10.982 0.117 0.043 0.39
CaO 1.843 0.069 0.03 1 .62
k2o 4.133 0.024 0.01 0.24

CM
O•H& 0.520 0.014 0.06 1.15

MnO 0.176 0.009 0.004 2.27

Table A1.1 Summary of Precision (W-1 used for Fe and Mn, KUI-3
for remainder)

Accuracy is the extent to which an analysis is capable 
of giving the 'correct' value for a known sample. To this 
end, analyses of international standards are used and com
pared to the recommended values. Table A1.2 compares the 
accepted values (for the seven major elements already used) 
with repeat analyses performed during this study for the W-1 
standard.

All the oxides show good agreement save for the lower 
concentrations, where small changes appear relatively large.
It may be that the results overall are slightly low since 
all elements but MnO show a comparatively low value. The 
variation is, however, low and constant.

It does seem that this method of analysis is more than 
adequate for most elements where rapid analysis of many 
samples is required.
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comparative relative
W-1 values variation(^)

Si02 52.64 51.58 -2.01

A12°3 15.00 14.65 -2.33

Fe2°3 11.09 10.98 -0.99
CaO 10.96 10.95 -0.09
k2o 0.64 0.60 -6.25
Ti02 1 .07 1 .05 -1 .87
MnO 0.17 0.18 +5.88

Table A1.2 Summary of Accuracy
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APPENDIX two-statistical analysis

A2.1 Introduction to Student’s t-test

A full description (see for example Till, 1974) 
and derivation is not necessary here but the basic inform
ation is provided.

The t-test is a statistical testing hypothesis based on 
the t-distribution. Student (a pseudonym for the statistician 
Gosset) defined the t-distribution for sample means. Values 
of t can be calculated for all possible random samples from 
a normal distribution. The curve thus produced closely res
embles a normal curve (an equal distribution of values about 
the population mean producing a symmetrical curve).

The t-distribution can be used to test populations whose 
standard deviations are unknown to predict the population 
mean. Hence the average (or population mean) can be predicted 
from a small group of samples, assuming these samples are 
from a normally distributed population.

That part of the t-curve can be found which contains 
95$ of its area and this area can be taken symmetrically 
about the mean, leaving 2.5$ of the area at each side or 
tail of the distribution. Random samples can then be compared 
to this distribution and since 95$ of all possible t-values 
are within the curve, the probability of t being outside 
that range is 0.05.

A t-test is therefore used to determine if there is a 
significant difference between two groups of values. A 
hypothesis (called the Null Hypothesis) is set up to compare 
population means. The question is thus posed-how probable
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is it that our two samples represent identical populations. 
The purpose is to find out with what confidence the hypoth
esis can be accepted or rejected. The calculated value of 
t can then be compared with t values from statistical tables 
to determine acceptance or rejection.

A2.2 Application to Analyses

Student's t-test has been applied to chemical 
analyses of rock samples from the Killin area. A group of 
rock analyses forms the random sample from a population 
(equivalent to the formation as a whole) and two samples 
are compared for a particular element oxide. In this way, 
all the components for groups of samples can be compared to 
determine whether the samples can be considered to belong to 
the same population.

The t-test was undertaken by a Digico M16E computer in 
the Department of Geology at Keele University. Insertion of 
the values within the two samples under consideration pro
duced mean and standard deviation values. The computed t- 
value was compared to the value from statistical tables and 
the hypothesis that the two samples form part of the same 
population was accepted or rejected at the 95?£ level.

These results were used, where appropriate, as an aid 
in the geochemical discussions of Chapter 7.
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appendix three

The following pages list major element analyses of 
samples used in this study. Each entry lists ten oxides 
and is preceded by the formation and sample number below 
which the grid reference is provided. The four formations 
are abbreviated thus;

F-Fechlin 
K-Knockchoilum 
G-Glen Doe 
M-Monadhliath

LOI refers to the loss on ignition. The samples are 
grouped by lithology and numerically within these suites. 
Specific groups referred to in the text are listed below; 

Amphibolites-foliated:F652,F654
-unfoliated:G6148,G6187,G6189,G6192 

Granophyres-Group 1:K62 51 ,K6253,G6144,G6215,G76,
G722.M6211,M6230 

-Group 2:K6233,G725
Granites-Fechlin samples represent Foyers

-Knockchoilum samples represent Allt Crom 
White calc-silicate groups are listed in Table 3.1 

Trace element data are listed after the major element anal
yses.
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Seml-Pelitic

Si02
^P2^3
Fe20j
MgO
CaO
Na20
k2o
Ti02
MnO
P2°5
LOI
total

F 626 
496140 
52.90
20.79
8.52
3.19
2.23
4.19 
4.45 
1.01 

0.15 
0.29
1.70

99.42

F 648 
490145 

65.88
15.43
5.42 
1.97
1.52 
3.06
3.95 
0.63 
0.08 
0.17
1.20

99.31

F 681 
489141 

65.00
15.30
5.23 
1.88  
1 .45 
3.40
3.80 
0.63 
0.08 
0.17 
1.10

98.04

K 634 
497137
56.52 
18.28
9.11 
2.85
1.23
2.09
5 . 1 2  

0.93 
0.14 
0.15 
1.90

98.42

K 660 
502128
56.15 
18.77
8.21

2.59
2.18 
2.14
4.27 
0.88 
0.14 
0.22
2.60

98.15

K 666 
504126 
55.94 
19.89
7.28
2.18
1.68 

2.98
5.21 
0.98 
0.11 

0.27
1.80

98.32

Si02
a i2o3
Fe203
MgO
CaO
Na20
k2o
Ti02
MnO
P2°5LOI
TOTAL

K 687 K 695 K 6123
477115 478119 492123
58.06 64.07 60.76
18.43 15.67 17.76
8.45 6.43 6.82
2.86 2.16 2.33
1.51 1.41 1 .45
2.58 1.90 2.49
4.74 4.07 5.04
0.90 0.73 0.85
0.12 0.10 0.11
0.22 0.18 0.21
2.07 1.50 1.70

99.94 98.22 99.52

K 6220 K 6250 K 6255
486064 524058 517055
47.86 52.04 58.92
23.63 19.10 17.38
9.29 11.14 7.85
3.01 3.77 2.41
1 .23 1.29 1.89
1 .65 2.27 4.03
6.83 5.56 3.16
1.16 1.12 1 .02
0.15 0.18 0.13
0.42 0.20 0.20
2.90 2.05 1 .85

98.13 98.72 98.74
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G 611 G 676A G 6118 G 6176 G 6177
521113 518120 510112 442088 442087

Si02 55.49 55.31 64.03 61 .90 62.00
A1203 18.94 21.57 15.52 15.16 .16.68
Fe203 8.97 6.92 6.48 8.62 6.82
MgO 2.87 1.80 2.28 2.92 2.35
CaO 1.39 1 .38 1.34 1 .49 1.42
Na20 1.58 1.85 3.19 2.84 2.69
k2° 5.36 4.61 3.69 3.17 4.20
Ti02 0.93 1.13 0.75 0.79 0.81
MnO 0.13 0.18 0.10 0.14 0.10
P2°5 0.18 0.40 0.17 0.24 0.22
LOI 2.20 3.20 1.90 2.00 1 .25
total 98.04 98.35 99.45 99.27 98.54

G 6184 G 6185 G 79 G7525A M 617
443084 443083 467076 479089 525101

Si02 64.12 63.86 53.43 62.13 5 1 .2 2

^P2^3 15.25 14.68 17.37 14.47 23.03
Pe203 5.82 6.42 7.81 9.42 8.02
MgO 2.15 1.81 2.55 2.98 2.57
CaO 1 .64 2.30 8.43 3.04 1.14
Na20 3.28 4.51 4.88 3.10 1 .34
k2o 3.39 1.47 2.17 1.75 6.82
Ti02 0.70 0.72 1.09 0.85 1.19
MnO 0.11 0.19 0.14 0.37 0.19
P2°5 0.19 0.28 0.40 0.20 0.33
LOI 1 .50 3.20 2.08 0.70 3.30
TOTAL 98.15 99.44 100.35 99.01 99.15

G 6182 
442085 
55.17 
18.65 
9.82 
3.27
1.04 
3.66 
3.39 
1.02 

0.14 
0.37
2.60 

99.13

M 694 
488094
57.70 
18.83 
8.47 
2.77
1.54 
1.72 
4.82 
0.87 
0.14 
0.27
2.05

99.18
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M 6115 M 6137 M 7553
525078 487086 456053

Si02 55.98 65.12 60.34
19.39 15.49 17.98

Pe20^ 9.45 4.71 7.14
MgO 3.09 1.53 2.50
CaO 1.56 3.54 3.84
Na20 1.51 4.62 4.53
k2o 5.03 0.97 1.68
Ti02 0.99 0.79 0.88
MnO 0.17 0.26 0.19
P2°5 0.32 0.26 0.16
LOI 2.53 1.90 0.50
total 100.02 99.21 99.74

Semi-:Psammitic 
F 627 F 6171 K 633 K 638 K 6245 K 6249
497139 496142 497138 501136 527059 524058

Si02 69.84 71.81 67.16 74.04 67.45 68.96
a i9o, 13.20 14.42 15.67 11 .82 13.69 14.30
Fe?0^ 4.80 0.84 5.55 3.55 5.07 5.08
MgO 1 .76 0.42 1.80 1.15 1.65 1.80
CaO 1.50 0.78 1.87 1.61 1.57 1 .21
Na20 2.89 3.79 2.63 3.20 3.89 2.58
k2o 2.90 5.12 2.94 2.23 3.03 3.50
Ti02 0.67 0.20 0.83 0.61 0.65 0.63
MnO 0.08 0.05 0.12 0.08 0.08 0.08
P2°5 0.14 0.12 0.17 0.11 0.20 0.12
l o i' 0.80 1.00 1.70 0.70 2.35 1.15
TOTAL 98.58 98.55 100.54 99.10 99.63 99.41
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G 64 G 65 G 69 G 613 G 616 G 671
5 2 5 1 0 7 5 2 3 1 0 9 528110 518113 522109 506124

Si02 68.59 69.82 69.07 68.31 69.31 67.16
■^2^3 14.06 12.89 13.16 14.13 13.10 14.21
Pe2°3 3.72 4.30 3.71 4.71 4.19 5.54
MgO 1.15 1 .52 1 .26 1.69 1.41 1.72
CaO 3.23 1.63 3.40 1.34 2.31 2.77
Na20 3.18 3.32 2.80 3.21 3.24 2.71
k2o 1 .81 2.79 . 1.91 3.10 2.75 2.30
Ïi02 0.53 0.65 0.59 0.64 0.63 0.78
MnO 0.12 0.08 0.12 0.09 0.09 0.14
■P2°5 0.17 0 . 1 3 0.16 0.15 0 .1 1 0.21
LOI 1 .90 1 .20 2.70 1.50 2.00 1.50
total 98.46 98.33 98.88 98.87

/

99.14 99.04

G 673B G 6129 G 6163 M 6217 M 6219
511117 464109 451088 456054 466059

Si0 2 69.37 69.29 6 9 .2 2 66.97 6 6 .4 8

AI2O3 14.09 13.46 10.92 15.46 14.89
:pe2°3 4.72 4.50 3 . 6 6 6.05 4.79
MgO 1 .52 1.37 1.18 1 .6 8 1 .2 2

CaO 4.33 2 .1 2 5 .1 2 3.31 4.17
Na2 0 2.16 4 . 2 2 3 .1 2 4.48 4.32
k2o 1 .56 1.40 1.76 1.14 0.74
Ti0 2 0 . 6 8 0 . 6 6 0.64 0.64 0.77
MnO 0.19 0 .1 1 0.13 0.27 0.40
I>205 0.16 0.13 0 . 1 2 0.23 0.47
LOI 1 .50 1 .30 4 . 1 0 0 . 7 0 0.60
TOTAL 100.28 98.56 99.97 100.93 98.85



White Calc-silicates
G 669 G 673 G 674 G 6213 G 75 G 710
506126 511117 511118 466073 478088 467076

Si02 63.79 71.31 64.96 66.18 57.89 K\CO•LTv
15.42 13.23 16.59 14.37 17.76 15.18

Pe2°3 5.50 4.77 3.52 4.24 6.12 4.70
MgO 1.56 1.45 1.37 1.43 2.13 1.92
CaO 4.74 4.63 5.02 9.41 10.53 15.43
Na20 3.66 2.56 3.01 1.54 1.61 2.28
k2o 1.83 1.18 2.54 0.34 0.64 1 .06
Ti02 0.77 0.72 0.66 0.59 0.77 0.65
MnO 0.31 0.19 0.23 0.30 0.43 0.45
P2°5 1.19 0.17 0.19 0.19 0.25 . 0.25
LOI 1.60 1.10 2.00 2.00 2.27 7.06
TOTAL 100.37 101.31 100.09 100.59 100.40 100.86

G 757 G7525B G 7526 G 7527 G 7555 M 67
455049 479089 479089 479089 454050 532098

Si02 63.13 56.76 58.01 58.03 64.20 62.72
A12°3 15.38 18.01 17.96 , 17.80 15.72 17.12
Pe203 3.20 6.06 6.14 6.12 5.43 5.28
MgO 1.14 2.12 2.12 2.12 1.74 1.61
CaO 9.48 10.77 8.73 10.81 5.99 6.60
Na20 2.73 2.08 2.83 1 .72 2.84 0.69
k2o 0.23 0.24 0.56 0.31 0.74 2.50
Ti02 0.66 0.77 0.81 0.77 0.77 0.66
MnO 0.33 0.43 0.43 0.44 0.46 0.35
P2°5 0.21 0.26 0.26 0.27 0.35 0.37
LOI 4.10 0.60 0.90 0.90 0.90 1.80
TOTAL 100.59 98.10 98.75 99.29 99.14 99.70



-181-

M 692 M 6111
487091 5 2 3O8 8

Si02 59.74 64.67
ai2o3 18.45 16.21
Pe2°3 4.43 3.75
MgO 1.44 1.26
CaO 12.72 6.36
Na20 0.79 1.89
k2o 0.61 1.77
Ti02 0.65 0.79
MnO 0.42 0.23
P2°5 0.38 0.22
LOI 1.20 1 .20
TOTAL 100.83 98.35

M 6157 M6157A
513076 5 1 3 0 7 6

Si02 61.69 62.94
a i2o3 16.72 16.37
Pe203 4.77 4.13
MgO 1.51 1.35
CaO 9.32 9.26
Na20 1.09 0.91
k2o 0.54 0.65
Ti02 0.74 0.68
MnO 0.29 0.25
p2°5 0.27 0.30
LOI 1.10 1 .80
TOTAL 98.04 98.64

M 6142 M 6143 M 6155
482086 484090 519089
60.85 61 .42 63.17
16.26 16.91 16.60
5.67 4.58 4.52
1.76 0.96 1.69
8.19 7.83 9.38
2.97 3.19 0.49
0.51 0.64 1.48
0 .7 1 0.86 0.73
0.34 0.60 0.38
0.24 0.53 0.31
0.60 1.10 1.80
98.10 98.62 100.55

M 6207 M 6208 M 6209
455065 455065 455065
61.73 64.54 66.69
17.28 16.42 15.72
4.23 4.08 3.87

• 00 1 .25 0.98
10.00 8.04 10.12
1.74 2.55 0.76
0.29 0.44 0.25
0.55 0.52 0.69
0.44 0.33 0.36
0.23 0.26 0.09
0.90 1.00 1.10
98.77 99.43 100.63

M 6156 
513076
63.23 
15.85 
5.44 
1.90
6.50
2.68 
0.56 
0.75 
0.27 
0.23 
0.80 

98.22

M 6210 
460063 
57.55 
18.64 
4.84 
1 .81

12.12 

1.94 
0.46 
0.65 
0.39 
0.28 
2.10  

100.78
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M 6216 M 6221 M 6223 M 6224 M 6225 M 6228
454068 476071 523094 525095 525095 524071

Si02 61.20 67.86 61.91 59.75 65.48 63.12
^2°3 17.73 15.75 16.05 16.74 16.93 16.83
Fe2°3 5.25 3.11 3.42 4.10 3.71 3.64
MgO 1.74 0.75 1 .21 1.31 1.21 1.24
CaO 8.64 7.99 9.09 11.98 7.86 10.40
Na20 2.77 2.55 2.11 0.71 1.16 0.69
k2o 0.50 0.17 1 .04 0.81 0.65 1.34
Ti02 0.76 0.54 0.65 0.68 0.57 0.66
MnO 0.37 0.32 0.26 0.47 0.36 0.28
^2°5 0.28 0.27 0.19 0.30 0.26 0.23
LOI 0.80 0.70 3.00 2.40 0.80 1 .60
total 100.04 100.01 98.93 99.25 98.99 100.03

M 73 M 765 M 7552 M 7553 M 7554
474076 447062 456053 456053 456053

Si02 59.60 62.76 60.32 63.27 64.90
ai2o3 16.74 17.75 17.61 16.69 15.40
ïe2°3 6.98 4.49 4.41 4.23 5.13
MgO 2.08 1.57 1.46 1.18 1.36
CaO 10.70 6.24 9.75 11.60 6.87
Na20 1.21 3.53 1.81 0.67 2.22
k2o 0.17 1.63 0.68 0.51 0.60
Ti02 0.72 0.71 0.63 0.65 0.58
MnO 0.81 0.28 0.40 0.38 0.51
P2°5 0.33 0.44 0.54 0.43 0.30
LOI 1.15 1.15 2.40 1.20 0.90
TOTAL 100.49 100.55 100.01 100.79 98.77
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Green Calc-silicates
F 651 F 653 K 686 K 699 K 6104 K 745
494143 496142 477116 486116 492136 472053

Si02 62.89 64.82 64.34 54.69 64.07 66.03
A1205 15.75 11.22 14.64 14.18 11.90 14.58
Fe2°3 4.18 3.72 4.20 4.77 3.06 4.23
MgO 1.62 1.51 1.59 1.67 1.23 1.48
CaO 11.61 9.45 9.14 14.78 12.92 8.24
Na20 0.85 0.60 2.87 0.86 0.07 2.30
k2° 0.77 3.93 1.63 1.61 2.93 0.93
Ti02 0.73 0.65 0.55 0.66 0.52 0 ¿70
MnO 0.25 0.26 0.27 0.36 0.31 0.21
P2°5 0.27 0.17 0.16 0.28 0.13 0.19
101 1.10 2.20 0.50 5.70 4.70 1.90
total 100.02 98.53 99.90 99.56 101.84 100.79

K 752 K 755
470052 442028

Si02 65.48 62.83
a i2o3 15.44 15.26
Pe2°3 4.34 3.84
MgO 1.51 1.46
CaO 6.36 6.64
Na20 2.85 0.75
k2o 1.74 4.06
Ti02 0.70 0.70
MnO 0.16 0.36
P2°5 0.17 0.20
101 1 .80 4.48
total 100.55 100.58
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Amphibolltes

Si02
ai2°3
Pe2°3
MgO
CaO
Na?0
k2o
Ti°2
MnO
P2°5LOI
total

F 652 F 654 G 6148
496142 496143 469078
' 46.40 43.89 50.53
13.54 13.93 12.57
13.52 13.76 10.20
7.44 7.58 8.67
9.96 9.11 8.88
0.98 0.30 1 .98
2.05 5.17 1.74
2.61 2.99 1.10
0.26 0.24 0.21
0.30 0.39 0.34
2.00 1.90 2.60

99.06 99.26 98.82

G 6187 G 6189 G 6192
444082 440081 444080
42.74 45.62 44.93
7.38 10.04 6.99
8.95 7.78 10.43
21.33 9,56 25.83
8.32 10.65 5.85
0.02 0.95 0.25
2.33 1.91 0.26
0.61 0.77 0.55
0.16 0.18 0.16
0.07 0.25 0.19
8.90 11.70 5.90

100.81 99.41 101.34

Marginal to Amphibolites

Si°2
a i2o3
*e2°3MgO
CaO
Na20
k2o
Ti02
MnO
P2°5LOI
TOTAL

G 6183 
443084 
67.92 
12.64
3.32
2.42 
1 .61 
4.26
2.80 
0.62 
0.09 
0.17 
2.50 

98.35

G 6191 
445081 
50.69
18.04
6.62
2.57
5.30 
0.04 
5.14 
0.97 
0.11 

0.22 
8.40 
98.10

G 714 
471111
58.54 
17.99 
7.68
2.79 
0.94
3.58
4.54 
0.96 
0.12 
0.22 
2.30 

99.66
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Granites
F 657 F 658 K 6235 K 6244
496142 496143 524059 529061

Si°2 70.86 76.14 69.97 70.06
^2^3 13.81 11.18 15.08 15.03
Fe205 3.66 2.88 1.61 1.84
MgO 1.34 0.97 0.64 0.60
CaO 2.42 2.18 1.18 0.88
Na20 3.26 2.75 4.30 4.25
k2o 1.97 1.27 4.43 5.10
Ti02 0.55 0.55 0.30 0.26
MnO 0.09 0.08 0.04 0.04
P2°5 0.14 0.12 0.08 0.09
LOI 1.00 0.80 0.50 0.85
TOTAL 99.10 98.92 98.13 99.00

Granophyres
K 6233 K 6251 K 6253 G 6144 G 6215 G 76
524059 521054 518055 492111 447091 468076

Si02 73.66 75.21 73.49 74.33 74.28 75.96
AlpO^ 11.82 14.49 13.96 13.67 14.17 14.17
Fe?Ox 3.35 0.51 0.14 0.22 0.50 0.34
MgO 1.00 0.22 0.15 0.19 0.23 0.08
CaO 2.26 0.44 0.34 0.39 0.53 0.34
Na20 2.94 4.56 5.00 4.80 4.70 4.81
k2o 1 .70 4.06 4.00 4.43 5.18 4.46
Ti°2 0.52 0.11 0.11 0.10 0.15 0.11
MnO 0.07 0.04 0.02 0.02 0.06 0.03
P2°5LOI

0.11 0.01 0.02 0.01 0.02 0.01
1.70 1.10 2.30 0.80 0.55 0.67

TOTAL 99.13 100.70 99.53 98.96 100.37 100.99
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G 722 G 725 M 6211 M 6230
461111 506117 464064 521072

Si02 76.05 67.51 74.94 73.72
A12°3 14.12 15.41 14.21 14.18
^e2^3 0.45 3.17 0.22 0.20
MgO 0.17 1.22 0.17 0.18
CaO 0.23 1.64 0.33 0.68
Na20 4.81 4.58 4.65 5.01
k2o 4.44 4.02 4.47 4.12
Ti02 0.12 0.60 0.11 0.11
MnO 0.03 0.07 0.02 0.02
P2°5 0.02 0.19 0.02 0.01
LOI 0.70 2.10 0.70 0.90
total 101.14 100.51 99.84 99.13

Mi erodi ori te 
G 713
468100

Si°2 59.94
A3*2®3 15.66
Fe2°3 6.24
MgO 2.96
CaO 2.16
Na20 4.51
k2o 4.02
Ti02 1.16
MnO 0.10
p2°5 0.62
LOI 1.90
total 99.27
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Quartzites (for information)

Si02

G 6138 
488082 
92.29

A12°3 3.89
Fe2°3 0.34
MgO 0.29
CaO 0.12
Na20 1 .09
k2o 0.88
Ti02 0.09
MnO 0.01
ï>2°5 0.03
LOI ' 0.50
TOTAL 99.53

M 623 M 6161
525096 516076
81.21 74.12
10.07 15.42
1.04 Tr
0.40 0.41
2.32 0.06
1.83 0.04
2.21 5.74
0.29 0.11
0.02 Tr
0.05 0.02
1 .80 2.40

101.24 98.32

M 6206 
449055
94.30 
4.13 
Tr
0.17 
0.17 
1 .65 
Oi57 
0.09 
0.01 
0.03 
0.70

101.80
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White Calc-silicates*

Si02
A12°3
Pe2°3
MgO
CaO
Na20
k2o
Ti02
MnO
P2°5LOI
total

7535
554113
65.10
16.25
5.03
1.51
5.50
3.59
0.96
0.70
0.34
0.25
0.70
99.93

7536
5 6 4 1 1 2
62.70
17.91
3.27
0.82
13.15
0,66
0.20
0.54
0.35
0.43
0 .7 0

100.73

7537
564112

63.68 
16.33 
3.44 
1.08 

11.58 
1 .02 
0.16 
0.73 
0.31 
0.29 
0.80
99.42

7538
5 6 4 1 1 2

78.68
10.95
1.54
0.39
5.79
0.70
0.03
0.39
0.27
0.07
0.70
99.51

7539 
562095 

6 6 . 6 3  
15.25
4.63 
1.37 
6.68 
0.91
1.06 
0.75 
0.28 
0.20 
0.70 
98.45

7540 
553096 
60.97
17.03 

5.01 

1.78
6.43 
4.39 
2.36 
0.74 
0.31 
0.26
1.60

100.88

7542 7543 7544 7545 7546 7547
553096 553096 547100 547100 547100 542103

Si02 63.79 60.15 63.96 62.27 60.01 61.24
Al2°3 16.90 18.63 16.97 17.55 16.43 16.72
Fe2°3 3.78 4.95 4.04 3.46 4.66 6.52
MgO 1 .29 1.55 1.27 1.34 1.73 2.17
CaO 9.02 9.44 8.01 ' 10.34 11.18 8.51
Na20 1.15 1.01 1.15 0.59 0.61 1.12
k2o 0.47 0.94 1.20 1.59 0.81 0.97
Ti02 0.74 0.73 0.68 0.71 0.69 0.74
MnO 0.28 0.31 0.32 0.32 0.41 0.38
P2°5 0.22 0.30 0.32 0.27 0.25 0.24
LOI 0.90 0.90 1.70 2.40 2.60 0.90
total 98.54 98.91 99.62 100.84 99.38 99.51

* These calc-silicates are from outside the area, hut were 
used in Chapter 8 for the metamorphic study (samples 
collected by J.A.W. and analysed by K.H.W.).
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S i0 2
^2°3
Pe203 
Mg O 
CaO
Nao 0
K O
Ii02
MnO
P2°5
LOI
total

7548 7549 7550 7551
542103 542103 542103 536106
58.03 57.35 58.87 59.35
18.37 18.12 16.23 16.84
7.69 4.03 4.23 5.57
2.80 1.56 1.65 1.75
5.71 11.54 12.65 11.09
1.13 1.44 0.91 0.80
3.02 2.21 1.45 1.24
0.82 0.64 0.64 0.67
0.39 0.40 0.41 0.56
0.27 0.34 0.24 0.25
1.50 2.20 3.10 2.40

99.73 99.83 100.38 100.52
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Below are listed trace element concentrations for the 
samples which are referred to and used in Chapter 7. All 
Values are in parts per million. Samples are listed by 
lithology first and numerical order second (the latter 
within formations).

Nb Zr Y Sr Rb Ni Or
Semi-Pelitic

Fechlin 626 14 181 44 326 165 — — — —

648 16 145 23 265 150 34 86

Knockchoilum 634 16 145 32 223 216 43 110
660 14 132 33 228 171 45 111
666 19 177 43 360 163 48 120
687 19 158 23 328 167 42 112
695 17 165 31 168 158 35 95
6123 15 224 38 246 191 41 102
6220 20 203 50 177 211 39 136
6250 13 141 39 205 221 51 128

Glen Doe 611 14 154 38 261 210 46 119
676A 19 195 55 254 135 33 141
6118 16 180 36 295 138 . 38 93
6176 18 222 34 282 140 37 99
6177 19 211 44 308 153 40 99
6182 16 180 50 297 114 42 143
6185 18 433 33 487 73 30 86

Monadhliath 617 22 197 36 150 207 35 139
694 12 157 26 218 194 28 108
611.5 10 130 35 181 194 47 127

, 6137 17 372 37 632 57 33 91
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Nb Zr Y Sr Rb Ni Cr
Semi-Psammitic

Mechlin 627 16 206 25 260 106 33 84
6171 18 61 12 280 105 17 40

Knockchoilum 633 19 226 31 240 103 32 100
638 16 292 23 311 79 26 74
6249 14 156 32 237 121 31 82

Glen Doe 64 18 210 35 356 80 29 79
65 16 247 34 287 102 28 78
69 17 215 22 420 78 28 77
613 17 192 26 3 2 0 100 32 80
616 15 223 29 432 86 29 83
671 19 257 36 318 114 31 94
673B 18 391 37 496 88 27 81
6129 18 322 32 381 79 26 79
6163 14 325 37 295 74 25 75

Amphibolites-all information is provided in the text
Rocks marginal to amphibolites are listed here 
for information.

Glen Doe 6183 9 239 26 157 98 35 84
6191 19 320 46 134 194 97 124
714 13 198 33 240 156 44 114

Granitic

'Foyers' 657 165 20 348 80
(intrudes
Fechlin)

658- 229 21 266 57

'Allt Crom' 6235 143 8 528 69
(intrudes
Knockchoilum)

6244 166 12 464 64
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Granoohyres
Zr Y Sr Rb

Group 1
Knockchoilum 6251 31 6 272 73

6253 53 5 253 74

Glen Doe 6144 47 5 179 92
6215 104 13 82 106
76 50 6 158 81
722 49 5 224 80

Monadhliath 6211 52 6 247 86
6230 49 10 290 68

Group 2
Knockchoilum 6233 207 19 385 64

Glen Doe 725 201 15 446 133
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