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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 minof metased-
imentary facies. Lithotypes are described for each formatioﬁ;'
Sedimentary structures aré described in some detail, allowing
an insight into the depositional environment.

The area has been subjected to polyphase folding and four
Phases (F1-F4) are determinable. Morphology and distribﬁtion
aie considered for each fold phase. Geometrical analyéis is
applied to Selected folds. Production of the regional fol-
iation (S1) accompanied Fq with later fabrics forming[with’
suﬁsequent deformational episodes, The S1 fabric is analyseq
graphically (using selected smaller areas)thus elucidating
trends and the influence of later phases of folding.

A1l 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 assembldges. 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 metahorphism is
related to deformational episodes using textural information
and two major ﬁetamorphic peaks (My and M2) are isolated.

Minor intrusive bodies of the Newer Granites ahd th ‘
petrographically distinct suites of granophyres occur in the
area. Selectéd samples are described and compared. Small

suites of amphibolites and meta-appinites are also studied.



Abstract-continued.

A

Chemical analyses of 115 sémples.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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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-5 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 579 12: to 57° 4' N and longitudes
4° 351 to0 4° 25' W, The area is approximately triangular
and has at its apex Whitebridge,zasmall village connected
by minor roads to Fort 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 péat 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 outcroﬁs 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
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low‘ridges alternate with small lochs. Exposure else-
where 1s 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 soutﬁern varts 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
0of 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 producéd 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 (193%4).
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 ihtrusive granites in the Killin area. Moulad
(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 cale-
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 'Moine' 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
"8tratigraphical 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-
8tratigraphic units within the Grampian Division. Their
distribution is shown in Figure 2a. Throughout the area
(with one locality excepted) bedding (So) represented.by
calc-silicate bands and compositionalichénges in the major
lithologies was seen to be parallel to the prevalent
tectonic foliation (S1). Primary sedimentary features
are occasiohally preserved and substantiate the SO/S1
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 (#3950 metres
thick)

This unit, which forms the base of the
S8equence, 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:

(1) Psammite: The meta-séndstones or psammites are
Planar bedded with a sheet-1like 5ed form. A more detailed
| Sedimentological discussion is set out in Chapter 2. The
Psammites are coloured beige or grey and the partings in
tﬁe 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 pelitié 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 é relict planar
fabric (So) and in many cases they delineate primary
features other than bedding e.g. cross-bedding and cross-
lamination.

~ (i1i) 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-
8ilicates 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 greenicolour 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

€radation into the host psammite or semi-psammite.
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1.2.3 Knockchoilum Semi-Psammite Formation (<2000
metres thick)

This sgmi-psammite unit covers extensive
areas on both the northern and southern limbs of the
major Corrieyairack syncline, part of its upper Jjunction
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
pProportion of semi-psammite and semi-pelite bands. Green
calc-silicates are also present bﬁt occur primarily as
bands, not lenses.

Lithotypes:

(1) Semi-psammite: Bands up to 20 centimetres in
width are common, some Qith thin (<3 millimetres thick)
relitic partings. The semi-ﬁsammites 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.

(1ii) Quartzite: Grey quartzite bands, 5 metres thick,

were observed in three locations, two of which may be



-9-

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 Doe 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 5 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: Bofh 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.

(1ii) 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 uhits. Coloured
grey and frequently massive (bands >50C 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 1ith§10gy. I+t 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., Piasecki
(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'centimetresbthick) 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
g€arnet 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 lithologiles
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
Tarely 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.

(11) Pelite: A substantial 'wedge' of dominantly
Pelitic schist is discernible around the southern end of
Loch Xillin, 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. lLack 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 1lithologies.

(1ii) Psammitic lithologieé: 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 Xillin 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



13-

reaching 9 to 10 centimetres in thicknesé. A more
comprehensive ﬁetrological 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 contént 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
0f the quartzite, intercalations of psammite and semi-
Psammite occur, accompanied in some instances by a
thinning of the quartzite suggesting an initial lens
Shayje. |

The 'wedge' of pelitic schist within the Monadhliath
Semi—pelite is probably a similar dévelopment. The lack
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of 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
0f the Great G;en Fault with the sequences ean 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
1ithologica1 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
the similarity in lithologies throughout the Moine out-
Crop. The schist formations contain subordinate psammitic
Tocks and calc-silicate bands, and these have their
€quivalents, superficially, in the Killin area. Likewise
the Féchlin Psammite formation shows similarities to the
western psammitic formations. However, the genera1
equivalence is still not proven and if any reference is
to be made, the Killin sequence is better placed with
the Grampian Division (Piasecki, 1980)

Isotopic data has now produced 'Morarian' 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 focks of the Central Highland Division
(93. 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 callegd,
the 'Eilde' 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

to 1ie 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.

the Killin area. The presence of distinct 'calcareous
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strata' which indicate the proximity of the Ballach-
ulish Group do not find their equivalent in the
Monadhliafh 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
1s interpreted as an integral part of the Dalradian

Assemblage.
1.4.3 Equivalence of 'Moine' with Torridonian

) This possibility has been raised several times,
€specially with regard to the Moine Assemblage of the
Northern Highlands. Although work in the Xillin 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
a8 maximum of about 1000 m.y. Brook et al. (1977) recorded
a8 whole rock age of 1002194 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 (Moor-
bath,1969) and therefore possible equivalence with either
part cannot be ruled out. However, because the picture is
Compliéated by the movemenf along the lines 6f 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 términ—
0logy 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 discrefe 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 Killiﬁ area

Plate 2 Cross-lamination
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the area, The cross-bedding is defined by concave-upwards
Pelitic laminae, maximum thickness 3 millimetres, often
slightly flattened by subsequent tectonic deformation.

The 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,1953) 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
€nable determination of the palaeocurrents. Only four such
Measurements were possible and from these, only random
directions were obtained, unlike the southerly derivation

determineqd 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 1ncline§
Pelitié laminae are truncated, resemble the cross-bedding
On a smaller scale. The structures are laterally impersistent
°Ccurring over a maximum of 40 centimetres, and the sets

Show truncated surfaces.

2.4 Cut and Fill Structures

These are the least commbn sedimentary structures,
only two good examples being recorded, from the Monadhliath
Semi‘pelite and the Knockhoilum Semi-psammite. The former

®Xample (Figure 4) has an irregular base cut into the



Plate 3 Scour channel exhibited in pelite with 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-psammite and
white calc-silicate bands. The scour is asymmetrical,
Measuring 130 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
and 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
Qf the £ill is similar to epsilon cross-bedding (Allen,
1965) which is generally believed to record accretion on
the sige 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 Fechlin Psammite a sequence of rhythmic-
ally-banded psammites and semi-psammites contains both
Teverse and normal grading. Gain or loss of pelitic material
(depicted by changes in biotite content) represents an
Original variation in mud content and thus may reveal
Original grading. Each bed exhibits a couplet consisting
°f a lower coarsening upwards and an upper fining upwards
unit, This couplet (Figure 5) is observed in at least
twelve consecutive beds and therefore warrants the term
Thythmic bedding.

The two couplets illustrated in Figure 5 each have a
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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 5 Graded sequence, with loads, in the Fechlin

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
sShows dbminantly planar lamination., The semi-psammite
grades into psammite with a loss of velitic 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-
1ying semi-psammite. '

It is not possible to give a precise interpretation of
the Processes of deposition of these beds. Any process
Proposed must account for the production of the couplet.
H°W8Ver, although a complete Bouma (1962) sequence has not
been Observed in the fining upwards units, they do tend to
Tesemble 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).

The Pelitic laminae of this upper psammite are corres-
Pondingly deformed though subsequent tectonic deformation
has flattened the original shape of the loads (Figure 6)
814 rotated the associated injection structures. In some
Units loading has progressed to the extenf of producing
1solateg load-balls (see Plate 5) where loads have become
detacheq from their parent bed. These features suggest
Tapid deposition and the trapping of much pore fluid
(Reineck and Singh,1975) giving a liqﬁefied 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 infense 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 cleérly been more resilient to deformation than the
relatively less competent pelitic matrix. They may represent
Tecrystallised 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 originallyvthicker portion of a marl bed

(now calc-silicate).
2.6.,2 Convolute Lamination

This structure occurs in layered psammite units
Of the Glen Doe and Knockchoilum Sémi—psammife 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,1953; Sanders,1965; Allen,1977). The troughs are
broad 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
or fluvial conditions could produce cross-bedding, channels,
grading and possibly convolute lamination (Johnson‘gz al.,
1978), whilst shallow marine sedimentation could account
for most of the structures seen in the Killin area
(Johnson, 1977).

The overall picture would thefefore suggest shallow
marine/sub-tidal conditions subject to the effects of
Storms resulting in the production of graded beds, where

€ach coarse sandstone may represent a storm event.
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CHAPTER THREE-PETROGRAPHY OF METASEDIMENTS

3.1 Psammitic and Pelitic 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. Fach constituent mineral is described for psammitic

and pelitic lithologies respectively.
3.1.1 Quartsz

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 exhibifs
large grains (up to 0.45 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’sube
8rains and disequilibriate boundaries. Grains are commonly
elongafé 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
Micas, Quartz grains are often elongate and although most

Samples do exhibit strained grains with curved or embayed

+
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mineral boundaries, some also show straight boundaries
wWith triple points suggesting an approach, if only partial,
to equilibrium,

3.1.2 Biotite

In the Fechlin Psammite formation biotite
occurs as elongate flakes (<2.5 millimetres x 0.4
millimetres) exhibiting pleochroism from prale to dark
brown,,and as very dark brown or bottle green tabular
8rains (<1.0 millimetres x 0.5 millimetres) showing 1little
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 btrown. Often it is seen
88 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=-
11lustrated in the pelitic lithologies.

Ih all pelitic samples studied in detail, biotite is a
Major constituent and is usually present as close-packed
shea‘ché, 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-

Crenulate 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
Teaching 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-
Clase crystals reaching 2.5 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
OCccurs 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 amoﬁnts as inequant grains showing vague cross-
hateh twinning. It is hard to distinguish because in many
Samples, 'growth of sericite obscures the properties of
the 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
g€rains with straight or curved feidspar-feldspar interfaces.

In pelitic samples orthoclase is present as small

(approximately 0.4 millimetres long) cloudy grains within
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mica sheaths. Microcline, where determinable, is again

Subsidiary.
3.1.5 Plagioclase

In the psammites plagioclase is not common,
OCccurring primarily as short (<1.0 millimetres long) stubby
€rains showing multiple albite twins. Not all grains were
Sufficiently clear to enable determination of the An content.
However, where ﬁossible, 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
88 grains with multiple twins or, less commonly, pericline
twins, Most of the plagioclase is in the compositional
Tange oligoclase to andesine, An,g-An,., although some
Showed an albite composition., Crystals wusually exhibit a
'stubby, rectangular outline and are often cloudy with incip-
ient alteration. Zoning was rarely seen.

Semi-pelitic and pelitic lithologies contain little plag-
i°Clase but scattered, often elongate grains were seen surr-
Ounded 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
Tange, An,c-An,,, 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-
Mmetres) 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-

- Ce8 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
€arnets 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 bsammites.
Pyrite 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
in length, In some samples a core of pyrite is rimmed
®ither 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
®ither subordinate or absent.

Sample 6243 (Grid reference 531061) is a psammite



-29-

Which contains numerous pyrite cubes reaching 2.5 milli-
metres in diameter. Their formation must post-date the
majbr deformational episodes since there is no development
of pressure shadows., The only visible products of
deformation are occasional deformation twins (pressure
twins of Ramdohr,1969), and cracks within the pyrite
Crystals which are infilled by calcite. This idiomorphic
growth of pyrite after deformation is recorded elsewhere
®.g. Sulitjelma and the Schiefergebirge of the Rhine
(ep. cit.), |

| Apatite is common as small rounded grains with moder-
ate Telief and low birefringence. Chlorite is rarely
S€en in any of the lithologies but in samples 716 and
6204 post-tectonic chlorites cross the foliation and
Contain opaque inclusions in confinuity with the external
fabrie, |

Tourmaline occurs in six pelitic samples usually as

Small hexagonal cross-sections rarely exceeding 0.1
M™1limetres in diameter (Plate 7). Some grains are zoned
With dark green centres and brown rims and pleochroism
18 markeq. Sample 666 (Grid reference 504126) shows
differing tourmaline habits with both hexagonal cross-
Sections and large, pale yellow tabular grains (Plate 8).
The latter is crowded with quartz inclusions and in some

aSpects 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



Differing habits of tourmaline exhibited in Killin sampl

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 grainskfrom 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 rectangﬁlar 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 sim?lar cloudiness due to
sericitisation but several grains show multiple twins
(on the Albite law). The composition range is oligoclase
to andesine An29-An34, 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 be 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.%5.1 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 T47,

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
1s found either with chlorite or as small laths partially
Surroundeq 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
inClusions imparting a spongy texture to the grains; The
Maximum dimensions noted are 3 millimetres length and 1.5
M1limetres width., The hornblende forms close associations
"%1th quartz and sericite, biotite and chlorite. In sample
724. & small amount of blue-green amphibole ig present.
Thisg may be actinolitic amphibole and it occurs with
hornblende-biotité intergrowths, the biotite often with
41 opaque core.

Group A-2: Predominantly pale to medium green horn-
b1Ende occurs either as single spongy crystals ( 2 milli-
Metres x 0.75 millimetres in size) or as aggregates
(Plate 9).reaching 4.5 millimetres x 1.5 millimetres in
Size and composed of smaller individual grains (0.5 milli-
Metres x 0,2 millimetres). Sericite commonly encloses
Subidioblastic hornblende laths.

Group B-1: In this group, hornblende is again very
sp°n€Y with quartz inclusions. The hornblende grains reach

2.5 millimetres in length and 1 millimetre in width. In



Plate 9 Aggregates of hornblende grains in white calc-

silicate

Plate 10 Growth of hornblende from biotite
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two samples (6116 and 6156) 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
Teaching 4 millimetres in length. Sericite is intimately
a@ssociated 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 6113 and the former commonly borders

the pale green amphiboles,
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Group Major Mineral Phases Samples
A-1 Bi:Hb:iSodic Plag. 68,698,6229,724,747,7412.

A-2  Bi:Hb:Sodic Plag:Clzo. 67,6111%,61217,62107,
7413,7416,7528.

B-1 Hb:Sodic Plag. 67%,674,6116,6117,6156,
6157,6160.

B-2  Hb:Sodic Plag:Clzo.  691,692,6114,6125 ,
6136,6141,6142,6143,6146,
6152",6155,6175,6207,
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.,

C-2 Hb:Calcic Plag:Clzo. 6113,6224,

* signifies clinozoisite is rare.

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

691 s,a 0.7 x0.2 1.0 x 0.4 qtz?

692 s,a 1.5 x 0.8 1.9 x 0.4 qtz52

6114 s 3.0 x 0.9 qtz;clzo

6136 s,a 1.0 x 0.4 4.0 x 0.6 qgtz®'%;clz0®

6141 s,a 1.5 x 0.5 2.0 x 0.4 qtz5*2

6142 s,a 4.0 x 1.0 4.0 x 4,0 qtz®

6143  s,a 0.5 x 0.2 4.0 x 0.5 qtz°

6146  s,a 3.5 x 0.75 4.25 x 1.0 qtz°*2

6152 a 2.0 x 0.75 qtz

6155 s,a 2.5 x 0.5 2.25 x 0,75 qtz°*@

6175 s,a 0.5 x 0.1 3.0 x 1.0 qtz?

6208 © s,a 4.0 x 1.0 5.0 x 2.0 qtz°'?

6209 s,a 1.0 x 0.25 1.0 x 0.4 gqtz°'%;c120°

6212 8 4.0 x 0.5 qtzjclzo

6213 s 0.75 x 0.15 qtz

6216 s,a 5.0 x 1.0 3.0 x 1.5 qtz°*2

6221 s,a 0.35 x 0.2 1,5 x 0.5 qtz®

6222 s,a 7.0 x 1.75 4.5 x 1.0 qtz°'3;gt/b1°

6228  s,a 2,1 x 0.5 5.0 x 1.0 qtz5'2

13 s,a 2.1 x 0.4 3,5 x 0,5 qtz°*?;gt°

75 s 2.0 x 0.75 qtz

730 s,a 3.5 x1.0 6.0 x 3,0 qtzS

51 s,a 4.0 x 2.0 11.0 x 0.5 qtz5*2

765 s 1.0 x 0.75 qtz

7526 s,a 3.0 x 0.4 4.0 x 1.25 qtzS’®

7527A  s,a 3.5 x 1.0 4.0 x 1.5 qtz5'@

7553 s,a 3.75 x 0.8 3.5 x 1.5 qtz5*@

7554 s,a 0.5 x 0.15 4.0 x 1.5 qtz®

7555 s,a 1,25 x 0.3 3.75 x 0.6 qtz®

8 = single, a = aggregate; qtz = quartz; clzo = clino-
ZOisite; gt = garnet; bi biotite.

Superseript by inclusion mineral(s) refers to the
Televant grain, Sizes are in millimetres.

T
‘3919_242 Properties of Amphibole in Group B2
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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
'relict' 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
millimetres 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
Mineralogically.

The growth of clinozoisite occurred during the D,
Phase Ofbdeformation resulting in its incorporation in

the 31 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
6114 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 e/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
6208 g/t 0.3 x 0.1
6209 g/t 1.2 x 0.3
6212 g/t 0.5 x 0.3
6213 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
6222 g/t/p 0.4 x 0.1 0.3 x 0.2
6228 g/t/p° 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
130 g/%(p) 0.5 x 0.1
751 t/p? 0.7 x 0.2
765 g(t) 0.6 x 0.4
7526 g/t 0.35 x 0.1
75274 g/t 0.6 x 0.2
75278 g/t 0.35 x 0.08
7553 (8)t 1.5 x 0.3
7554 g(t/p) 0.4 x 0.15
7555 g/ t/p° 0.8 x 0.1

€ = granular; t = tabular; p = platy. 2 = possible 2nd

€eneration, Habit in parentheses indicates the subsidiary
forn,

gﬂhli_égé Properties of Clinozoisite in Group B2
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Present. An& further and distinct growth must therefore
be post-F,. Direct evidence for growth during D, 1s
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 Sy
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 .1is that of tabular zoisite
~enclosed by later hornblende. Since both minerals conform
to the Sy foliation, this arrangement must indicate
relative growth during the first metamorphic episode.

3.%3.4 Garnet

Group A-1: Most samples contain xenoblastic
garnets (maximum diameter 2.5 millimetres), showing sieve
textures with inclusions predominantly of quartz and
calcite., Sample 724 contains no garnet but some small
chlorite-sericite magnetite pseudomorphs.

Group A-2: All garnets in this group are idioblastic
¥o subidioblastic (maximum diameter 2.5 millimetres) and
more euhedral than those in group A-1. Inclusions them-
Selves form several assemblages:-

(i) quartz + chlorite

(ii) calecite + quartz

(111) (caleite) + clinozoisite
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(iv) chlorite + sphene + 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 the
Maximum 4.0 millimetres. Inclusions, particularly quartz,
are present in all samples.

Group C-1: Reaching a maximum diameter of 2 milli-
meires, garnets in these two samples show a subidioblastic
to xenoblastic shape sieved with quartz and some clino-
Zoisite (sample 6225) inclusions.

Group C-2: Skeletal garnets, somewhat similar to group
C-1, characterise this assemblage and may be present
@8 scattered, partially linked granules. In sample 6113,

the garnet remnants are intergrown with tabular clino-
Zoisite,

3+3.5 Plagioclase

Plagioclase usually forms granoblastic
aggregates with quartz and often shows multiple twins
(Albite twin law). Often partial or ‘total sericitisation
May obscure twin planes and form elongate blebs of white
Mica, Nevertheless, approximate anorthite content can be

determined in most samples using the mean of a number

(six or more where possible), of good twinned samples



Figure 9 Plagioclase variation in the white calc-silica®®

groups
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(Michel—Levy method). Table 3.5 shows the range within

®ach calc-silicate group.

GROUR 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 T3
¢-2 1 67 67
gébl§~§;§ Ranges and Means of An content in Calc-silicate

Groups (see also Figure 9)

3.3.6 Accessory minerals
Sphene is common, primarily as anhedral
®rains (0.1 4o 0.4 millimetres in diameter). Also present
8 Magneti te, commonly as a fine'dust' incorporated into
SeTicite, mantling quartz.

Apatite also occurs as very small rounded grains.

2
lreon is rare,

3¢3.7 Textural note

Textures in the white calc-silicates are

very Similar throughout all the groups and samples.
“"hitole ang biotite define the major fabric which, with
:i::fate quartz aggregates, enclose spongy garnets thus

N augen structures. If clinozoisite is present,
either as tabular or bladed grains, then these too enclose
@arnets (Plate 12).

Clinozoisite 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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¥hich exhibit two states of strain, Large grains (>3.0
millimetres in diameter) show some strain while others
form aggregates of sub-grains. large-grain aggregates
Show Some approach to equilibrium with a proportion of
Straight boundaries (and some triple points) whilst the
Smaller grains display curved or embayed quartz-quartz
boundaries.

In €roup C assemblages, elongate quartz aggregates
(>5 Nillimetres long) with embayed boundaries, alternate
¥ith Sericite 'stringers', presumably derived from
"etondary alteration of feldspar (Plate 14). The sericite
also forms isolated blebs within quartz, and may enclose

8
mall €rains of hornblende.

3.4 Green Calc-silicates

Green calc-silicates form a distinctive,
accessory lithotype in both the Fechlin Psammite and the
KnockchOilum Semi-psammite formations (see Sections 1.2.2
=nd 142,3), The green colour results primarily from the
Dresence of scattered amphibole, commonly associated

w
1th Clinopyroxene.

3.4.1 Assemblage Groups -

In addition to amphibole and pyroxene, the
green Calc-silicates also contain quartz, some biotite,
plagiOCIase, which is invariably sericitised, and minerals
ot the €pidote group, namely epidote itself with

Bsociated subsidiary clinozoisite. Several consistent
fi‘el‘em:es between the green and white calc-silicate

€ro
UPS 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-
81licates ang 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-
Lon, The lack of f;esh Plagioclase renders any differ-
*Ntiation on anorthite content dubious.

Table 3,6 indicates the minerals present in the
twentY--one samples examined. In the marginal selvages, the
amPhibole and clinopyroxene characteristic of the calc-
silicates decrease in proportion and biotite becomes
correSpondingly mdre dominant. This produces a group of
Samples which can be considered gradational to semi-

Ps
ammites and it 1is represented in Table 3.6 by three
samples.

3.4.2 Quartz

Quartz is abundant in green calc-silicates
ang depending upon the other constituent minerals and
thetr Proportions, tends to occur in various habits, In
alc‘Silzi.cates where both amphibole and biotite are
cattered throughout, the quartz forms large, inequant,
trained grains which show undulose extinction. Many large
8rajng break down to form sub-grains (strain assisted
h18h~energy"nuc1eation: Spry, 1969) with distinctively

emy
ayed quartz-quartz boundaries. This texture is usually



44~

Major Cbmponent

Nggger Qtz Hb/Trem Act Clpx Ep Clzo Ser Pl
6 x  (x) (x)  (x) x (Xg
65? X X x (x
65 x xHb (xg x x x
623 X X (x X x  (x)
66 X X X X x
‘682 S xHb X x X
69¢ X X X X X X X
697 X gxgHb ps x X x
€ 'Ei) X x)Hb X X X X
697 i1) x X X
¢ X (%) x x
6102 X (x) X b X
62 x . (x)Hb (x) X x X
Eops X gx Hb X
7502 x x)Eb X
155 X X X (x) X
755 X X X X x x  (x)
758 x x X
761 x X x X x (x) x
X X X X X
N Accessory Key
61T Gt B cuml Sph  Ce  Op Qtz-quartz
650 (x) «x x (x) x x Hb-hornblende
65 1 (x) x x x x Trem-tremolite
653 X X Act-actinolite
€62 (Xg x Clpx-clino-
664 (x x x pyroxene
686 (x) x x Ep-epidote
696 x  (x) X Clzo-clino-
697 (x) (x) X éxg zoisite
597(1) (x) x x x Ser-sericite
699(i1) (xg e Ex; X Pl-plagioclase
6102 (x (xg X X gxg Gt-garnet
6103 X (x x x X Bi-biotite
6104 x Chl-chlorite
6241 (x) (x) (x) (x) Sph~sphene
6245 (x) x X X Cc-calcite
150 (x) x x x (x) Op-opaque
752 (x) x x x mineral
755 x x x (x)
758 (x) «x x x
761 | x x  (x)
( (x) x x x
x
13)1§ignifies very small quantities: dominant amphibole
Samplentified thus: Xx.
hogy oS 6102, 6241, and 6242 are gradational with the

in Sasemi-psammite. Apatite occurs as small rounded grains -
Mples 650, 651, 699 and 6103.

Tap
\“é3~§;§ Minerals Occurring in Green Calc-silicates
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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
Sericite matrix, A third habit is that of dominantly
Tounded to sub-rounded quartz grains and sub-grain
aggregates. Quartz-quartz boundaries are curved or
®mbayed, often with sericite along the boundaries in

CUspate 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
antities or tremolite may also be present). It is a
Drimary constituent with grains parallel to the calc-
S1licate margins which usually mirrors the majof Sy
f°1iation.

The actinolitic amphibole occurs as small needles or
typical basal sections with a strong blue-green colour
(unlike hornblende) and an extinction angle in the range
" to 159, Although the petrological identification ideally
requires confirmation by microprobe analysis, this
amphibOle will be referred to as actinolite on the .
Petrology evidence since it is clearly distinct from
°th9r amphiboles in the green calc-silicates.

In twelve out of fifteen samples the actinolite is
Qlosely assoéiated with clinopyroxene and in many cases is
nuGIEating on the pyroxene, Although some acicular

a
“Hno1y ¢ parallels aligned biotite in the adjacent

8
emi'pSammité or psammite, there is an incipient cross-
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fabric developing (in the marginal selvage zone) composed
°f small actinolite needles (Plate 15) relating to a

later tectono-metamorphic event.
3.4.4 Clinopyroxene

Clinopyroxene occurs in twelve samples and is
@8sociated with actinolite in each one. The clinopyroxene
always occurs as granular to elongate grains (Plate 16).
Baseg on extinction angle (c.40°), the pyroxene is diopsidic
Ut further evidence would be required to identify it
POsitively. Under plane polarised light it is character-
Isticanny pale green with high relief. Elongate stringers
°f sericite (probably after plagioclase) are also
38sociateq with the clinopyroxene and often partially

*hclose tne grains,
3.4.5 Biotite

Biotite occurs in eleven samples but often in

Mnox Quantities. In assemblages with amphibole only as the
Tajor ferromagnesian constituent, biotite forms very small
flakes associated with chlaorite and is clearly residual
(ang POssibly secondary).

Where the amphibole is actinolitic, the biotite forms
2 Meleus from which the amphibole grows. In amphibole-
: inopyl"oxene assemblages, biotite is an accessory as
“naly flakes either within hornblende (and therefore
Drobably residual), or in amphibole-biotite fibrous
aggregates.

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

8111
Cate, Where the calc-silicate is less calcareous and



Plate 15 Small needles of actinolitic amphibole forming

a cross-fabric

Plate 16 Typical clinopyroxene from green calc-silicate®






therefore is gradational with the host semi-psammite.
3.4.6 Epidote

Members of the epidote group occur in some
8reen calc-silicates, usually associated with clino-
Pyroxene. Epidote forms small granules scattered through-
out, ang may occur as the core to unzoned clinozoisite
from which it may be distinguished by the pale, yellow-
€reen colour.

In sample 758, the clinozoisite forms a web usually

enclOSing sphene or sericite and itself enclosed either

Partially or totally by amphibole laths (Plate 17).
3.4.7 Plagioclase

Plagioclase remains only as a few isolated
€raing within secondary sericite..Elongate stringers of
“®Ticite alternate with quartz and/or amphibole bands and
P¥roxene and quartz grains are often totally surrounded
by Sericite,

Sericitisation of plagioclase tends to obscure the
Pl Planes in the original plagioclase, rendering even
apprOXimate determination of composition very difficult.

e Sericitisation of the plagioclase feldspar is so

unjy
Versal that it is probably a late stage hydration
®ffecy ‘

3.4.8 Garnet

hey Garnet occurs in all but five samples and

leg, Present it is invariably in very small quantities.

ca, €arnet seems to have developed than in the white
“8ilicates and existing garnets are skeletal or

Uar, 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 of
garnet replacement in a compleX nydration 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
Quartyg,

3.4.9 Accessory minerals

These include sphene, pyrite and magnetite

(With pyrite dominant), apatite and calcite, the last
0ften occurring as late thin veins cross-cutting the calc-
811licate 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 mofe than a few rounded grains
°CCurring in any one sample. Pyrite gralns are scattered

th
r°u€h0u‘c,the bands with separate gubsidiary magnetite.
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CHAPTER FOUR-CALC-SITICATE PETROLOGY

4.1 White Calc-silicates

4.1.1 Previous research

White calc-silicate bands form a widespread
but Subsidiary lithotype in both the Glen Doe Semi-psammite
414 the Monadhliath Semi-pelite (see Sections 1.2.4 and
1.2.5),

For the last thirty years their presence has been ack-
nowledged and their mineralogy used to attempt to estimate
metamorphic grade in pelitic sequences lacking orthodox
Zona] Minerals. Kennedy (1949) provided the first detailed
Study of tuis metasedimentary lithotype from western
Inverness-shire and north-west Argyll. He distinguished
four Zoneg based on index minerals:

1) zoisite-(calcite)-biotite

2) zoisite |

3) anorthite-hornblende

4)>anorthite-perXene, in order of increasing
Srade, He also subdivided the first zone into three assem-
blages based on the presence or absence of zoisite and
ealcite.

a) zoisite-calcite

b) zoisite-calcite-hornblende

¢) zoisite
ennedy differentiated each major zone on mineral assoc-
iationS, and proposed three reactions as being transit-

i
°nal between groups.
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Zone Transition Reaction
1/2 biotite + calcite (zoisite)=
hornblende
2/3 2 zoisite = 3 anorthite + Ca(OH),
3/4 i hornblende = 4 pyroxene

These reactions and groups were equated with Eskola's
facies (namely from the epidote-amphibolite to the
P¥roxene 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
to e isofacial with the sillimanite zone. Kennedy
therefore equated zones 1 and 2 with the garnet zone and
he found further corroboration from work in the Trondheim
Te8lon by Goldschmidt (1915).

For several years after Kennedy, no further informat-
lon Was forthcoming save for a mention of the presence of
calc‘Silica‘tes by Anderson (1956), notably in the
Monadhliath Mountains. Winchester undertook detailed
tudies 0f calc-silicate mineralogy, petrography and met-
amorphiSm in FPannich Forest. Minerals present in the
calc‘Silicates (Winchester,1970,1972) mirrored those

980;1bed by Kennedy but assemblages equivalent to only

® first two of Kennedy's zones were found in Fannich,
Tanner (1976) also studied the mineralogy and geo-
Qhemistry of calc-silicates around Morar and Knoydart
wnd diStinguished three major zones trending approx-
1mate1y north-south over the area. Table 4.1 shows
%0nay a@ssemblages and their correlation with the distinc-

1
°NS mage by Kennedy.
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Kennedy, 1949, Winchester,1970,1§72. Tanner, 1976.

1 Zo,cc,bi : . Alb,zo0,cc,bi - 1
Zo,bi=-na plag
: 0lig,zo0,cc,bi(hdb) 2a

2 75 And,zo,bi(hb) b

Zo,hbina plag And,zo,hb(bi) c
5 An,np ' . Byt/an,hb(zo,bl) 3a
4 An,px | Byt/an, px(Hb) b

Key: zZo-zoisite,cc-calcite,bi-biotite,hb-hornblende,
Px-pyroxéne;alb,olig,and,byt,an-albite t0 anorthite
Plagioclase.

T
~EEELA_J Correlation of White Calc-silicate Zonal Assemblages

In the Killin area three groups are discernible based
°n Mineral assemblages seen in thin section. Each can be
SubdiVided bn the presence or absence of clinozoisite and
equivalents‘to the first three groups of Table 4.1 are seen,

Kennedy  Tanner
A 1 Bi-hb-sodic plag
2 Bi-hb-sodic plag-clzo 1/2 2(a)
B 1 Hb-sodic plag
2 Hb-sodic plag-clzo 2 2(c)
C 1 Hb-calecic plag : |
2 Hb-calcic plag-clzo ’ 3(a)

The
Presence of each mineral, its habit, size and texture

hay
® been 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-
three calc-silicates studied in thin section, and in two
°f those is present in very small amounts (0.5 volume %).
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
Caleite ig invariably associated with chlorite or biotite,
®d also sphene, sericite and quartz.

The comparative scarcity of assemblages containing
aleite outside garnet renders elucidation of its role
Tather difficult. One noticeable feature is that in all
Uch samples, there is no calcite associated with the
clinOZOiSite-rich areas thus lending weight to the
I‘eac'tion:

3 An + Cc + H,0 =—> 2 Zo + 00, (1)
Wlnchester, 1972; Storre & Nitsch,1972; Ghent & DeVries,
1972, Hewitt,1973; Hoy,1976).

ElseWhere. chlorite is associated with, and growing at
the €Xpense of, hornblende in the presence of calcite and .
sericite, and complex intergrowths of chlorite, calcite,
SDhene, Opaques and garnet are seen, In the latter case,
more»than one reaction must be taken into account for the
Preseny assemblage, The occurrence of a sphene rim upon
j: :iaQUG core is repeated throughout sample 674 (Grid
®hce 511118) always in the presence of calcite and
quartz' thus suggesting:

Ilm + Cc + Qtz —> Sph + CO, (2)
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Associated with this in some samples is the chloritisation
of éarnet, a process difficult to express by reaction but
aPProximating to:

Gt + Hy0O —> 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
Tefuted by Tanner in 1976 on the grounds that more sodic
plagiOCIase is produced. In the Killin area evidence is
Starce que to the intense sericitisation of plagioclase
in these examples, ,which makes the existence of more Na-
Tich plagioclase hard to prove br disprove. However, one
Sample does show corroded clinozoisite adjoining sericite
12 the Presence of calcite, the latter appearing to £ill

i
" areas between clinozoisite laths.
4.,1.3 Ferromagnesian minerals in calc-silicates

Biotite occurs in group A (Table 3.1) in all
hirteen samples but in group A-2 tends to a more remnant
orm, However, in all assemblages biotite participates in
oW Prograde reactions. Hence evidence of the reaction

oteq by Kennedy (1949): |

Biotite + Calcite (Zoisite) ——> Hornblende

(4)
® Tare. Only one sample (7411 collected by J.A.W. Grid
ference 490082), shows amphibole definitely growing
tom Ylotite in the form of acicular grains clustering
°n brown biotite with adjacent calcite, quartz and seric-
te (Plate 18). Although other samples show biotite and

Orn
blende in Juxtaposition, quartz is the only assoc-



Plate 18 Amphibole radiating from biotite in a white

calc-silicate

Piate 19 Growth of biotite along the basal cleavage

hornblende
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'

~lated mineral thus implying that all the reacting calcite

hag been consumed or that the two minerals are merely in

Physical contact.

The retrograde growth of biotite from hornblende was
Seen extensively by Winchester in Fannich and the intro-
duetion of potassiﬁm into the calc-silicates from micro~
Cline in adjoining pelites was postulated:

Hornblende + Microcline ——> Biotite +
Anorthite + Quartz (5)
In tpe Killin area this retrograde production of biotite
ls Seen in a few examples, occurring along the cleavages
°f basal sections‘(Plate 19). Two factors are apparent,
firStly that no products other than quartz and biotite are
*®en, and secondly that the alteration occurs on the calc-
Mlicate margin but not in the centie. These two observ-
tiong would suggest that potassium is indeed introduced
Tron the country rock and also that the reaction is
“hieveq via pore fluid (cf. Tanner,1976).

4.1.4 Clinozoisite and Plagioclase (in some

in ‘
stanCGS, the former in association with epidote)

Clinozoisite is present in most calc—silicates
=nd aDpears to form from calcite, plagioclase and garnet.
faction (1) illustrates the prograde formation of clino-
zoisitE, with the production of more sodic plagioclase,
the °1§nozoisite occurring as both granules and tabular
irains° This reaction was also noted by Ferry (1976) in
aine Most clinozoisite however, 18 closely associated
N i: Sericitised plagioclase, small needles of the former

€ completely enclosed by sericite. The sericitisation

€ss is the latest involved since larger grains of
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White mica trend across the foliation, the latter out-
lUned by clinozoisite laths and elongate quartz grains.
Thig Post-dates the partialbréakdown 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
ass°°iated decrease and near loss of plagioclase compared
to the hornblende areas. A reaction involving the removal
°f Plagioclase and depletion of garnet is therefore
suggested :

5 An + Gross + 2H,0 —> 4 Zo + Qtz (6)

Na plag. absorbed - ——> c. rock
(Ghent & DeVries,1972; Winchester,1972; Hoy, 1976).
Within the clinozéisite areas very small grains (0.01
Minetres long) of plagioclaée are seen but the mineral
Tges are decomposed.”Also, fairly good albite twins are
Moteq gy the centre of grains which have a sericitised
ad decomposed outer rim suggesting an incomplete reaction.

Clinozoisite is frequently seen adjacent to, or
ncl°seﬂ by Oarnet which is breaking down in the presence
ot ca1Cite quartz and sometimes sericite. Where sericite

S 1nvolVed reaction (6) may again be invoked but many
SXampleg exhibit only calcite and quartz with garnet and
1in°Z°iSite. The clinozoisite often has a distinctive,
additional but continuous rim of more epidotic material
"Plying further growth of the mineral but with a greater

o ,
n Content., On the introduction of water, the grossular
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COmponent of the garnet may break down thus:

HyO + 5 CO, + 3 CazAl, 51504, —> (7)
2 Ca2A13313012(0H) + 5 CaC0; + 3 510,

(after Narayanan Kutty & Anantha Iyer,1977). The iron
neCessary for production of an epidote rim seen in some
Samples may have two sources. In one example the margins
°f a hornblende 1lath lose their colour and exist as 'ghosts!
1mp1y1ng loss of iron taken up in epidote. The alternative
s that ap iron-bearing component of the garnet (e.g.
almandine) releases iron on breakdown. It is noticeable
that Sphene is often present when clinozoisite is form-
ing but its role, if any, in the formation of new epidote
Mnerals ig not discernible.
Plagioclase is present in most calc-silicates studied

11 thin section either as twinned or sericitised grains.
I Pannich, winchester (1970,1972)found that thirty perc-
*nt or the calc-silicates contained no plagioclase and he
Oonsidereq that this was due to completion of reaction (6).
A SPecimen previously described (see preceding page)
®Ontaing clinozoisite-rich areas with a consequent deplet-
ton yn Plagioclase but rarely does this apply to the
Yhole of any calc-silicate from the XKillin area. Only
*Pecimen 6120/1 (Grid reference 502113) contains no plag-
toclage, 4pe sample being crowded with fresh clinozoisite
Ang Clear quartz, with garnet and hornblende., Specimen
6120/2 from the same rock shows a few partially sericit-
Sed grains on the margin of the calc-silicate, as does
Sample 744 (Grid reference 472069), The absence or

Dletion of plagioclase does seem to be associated with

an 8bundance of clinozoisite but that the reaction is
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°°nt;olled to some extent by the original chemistry also
seems probable.

Determination of plagioclase composition in forty-
Nine samples was attempted (using symmetrical extinction),
the majority being from group B-2. Tanner (1976) sub-
divideq his assemblages on !'jumps' in plagioclase compos-
iti°n, a feature not readily apparent in the Killin area.
Yo equivalent of zone one of Tanner is seen; thus An
Values gtart just above the oligoclase junction. Zones
AT %o B2 in Killin show a progressive increase in
ANorthi te content when the mean value is taken for each
§roup, However, there is no substantial overlap between
€roups, Four values from groups C1 and C2 do however,

8
how & considerable increase in anorthite content (Figure

9)
A

» 8nd there is a jump with no An values recorded between
n58-67- The groups have a mean value of An70, the higher
v _
Alue being attributable to increasing grade (Winchester,

1
9705 Tanner, 1976).
4.1.5 Garnet

Garnets occur in all the calc-silicates
examined. No garnets from Killin have been analysed but
those Studied by Winchester (1970,1972) were found to be
calcic almandine., Most gafnets studied contain inclusioné,
primarily of quartz and calcite but sphene and opaque
Srains are sometimes present.

The production of garnet from magnetite and anorthite“'
nay have occurred in some samples (specifically from
Sroup B-1), although as noted by Tanner (1976), this

eg
CtiOn tends to be characteristic of higher grades and
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May not be readily applicable.
4 Magnetite + 6 An + 6 Qtzg —>
2 Calcic Almandine + 20, (8)

(Muecke,1969; Winchester,1970,1972). In such samples,
Smaller and much fresher garnets occur amongst larger ones
Which in some cases have complete, or near complete rims.
Sample 6210 (group A2) also contains blades of clinozoisite
Presumably enclosed during garnet growth., However, rework-
Ing o the garnet thus enclosing changing suites of minerals,
38 described by Tanner (1976), has not been observed.

Retrograde changes involving garnet have been discussed
in Previous sections (4.1.4), the products including chlor-
ite’ 2oisite and clinozoisite. Instances of this reaction
3Te however not particularly common, and no general retro-

STession in the area seems indicated by the mineral assem-

b
lageg and textures.

4,2 Origin of the Calc-silicates

The field appearance of both white and green calc-
“icates confirms their sedimentary origin. The bands or
lenses are parallel to the S,/S; fabric and sedimentary

truc‘tUres substantiate this conformity. Their origin
Voulq therefore seem to be as calcareous nodules or bands,
the differences between the two groups being an initial
Eisparity in chemical components (see Section 7.4.1).
The Presence of calc-silicates in the Western Moines
S acknowledged by many authors including Kennedy (1949),
Pitlex (1965) and Winchester (1972) but few postulate their

ri
€in, Similar studies have been made elsewhere such as



~59-

that of vigale (1969) in New England, Ghent and DeVries
(1972) in British Columbia, Thompson,P.H. (1973) in
Canada ang Thompson,A.B. (1975) in Vermont. However, in
Many accounts, very little basic descriptive information
Is presented. Both Ghent and DeVries (1972) and Thompson
(1973) gescribe epidotic calc-silicates, in the latter
Case formed due to metamorphism of calcareous psammites.
Boty also describe assemblages very similar to those exhib-
Lteq by the Xillin green calc-gilicates. Apparently marg-
lnal ¢ these are Arnipol types (see Section 4.4), init-
ially described and named by MacGregor (1948) and attrib-
Uteq by Winchester (1975) to the metamorphism of epidotic
grits‘ Unlike the Arnipol calc-silicates, garnet is present
In tne Killin green cslc silicates and the epidote does not
iPpear 1o pe primary. This may suggest a slightly different
1nitial sediment composition.
Vidale (1969) and Vidale and Hewitt (1973) studied

Zoneq Calc-silicates produced experimentally by metasomatic
iffusion with subsequent comparison to natural examples.

trographic evidence for metasomatism in natural samples

S 8iven by Vidale as the symmetry of mineral assemblage
“Ones (and zone width) about the band centre. The low number

Mineral phases and discrete changes in composition of
“ones from the band centre to the enclosing schist are also
quoted.

comparison with Killin white calc-silicates reveals |

eVeral differences which tend to discount metasomatic diff-
i Slon as the dominant process. On the whole, near-equilibrium

a
°s emblages are observed and reactions therefore proceeded
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larer to completion in contrast to Vidale's assemblages

“hich were 'quenched' either by a drop in temperature or

& loss of pore fluid. Killin calc-silicates tend not to

develop 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-

tite, bug this is a comparative effect due to its paucity

in the body of the calc-silicate. Many calc-silicates

Show o gradation into the host rock with an increase in

biOtite content and a loss of calcium aluminium silicates.,

This May in part be due to an initial lithological gradat-

ion, but in most cases the bands are relatively homogeneous.
The zoning discussed by Vidale and Hewitt (1973) owes

1t OTigins to fluid gradients. The enclosing pelitic

sehist providés a reservoir of water and the calcareous

nd (in this study impure limestone) a source of carbon

di°Xide. Subsequent migration of carbon dioxide and water

Droduces a gradient with zoned phase assemblages, each

ing One local equilibrium. It is noticeable that white

*8le=silicates occur in host rocks with differing pelitic

°0ntents and therefore water capacities, The assemblages

produCGG are nevertheless remarkably constant over the area

"M within the bands.

. That some migration of elements occurred during the

°Tmation of the Xillin calc-silicates is implied by occas-.

a
1 teXtural features. However, a wholescale system of

fr ‘
Usion jig negated by the very morphology and occurrence
0
T the 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-
described (see Sections 1.2.2, 1.2.3 and 3.4).

They consist of quartz, plagioclase, amphibole hs
garnet, ¥ pyroxene and x epidote. Subdivision into groups
15 not possible on the available information (Section
3‘4°1). Minerals are here discussed and possible reactions

for their formation are postulated,
4.3.1 Biotite

Biotite occurs in several samples (Table 6,
Chapter 3) but in few is it present in significant
PToDortiong. Sample 697(ii) contains biotite, which mostly
forms nuclei on which actinolitic amphibole grows (Plate
20) in the presence of excess calcite. Sphene is often
Pregent (although in small quantities), with the biotite
" actinolitic amphibole surrounded partially or totally
Y a Mosaic of feldspar. Due to alterétion, any feldspar
"ns are very poor, but some may be potash feldspar. This
nay therefore suggest the reaction:
Bi + Cc + Qtz > Act + Sph + K-feldspar +
CO, + H,0 (9)
(Thompson, 1973)

Ay
Caction proposed by Hewitt (1973) will produce a

81
milar assemblage:
Bi + Ce + Qtz ——> Amph + K-feldspar (10)
+ 002 + H20

angq :
Teaction (10) is substantiated by reaction 5 of



Plate 20 Actinolitic amphibole nucleating on biotite

Plate 21 Granular garnet enclosing and enclosed by

calcite
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Carmichael (1970). In the remaining samples, biotite occurs
35 a few scattered grains usually associated with actinol-
itic 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-
Sllicates and three 'classes' are seen:
(i) primary hornblende
(ii) primary actinolitic amphibole
(iii) secondary actinolitic amphibole
Groups (1) aﬁd_(ii) are separated on petrographical grounds
(Section 3.4.3)., The hornblende forms large spongy grainsbr
’ 1th Numerous inclusions of predominantly quartz. Its
ormation is taken to be as shown in reaction (10). Primary
*tnolitye amphibole is seen growing from biotite (reaction
9, although only in five samples does it constitute a
or parg of the calc-silicate.
By far the commonest occurrence of actinolitic amph-
bole is derived from clinopyroxene. The cllnopyroxene,
"len May be diopside (Section 3.4.4), is totally or part-
ta 1y SUrrounded by needles or typical basal sections of
tin°1ltic amphlbole. This would suggest:that slight local-.
Sed Tetrogression occurred (Section 8.3.3) within the
ﬁreen Cale-silicates since water is introduced:
5 Di + 3 COé+H20——>Act+3 Ce-+ 2 Qtz (11)
michael 1970; Thompson,1973; Hoy,1976). The reagents -

ang
prodUCts of this incomplete reaction are seen over a

area in the green calc-silicate bands. A high pCO,,
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from original green calc-silicate chemistry and associated
Teactions may have contributed to the process. Calcite is

1nVariably associated with amphibole and clinopyroxene, -
althOUgh not all calcite present in some samples necessar-

11y owes 1ts origin to this reaction.
4.3.,3 Clinopyroxene

’ Clinopyroxene (possibly diopside) occurs in
twelve Samples and in all is associated with secondary
3ctinolitic amphibole. In three samples however, the
pyr°xene is surrounded by sericite with only very small
antitieg of actinolitic amphibole present.

The same agents responsible for the alteration of‘
di°PSide in reaction (11), may also have participated in
the Séricitisation of feldspars. The presence of feldspar

nay have buffered the production of actinolitic amphibole
from diopside in the three samples mentioned, producing

N
erXene (-actinolite)-sericite-calcite-quartz assemblages.

4.3.4 Epidote miﬁerals

Both epidote and clinozoisite are found in the
alc‘silicates, nearly half the samples containing one or
both °f these minerals, and thelr presence is the result
SeVeral processes. (Compared to the white calc- -silicates,
® &reen variety contain much less clinozoisite). Bladed
€raing of clinozoisite are seen within totally or partially
Ser icitised feldspar, possibly formed by reaction (1):
D Cc + 3 An + HZO —_— 2 Zo + CO2 »
to Sericitisation of plagloclase, it is difficult to
“Yermine any relationship between anorthite and clino-

20
*ls Site Content

The Usual occurrence of epidote minerals is as xeno-
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blaStic grains or thin dendritic growths enclosing other
Mineral grains., Some samples (e.g. 686) contain epidote
&1d clinozoisite associated with clinopyroxene, garnet
8nd sericite, Small amounts of actinolitic amphibole are
also seen in such assemblages. Two reactions, both of
Which Suggest the introduction of water, are implied:
5 D1 + 9 An + 4 Hy0 —> 6 Zo + Ac +  (12)
2 Qtz |
(Strens, 1965; Hgy,1976)"
Gross + 5 An + 2 Hy0 —> 4 Zo + Qtz (13)
| (Ghent & DeVries, 1972; Hoy,1976)
Epidote and clinozoisite dominate the assemblages in some
(752» 755 and 761) samples with biotite forming a subsid-
ary Constituent. All three samples show a diffuse nature
¥1th calc-siiicate assemblages scattered throughout a
plagiOCIase-quartz-biotite host. A common texture consists
f €ranular epidote or clinoéoisite surrounded by slivers
ot biotite, actinolitic amphibole and calcite with
plagiOCIase (and sericite) and sporadic small grains of
Potagy feldspar. At least two limited reactions may have
PToCeeded here with biotite breaking down to form actin-
1it10 amphibole (reaction 9) and some potash feldspar,
the Teleased water participating in the conversion of

Plg
e;ioclase to zoisite (reaction 1).
4.3,5 Garnet

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

rr°unded Predominantly by calcite (Plate 21), with

(lua t
%y sericite and rare amphibole. This suggests the
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Teaction:

Gross + 2 CO, —> 2 Cc + An + Qtz | (14)
qWoted by many authors. In epidote-bearing assemblages, |
€armet is either absent or forms only a few relict granules.
That it has broken down to form epidote seems pfobable.

The composition of the garnets in these calc-silicates
is unknown‘but grossular may be found in regionally
metamorphosed impure calcareous rocks (Deer, Howie & |
Zussman:1962) hence metamorphism of sediments with substan-
Hal amounts of magnesium and calcium should lead to
Production of garnet with a high proportion of the
gl‘osslllar molecule. Analysed garnets from 'white' Moinian
cale‘silicates elsewhere have all been Ca—rich almandines
(Winchester, pers. comm.,) and no true grossular occurs,
ut 8ome compositional variation should be expected based
on the chemical and mineralogical differences between the

wh
te ang green groups.
4.3,6 Feldspar

Both plagioclase and potash feldspar particip-
ate
in Several reactions but few samples show good examples

of
®lther mineral and differentiation between them is

"*Mered girescuit.

H°weVer in the epidote—bearing assemblages scattered
€r Taing Of plagioclase are found from which the anorthite
“Ontent can be determined. Using the symmetrical extinc-
hon Method of Michel- -Levy for multiple albite twins and.
aI:i’:ethod of F,E, Wright (1911) for combined Carlsbad-

€ twing,

a few values were obtained.

A .
Similar procedure used by Ghent and DeVries (1972)
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Tevealed that én increase in anorthite content could be
Correlated with an increase in metamorphic grade, as
Indicateq by associated. pelitic assemblages. This was also
Noted by Kennedy (1949), in 'white' calc-silicates.

In the Xillin area there is a scatter of values and
alth°u8h the higher anorthite contents group in the north-

tast (albeit with some lower values), no definite trgnd

emerged . ‘

4.4 Arnipol Calc-silicates

The rarest group of calc-silicates in Xillin are

thoge designated by MacGregor (1948) as 'Arnipol' type,
Hameq after their first locality. Arnipol calc-silicates
fave Subsequently been recorded by Tanner (1970,1976) and

ineheSter (1975). The bands or lenses generally average
'or o Centimetres in width and rarely exceed 10 centi-
"®res. The distinguishing feature is that unlike their
hlte Counterparts garnet and zoisite are absent but _
Pllote 4 abundant. MacGregor (1948) described them as .
'“"'--dominantly white or pink quartzo-feldspathic rocks,
"th local greenish streaks.....without garnet.....and
R 10 epigote,n

winchester (1975) noted that the epidote, accompanied -
oy SPhene Occurred as rounded or sub-angular granules
enelosed by biotite, hornblende, quartz or plagioclase..

Only one sample (6174) which occurs in the Killin area
"0 be considered to belong to this group. It contains
8rayyng °f epidote within predominantly hornblende, now
Bustantially chloritised and,‘atypically, garnet forms

m
nox Constituent, Similar intermediate types werevalso
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Noted by Winchester (op. cit.). Calcite is present and
Plagioclase forms a minor phase. The An content of the
feldspar was noted by MacGregor as oligoclase and Winchester

88 An, o to Angc but in the Killin sample it 'is more calcic
(An42)o
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QEAEEEB FIVE-STRUCTURAL ELEMENTS IN THE KILLIN ARFA

5.1 Introduction

Description of the diversé structural elements
¥ill involve use of specific abbreviations denoting part-
iCular Planar fabrics or linear features. Fabric is defined
8% a combination of both textural and structural elements
(Whitten,1966), thus including the spatial and geometric
c°nfi€uration of all recurring properties constituting a
Tock (Tur?er and Weiss,1963;Hobbs, Means and Williams,1976).
M1 planay fabrics are distinguished by S with a numerical
ngfix» hence Sp is primary bedding and Sy is the first
tectonye foliation and regional schistosity. The letter F
Similariy refers to different fold generations, and L to

h linea |
o a8sociated lineations formed duri e rele t de
Ormat D

"ationay phases, D.

So» or primary bedding, is rarely seen either in the

Helq oy thin section. The dominant planar fabric through-
Y% the whole area is the S, foliation and it is within
*his that later generation folds have developed. This reg-
ona) foliation is axial planar to small scale, isoélinal,
1:mz:f01ial F, folds which have parallel, often attenuated,
folde and thickened hinges which are especially visible in
9 cale-silicates.
os tihree subsequent fold generations are discernibdble bgt
oy €Se only one (F3) shows good development of a planar
Tle (s
3

crenulation cleavage).

L
N Ineations associated with early deformations are rare,
. |

d
°Minant element being the L3 crenulation lineation.
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5.2 Deformational Synopsis (see Figure 10)

The D, episode is,‘in many ways, the major deform-
3tion of the area in that it produced the regional foliat-
ton, no major fold structures are evident in fhe area under
StUdy but scattered examples of minor folds are seen. Trend

a
nd Plunge or F, axes (Figure 11), where measurement is poss-
ibie

» are variable depending upon later folding. All F1
by
°lds are recumbent isoclines with thickened hinges and att-
en
Yated limbs which are pinched out in the foliation. Int-

en -
Se flattening is therefore inferred and during this epis-
°de the g

4 foliation and subsequent parallelism of this and
the g

o fabric developed. Discordance of S1 to SO is rare,
although Sq 1s apparent in thin section.

The D2 episode which is most apparent in a central east-
vest tI‘ending belt, formed close minor folds during ductile

des :
Orma’Gion. The stratigraphy of the area was folded into a

0s
; € SYnform, the Monadhliath semi-pelite forming the core.
hig . .
Major £01d matches the Corrieyairack Synform of
age :
Cki (1975) and is considered to be its south-westerly

Squiy
Alent, Minor folds reflect the trend of the major str-
ucture and

(s
Pl

a flattening event produced near similar styles

e :
Section 5.7) with a weak axial planar cleavage., Axial

anes
are steep to sub-vertical, trending approximately

e .
thy folding of the Corrieyairack Synform occurred in the
: ra ’

d
torg ®formation with a resultant change in trend of the
t

gy, ° @ more south-westerly direction. Trending approx-
el '

q ¥ north-east/south—west, the F3 folds are upright,

Omin
an
Yy Symmetrical, open crenulate in style, with an



Figure 10 Major structural elements of the Killin are2
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Figure 11 Orientation of F1 fold axes
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?Xial planar crenulation cleavage. They occur mainly in
the nNorthern and central parts of the area. Axial planes
are Steep to sub-vertical and the majority dip south-east.

F» axial trends change considerably south of an arbit-
fary 1ine (see Figure 17) and plunge directions are rever-
Sed, Although no mesoscopic evidence is apparent the pres-
NCe of major F, structures is nevertheless inferred.
Probably occurring as warping with resultant alteration of
treng in minor F; axes, little additional evidence is app-
Srent for this deformation. Minor structures are restricted
to 5 few individual kinks with varying axial trends, which
impart little information save to show that deformation
Vas Telatively brittle. | |

Subsequent deformation was limited to faulting ana

Jo
. inting, a dominant trend being north-east to south-west,

5.3 Linear Features-Folds

5.3.1 F1 folds

' The earliest linear features seen in the Killin

?wa are sporadic, isoclinal, intrafolial folds. These are
lineq by calc-silicate bands (see Chapter 1) or early
i::z:i Veins and the regional schistosity (81) is axial
the calto them, S1 is outlined by prismatic amphibole in
ﬂtanti C~silicates. All examples of F1 folds possess sub-
(Plateally thickened hingg zones and attenuated limbs |
éequen 22). The intense flattening of these folds and con-

t Production of the S1 foliation has produced very
*Mated ro14 limbs. Rarely do these exceed 3 centimetres

iy
t
iCkness, and overall fold length does not exceed 60



Plate 22 Examples of fold morphology, outlined by

white calc-silicate bands
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centimetres. Their attitude is dominantly recumbent.

Occasionally pelitic laminae within psammitic or semi-
psammitic .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 distridbution,
and the line of intersection of the two planes is very
neafly parallel to the F3 trend (plunging 23° to 184).
However, since major episodes of deformation post-date S1,

it seems more likely that this distribution is a function
of the paucity of information.

503.2 F2 f01ds

A total of 87 minor ¥, 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 Synforﬁ.

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. A1l folds
are isoclinal to close (Fleuty,1964) with an average inter-
1imb angle of 359 %o 500, and monoclinic symmetry. These
asymmetrical, near cylindrical folds possess rounded to

sub-rounded hinge zones and in many cases show considerable



Plate ?3 H, fold outlined by quartz veins






Figure 12 Poles to 22 F, éxial planes
(North point is marked by vertical line)






Figure 13 Axial plane trends for F2 and F3 folds
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thickening in this region with attenuation of limbs, shown
' some extent in Plate 23.

Py axial planes are steép to sub-vertical and trend
apPTOXimately east-north-east/west-south-west. Dips from
22 Teadings are split between north-west and south-east
(Figure 12) producing a bimodal distribution. This change
ofdip direction is noticeable south-east and south of Loch
K14y (Figure 13) where both regional foliation and Fy
axiay Planes steepen in the axial region of the major Fs

SYnfoyp |

The majority of these folds are moderately plunging
ujeuty.1964) although there. are several changes of plunge
®Toss the belt of minor fold axes (Figure 14). A stereo-
STaphyc Plot (Figure 15) shows the uneven bimodal distrib-
“tlon With most of the 87 readings plﬁnging east-north-east
wnd the Temainder west-north-west. Girdles may be draQn
crough the plotted points although the great circle so
I::z:rHCted for the westerly-plunging folds is rendered .

T arbitrary by the low number of readings. Subsequent

er
Section of these two planes produces an axis very

. Y co-axial to the mean F; trend. Hence the distribut-
th

e undulation in F2 fold axes 1s attributadble to
€ e
| ffect of the D5 deformation.,

53,3 F5 folds

Noy, Features developed during the Dy deformation
o

. ™nate the northern part of the Xillin area. Minor

3 foyg

Kill aXes are common throughout, except around Loch
in

'’ 8N4 are related everywhere to major structures.



Figure 14 Minor F2 fold trends
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Figure 15 Stereographic plot of 87 F2 fold axes

(North point is marked by vertical line)

e es
Figure 16 Contoured stereographic plot of 231 F3 fold a*

(North point is marked by vertical line)

Contours at 1, 3, 5 and 7%






-3

The major axes which plunge south-south-west are repeated
bout 4 median line throughout the area (Figure 10) which
s responsible for the alteration of the trend of the major
F2 Synform,

The amplitude of F3 folds is highly variable and it is
]mt‘POSSible to state a finite value since all are inter-
related. It can be said that there is a range of wavelengths
fom lesg than 5 millimetres, to several kilometres for the
*veraly structures, all folds being crenulate in style and
possesSing monoclinic symmetry.

PI‘Ofiles show the folds to beﬂgominantly open or gentle
(FleutY.1964). The hinge zones té;d to be angular and the
a1y degree of flattening (see Section 5.7.4 and Plate 24)
*aveg hinges and 1limbs of competent bands reiatively uni-
fmmlin thickness, The folds are mainly cylindrical but
late 25 shows a departure from this pattern with the off-

tos fold crests and hinges over relatively short distances.

The trend of minor F3 fold axial planes is shown in

Sure 13, A fairly constant trend is maintained about a
Imrth‘eaSt/south-west direction and most dips are to the
soth‘east this being mirrored by the crenulation cleavage.
Oulthe cleavage and the axial planes of the F3 folds are

e P to Ssub-vertical across most of the area.

The F3 axes have an average plunge of 360 and Figure

16
Shows their distribution. The axes form a bimodal dist-

I‘ib
Wion with a considerable number of points in the north-
QQSt

. Madrant, This is related to the change of plunge dir-
e

°n wWhich is most noticeable in the south-western corner

Qf
the 8rea although scattered axial undulations do occur



folds
Plate 24 Small scale P

Plate 25 ~ folA crests






Figure 17 fold trends
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e15@'Where. An arbitrary line may be drawn subdividing the
Tea into two (Figure 17), the northern part exhibiting
nmstly south-westerly plunges and the southern part mainly
eastel‘ly plunges. The changes in orientation must be relat-
*1 to a later deformation and this i1s evident from the
M@reographic plot of F3 axes (Figure 16), which shows the
ivision about an east;south-east direction. The arbitrary
lhw dividing the fold axes is influenced by the avail-
™Mty of qata and its direction cannot therefore be acc-
‘uately fixed. Even so,‘the line is subparallel to the con-
"ucted trend which affects the F5 folds. Hence it is app-
Tent that a fourth deformation consisting of major, open
folds exists.

A1l exposures in the extreme south-eastern corner are
Qonsiderably affected by the Allt Crom granite. The regional
foliation is disrupted and it seems likely that forceful

Nty

usion has produced a disorientation of linear structural
e1ements_
lith

the

Yhug

The intense veining and feldspathisation of host
®logies suggests that the granite, which outcrops to
SOuth-eagt, is at no great depth in this area. It is
feasible that the disruption of Fs axes was induced by

&4
Mrusion, The trend is approximately parallel to the

h
% ®T™h, bulbous margin of the granite and on moving fur-
er
Wiulwest, its effects become less obvious, A few F; trends
in % |

bey his area deviate from this pattern, the majority

hg '
- 10rth-south or northwest-southeast. At this particular
ng

°°u1’ the effective dislocation caused by the intrusion

q -

S have been essentially vertical rather than oblique,
mi h ‘

Sht be found on the flanks of the granite.



Plate 26 Muscovite crystal illustrating an early stage

of kink formation

e
Plate 27 Muscovite crystal illustrating a later St?g

of kink formation
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5.3.4 F4 folds
Elsewhere, occurrence of F4 structures: in the

fie1q is scarce and is limited to a small number of minor

k .
Inks, Major structures are responsible for the undulation

in33 fold axes (see Section 5.3.3), but are discernible
mdmarily by graphical methods,

The axial trend of the kinks varies, from east-north-
ea&ttO south-east and west-north-west. All show an angular
deflection of the foliation but no conjugate sets are seen

th

us determination of the direction of compressive stress
ls
N0t feasible.

The D4 deformation is better shown in thin section by

kin
ked muscovite crystals. Plates 26 and 27 show selected

Cr
ystalsy but the grains are disoriented.

Internal deformation usually occurs by flexural slip
U1ng the layering and constant orthogonal thickness is
Us
ma1ntained.(Ramsay,1967). It is now suggested by sev-

. %thors (Cobbold et al,1971;Gay and Weiss,1974), that
nk
° begin as buckles which are subsequently modified to

gy
&r form, Migration of axial surfaces (Ramsay,1967)

roee
®ds from an initial kink with lateral and longitudinal

N % Plates 26 and 27 11lustrate this concept with kinks

an
- ®arly stage of formation (marked E on Plate 26) and

at
T Stage, (designated L on Plate 27), with boundary

ny
ﬁration in tn

e latter.
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5.4 Linear Features-Lineations

Lineations do not form a persistent or common tec-
fonic feature in the Killin area. Two are discernible, the
*arlier (Lz) a mineral alignment associated with ¥, folds,
M g crinkle lineation (L3) associated with microcrenul-
ong comprising F, folds.

Both distribution and trend (Figure 18) o; these lineat-
M8 4g therefore very similar to those of thevminor folds.
*tong lineations are dominant in the east near Loch Killin
nd in the west, whilst third generation ones predominate
inthe Central and northern areas.

The L2 liheation is an axial alignment of minerals,
nvariably biotite with muscovite. A stereographiq plot
'8ure 19) shows the similarity in trend to the minor F,
fﬂds- Of the thirty readings, six show a plunge to the
" tnortnwest que to the effect of the later folding.

L3 lineations show a similar parallelism to the minor
dz;&ud axes and reflect later tectonism in the same way,

Primarily to F, warping. However, there is considerable
:mung 6f lineation trends and this probably ref;ects a
%izee °f conicalness in the F3 folds over the whole of the

5
‘5 Boudinage

" A1‘though not common, examples of boudinage have been
e N

rea. Usually they occur within early quartz veins, and-

e

EWEI thicknesses ranging up to 40 centimetres. Pinch and
1

°f thin quartz veins was also noted.

Sy
g Stantia) flattening and therefore lateral stretching

Ve been responsible for their production, and since



Figure 18 Trend and distribution of lineations
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Figure 19 Stereographid ﬁlot of lineations

(North point is marked by vertical line)

X - L3 lineation

o - L2 lineation
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Y 1ie within the S, foliation it is probable that they
ﬁwmed during the intensive flattening of the Dy episode
¥aich ultimately produced the foliation.

Reaching a maximum length of 4 metres, the area of
neﬂung in some boudins is clearly seen to contain a
pﬂitic infill, the latter flowing under the compressive
""Tess (Plate 28). This 1llustrates the pre-D, nature of
?m QUartz vein since the host pelite has infilled the
fecks Produced during deformation., Boudins folded in
Ster deformational episodes were occasionally noted, on

the
limbs of F, and F; folds. Where the folds involved a

3

mgh degree of compression further separation of the
WM1nS may have occurred after folding (Plate 29).

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

8¢ .
tonlc events.

5.6 Refolding

. As with any multiply folded area, examples of re-
0lq
ing Occur throughout. This brief section outlines the

Omi
. %8t styles. The most common is the refolding of F

) lines by open crenulate F3 folds, usually illustrated
Ve
alc“silicates or quartz veins. Development of the 83

¢
I‘enula‘cion

¢ cleavage fades on approaching the isoclinal
"l hinge,

Occasionally the more competent bands show

small diSCr

th ete fractures sub-parallel to the direction of
e

S
3 Cleavage (Plate 30).

iy
cay leure 20 snows the refolding of an isoclinally folded
¢

g “S1licate band with the F, axis now parallel to the Fy
. |

* Thisg is a type three interference pattern of Ramsay



Plate 28 Necking of quartz boudins

Plate ?9 Folded quartz boudin (upper left of lens






Plate 30 _
Crenulations with development of cleavage

fractures

Plate 3

Refolded white .., . <jlicate band s
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h967) with the 'a' direction of superimposition orientated
Wa high angle to the first fold axial surface. This is
themOSt common refolding pattern in the Killin area with
iSOClinal F1 closures often occurring on the limbs of tight
% folag,

Plate 31 shows a refolded calc-silicate which closely
resemt’1es the type two structures of Ramsay (op.cit.). The
eentral crescent shape is surrounded by a further calc-
Silicate band suggesting a section through an arched fold.
Inthis instance, the F, axial plane and limbs are both
'Mdeds the former making a large angle with the imposed
a'direction which is again the F3 fold trend.

Figure 21 again illustrates a type three pattern which
isout1ined‘by calc-silicate bands, but in'this case all
“&ee trends are present, each being folded by progressively

Yoy
fger folds, F; being the most recent, Axial traces of

3

the

; Hrsy and second generation are now sub-parallel with
he
S3 trace superimposed at a high angle to both'S1 and

S
2* Intenge flattening is apparent in the formation of S,

gy
82’ their traces paralleling the regional foliation. .

5.7 Geometrical Analysis of Folds

5.7.1 Introduction

s Analysis of folded layers is possible using
everal
foy

. €eometrical properties which are constructed upon
d
profiles. Construction of dip isogons (Elliot, 1965),

8
g le fo1g ,
( classification according to isogon patterns

Q

i
By P 1sogons are lines which connect points of equal
&die
nt through successive fold layers (and occur as such



Figure 20

Refolding patterns from the Killin area
Figure 21



Calc-silicate

band
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insubsequent examples), and the relative orientation of
theisOgons with respect to each other and the axial trace,
determines curvatures of layer boundaries., Study of isogon
Patterng produces three basic fold classes (op. cit.)
epending on fold arc curvatures. If in tracing isogons
fromthe outer to inner arc of a folded layer there is
4Qmwer€ence on each other and on the axial trace, this is
indica‘cive of class 1 geometry. Class 2 shows parallel
%9gons ang class 3 divergent ones, class 1 being the only
&mup wWhich can be suﬁdivided on the degree of isogon
convergence |
A further parameter used to describe fold shape is %,
e %Tthogonal thickness (op. cit.). Using a fold profile
teure 22), the thickness t« between two folded surfaces

the be determined by constructing tangents to each of
S .
\ ® making an angle 90°-« with the fold axial trace.
0 18 the thickness measured at the fold hinge zone ang

the
N Tatio of the two, tx/to’ produces a useful parameter

f: * Graphical representation of fg< vs.x produces five
el
s or lines relating to the different fold classes.

4 Secong graph may be constructed in the same way but

in
axyg €T, the thickness between surfaces parallel to the
al ty

t
,hi fneg

Ug

ate (Figure 22). The relationship between the two
S parameters is expressed as:

ang . T = T cost
n

g & true similar fold (class 2), the thickness t

. Q] ’

d
follow the relationship:
t'x = cosx ,
Th ,
® final parameter used is ¢, (Huddleston,1973) which

{3
in conjunction with the dip isogons. ¢ is



. used
Figure 22 Fold profile illustrating the parameters

in analysis
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hfhmd as the angle between the isogon and the normal
t°the tangents bounding fold strfaces (Figure 22). In a
Plot 0f ¢ and « sign conventions are necessary for both
Praneters, « is positive for antiform right limbs and
"iforn 1eft 1imbs and negative for the other 1limbs. ¢
ispoSitive 1f the isogon is"deflected” in an anticlock-
"se Sense relative to the perpendicular from the inner to
Puter arc, and ‘negative 1if "deflected" in a clockwise
Mmection (op. cit.).

Qx is a very useful parameter since it reflects changes
hlf°1d geometry. Curvature changes in complex folds are
d“@rmined using dt'/dx and dzt'/doa2 against « plots
“hmsay,1967), but plotting of ¢, against « reveals a
Hirve Very similar to that of the first differentiated
Moy (Huddleston,1973). Also, ¢4 is independént of the
datumDosition unlike t'%x , and is therefore less liable
toerrors since a datum change results in a constant
m%ular difference. Subsequent graphs of ¢, and « again
oy & subdivision into five fold classes.

ExamPles of F, énd F3 folds foilow and each is analysed
0:::e manner described. F, folds are not studied on account
s ®ir extreme deformation which has produced tight

Oc
Unes with attenuated 1imbs. Such deformation renders

et?iCal analysis unnecessary.
5.7.2 Analysis of F2 folds

R Fold one is composed of five layers, all but
Ne

Qn’ (number five), being semi-psammitic in composition
d .

r
th eaching a maximum thickness of 7 centimetres. From
e

o |
TeSt of layer ome to that of layer five is a distance
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°T 57 centimetres and )/2 averages 22 centimetres., This
SUghtly asymmetric fold has dominantly rounded crests
uﬂeUty,1964), with interlimb angles for individual layers
"8T¥ing from 35° to 75°, the overall profile being tight
% cloge (op. cit.).

Figure 23 shows the isogon orientation for each layer

an A
d the results are summarised in Table 5.1:

Lla
~Jer | Hinge Right limb Teft limb

1
Parallel (2)| convergent (1B) divergent (3)

Parallel (2)| convergent (1C) convergent (14)
Parallel (2) | convergent (1C) divergent (3)
Parallel (2)| divergent (3) convergent (1B)

T A~ W o

divergent(3) | divergent (?) divergent (3)/

convergent (14) at

high &
Table 5.1

9 The noticeable property is that the fold displays
83g
2 €eometry at the hinge with a combination of class-
81
and 3 along the limbs. Layers one to three have been

mzlyfed using the graphical methods already described.
- ;; 8raph shows layer one (Figure 24) to be class 3
waan ® hinge zone until « reaches 25°, class 2 up to
2y d clasg 1C thereafter. This is substantiated by the

o

q
" ¢ against o plot.

. .
Wimlayer two 1ies in the 1C field for all three graphs
‘ 12}

Slight fluctuation in gradient of the right 1limb

8
theh 400
and 55°, This is illustrated in the ¢, against



Figure 23 Isogon orientation on the profile of Fold !
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Figure 24 Graphical plots for Fold 1, layer 1
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Figure 25 Graphical plots for Fold 1, layer 2
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“Plot and is due to a slight thickening of the limb
(Maure 25).

The right 1limb of layer three is seen to be consist-
M1y class 1C (Figure 26) whilst the left one fluctuates
gamly about the class 2 to class 3 boundary, for low
Talues of x, and moves into the class 3 field when o is

450
°Tr more,

Fold two is slightly asymmetrlc with rounded crests
ndinterlimb angles from 45° to 56°, Total thickness along
“tla) trace (1) is 80 centimetres, two layers (one and
hree) being semi-psammitic in composition and two, slight-
¥ more pelitic, )\ /2 averages 35 centimetres for this close

toépen fold (Fleuty,1964).

Figure 27 shows the fold with isogons constructed-at

200 :
intervals and the results are summarised in Table 5.2:

i;:\q Axial trace (1) Axial trace (2)
T |Left 1imb Right Limb Left Limb  Right limb
1 Convergent convergent weakly weakly
convergent convergent
: divergent parallel/ divergent + divergent
convergent (convergent)
’ Convergent parallel convergent weakly
convgrgent
Table 5.2
“hpehe isOgons illustrate an alternation of fold layer

- » layerg one and three showing dominantly class 1C
ent
ation whereas 1ayer two displays class 3 geometry.

1 :
1 three layers have been analysed using the tl,



Figure 26 Graphical plots for Fold 1, layer 3
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Figure 27 Isogon orientation on the profile of Fold 2
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t
Ty and ¢ (Figure 28) for the intermediate limb of the fold,

hyﬂ?one showing class 1C geometry in all three plots.
hy”?tWO shows a near perfect similar fold plot for

"lues of o up to 40°, but diverges into the class 3 field
athigher angles. The third layer shows gentle changes in
*lope from class 3 geometry at low angles (ot < 35°9), to

¢l
85 10 at higher values of & .
5.7.3 Interpretation

Although graphical analysis of six fold layers
"ot be considered to be representative of all F, folds,
estYles throughout are reasonably constant and this
Mogegg therefore serves to interpret, if only partially,
umir Mechanism of formation.,

The Variations in fold style are the products of the
thm and amount of deformation and the differing competency
Ofthe folded layers.

0 A six analysed layers show a predominance of class
mwgiometry with subordinate classes 2 and 3 and as such
&msee Indicative of buckling of competent layers with
thoy Quent flattening (Ramsay,1962;1967). Layer parallel
teniy
f°1ds
more

€ would lead to the initial development of buckle
* This would produce parallel (class 1B) folds in
Competent beds, Less competent material produces
Qeomodating fold styles. Plots of t'y against « can be

Supe

r

{ imposed on a similar graph indicating the variation

"A,)
2

*tey

" ™nation of the superimposed strain is feasible only
tn a {1

Q“I‘ve

1 in flattened parallel folds (Ramsay,1967 p. 413).

« 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'y against «
Moduces a perfect curve on the A,/\; variation diagram.
Omy layer three of fold one shows a curve which is
“nstant enough to warrant use of this method. Values of
ﬁm125o to 63° show a flattening of 65%. The fold hinge
and1imb extremities both show a divergence from this
Yalye,

In fol4 two, layer two shows a near perfect similar
fwd line and layer one shows a fairly constant value of
Q%'Deviations from these near constant curves can be
exp]-ained by deformation continuing by processes other
than‘flattening. An original fold profile which did not
approXimate to class 1B would also produce curves
trmmgressing the AZ/A1 lines,

Pold one would therefore have been compounded of
Hlasg 3, 1C and both 1C and 3 for layers one two and three
respectively. Fold two shows a basic alternation of styles
i&‘ Classes 1C and 3 (more pelitic) which together prod-
e 2 fold that closely follows the class 2 trend. These
?@ Produced by modification of different layers with
1;;: B ang 1¢ geometry which, after superposition of
Qonsfeneous strain, take up a near class 2 geometry when
}Qve dereq together (Ramsay,1967). Thus the buckled layers

Undergone deformation by a combination of processes.,
n::z:res associated with dominantly flexural slip |
ng tniSm e.g. tension fissures, are not seen in F, folds

. his leads to the suggestion that the tangential
ngitud1na1 strain is the major factor. As noted by

ay (op. cit.), 1t is unlikely for this process to take



Figure 29 1Isogon orientation on the profile of Fold 5
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Mace alone and it will therefore be accompanied by some
Uexural s1ip.

Folds thus developed would change in style due to
rlattening and associated with this, the F2 cleavage would
have formed. Although this is not a dominantly penetrative
fabry it probably formed in this way, parallel or sub-
Paralyey to the F, axial planes.

5.7.4 Analysis and interpretation of F3 folds

To give some indication of the F3 fold style
oneparticular fold has been selected., Figure 29 shows the
mbfile, the style being dominated by a major competent
psammitic band within incompetent pelitic and semi-pelitic
laYGrs .

The isogon pattern produced for the psammitic band,
len Clearly resembles a cleavage fan (Figure 29), shows
the1c geometry of the layer and this is substantiated
ga'phj-cally (Figure 30). The curves produced in the to
Sot are almost identical for both limbs (about axial trace
m' and g sufficiently constant trend is obtained for deter-
;'ation of the amount of flattening. In this case a value
! 5% is obtained for superimposed homogeneous strain,
“i ;antially less than in the tentative values gained for
2 folds. Associated pelitic and semi-pelitic bands
v tyDically accommodating styles with fold hinge thick-

Ening
8nd 1imb attenuation, both consistent with class 3

@@ometry

4 . Combination of all these properties again suggests

o>
3e
Sitial longitudinal strain as the prime factor in F3



Figure 30 Graphical plots for Fold 3
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folq formation. Study of F; fold geometry tends to be more
Uetiout than for F, folds due to the open crenulate style
Ofthe_former, and the fact that the F3 folds are seen
"ainly iy thinly multilayered sequences. This brief analy-

8]
SdOes, however, serve to elucidate some of the factors

involVed.

5.8 Foliation

Foliation is defined here as parallel, penetrative
ementg (Fairbairn, 1949) produced by a combination of
phySical discontinuities between compositionally differing
s and a preferred orientation of mineral grains (Hobbs,
Yeang and Williéms,1976). It is a product of deformation
"t often coincides with the original S surface. Hence the
manar fabric developed in this area can be often designated
S/,

1
- 5.8.1 Sg fabric

\ SO bedding surfaces are revealed by calc-silicate
ang '
S ang sedimentary structures. All these primary features

hay

e

| theiy enveloping planes parallel to the regional fol-

atio
n

8
3

» thereby substantiating the SO/S1 fabric. In the
3en0e of such features, SO is rarely seen but it is hinted
&ng the alternations of semipelitic and semipsammitic units
racteristic of the area which may reflect compositional
fferenCes between individual beds in the original sediments.

The
Se
are almost everywhere parallel to the S1 fabric.
. .
1 ®Wever, in the hinges of isoclinally folded calc-sil-
ate o
% S, Sy and S, are clearly discordant. Only on one other
QaSi

by on wasg SO recorded in the field, where a dominantly
™ .

¢ rock contained a psammitic band which had a clear
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agular discordance with the foliation. In thin section,
ligneq biotite and muscovite grains define the foliation
(81) in the pelitic unit and they have been crenulated by
later folding. In the psammitic band, rarer micas still
Outline a planar element which is sub-parallel to both
the Sy foliation and the Sy boundary. This sample is
thOUSht to illustrate the refraction of the foliation
‘Auseq by a difference in competence between the bands.

Two additional samples may show evidence of Sg in thin
sectiOn, both as quartz inclusions in garnets. In both
Cases there is a tripartite division based on inclusion
Slze. In sample 6210, a white calc-silicate band with the
para8enesis quartz-garnet-hornblende~clinozoisite-~andesine,
the rim of the garnet contains inclusions ranging up to
0.15 millimetres in diameter. The centre band has sizes up
to 0.01 millimetres and the remaining division is relatively
inclusion free (Plate 32). This arrangement is mirrored in
Sample 721, the garhet occurring in a pelitic band within
& thin (<10 centimetres thick) quartzite. For these inclus-
Long to represent original quartz-rich or poor bands there
MUst have been 1ittle or no metamorphic segregation and
Statie garnet growth, In both examples, the boundaries bet-

“een inclusions show a slight angular discordance with the

s1 fabriec,

5.8.2 S1 fabric

Within the Killin area, there is no evidence
Tor the existence of the major folds with which.the Sy
tectonic fabric may be associated. However, the mechanism

¥hich produced Sy strain and possible sliding to the north-



on
Plate 32 Three-fold division of garnet based on inclusi

size
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West (Parson,1979) and south (Haselock,pers.comm.) may also
have been responsible for the regional foliation. No major
stratigraphic inversion or recumbent folds were revealed to

®Xist within the XKillin area.

Microscopic: In pelitic and semi-pelitic schists the
fOliation is defined by platy mica grains both in hand spec-
Imeng and thin section., In more quartzose semi-pelites mic-
aCeous laminae alternate with quartzose bands, the latter
Containing elongate Quartz grains with length to breadth
Tatiosg reaching 6. In psammites the foliation is less evid-
®t pug examination of thin sections reveals alignment of
Mica crystals and slight parallelism of the long axes of
Qarty grains. In all lithotypes, early garnets form augen
struCtures within the 54 foliétion but in few cases are any
distinctive quartz inclusion trails developed. Where they
are Visible, straight trails are discordant to the Sy fabric
and Provide further evidencé for the S5, fabric.

In cale-silicate bands prismatic amphibole, and in many

ases tabular clinozoisite, delineate the S, fabric.

Mesoscopic: The foliation varies in direction about two
dominant trends, namely northeast-southwest and northwest-
SOutheagt, A contoured stereographic plot of poles to 1280
foliation planes (Figure 31) shows most of the reédings to
Ye in the north-westerly quadrant with a subsidiary cluster
n the south-easterly quadrant. This indicates the dominance
Of the northeast-southwest trend but division into four sub-
areas (Figuie 32) outlines the trends in more detail and
&fforgs 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 1line)

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

Figtre 32 Division of area into foliation sub-areas
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Figure 33 Contoured stereographic plot of poles to foll
planes in Sub-area 1

(North point is marked by vertical line)

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

gion
Figure 34 Contoured stereographic plot of poles to folia
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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SOutherly and south-westerly dips producing a girdle, the
8xis of which corresponds to the F3 direction., Sub-areas
three and four (Figures 34 and 35) chow a similar distrid-
Won byt with a dominant south-easterly dip and the former
*hows some bimodal distribution about the Fy axial trend.
A combination of F, and subsidiary F; folds produces a
Tather more diffuse plot in sub-area two (Figure 36) with
the foliation dipping east, south-east, and north-west
about the F, folds, and also south-west about the F3

StruCtures.

5.8.3 82 fabric

The'development of an 82 fabric is very weék,

being limited to a few occurrences scattered throughout
the area. Approaching the hinge zone of folded white calc-
silicatelbands, 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-
silicateé this does not produce a strong penetrative fabric.

Folds in psammitic and pelitic lithologies also show a .
Very weak fabric which is best developed in pelitic bands.
The Mmore psammitic bands show a poor fracture cleavage with

Subsequent cleavage refraction into more pelitic bands.

5.8.4 83 fabric

This is the dominant of all the minor fabrics
deVelODing an axial planar or sub-axial planar element to
OPen F3 crenulate folds. Although associated with some large
folds, the crenulations are small scale (})=1 millimetre to

15 millimetres) and occasionally, a good crenulation



atiol
Figure 35 Contoured stereographic plot of poles 1o 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

1at10”
Figure 36 Contoured stereographic plot of poles to foll?

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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Sleavage ig developed due to transposition of the 5, fol-
iatiOH- The dominantly asymmetric crenulations are found

In the more finely handed or intensely foliated units.

Plate 33 shows the crenulations and a developing crenul-
tion Cleavage in a semi-pelitic outcrop. Micas of the Sy
fabric are folded and fractured about F3 profiles and are
sometimes recrystallised and realigned along the crenulat-
lon op strain-slip cleavage planes, indicating both mech-
#Mical rotation and growth, The crenulation cleavage and
associated axial planes dip predominantly to the south-east.

The crenulation cleavage consists of planar to sub-
Planay domains of orientated micas, elongate quartz grains
and OPaque minerals which produce a parting in the rock.

The planes coincide with the limbs of microfolds (crenul-
ati°ns) and constitute zones of mineral orientatioﬂ and
€rowth, The formation of the cleavage is dependent upon the
®xistence of orientated flaky minerals, subsequently folded
(6ray, 1977,

Figure 37, taken from a thin section, illustrates cren-
ulat1Ons and the associated fabric produced in a semi- pelitic
Schist, Developed by buckling of the fine mica layers
(COSQrove,1976), there is an associated redistribution of
Minerals (op.cit.) to produce zonal crenulation cleavage
(Gray,1977). The intermediate cleavage trace in Figure 37
Consists of, in two dimensions, a triangular area where
Predominantly muscovite and biotite lie at a high angle to
the Cleavage trace. This feature, the sub-parallel nature
Of the cleavage traces and thelr zonal, rather than discrete
Nature (op.cit.), suggests that this particular example 1is

at a relatively. early stage in its development.



Figure 37 Microcrenulation with development of Sz fabriC
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Plate 33 Crenulations and developing crenulation

cleavage






5.9 Jointing

Systematic joints (Price,1966) are developed
throughout the area. Although seen in all lithologies
they are concentrated in the more competent quartzite and
PSammite bands. The thicker white calc-silicate bands also
€xhivit good minor jointing,
The majority of the joints appear to be related to

the later F, phase of warping (see Sections 5.2 and 5.3.4).
The 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 fo produce a cluster with the
0152030 airection 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
is Some late chloritisation of micas along Joint planes
and epidote is also seen within areas veined by the

€ranites,



Figure 38 Joint rose diagram (for metasediments)



n=151
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5.10 Faulting

Minor faults with displacements of two or three
Metres occur throughout the area. They are easily disting-
Usheq by the displacement of distinctive bands, such as
White calc-silicates, which can be used as markers. HoweVer,
the gradational lithologies render the location of major
faults aifficult.

One major fault (the Glen Doe fault, in the northern
Part of the area) displaces the boundary between the Glen
Doe and Knockchoilum semi-psammites, Difficulties 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
to 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 CGranites also possess this trend and a
dDminantly 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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SHAPTER STY-IGNEOUS ROCKS AND AMPHIBOLITES

6.1 Introduction

The Newer Granités (Read, 1961) intrude the Killin
%Tea: the Foyers granité in the north and the Allt Crom
graﬁite in the south-east. The Corrieyairack granite also
%PProaches within five kilometres of the southwestern cor-
"er of the area (Figure 39).

Figure 40 shows the subdivision into areas which is
USed todesecribe the intrusions. It is difficult to map
‘ontacts precisely, hence those illustrated on Figure 40
aie approximations., Field occurrences are thus limited to
Aykes and sheets, although the scale may differ considerably
between and within each group.

Granitic intrusions are the most common, with subsidiary
€Tanodiorite and adamellite and rare tonalites. The relative
abundance and the petrograpﬁy of these rock types is similar
1n eacn sub-area, hence their descriptions are contained in
®Ne section, Classification of the intrusions 15 based on
the distinctions of Carmichael, Turner and Verhoogen (1974),
Summarised 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

TONALITE: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 Pield Occurrence

6.2.,1 Sub-area A

Figure 41 shows the distribution and trend of
intruSions in sub-area A. Most are exposed in the River
Fechlin. Broad granitic dykes occur in the northern part
Of the area, traceable for up to 100 metres and reaching
50 Metres in width. These dykes are sheared along a north-
®a5% to south-west direction which imparts close joints to
the granite. Secondary epidote and chlorite have developed
a1°né the joint planes.

Further south small dykes and sheets occur, commonly as
thin (5 to 20 centimetres) homogeneous veins with sharp con-
tacts, Little planar fabric or crystal orientation is dev-
eloped, although larger bodies do possess a lensoid appear-
Nce. Since the fabric is poorly developed, it is unlikely
0 be the distensive foliation seen at Foyers (Marston,1971)
YUt may pe sheet jointing (Price,1966).

The larger granitic dykes contain metasedimentary
Inclusionsg (Plate 34) with randomly oriented semi-pelitic
ang Semi;psammitic blocks reaching 25 centimetres in length,
Within tpe ‘granite contact' (Figure 41) larger metasediment-
ary Xenoliths exist but it is not possible to completely
determine their boundaries.

Inclusions usually retain their original shape although
°Ccasionally the 'splintered' end of a semi-pelitic bdlock
Shows incipient assimilation with an increase in quartz and
°Tthoclase content. Mafic schlieren are not developed.,

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

fielg relationships.



Plate 34 Metasedimentary 1inclusions in granitic dyke

Plate 35 Puhedral sphene crystals iIn granitic sample






Figure 41 1Igneous 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-
ea, but exposure is generally very poor. Where discernible
“w Majority of exposures are dykes (Figure 42) and all bdbut
three are granitic. The remainder comprise two granodioriteé
and one microtonalite, and all occur as dykes.

All dykes vary from 50 centimetres to 10 metres in width
nd ocour with concordant granitic sheets up to one metre
thick, all showing sharp contacts (see Section 6.2.5). These
inJCrus:i.ons have disrupted the regional foliation in the
Vicinity and have feldspathised the host lithologies, Larger
Uykeg contain numerous xenoliths (>2.5 metres long) and with
the granitic sheets tend to isolate large rafts of host
lithOlogies (>10 metres in length), This is an area of veined
metaSediments noted originally by Anderson (1956), in which
e host rocks first lose their orientation.

The larger dykes and shegts possess joints with a dom-
1nantly north-east to south-west trend. Two trends, 030 and
080 are defined by plottiﬁg on a rose diagram (Figure 43),

Pegmatites also oécur in this sub-~area, in the Allt
Ohar and the A11t & Choire Odhar. These irregular, thin
&7 centimetres thick) veins contain quartz, muscovite,
°Tthoclase and black tourmaline in approximately equal

pr°Dortions.
6.2.3 Sub-area C

No major intrusions are exposed in thils area-
it Consists of a concentration of dykes. Intrusions are all‘
granitic, forming both dykes and sheets in exposures along

the River Tarff. The exact northerly extent of the’granitic'



Flgure 43 Joint rose diagram for granitic dykes and shee®s
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intrusions is unknown due to lack of exposure but is prob-
amv limited since previously mapped granite sources are
Some distance away. Although it may be related to the Corrie-
Y&Iack granite (gg.gii.) to the south, it seems more likely
Yhat it is an offshoot of the closer Allt Crom granite.

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

Join'tS are well developed and show two dominant trends at

055 ang 160.

6.2.4 Sub-area D

In sub-area D a six metre thick dyke of dark red
biotite granite occurs at the south-western end of Loch nan
Eun(Figure 40). It exhibits sharp contacts and surrounding
metasediments show feldspathisation., This occurrence is
el°5€st to the westerly offshoot of the Foyers granite (Pigure
39) and this seems to be the most likely source.

6.2.5 Intrusion contacts

In all cases, intrusion contacts are sharp and
there is no melting of country rock, except where small
ineluSions are contained within intrusions. This suggests
that intrusion post-dated metamorphism as well as deformation
tn these rocks.

It is not possible to determine the precise relationship
betWeen the numerous dykes and the two major intrusions due
to lack of suitable outecrop, but it seems likely that the

d
Ykeg are offshoots of the larger bodies.,
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6.3 Petrography

Table 6.1 shows average modal analyses of selected

Tock types from sub-areas A and B.
6.3.1 Granites

The granites contain quartz either as large
€rains with undulose extinction and sub-grains (where the
°riginal grain has 'fractured'), or close-packed masses of
Smaller grains on boundaries between K-feldspar grains.
Larger grains (up to 4.0 millimetres long and 2.0 millimetres
¥ide) show curved to lobate boundaries, whilst the smaller
ONes form sub-rounded grains with an average diameter of
01 millimetres.

Plagioclase occurs predominantly as rectangular blades
°ften 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
Common, Plagioclase compositibns (Table 6.1) are determined
USing the symmetrical extinction method of Michel-Levy for
Multiple twins, and the combined twin method of Wright (1911)
for Carlsbad-albite twins, A few untwinned grains also occur,
Some grains are zoned but the cores are totally sericitised
Tendering determination of composition difficult. Rare anti-
Perthitic textures are present.

K-~feldspar is represented by orthoclase, with subsidiary
Microcline, primerily in sub-area B. Rounded anhedral grains
°f orthoclase are often clouded by incipient alteration but
Carlshag twins are still discernible. Grains reach a maximum
°f 5 millimetres in length and 2 millimetres in width and

Some contain gquartz and plagioclase inclusions. Myrmekitic
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1 2 3 4 5 6

Quart, 49.8 48,2 34.4 21.6 39.9 40.6
Plagioclase 13.6 23.0 15.2 29.8 | 15.0 25.1
An value 31 32 28 34 27 34
Orthoclase 23.9 25.6 29.1 16.0 | 30.7 23.5
Microcline  -- 1.5 == _— 8.5 4.3
Epidote _— - 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
Opaques 0.4 == 2.3 0.1 0.5 1.9
Sphene tr tr 0.7 2.2 S —
Apatite tr tr tr tr tr tr

Key: 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

Table 6.1 Average Modal Analyses of Selected Igneous Rocks
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intérgrowths occur between adjacent grains of plagioclase
and alkali feldspar by vermicular quartz intergrowing in
Magioclase. Although several processes could be responsible
for its formation (Phillips,1974), one of replacement seems
Most feasible.

Biotite is the dominant mafic mineral and often occurs
88 clusters associated with chlorite, both showing an undul-
ation along their length. Biotite also occurs as small flakes
Some of which are rectangular, pleochroic from straw yellow
to deep brown. Smaller flakes average 0.5 millimetres in
length and may enclose thin 'slivers' of sphene measuring
4PProximately 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
OCcurs as isolated grains and is common in the sheared
€ranites as euhedral crystals reaching 1.75 millimetres in

length and 1.0 millimetre in width (Plate 35).

6.3.,2 Adamellites

The adamellites are texturally very similar to.

the granites. Quartz occurs as large grains (3 by 2 milli-
Metreg) 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
®Qual amounts and both contain scattered grains of sericite.
Plagioclase often occurs as large grains (up to 4 by, 1.5
Millimetres) with Carlsbad-albite and some pericline
tWinning. Some grains also show normal zoning,

Orthoclase similarly occurs as large grains (up to 4
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by 2 millimetres) or rounded grains with a diameter of

1.5 millimetres. Simple twins occur and zoning is apparent

in g few grains. Lesser amounts of microcline occur as

Tounded grains (approximately 1.25 millimetres in diameter)

®Xhibiting cross-hatch twinning and microperthitic textures.
Both muscovite and biotite are present, the former only

8 scattered flakes. Biotite 1s associated with chlorite

®1d sphene and forms dark brown flakes with dark cleavage

traces.

6.3.3 Granodiorites and tonalites

Quartz occurs in various grain sizes, Inequant grains
Show 1obate boundaries (and are often associated with epidote)
and small grains occur in thin crush zones between K-feldspar
®nd epidote.

Plagioclase forms 1arge grains (up to 4 by 2 millimetres)
With albite twinning and some microfaulting of twin planes
(Plate 36). Grains are commonly flecked with sericite. Some
Zoneq anti-perthitic plagioclase occurs with a little
micrO-perthitic orthoclase. However, orthoclase occurs prim-
3rily as large (3 by 1.5 millimetres), slightly rounded
€rainsg with simple Carlsbad twins., Sericite flakes again
PToduce a cloudy effect.

Epidote occurs in some samples, either as a 'web' assoc-
tateq with quartz or as small prisms forming aggregates and
closely associated with chlorite. The epidote shows pleo-
“hroism from green to yellow and individual grains reach
O.4 Millimetres in diameter. The chlorite is frequently
adJacent to or enclosing calcite (see Section 6.4). Chlorite

8raing reach 3 millimetres in length and 1 millimetre in



Plate 36 Microfaulting of plagioclase grains
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Wdth, |

Remaining components include sphene and opaque minerals.
Smmm commonly forms rhombs reaching a length of 1.75 milli-
metI'es- Magnetite and pyrite usually form isolated grains
(N0'2 millimetres in diameter), but are sometimes associated
withsDhene.
| T°nalites do not form a very distinctive or common suite
andtherefore only brief mention is made here. Quartz occurs
aspredominantly small graims or subgrains, but larger grains
°°CCUT. Plagioclase is the commonest feldspar with subsidiary

k<

reldspar. Brown-green hornblende ris present with biotite and
3

littye magnetite.

6.3.4 Pegmatites
Pegmatites occur primarily in sub-area B and cont-

Uy large (5 millimetres in length and 3 millimetres in width)
mmrtz grains with undulose extinction and lobate boundaries.
MuscOvite occurs as large blades (6 millimetres x 4 milli~
!%tres) which may be kinked, and tourmaline (schorlite)
Oecurs with cross-cutting fractﬁres. Green-brown in thin section,
the Yourmaline contains quaréz enclaves and either partially
o t0tally encloses slightly perthitic K-feldspar. Small (0.7
millimetres x 0.4 millimetres) muscovite flakes are also
included in the schorlite, the latter occurring as one crystal
measuring 2 centimetres in length and 0.5 centimetres in width.

The pegmatites clearly cut the metasediments but their

T
®lation 4o the major intrusions is not apparent. .

6.4 Shearing Effects

Physical effects of the shearing include microfaulting

{
n Plagioclase grains (Plate 36), and the production of 'micro-
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Crush' (mylonitic) zones. The zones reach 2 millimetres

In width and 1 centimetre in length and contain small

(< 0.02 millimetres) rounded grains of quartz, plagiocl-
4se, often with epidote, and laté calcite (see Section
6.3.3). Some of the features,lespecially those seen in
qu&ftz, i.e. undulose extinction, subgrains and certain .
Serrated grain boundaries, are analogous, if not compat-
ible with the development of mylonitic characteristics
(Bell ana Etheridge, 1973).

The development of secondary minerals due to shearing
1s best seen in the granites of sub-area A. Biotite is
almost complete}y absent and is replaced by dark green
Chlorite (pennﬁ&e). Hornblende is also partially replaced
by penn?&e and, closely associated with the latter, either
partiaily or totally enclosed by it, are numerous grains

0f 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 réd—brown.

6.5 Marginal Effects

As previously noted (in Section 6.2.5), all
dyke 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

in orthoclase and quartz, producing a porphyroblastic
texture, Small (< 5 centimetres long) pods of orthoclase
®d quartz are also formed and incipient recrystallisation
is common.

Intrusions produce a disruption of the host-rock
f°1iation which may be of the order of metres, depending
YPon 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
%0 the earlier foliation, suggesting physical readjustment
Caused by the intrusion.

The lack of a thermal aureole on the larger granite
Contacts implies that the rocks in the Xillin area may
have been warm prior to intrusion, and that the country
Tocks may have been too Al-poor and Ca-rich for the form-

ation of such minerals as andalusite and cordierite.

6.6 Ages of Intrusion

The potassium-argon éges which have been produced
from the Newer Granites gf 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 ¥ 18 Ma

Allt Crom Granite 404 I 15 Ma

Foyers Tonalite 406 ¥ 8 Ma

Foyers Granodiorite 397 ¥ 8 Ma (2 readings)
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Yarston (1971) produced an emplacement order of tonalite,
8ranodiorite and finally adamellite. The above figures
Yould seem to confirm this and to fix the relative ages
°f the intrusions in the Killin area, although field

®Vidence 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-
able in the field by the occurrence of scattered mafic
Minerals set in a light coloured matrix. All samples are-
bI'°f=‘tdly granitic in composition with a predominance of
°Tthoclase over plagioclase.

Hand specimens vary in colour from beige and grey
'0 red and pink with darker mafic flecks. All intrusive
Contacts are discordant and abrupt but in some cases the
€ranophyre does tongue into the country rock (Plate 37).
The dykes vary in size from pods 2 metres square to dykes
¥hich 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
(<25 centimetres) trending east-south-gast/we;t-north-
west, Figufe 45 shows the dominant joint directions
‘Tending 025°, 085° and 145°, The first two trends are
&lmogt parallel to those in the granitic dykes in sub-
area R,

The intrusion of these granophyres is late since thelr



Figure 44 Granophyre occurrences in the Killin 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
deformation except for late faulting. Their late emplace-
Ment is substantiated by the lack of crystal orientation
8nd the retention of the igneous granophyric texture.
There is no evidence to date the granophyres relative
to 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
the felsites (op. cit.), they may be compatible with the

€ranophyres of the XKillin area.

6.7.2 Petrography

Twelve samples have been studied in thin

Section. All but four samples contain phenocrysts and in
ach the groundmass is very similar, containing small
(0.2 millimetres by 0.1 millimetres) quartz grains
forming an interiocking 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 % OF TOTAL
—_ (mm. ) PHENOCRYSTS
Plagioclase 6 100
\
Green biotite 5 32.5
Plagioclase

6 68.5
Orthoclase
N ————
Green biotite 4.5 25.5
Iron oxide 1.5 5.0
(Strained) quartz 2.5 38.5
Orthoclase and

5.0 31.0
Dlagioclase
Orthoclase 3.0 60.0
(Strained) quartz 3.0 40.0
e
Albite, pericline plag. 3.0 10.0
Orthoclase (aggregate) 4.0 80.0
Quartz 2.0 10.0
e ——
Orthoclase and

5.0 95.0
Plagioclase(aggregate) A
Green biotite 1.5 5.0
\
Orthoclase 2.5 50.0
Plagioclase 2.0 20.0
Quartz 2.0 30.0
e ————
Biotite 1.75 10.0
Perthitic K-feldspar 2.0 10.0
Sphene 1.0 1.0
Orthoclase (aggregate) 4.0 54 .0
Plagioclase 3.5 25.0

Table 6.2
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6.8 Younger Basalts

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

Phenocrysts of augite (Plate 38) and andesine plag-
ioclase reach 1 millimetre and 2 millimetres in length
I'eSpectively. Other phenocrysts are chloritised and appear
to pseudomorph olivine (Plate 39). The groundmass consists
°f very fine plagioclase laths of indeterminate
Composition.

The relatively late occurrence of the intrusions is
indicated by the lack of deformation. However, chlorite
May now form pseudomqrphs of olivine, and although the

Clinopyroxene 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 amphibblite dyke.

The eleven samples can be divided into two groups
based on field occurrence. The first group (Section 6.9.1)
4Te 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
evidence 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. Rounded sphene (average dlameter



Figure 46 Occurrence of amphibolites in the Killin are@
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Plate 40 Hornblende and tremolite crystals from

amphibolite sample
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0.15 millimetres, but often larger) is common and is
0ften 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
€xhibits a strong brown-green colour.Where bdth 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 séme 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 & Miyashiro,1959;
Klein,1969; Cooper & Lovering,f970)-

‘ Plagioclase occurs primérily 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
8mall 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 F1 foliation and four of the five samples are from the
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Allt Vungie amﬁhibolite which cuts F, generation folds
(Plate 41). The dyke, which reaches approximately 7 metres
in thickness, exhibits a massive, crystalline central
Area and slightly lensoid margins.

The fifth sample of this group does show what may be
& very weak planar fabric but it nevertheless cuts the
F1 foliation. Its similarity to the Allt Vungie is noted
ehemically and it forms part of the meta-appinite suite
(Winchester,1976i and Section 7.5.3). Hand specimens in
this category are predominantly pale to dark green in

Colour.

Minerals present are fremolite with hornblende, (brown)
biotite, prlagioclase, chlorite and opaque minerals. Very
little 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
ig chlorite. h

Quartz is present primarily as small ( 0.15 millimetres
diameter) strained, inequant grains and plagioclase
8gain 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

Vungie amphibolite. Minerals present include muscovite



Plate 41 Amphibolite dyke cutting F, generation folds
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With some biotite, K-feldspar, chlorite, quartz, calcite
and magnetite. Little plagioclase is present and epidote
OCcurs 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
Chlorite 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.
this texture is from the margin of the amphibolite and

Probably represents the brecciated host rock.
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CHAPTER SEVEN-GEOCHEMICAL STUDY

Introduction

One hundred and :fifteen samples have been
dnalysed in an attempt to supplement the overall picture
Produced in the Killin area. Preparation of specimens
for analysis and the subsequent methods and techniques
€mployed (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:
S10,, 41,05, Fe,05, Mg0, Ca0, Na,0, K0, Ti0,, MnO and
P205. Some trace elements were also used for selected
1ithologies. For the metasediments Nb, 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 ié normally used. All analyses are available
in Appendix 3.

002 has not been determined and therefore constitutes
Part of the loss on ignition (Appendix 1). Iron has been
determined only as total Fe203 and no correction has been
made for the oxidation of the FeO component to Fe203.

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 tefm is only used

where valid (see Appendix 2),
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7.1 Metasediment Chemistry-Major Elements

FIn 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% S10,. This distinction
in 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

Semj- 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

lable 7.1 Mean SiO2 Values in each Formation

This classification accords well with pfevious analyses
(e.g. Shaw, 1956 ;Wedepohl, 1969) and therefore encompasses
the pelites studied by Shaw (gg-éiﬁ-) when the average
Silica content of 155 samples was 61.54% and also the mica
Schists used by Wedepohl (gg.glﬁ) which contained approx-
imately 60.00% 510,.

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-
€nces 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

M,05 17.17 2.56 18.77 2.05 16.83 2.18 18.94 2.44
Fe,05 6.39 1.51  8.28 1.36 7.71 1.34  7.56 1.61
MO 2.35 0.60 2.68 0.48 2.50 0.48  2.49 0.52
Ca0  1.73 0.35 1.54 0.30 2.35 2,10  2.32 1.13
Na,0  3.55 0.47 2.46 0.66 3.16 0.98  2.74 1.50
K,;0  4.07 0.28 -4.88 0.97 3.32 1.18  3.86 2,19
0, 0.76 0.18 0.95 0.13 0.88 0.15  0.94 0.14
M0 0.10 0.03 0.13 0.02 0.16 0.07 0.19 0.04
P05 0.21 0.05 0.23 0.07 0.27 0.09  0.27 0.06

Eéhlg 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 K20
and Na,0. Between the Glen Doe and the Knockchoilum
Samples there is a significant difference in K,0 content
Teflecting a.higher biotite and K-feldspar content in the
Knockchoilum formation. The Knockchoilum formation means
also show a slightly higher Fe,03, MgO and A1203 which may
8lso reflect higher biotite content.

The difference in Na,0 content between the Fechlin and
Knockchoilum formations is considered significant and may

Telate 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 2
X X s x 8 X

Sio2 70.8% 69.40 2.76 68.90 0.74 66.73
1,0, 13.81 13,87 1.38 13,33 0,98 15.18
Fe,p0, 2.82 4.81 0.75  4.34 0.58 5.42
Mgo 1.09 1.60 0.27 1.42 0.19 1.45
Cap 1.14 1.57 0.24 2.92 1,17 3.74
Ya,0 3.34 3.08 0.53  3.11 0.52 4.40
X,0 4.01 2.93 0.45  2.15 0.57 0.94
T102 "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
Pgo5 0.13 0.15 0.04 0.15 0.03 0.35
X;0/Na,0 1,20 0.95 0.69 0.21

gihlg 7.3 Mean Values for Semi-psammitic Samples

Although certain differences between the

are apparent in Table 7.3 sample numbers are

formations

low for the

Fechlin and Monadhliath formations. For this reason standard

deviations relating to these formations have been omitted.
The gradual increase in Si0, and decrease in A1203 from

the Fechlin formation down the sequence is noticeable. Ass-

Ociated with this trend, the Monadhliath formation contains
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the highest Fe,05, Ca0 and Na,O contents. This reflects an

Overall more pelitic character higher up the sequence spec-
ii’-’Lcally due to a lower gquartz and a higher biotite content
In the Monadhliath formation.

Two minor distinctions are apparent in the Ca0 and K20
Contents. The higher Ca0 content of the Glen Doe samples
(exceeded only by the mean content of the Monadhliath samples)
Teflects the plagioclase content and its calcic nature. Both
Sphene and epidote are either absent or occur as rare grains
N4 therefore contribute 1little to this value. Free calcite
is 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 K,0 content of the Knockchoilum formation
(When compared to the Glen Doe formation) mirrors the differ-
®nce in the pelitic samples. Again due to a higher biotite
ang K-feldspar content, this”would seem to provide a relat-
ively consistent distinction between the two formationé.
Further major differences between these two formations are
lacking,

The Fechlin and Monadhliath samples will be mentioned
briefly but only to provide preliminary indications of their
cbmpositions and apparent differences. The most noticeable
differences are in the K,0 and Fe203 contents. The former
is Significantly higher in the Fechlin samples reflecting
*he increase in K-feldspar which is certainly partially due

to the proximity of granite in the north-eastern part of the
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area, The higher Fe203 of the Monadhliath formation is due
to several factors. There is a higher biotite content in
both samples and this is accompanied by an increase in
OPaque minerals (primarily magnetite). The third difference
is that garnet persistently forms a,minor constituent of
the Monadhliath samples, unlike the other formations
¥here it is either absent or present in only very small
amounts. The garnet is also the likely mineral host for
the much higher MnO content of the Monadhliath samples.
T102 also shows a marked increase in the Monadhliath
formation relating to the sphene content and the much
higher P205 content reflects the presence of numerous
Small 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
Fechlin formation and the higher proportions of calcic

Minerals in the Monadhliath formation including plagioclase

and 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 95% probability. For the ten major
€lement oxides the four formations can therefore be consid-
®red to belong to the same séquence. There 1s apparently

N0 break in continuity. The few differences that exist
between the Knockchoilum and Glen Doe samples might suggest
that voth 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 beén énalysed
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.
T7.1.4 Semi-pelitic chemistry

Table 7.4 shows the average concentrations in
fach 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

GLEN DOE 7 17 224 42 311 137 37 112 0.44
KNOCKCHOITLUM 8 17 168 36 242 188 43 114  0.78
FECHLIN 2 15 163 33 295 157 (34) (86) 0.53

gﬂﬁlg 7.4 Average Concentrations of Trace Elements in

Semi-pelitic Samples.

From these. data it is seen that no cleér distinction
Can be made. The only difference is that the Monadhliath
and Glen Doe formations possess higher mean Zr values than
the Knockchoilum or Fechlin formations. However, the range
of values oﬁtained from individual analyses (Appendix 3)
is too large to allow any significance to be attributed

o these differences. Variations are more apparent in the
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Rb/Sr ratios discussed in section 7.2.1.
7.1.5 Semi-psammitic chemistry

Similar variations are shown by the mean
®oncentrations of semi-psammitic samples in three format-
lons (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 toilower zircon cont-
€nts in the respective formations, but few other distinct-

lons can be made.

Nb Zr Y Sr Rb Ni Cr

n
GLEN DOE 9 17 265 32 367 89 28 81
KNOCKCHOITLUM 3 16 225 29 263 101 30 85
FECHLIN 2 17 134 15 270 105 25 62

Table 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
8 tentative and preliminary correlation.
Although there will probably have been some movement

Of components during metamorphism (primarily alkalis), most
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n
¢lements can be cosidered relatively immobile (E1liot,
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
Pelitic 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
Sio, 68.99 58.59 -
A1,0, 13.73 17.91 +
Pe,0, 4.40 7.73 +
Mg0 1.4% 2.54 ' +
Ca0 2.49 2.01" -
Na,0 3.28 2.89 -
K50 2.41 4.02 +
Tio, 0.63 0.90 +
Mno 0.13 0.15 +
P50 0.17 0.25 +

Table 7.6 Psammitic and Pelitic Means

SiO2 and Ca0 and Na20 are the only three components to

Show a reduction relafed to quartz and feldspar changes.



-121-

The remaining components all show increases which can be
largely attributed to the increase in mica. The dominance
°f Mg0O over Ca0 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 Na,0 and K,O0 contents.

The increase in A1203 will relate to the increase in
tlay minerals (and feldspar). The relatively large rise in
F9203 will also be related to the increase in clay minerals
Content. In the case of the accessory minerals, P205 shows
& 50% increase in the pelitic mean reflecting greater
abundance of detrital apatite. The MnO shows a slight
inCrease and will occur primarily in garnet although since
it is chemically similar to both Fe and Ca it could occur
in other minerals including biotite and chlorite. T102
Shows a considerable increase in the relitic mean related
dil‘ectly to the sphene content. This probably reflects
@ higher titanium content in the sediment contained in
detrital rutile, possibly ilmenite, and clays.

Pigure 47 illustrates the grbuping of twenty-one semi-
Pelitic samples using the triangular plot of Moore and
Dennen (1970). In this diagram, plots of the principal
€lements Si, Al and Fe are recalculated and can be related
1o 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
Close grouping. The semi-pelites do not actually show
features readily compatible with a greywacke composition
(high Na,0, near equal Ca0 and Mg0O) 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.
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nly an indication of possible parent type.

This is reflected by the trace element contents of
the semi-pelitic samples both in absolute values and in
Telation to the semi-psammitic values. Table 7.7 shows

three sets of trace element ratios.

sr/Y  Rb/Sr P205(x103)/Zr

MONADHLIATH 8.7 0.55 1.26
GLEN DOE 7.4 0.44 " 1.21
KNOCKCHOILUM 6.7 0.78 1.37
FECHLIN 8.9  0.53 1.29

Table 7.7 Trace Element Ratios in Semi-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 sﬁggest 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 resuits 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 P205/Zr ratios also provide information concerning

the maturity of these parent sediments. P,0g5 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
by Sedimentary sorting (Krynine,1935). The ratios are
tonstant between formations and are substantially higher
than the semi-psammitic values. A combination of two factors
is therefore suggested. Firstly, that the parent sediments
Were deposited quite rapidly and secondly that the original
P205 content was high. The trace elements would therefore
Suggest quite rapid deposition. A shale would, as a parent
Sediment type, suggest an enrichment in clay minerals due
Y0 more extended weathering and sorting. It is therefore
more likely that the greywacke-type trend shown by some
Samples is more indicative of the metasediment type.

The remaining traces offer little distinctive evidence.
Ana1Yses 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)

l.e, in biotite and chlorite. The value .of approximately
114 P.p.m. Cr is however loWer than averages quoted for
Shales by Rankama & Sahaﬁa (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
Telated and there are no undetected breaks in the success-

ion,

7.2.2 Semi-psammitic lithologies

Table 7.3 illustrates KZO/NaZO ratios derived

from mean values for the formations. These show a clear
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treng decreasing from the basal Fechlin to the Monadhliath
formation, suggesting a change from arkosic to greywacke
8ediment 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
Might therefore be expected to affect this ratio. However,
€ven if the K,0 content had been increased by 20% the ratio
Would still have approached unity, maintaining the trend.
It is thus envisaged that the value is sufficiently valid
for the purposes of general comparison.

Figure 48 shows a graphical representation of the rel-
€vant major elements wheﬁ used in the maturity diagram of
Pettijohn, Potter & Siever (1972). Logarithmic ratios of
S102/A1203 and Na,0/K,0 are plotted for each sample thus

Positioning it in one of the 'fields' derived from numerous
analyses (op.cit.). The possibility of change in alkali
Contents in these metasediments renders the plot more app-
Toximate but it nevertheless provides an insight into the
Original sediment types. Alsb, bulk chemistry will be a
Combination of many factdrs, including source area geology,
weathering, transport and matrix composition and this will
Tender 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 Na,0 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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be 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 510,/A1,05 ratios are
Considered near to constant save for the Monadhliath mean
¥hich has a slightly higher Al,05 and lower S5i0, content.

The Monadhliath formation has the highest mean NaZO
Content 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-
lteq by the mean value of the Glen Doe formation. A further
feature likely to be shown by this sediment type is the near
®qual contents of Ca0 and MgO (from mean composition table,
Page 15 of Pettijohn,1963). This is due to a higher chlorite
Content in the matrix, but only 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,Ausing the triangular diagram with
Si, Al 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 conclusioﬁ 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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811 but the Monadhliath formation. The Fechlin formation
has tne 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
by the low Rb/Sr ratio), rapid erosion and deposition, and
therefore relative immaturity (siﬁce feldspar is likely to

breakdown under normal weathering).

Sr/Y P05 (x10%)/2x Rb/Sr
FECHLIN 18.0 0.97 0.39
KNOCKCHOILUM 9.1 0.67 0.38
GLEN DOE 1.5 0.57 0.24

2§E19,7.8 Trace Element Ratios in Semi-psammitic Lithologies

The Glen Doe formation possesses the highest Sr value
and this may imply a calcareous cement as suggested in the
high ca0 of the Monadhliath formation. |

The relative immaturity‘of the Fechlin formation is
3gain suggested using the P,0g5/Zr ratios (Table 7.8). POy
OCcurs primarily in apatite and Zr in zircon but since the
former is 1less refractory (Krynine,1935) than the latter it
wWill ve reduced by sedimentary sorting. A lower ratio may |
theI‘efore reflect a more mature sediment or possibly sedim-
ent eroded from a sedimenfary 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

Tepresent relatively immature (although no distinction can
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be made between textural and compositional immaturity) sed-
Iments which were probably rapidly deposited, and which
Tesemble in composition a suite of greywacke to lithic

arenite 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
Pelitic samples resemble the shales of Van der Kamp et al.
(1976) save for a higher Na content. The composite analysis
Of Wedepohl (1969) which comprises results from Clarke (1924),
Goldschmidt (193%3), Minami (1935) and Shaw (1956) presents
Similarities in $i0,, MgO, and Ca0 but has a substantially
different Na,0/K,0 ratio (Table 7.10).

The pelitic samples from Killin possess a NaZO/Kzo ratio
higher than all other shale values and although they do not
Show the dominance of Na,0 over K,0 expected of greywackes
they may form an intermediate between these two groups.

The Killin psammitic samples show similarities to both
€roups of greywackes with respect to the Na,0/K,0 ratios
but do not show the parity of Ca0 and MgO expected of grey-
wackes., They resemble more the arkoses of Van der Kamp et
2l. (1976). These samples therefore fall between pure

arkoses and greywackes and show characteristics of both

lithologic types.



-128~

n B R B
Sto, 58.58  58.87  58.9 61.54
Ay0, 1791 17.12 16.7 16.95
Fe05(tot.)  7.73 7.64 6.9 6.65
Mgo 2,54 2.83 2.6 2,52
Cao 2.01 1.98 2.2 1.76
¥a 0 2.89 1,71 1.6 1.84
k50 4.02 3.56 3.6 3.45
Tio, 0.90  0.86  0.78 0,82
¥no 0.15 0.08 0.09 -

P20, 0.25 0.14 0.16 -

n R Y R
8102 64.43 66.7 66,1 69.62 68.99
41,0, 15,48  13.5 8.1 12.84  13.73
Fe 05 (tot.)  6.54 5.5 5.3 3.60 4.40
Mg0 3,12 2.1 2.4 1.73 1.43
Ca0 2,22 2.5 6.2 2.67 2.49
Na,o0 3.74 2.9 0.9 3.07 3.28
X,50 2.44 2.0 1.3 2.74 2,41
ri0, 0.62 0.6 0.3 0.44 0.63
Mno 0.14 0.1 0.1 0.06 0.13
P,0, - 0.2 0.1 0.14 0.17

Iﬂhlg 7.9 Comparison of Xillin analyses to sediments

(see Table 7.10 for key to columns)
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A (1) (2) (3)
Yay0/x,0 0.68 0.48 0.44 0.53
Ca0/mgo0 0.79 0.69 0.84 0.69
0,/a1,0,  3.27  3.44  3.55  3.63

(4) (5) (6) (7) B
Yay0/k,0  1.53 1.45  0.69  1.12 1,35
Cao/mgo 0.71 1.19 2.58 1.54 1,74
S0,/81,0,  4.16  4.94  8.16  5.42 5,02

g§§l§,7.10 Comparison of Major Element Ratios

Key to Sources:
A -Killin semi-pelites
B -Killin semi-psammites
(1)-Shales,Van der Kamp et al.(1976)

(2)-Shales,composite by Wedepohl (1969) including Shaw
| (1956)

(3)-Pelites,composi£e by Shaw (1956)
(4)-Greywackes,Condie (1967)
(5)-Greywackes,Pettijohn (1963)
(6)-Lithic arenites,Pettijohn (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

can be compared to similar Dalradian and Moine lithologies

1o nighlight any differences. A plot of the pelitic gamples

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 TLower Dalradian rocks show 1ittle overlap when Rb is
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.

This gifference probably relates to original compositions

With a higher clay content (and therefore Rb content) in

the palradian 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

of detrital feldspar whereas the Dalradian gamples 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 (Hickman,1975). The

higher clay minerals content could also imply derivation

from 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:

So0lid circles

1-Basal Morar Pelite (n=25)
2-Morar Pelite (n=39)
3-Glenfinnan Pelite (n=23)
4-Toch Eil Pelite (n=6)

(from Lambert, Winchester & Holland, 1981)

Open circles

1-Glen Creran )
2-A11t Eilidh ) (n=55)
)

4-Ballachulish Slate (n=3%5)

3-Glen Roy

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 samplgs

in both groups.

Green Type White Type
8 35

X S X S
si0, 63.14 (3.36) 62.16 (3.53)
A1,04 14,12 (1.56) 16.58 (1.13)
Fe,04 4.04 (0.48) 4.68 (0.93)
MgOo 1.51 (0.13) 1.52 (0.35)
Ca0 9,89 (2.79) 8.95 (2.37)
Na,0 1.39 (1.03) 1.94 (0.90)
K50 2.20 (1.20) 0.81 (0.61)
Ti0, 0.65 (0.07) 0.69 (0.08)
MnoO 0.27 (0.07) 0.37 (0.11)
P,0g 0.20 (0.05) 0.31 (0.18)

Table 7.11 Mean Compositions of White and Green Calc-silicates
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The mean compositions define three statistically significant
differences namely in the A1203, K,0 and MnO contents. Slight
differences are apparent in other oxides (Fe203, Ca0 and
Na,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-
fristic of the white calc-silicates accounts for many of the
differences. The lower alumina content of the green calc-
8ilicates relects the more minor role played by hornblende
When 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 A1203 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
losses 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 groeps
Can be defined by different phase assemblages and these
Correspond to similar assemblages (see Section 4.1.1)
ini‘tially suggested by Kennedy (1949). The number of samples
is weighted in favour of the andesine-hornblende bearing
€roup 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-
Silicates containing the different phase assemblages within
the white group. Comparison of the first two groups produces
Only one significant difference. The group containing horn-
blende and andesine has a lower K20 content compafed with
the group containing hornblende and biotite. This is readily
€Xxplained by the replacement of biotite by hornblende with

An increase in metamorphic grade and a consequent removal

°f K,0.

Hb & Bi Hb & And Byt & Hb

5 ‘ 28 2

X s X s x
Sio, 60.11  (4.82) 62.55 (3.17) 62.62
41,0, 16.51  (1.26) 16,57 (1.15) 16.84
Fe,0, 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
Ya,0 2.09 (0.95) 1.99  (0.88) 0.94
X,0 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
P50g 0.46  (0.37) 0.29  (0.10) 0.28

Table 7.12 Comparison of White Calc-silicate Assemblages
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The change from hornblende-andesine to bytownite-hornblende
88semblages is accompanied by few changes. Owing to their
Starcity in the field, only two bytownite-bearing calc-
8ilicates are used. Of the twd differences apparent there-
fore (i.e. Fe203 and Na,O contents), it is possible that
the Fe203 variation may be due either to sampling effects
Or statistical variation, and this may also apply to some
®Xtent to the Na,0 variation. The lower Na,0 value in the
bYtownite-bearing group may mirror the less sodic nature of

the Plagioclase, reflecting the increase in grade.
T7.4.3 Chemical differences within the green group

Since fewer analyses are available for green
Calc-silicates than for the white ones, it is less easy to
define chemical differences. Individual analyses show a
large range of values for particular oxides, notably‘CaO,
Nazo and KZO' This renders meaningful comparisons of groups
difficult.

Unlike the white calc-silicates, gioups based on phase
assemblages are less well established. Two 'associations'
Can be chosen however for samples containing either biotite
°r pyroxene, amphibole being common to both. Table 7.13
Shows mean analyses for thése two groups. _ |

Differences are apparent in the A1203, Fe203, Ca0 and
Nazo values. (Note. Because of low numbers of samples and
high variations, Student's t-test has not been applied in
this case. Differences are therefore not statistically |
Significant). The difference in Ca0 content is due to the
Variability of the analyses and also the presence of calcite

in some samples, reflected by higher losses on ignition.
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Bi-bearing Px-bearing

n 3 4
810, 61.00 64.03
A1,0, 14.96 13.38
Fe,05 4.32 3.79
Mgo 1.55 1.49
Ca0 9.26 10.78
Na,0 1.49 1.10
K,0 | 2.47 2.32
Ti0, 0.69 0.61
Mno 0.29 0.28
P50 o022 0.18

géklg 7.13 Mean Compositions of Biotite and Pyroxene-béaring

Green Calc-silicates

The higher A1203 of the biotite-bearing group probably
Telates directly to the presence of this mineral and the

hi
gher Fe203

Magnesian minerals. The difference in Na20 content is prob-

may reflect the varying proportions of ferro-

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

Or refute this.

summary: Minor chemical differences are therefore apparent
between the green and white calc-silicates and within the
gI__‘een 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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Amphibolites are not common in the Killin area.
and only six samples have been analysed. These can be
divided on morphology, two stfucturally 'early' samples
OCcurring as foliated pods in the Fechlin Psammite and
four 11ate! 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 poe Semi-psammite.

7.5.1 Major element chemistry

The mean major elements concentration in the

two groups are shown in Table 7.14.

SiO2

A1203
203
MgO

Fe

Ca0
Na20
K20
T102
MnO
P205

Foliated

2
45.15
13.74
13.64
7.51
9.54
0.64
3.61
2.80
0.25
0.35

Unfoliated

4
45,96
9.25
9,34
16.35
8.43%
0.80
1.56
0.76
0.18
0.21

Table 7.14 Mean Compositions of Amphibolite Groups
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Differences are readily apparent on studying the comp-
9Sitions but none have been qualified statistically because
°f the low number of samples and the range in particular
Oxides, notably Mg0O and Fe203'(illustrated in Figures 51
and 52). Major differences between groups are nevertheless
apparent for MgO, Fe203 and Tioz. More minor variations are
Noted in K20, MnO and PZOS values. Average 8102 values are
Similar,

The high TiO2 content of the foliated group is reflected
by numerous grains of sphene apparent in thin section. Var-
lation in the Fe203 and Mg0O values is related to the relat-
ive proportions of hornblende and tremolite in the samples.
Hence the tremolite-rich, unfoliated specimens heve higher
Mg0 contents than the foliated amphibolites, even though
the latter contain both hornblende and biotite.

The lower alumina content of the unfoliated group can
a8lso be related to the high tremolite and low biotite con-
tents when compared to the foiiated amphibolites. A high
K20 content in the two feliated samples also reflects their
content of biotite. The overall composition of the four
Unfoliated 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 SiO,, Fe,05, MgO,
Ca0 and TiOz. 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.
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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

€roups, termed foliated and unfoliated, is substantiated
by a brief survey of the trace element values (Table 7.15).

To try and categorise these amphibolites using trace
€lement data is difficult due to the small number of samples.
The 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

€roup 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-appinites

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
®qually 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
8roup has a trace element chemistry broadly similar to that
°f the meta-appinites discussed by Winchester (op.cit.).

The chemistry of the two foliated amphibolites suggests
& broadly basaltic composition, but further classification
Must be very tentative. Plotting SiO2 against total alkalis
(Macdonald & Katsura,1964) places both samples in the alk-
aline field, although this may prove unreliable if chemical
Change accompanied metamorphism. Both bodies are relatively
Small and as their K20 contents greatly exceed that of aver-
3ge basalt, introduction of K20 during metamorphism seems
Probable,

Further discriminative plots may be employed (Floyd &
winchester,1975) using elemehts which may normally be con-
Sldered immobile during'amphibolite facies metamorphism
(Engel & Engel,1962; Elliot,1973; Field & Elliot,1974).
'T102 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-
3Ppinites mentioned by some authors (Richey,1938;Johnson &
I)3~12.’Le1,1966; Winchester,1976) and found intruding all the
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"oine divisions of the Western Highlands.
The second and smaller group of foliated amphibolites

Show similarities to amphibolites elsewhere in the Moines

¥est 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
thOught to be related to the Foyers and Allt Crom granites
Were analysed together with samples from two suites of
€ranophyres.

Comparisons are made within both the granite and gran-
Ophyre groups and the twb 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
Tesults 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
Seen in all components and all are marked (deemed significant)
Save for three, namely $10,, Al,0; 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
4Pparent compatability shown by the test may well be due to
the low sample numbers.

The higher Fe203 and MgO contents of the Foyers mean
Teflects two features of this group. Firstly, the biotite
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Foyers Allt Crom

n 2 2

Si0, 73.50 70.02
A1,0, 12.50 15.06
Fe203 3f27 1.73
MgO 1.16 0.62
Ca0 | 2.30 1,03
Na20 3.01 4.28
X,0 1.62 4.77
110, 0.55 0.28
Mno 0.09 0.04
Pp0; 0.13 0.09
Rb 69 67

Sr 307 496

Y 20 10

Zr 197 155
Rb/Sr ratio 0.22 0.14

Table 7.16 Mean Compositions of Granite Samples-Major

and Trace Elements
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content is higher in the Foyers samples and secondly they
Contain more chlorite.

The Allt Crom mean shows the higher alkali content, the
More pronounced difference lying with the K50 content,
¥hich reflects the greater role played by orthoclase in
these samples. A slightly higher proportion of plagioclase
Is recorded in the A11t Crom samples and this is reflected
by the higher Na20 value. The remaining minor components
TYeflect variations in the accessory minerals.

These differences, although only tentative, suggest that
the two compositions are unlikely to be related or to lie

On the same differentiation trend.
7.6.2 Granites-trace element chemistry

The concentrations of the trace elements RbD,
Sr, Y and Zr have been determined for the Foyers and Allt
Crom 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
Of calcic minerals e.g. hornblende and sphene., A highef

Sphene content relates to the high Ti0, content of the Foyers

group (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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€eographical pattern of distribution and the samples bear
no relationship to the major granites, each group showing
& broad scatter of locations.

Table 7.17 illustrates the mean compositions of the two
€roups. The samples were not subjected to Student's t-test
but evident differences exist in all the components save
for 510,, 41,05 and Mno.

These chemical differences mirror the petrological diff-
®rences which lie in the phenocryst type. Group 2 samples
Contain biotite (and secondarily chlorite), sphene and to
4 lesser extent hornblende whilst group 1 samples contain
Only quartz, feldspar and rare biotite phenocrysté (see

Section 6.7.2).

7T.6.4 Granophyres-trace element chemistry

The two groups of granophyres are again easily
Separated by their trace element values (Table 7.17). In
€ach case, the group 2 samples show substantially higher
Values. These can be related directly to the phenocrysts of
this smaller group. The f reflects a higher proportion of
Calcic minerals i.e.'sphene and hornblende, whilst the Sr
Telates 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
from 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
Telationship. 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

s10, 74.75  (0.90) 70.59  (3.08)
A1,04 14.12  (0.22) 13.62  (1.80)
Fe,04 0.32  (0.14) 3.26  (0.09)
MgO 0.17  (0.04) .11 (0.11)
Ca0 '0.41  (0.14) 1.95  (0.31)
Na,0 4.79  (0.15) 3.76  (0.82)
K,0 4.40  (0.39) 2.86  (1.16)
10, 0.12 = (0.01) 0.56 (0.04)
MnO 0.03 (0.01) 0.07 (0.01)
P,0; 0.02  (0.01) 1 0.15  (0.04)
Rb 63 99
Sr 213 416
Y 7 ' 17
Zr 57 204
Rb/Sr ratio 0.30 0.24

Table 7.17 Mean Compositions of Granophyre Samples-Major

and Trace Elements
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7.6.5 Granite/granophyre comparative chemistry

In a comparison of the mean compositions of
all granites and the larger group of granophyres, suffic-
lent important differences occur to suggest that they are
ot related. Where differences occur, they are large enough
to validate such a grouping. The comparison is shown in

Table 7.18.

Granites Granophyres
4 8

X s X s
sio, 71.76  (2.55) 74.75  (0.90)
A1,0, 13.78  (1.58) 14,12 (0.22)
Fe,04 2.50 (0.82) 0.32 (0.14)
Mg0 0.89 (0.30) 0.17 (0.04)
Ca0 1.67 (0.65) 0.41  (0.14)
Na,0 3.64 (0.66) 4.79 (0.15)
K50 3.19  (1.61) 4.40 (0.39)
110, 0.42  (0.14) 0.12  (0.01)
Mno 0.06 (0.02) 0.03 (0.0%1)
P,05 0.11  (0.02) - 0.02  (0.01)

Table 7.18 Mean Compositions of Granites and Group 1

Granophyres

The differences are considered significant using Student's
t-test at the 95% confidence level, Only two oxides, A1203
and K20 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
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Minerals, Little or no biotite is present, shown by the
Very low iron and magnesium values, the high potassium
Telating more to the presence of K-feldspar. Little sphene
is recorded in the granophyres, indicated by a low TiO2
Value,

A comparison of both granophyre groups to the two
§roups of granites is made in Table 7.19 for the oxides

¥hich exhibit the major differences.

GRANITES GRANOPHYRES
FOYERS ALLT CROM GROUP 1 GROUP 2

n 2 2 8 2
F6203 3,27 1.73 0.32 3,26
Mgo 1.16 0.62 0.17 1.11
Ca0 2.30 1.03 0.41 1.95
Na,0 3,01 - 4.28 4.79 3.76
K50 1.62 4.77 4.40  2.86

Table 7.19 Comparison of Selected Oxides for Granites and

Granophyres

It is clear that the group 1 granophyre is comparabie
only to the Allt Crom samples and then only in total
alkali content. The smaller group 2 does show a greater
Tesemblance, although still slight, to the Foyers samples.
However, it does seem clear that no one group, whether
g?anite or granophyre can be said to belong to the same

Population (summarised diagrammatioally in Figure 5 3).



Figure 53 Comparative plots of granites and granophyres

using selected major elements
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7.6.6 Miscellaneous sample

Sample 713 shows some similarities to the
group 2 granophyres but is intermediate in composition and
is classified as a microdiorite. Table 7.20 compares the

microdiorite to the group 2 granophyres.

Sample 713 " Group 2 Granophyres
810, 59.94 70.59
A1203 15.66 13.62
Fe203 6.24 3.26
Mg0 2.96 1.1
Ca0 2.16 ' 1.95
NaZO 4.51 3.75
KZO 4.02 2.86
TiO2 1.16 0.56
Mno 0.10 | 0.07
P205 0.62 0.15

Table 7.20 Comparison of the Microdiorite to the Group

2 Granophyres

The microdiorite shows a substantially higher Fe203
and MgO content and slightly higher CaO content. This
sample contains large biotite phenocrysts, which is also
reflected in a higher X,0 content. Large, euhedral sphenes

are also apparent, mirrored by a very high Tio2 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

8ilica and alkalis.
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CHAPTER EIGHT-METAMORPHISM IN THE KILLIN ARFA

8.1 Introduction

The term metamorphism is here used to encompass
a1l 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 calec-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 Metamorphic Grade

8.2.1 Pelites

Garnet is present throughout the Killin area

'Drimarily in biotite-bearing pelitic and semi-pelitic

rocks. No alumino-silicate index minerals defining other
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Barrow 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
Noted by Butler (1965) in Ardnamurchan, and occurrences

of alumino-silicate minerals such as staurolite, kyanite
and 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;
Drever, 1940; Anderson;1947a and 1956; Clifford,1957;
Fleuty,1961; Tobisch,1963%; Dalziel 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
0f these minerals in the Killin area, therefore, does not
Preclude the possibility'that the metamorphic grade may
have been high enough to favour fheir formation in rocks
0f a suitable composition. The evidence from the phase
assemblages in pelitic roéks 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
biotite 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 F, age and their mineralogy therefore relates
to post-F, metamorphism.

Wiseman (op 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 XKillin gamples 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 ciassif—
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 D and ¢) in
an attempt to determine metamorphic grade in the wWestern
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



-152-

minerals are designated thus:
(1) biofite and hornblende
(ii) hornblende
(1ii) 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 Winchesfer 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. éhe
area exhibits a topographic range of up to 500 metres
and this permits construction of a three dimensional
Picture of the zonal pattern.
(b) Chemical controls: The method of using
calc-silicates to assess metamorphic grade has been
used by Winchester (1972,19746) in northern Ross-shire.
It was then found that the CaO/A1203 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
Mg0 and K20, might be expected to control the assemblagés
to some extent, but they occur in relatively low concent-
rations (particularly K20 which is often well under 1.0%
of the rock) and appear to have little effect. However,
K20 does exhibit local mobility at the contacts of calc-
8ilicate bands and pelites, producing a biotite-rich

Selvage zone.
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Some overall discrepancy may exist due to potential
error in CaO/A1203 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 COZ’ Hence exglusion of calcite-bearing calc-silicates
limits the occurrence of minerals favoured preferentially
by a high PCO, and eliminafes the 'favouring' of Ca-

bearing minerals.

(¢) Isograds and isqgrad 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 appearahce of .-an index minerél,‘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 ﬁinerals, and related whole rock compdsitions.
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 An7o to
An90' However, in the white calc-silicate group, bytownite
1s used loosely to include plagioclase with An content

exceeding An68' This is on the calcic side of a composit-



-154~

ional 'gap' shown by plagioclase in the white calc-
8ilicate group (Section 4.1.4).

The area to the east of Loch Kiilin, although strictly
outside the area covered by this thesis, afforded the best
Opportunities for accurate determination of metamorphic
8rade, 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/Alzo3 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/A1203 ratios are the same, these
locations have been interpreted as lying on the same
isograd.

At four locations southeast of Loch Killin the critical
Tatio above which bytownite is de#eloped‘is 0.5 and this
Can be used to determine the 0.5 bytownite isograd surface.
Using a geometrical construction (Figure 54) the orieﬁtat-
ion of the isograd surface can be determined by constuct-
ing two triangles. This indiéates that the attitudes of
the isograd surfaces are 3520 strike, 11° westerly dip
and 358° sfrike, 15° westerly dip in the eastern and
Western examples respectively. Since these two results
Show an aggreement well within the expected érror 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 actuallattitude in this area.

Since the metamorphic gradé 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 coﬁstructed 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 Doire 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 parallelish 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 easf 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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hence 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
4 '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 'metamorphic synform', roughly
north-south, is subparallel to the trend of F3 fold axes
and discordant to the first and second generation folds,
The evidence therefore suggests that the F3 folding post-
dated the establishment of the isograds. Later metamorphic
€pisodes were of low grade and evidence suggests that the
M3 and M4 only just reached the Lower Greenschist facies
(biotite and chlorite formed respectively- see Section
8.3.1).
(a) 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 applicablgl
isograds are thus defined in calc-silicates with a Ca0/
Al1,05 ratio of 0.7 (Winchester and Whittles,1979).

The calc-silicate zones are therefore defined as beloW:
Pyroxene: pyrbxene present in all calc-silicates with a
CaO/A1203 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 Killin

area (from Winchester & Whittles, 1979)

Figure 57 Zonal map of the Killin area (from Winchester

& Whittles, 1979)
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Silicates with a CaO/A1203 ratio which exceeds 0.7
Hornblende: hornblende present in all calcite-free calc-
Silicates with a CaO/AléO3 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/A1203 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 intefvening zones as actual
g€round 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 cduld be equated with the
Sillimanite zone. Less decisive evidence was available for-

Tanner's bytownite/hornblende zone, possible equivalents
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1ncluding 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 (19745) 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 isograd surfaces
deduced from the distribution of calc-silicate assemblages'
have apparently (cf. 8.2.3 (d)) been folded by Dy folds.
This conforms with the microstructural evidence which
Can be used to date the growth periods of majo£ minerals.

This growth pattern which indicates two major periods

of mineral growth is reflected in pelitic assemblages and

i1s summarised in Table 8.1.
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Deformational Episode

1 2 3 4
’————————>time

gt g r&g g
bi —e e

® 8 PELITES
mus g
chl g
hb —

€ g WHITE
clzo g— g?

CALC-SILICATES

gt g— g?
clpx g—
hb —

& GREEN
act (Lo

CALC-SILICATES

gt g—
clzo g
+ ep

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, M1
apparently extending from before until just after the
first phase of deformation. M, 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 F, 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.

3

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
g€rains, rarely disturbing the foliation, indicating
8tatic post-tectonic growth. Growth appears to have

continued up to the D3 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, 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 Sy foliation but partially folded (there-~
fore suggesting rotation in Dy e |

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 ihterpretation may not be definitive. The
growth periods can probably be assigned to post-F1 rotation,
growth during F, folding and growth post-dating F, folding.

Biotite occurs, with minorvmuscovite, 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 F3 crenulations. Thus the latest growth is
Syn-FB. Some grains are kinked by F4 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‘
aﬁd this may be an example of post-tectonic polygonisation

(Spry,1969), No mineral growth can be élearly associated

With the F, episode of folding.



Plate 42
Inclusion trails in garnets

Plate 43






Figure 58 Outline of garnet growth zones (from Plate 43)
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Plate 44 Zoned garnet with inclusion trails

Plate 45 Post-tectonic chlorite overgrowing mica crystal®
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Chlorité is restricted to late growth and all examples
exhibit post-tectonic growth. Plate 45 illustrates grains
Overgrowing micas oriented by F3 crenulations. Since the
effect of post-F3 deformation is limited, it is not possible
to specifically date the growth of chlorite further than a
Dost-F3 age.

Although opaque grains are common, they are rarely de-
formed. Plate 46 illustrates one exception with predominantly |
Small grains of magnetite outlining an F3 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 S, 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 82 planes, The apparent lack of
Physical response to later deformations is a result of the
relative competence of calc-silicate bands compared to the
ad jacent semi-pelitic or semi-psammitic rocks.

Clinozoisite blades and grains parallel the attitude of



Plate 46 Opaque grains outlining an F3 crenulation
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hornblende. Syn-tectonic grains contribute to the 3, foliat-
ion and also enclose garnets. Later growth is restricted to

| Scattered grains growing across the"S1 foliation and granules
Impinging on earlier blades. The scarcity of this feature
Tenders correlation with a tectonid event difficult, but it
would seem to show a similar development to that of hornbl-
€nde,

Garnet growth in the'calc-silicates is primarily syn-F1
Since it is enclosed by aligned hornblende prisms and bladed
Clinozoisite. Rare quartz inclusion trails may indicate a
Dre-F1 growth. The inclusions, which form straight trails,
are discordant to the S1 fabric and in one instance present
& 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 vefy 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-F1 since the
’isolated tabular grains are all aligned within the foliation.
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Response to subsequent deformation is difficult to discern,
Save fqr some slight fracturing.

Amphibole occurs as both hornblende and actinolitic
amphibole. The former shows alignment with the S1 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 S, and aligned with the weak S, 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 F2 was
Slightly less intense than F1;

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, but 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-F3.

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
talc-silicates are present.

iii) The metamorphic zones are appafently folded by
the F3 generation folds and so relate to M2.

iv) Two major metamorphic peaks were‘produced. The
first peak accompanied F1 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 grbwth 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 (M3) accompanied F.

vi) The My event apparently had scant effect on the
Calc-silicate isograds established in M,.

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 COLLECTION,
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 greatef 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
wWeight was prepared fromlthe field sample in order that a
Tepresentative analysis be produced. For grain sizes up to
1 miliimetre, 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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of the adjoining rock, many samples were sawn into thin
Slices thus allowing splitting along the margin of the calc-

Silicate.

A1.2 Preparation of Samvle

Any weathered faces were removed either using a
Tock-splitter or a rock-cutting circular saw. The sample was
then reduced to small (K2 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
0f 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 A
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 Toss on Ignition

After leaving overnight in an oven (at 110°C), one
gram of homogenised powder was accurately (to within 0.01%)
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 1id. 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
0f trace elements and sodium. A powder sample was preferable
for trace elements due to their low concentrations, and any
Ssample dilution would result in a sensitivity loss.

The pellets were prepared by thoroughly mixing 6 grams
O0f the powder in an agate morfar 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 coatedv
Plattens. The disc assembly was subjected to 5 tons weight
for one minute and 25 tons weighf 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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from that used by Norrish & Hutton (1969). 0.5 grams of
ignited powder were mixed with 2.5 grams of lithium meta-
borate flux (LiBOZ, 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
Vvariations 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

Fach sample, whethef fused disc or pressed powder
Pellet was analysed using the Philips PW 1212 fully auto-
matic sequential X-ray spectirometer in the Departiment of
Geology at Keele University.

An approach similar to that used by Leake el gl.(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 penetratioﬁ by the X-rays and each side effectiveiy
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forms a duplicate sample.

Counts were made on both peaks and backgrounds and the
- het 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 aléo used. The inter-
nNational 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)
was followed for Rb, Sr, Y and Zr determination.

Instrumental preéision 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 W-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
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toncentrations in Table Al1.1.

standard coefficient of
mean range deviation variation (%)
3102 70.120 0.919 0.40 0.57
: A1203 15.20 0.079 0.03 0.20
F8203 10.982 0.117 0.043 0.39
Ca0 1.843 0.069 0.03 1.62
K20 4,133 0.024 0.01 0.24
TiO2 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
a8ll 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(%)
8102 52.64 51.58 -2,01
A1203 15.00 14.65 -2.33
Fe203 11.09 10.98 -0.99
Cao 10.96 10.95 -0.09
K20 0.64 0.60 -6.25
TiO2 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. Sfudent (a pseudonym for the statistician
Gosset) defined the t—distribution for sample means. Values
0f 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
8tandard 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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'1s 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
Tock 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. Inseftion of
the values within the two samples under consideration pro-
duced mean and standard deviation values. The computed t-
value was compared to the valﬁe from statistical tables and
the hypothesis that the two samples form part of the same
pPopulation 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;

| P-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:F¥652,F654
-unfoliated:G6148,G6187,G6189,G6192
Granophyres-Group 1:K6251,K625%,G6144,G6215,G76,
G722,M6211,M6230
-Group 2:X6233,G725
Granites-Fechlin sampies represent Foyers
-Knockchoilum samples represent Allt Crom
White calc-silicate groups are listed in Table %.1.
Trace element data are listed after the major element anal-

Yses.
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Semi-Pelitic
F 626 F 648 F 681 K 634 K 660 K 666

496140 490145 489141 497137 502128 504126
510,  52.90 65.88 65.00 56.52 56.15  55.94
A1203 20.79 15.43 -15.30 18.28 18.77 19.89
Pe,0,  8.52  5.42  5.23  9.11  8.21  7.28

Mgo 3.19 1.97 1.88 2.85 2.59  2.18
Ca0 2.23 1.52 1.45 1,23 2.18 1.68
Na,0 4.19 3.06 3.40 2.09 2.14 2.98
X,0 4.45 3.95 3.80 5.12 4.27 5.21
Ti0, 1.01 0.63 0.63 0.93 0.88  0.98
Mno 0.15 0.08  0.08 0.14 0.14 0.11
P05 0.29  0.17 0.17 0.15 0.22 0.27
LOI 1.70 1.20 1.10 1.90 2.60 1.80

TOTAL 99.42  99.3t 98.04 98.42 98.15 98,32

K 687 K 695 K 6123 K 6220 KX 6250 X 6255
477115 478119 492123 486064 524058 517055
510, 58.06 64,07 60.76 47.86 52.04 58.92

A1203 18.43 15.67 17.76 23,63 13.10 17.38
Fe,0,  8.45  6.43  6.82 9,29 11.14  7.85
Mgo 2.86  2.16 2,33 3.01  3.77  2.41
Ca0 1,51 1.41 145  1.23 1,29 1.89
Na,0  2.58  1.90 - 2.49 1,65  2.27  4.03
K,,0 4.74 4,07 5.04 6.83 5.56  3.16
110, 0.90  0.73  0.85  1.16  1.12  1.02
Mno 0.12 0,10 0.1  0.15 0,18  0.13
P,0;  0.22 0.8 0.21 0,42  0.20  0.20
LOI 2,07 1.50  1.70 2,90  2.05  1.85

TOTAL 99.94 98.22 99.52 98.13 98,72 98.74



~177-

G 611 G 6764 G 6118 G 6176 G 6177 G 6182
521113 518120 510112 442088 442087 442085
3102 55.49  55.31 64,03 61.90 62.00 55.17
Al1,0 18.94  21.57 15.52 15.16 _16.68 18,65

Fezo; 8.97 6.92 6.48 8.62 6.82 9.82
MgO 2.87 1.80 2,28 2.92 2.35 3,27
~ Ca0 1.39 1.38 1.34 1.49  1.42 1.04
Na,0 1.58 1.85 3.19 2.84 2.69 3.66
X,0 5.36 4.61 3.69 3,17 4.20 3.39
Ti0, 0.93 1.13 0.75 - 0.79 0.81 1.02
Mno 0.13 0.18 0.10 0.14 0.10 0.14
P,0;  0.18  0.40 0.17  0.24  0.22  0.37
Lol 2.20 3,20 1.90 2.00 1.25 2,60

TOTAL 98.04 98.35 99.45 99.27 98,54 99.13

G 6184 G 6185 G 79  G7525A M 617 M 694

443084 443083 467076 479089 525101 488094
Si0, 64.12 63.86 53.43 62,13 51,22 57.70
A1,0, 15.25 14.68 17.37 14.47 23.03 18,83

273
Fe203 5.82 6.42 7.81 9.42 8.02 8.47

Mg0 2.15  1.81 2.55 - 2.98 2,57 2.7
Ca0 1.64 2,30 8.43 3.04 1.14 1.54
Na,0  3.28  4.51  4.88  3.10  1.34 1,72
X,0 3.39 1.47 2.17 1.75 6.82 4.82
710, 0.70 0.72 1.09 0.85 1.19 0.87
Mno 0.11 0.19 0.14 0.37 0.19 0.14
P50 0.19 0.28  0.40 0.20 0.33 0.27
'LOI 1.50 3,20 2,08 0.70 3.30 2.05

TOTAL 98.15 99.44 100.35 99.01 99.15 99.18



M 6115 M 6137
525078 487086
‘ 8102 55.98 65.12

A1203 19.39  15.49
Fe203 9.45 4.71
Mgo 3.09 1.53
Ca0 1.56 3.54
Na,0 1.51 4,62
k50 5.03 0.97
110, 0.99 0.79
MnO 0.17 0.26
P205 0.32 0.26
LOI 2.53 1.90

TOTAL 100.02 99.21

Semi-Psammitic
F 627 P 6171
497139 496142
SiO2 69.84 71.81

A12O3 13,20 14.42
Fe203 4.80 0.84
MgO 1.76 0.42
Ca0 1.50 0.78
Na20 2.89 3.79
K20 2.90 5.12
TiO2 0.67 0.20
Mno 0.08 0.05
P205 0.14 0.12
LoI 0.80 1.00

TOTAL 98.58 98.55
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M 7553
456053
60.34
17.98
T.14
2.50
3.84
4.53
1.68
0.88
0.19
0.16
0.50
99.74

K 633

497138
67.16
15.67

5.55
1.80 -

1.87
2.63
2.94
0.83
0.12
0.17
1.70
100.54

K 638

5011
74 .
11,

3.

AN = -

2
0.
0.
0.
0.
99.

36
04
82
55

.15
.61
.20

.23

61
08
11
70
10

K 6245
527059
67.45
13.69
5.07
1.65
1.57
3.89
3.03
0.65
0.08
0.20
2.35
99.63

K 6249
524058
68.96
14,30
5.08
1.80
1.21
2.58
3.50
0.63
0.08
0.12
1.15
99.41
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G 64 G 65 G69 G613 G 616 G 671

525107 523109 528110 518113 522109 506124
10, 68.59 69.82 69,07 68.31 69.31 67.16
1,0, 14.06 12.89 13.16 14.13 13.10 14.21

Fe203 5.72 4,30 3.71 4.71 4.19 5.54

Mgo 1.15 1.52 1.26 1.69 1.41 1.72
Ca0 3.23 1.63 3.40 1.34 2.31 2.77
Na,0 3.18 3,32 2.80 3.21 3.24 2,71
X,0 1.81 2.79 . 1.91 3.10 2.75 2.30
140, 0.5% 0.65 0.59 0.64 0.63 0.78
MnO 0.12 0.08 0.12 0.09 0.09 0.14
P,05 0.17 0.1% 0.16 0.15 0.11 0.21
LOI 1.90 1.20 2.70 1.50 2.00 1.50

s

G 673B G 6129 G 6163 M 6217 M 6219
511117 464109 451088 456054 466059
8102 69.37 69.29 69.22 66.97 66.48

A1,0, 14.09 13.46 10.92 15.46  14.89
Fe,05  4.72 4.50 3.66 6.05 4,79
Mgo 1.52 1.37 1.18 1,68 1.22
Ca0 4.33 2.12 5.12 3.31 4.17
Na,0 2.16 4,22 3,12 4.48 4.32
K,0 1.56 1.40 1.76 1.14 0.74
Tio0, 0.68 0.66 0.64 0.64 0.77
MnO 0.19 0.11 0.13 0.27 0.40
P,05 0.16 0.13 0.12 0.23 0.47
Loz 1.50 1.30 4.10 0.70 0.60

TOTAL 100.28  98.56 99,97 100.93 98.85
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White Calc-silicates
G 669 G 673 G 674 G 6213 G 75 G 710
506126 511117 511118 466073 478088 467076
SiO2 63.79 71.31 64,96 66.18 57.89 51.83

A1,0, 15.42 13.23  16.59 14.37 17.76  15.18
Fe,0,  5.50  4.77  3.52  4.24  6.12 470
Mg0 1.56  1.45 1.37 1.43  2.13 1.92
Ca0 4.74  4.63 5,02  9.41 10.53 15.43
Na,0 3.66  2.56  3.01 1,54  1.61  2.28
K,0 1.83 1.18  2.54  0.34  0.64 1.06
110, 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
P05  1.19 0.7 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
810, 63.13 56.76 58.01 58.03 64.20 62.72
Al,0 15.38 18.01 17.96 . 17.80 15.72 17.12

273
Fe203 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
Ca0 9,48 10.77 8.73 10.81 5.99 6.60
Na,0 2.73 2.08 2.83% 1.72 2.84 0.69
K,0 0.23 0.24 0.56 0.31 0.74 2.50
710, 0.66 0.77 0.81 0.77 0.77 0.66
Mno 0.3% 0.43 0.43 0.44 0.46 0.35
P,0;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
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M 692 M 6111 M 6142 M 6143 M 6155 M 6156
487091 523088 482086 484090 519089 513076
510,  59.74 64.67 60.85 61.42 63.17  63.23
A1,0, 18.45 16.21 16.26  16.91 16.60  15.85

273
Fe203 4.43 3.75 5.67 4.58 4.52 5.44

Mgo 1.44  1.26 1,76  0.96  1.69  1.90
Ca0 12.72  6.36  8.19  7.83  9.38  6.50
Na,,0 0.79  1.89  2.97  3.19  0.49  2.68
K,,0 0.61  1.77  0.51  0.64  1.48  0.56
110, 0.65 0.79 0.71  0.86  0.73  0.75
MO  0.42 0,23  0.34 0.60 0.38  0.27
P,0; 0.38  0.22  0.24  0.53  0.31  0.23
LOI 1.20 1.20 0.60 1,10  1.80  0.80

TOTAL 100.83 98.35 98.10 98.62 100.55 98.22

M 6157 M6157A M 6207 M 6208 M 6209 M 6210
513076 513076 455065 455065 455065 460063
s10, 61.69 62.94 61.73 64.54 66.69 57.55
Al,0 16.72 16.37  17.28 16.42 15.72 18.64

273
F8203 4.77 4.13 4.23 4.08 5.87 4,84

Mg0 1.51 1.35 1.38 - 1.25 0.98 1.81
Ca0 9.32 9,26 10,00 8.04 10.12  12.12
Na,0 1.09  0.91  1.74  2.55  0.76  1.94
K,0 - 0.54  0.65  0.29  0.44  0.25  0.46
110, 0.74  0.68  0.55  0.52  0.69  0.65
Mno 0.29  0.25  0.44  0.33  0.36  0.39
P,0g 0.27 0.30  0.23 0.26 0,09  0.28
101 1.10  1.80 0.90 1.00  1.10  2.10

- TOTAL 98.04 98.64 98.77 99,43 100.63 100.78



M 6216
454068
SiO2 61.20
A1203 17.73
- Fe,04 5.25
- Mgo 1.74
- Ca0 8.64
- ¥a,0 2.717
- k50 0.50
; T102 0.76
- Mno 0.37
- P,05 0.28
LoI 0.80
TOTAL 100.04
M 73
474076
8102 59.60
A1203 16.74
Fe203 6.98
MgO 2.08
Ca0 10.70
Na20 1.21
K20 0.17
TiO2 0.72
MnoO 0.81
P,0;  0.33
LoI 1.15
TOTAL 100.49

M 6221
476071
67.86
15.75
3.11
0.75
7.99
2.55
0.17
0.54
0.32
0.27
0.70
100.01

M 765
447062
62.76
17.75
4.49
1.57
6.24
3,53

1.63 .

0.71
0.28
0.44
1.15
100.55

-182-

M 6223 M 6224 M 6225 M 6228
525095 524071

523094
61.91
16.05

3.42
1.21
9.09
2.1
1.04
0.65
0.26
0.19
3.00
98.93

M 7552
456053
60,32
17.61
4.41
1.46
9.75
1.81
0.68
0.63
0.40
0.54
2.40
100.01

525095
59.75
16.74

4.10
1.31
11.98
0.71
0.81
0.68
0.47
0.30
2.40
99.25

M 7553
456053

6%.27

16.69
4.23
1.18

11,60
0.67
0.51
0.65
0.38
0.43
1.20

100.79

65.48
16.93
3.71
1.21
7.86
1.16
0.65
0.57
0.36
0.26
- 0.80
98.99

M 7554
456053
64.90
15.40
5.13

1.36

6.87
2.22
0.60
0.58
0.51
0.30
0.90
98.77

63%.12
16.83
3.64
1.24
10.40
0.69
1.34
0.66
0.28
0.23
1.60
100.03



Green Calc-silicates

P

F 651
494143
is1o2 62.89
41,05 15.75
: Fe203 4.18
- Mgo 1.62
- CaQ 11.61
| Na20 0.85
- X,0 0.77
- Tio, 0.73
© Mno 0.25
- 2,05 0.27
LoI 1.10
TOTAL 100.02
K 752

470052
Sio, 65.48
A1203 15.44
Fe203 4.34
MgO 1.51
Ca0 6.36
‘Na20 2.85
X,0 1.74
TiO2 0.70
MnO 0.16
P205 0.17
LOI 1.80
TOTAL 100.55

'F 653
496142
64,82
11,22
3.72
1.51
9.45
0.60
3.93
0.65
0.26
0.17
2.20
98,53

K 755
442028
62.83
15.26
3.84
1.46
6.64
0.75
4,06
0.70
0.%6
0.20
4.48
100.58

-183-

K 686
477116
64.34
14.64
4,20
1.59
9.14
2.87
1.63
0.55
0.27
0.16
0.50
99.90

K 699
486116
54.69
14.18
4.77
1.67
14.78
0.86
1.61
0.66
0.36
0.28
5.70
99.56

K 6104 K 745

492136
64.07
11.90
3.06
1.23
12.92
0.07
2.93
0.52
0.31
0.13
4.70

101.84

472053
66.03
14.58

4.23
1.48
8.24
2.30
0.93
0470
0.21
0.19
1.90
100.79 .
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Amphibolites |

F652 TF 654 G 6148 G 6187 G 6189 G 6192
496142 496143 469078 444082 440081 444080
' 46,40 43.89 50.53 42,74 45,62  44.93
A1,0 13.54 13,93 12.57 7.38  10.04 6.99

Si0

;Feio: 13.52  13.76 10.20  8.95  7.78 10.43
Mgo 7.44  7.58  8.67 21.33 9,56 25.83
. Ca0 9.96 9.11  8.88  8.32 10.65  5.85
Nay0  0.98 0.30 1.98  0.02  0.95  0.25
X0 2,05 5.17  1.74  2.33 1,91 0.26
- Mo, 2,61  2.99 1,10  0.61 0,77  0.55
- Mno 0.26 0.24 0,21 0.16 0.18  0.16
; Py0g 0.30 0.39  0.34  0.07 0.25  0.19
| LoT 2,00 1.90 2.60 8.90 11,70  5.90

.~ TOTAL 99.06 99.26 98.82 100.81 99.41 101.34

Marginal to Amphibolites
G 6183 G 6191 G 714
443084 445081 471111
510, 67.92 50.69 58.54
Al,0 12.64 18.04 17.99

273
Fe203 3.32 6.62 7.68
Mgo 2.42 2.57 2.79
Ca0 1.61 5.30 0.94
Na20 4.26 0.04 3.58
K20 2.80 5.14 4.54
TiO2 0.62 0.97 0.96
Mno 0.09 0.11 - 0.12
P205 0.17 0.22 0.22
Lot 2.50 8.40 2.30

TOTAL 98.35 98.10 99.66
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- Granites

F 657 F 658 K 6235 X 6244
: 496142 496143 524059 529061
\ SiO2 70.86 76.14 69.97 70.06
- Al,0 12.81 . 11.18 15.08 15.03%

| Fezo: 3,66 2.88 1,61 1.84
Mg0 1.34 0.97 0.64 0.60
- Ca0 2.42 2.18 1.18  0.88
Na,0 3,26 2.75 4.30 4.25
X,0 1.97 1.27 4.43 5.10
Ti0, 0.55 0.55 0.30 0.26
Mno . 0,09 0.08 0.04 0.04
P,0; 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
Sio 73.66 75.21 73.49 T4.33 74.28 75.96
Al,0 11.82 14,49 13.96 13,67 14 .17 14,17

273
F6203 3.35 0.51 0.14 0.22 0.50 0.34

Mg0 1.00 0,22 0.15 - 0.19  0.23  0.08
Ca0 2.26  0.44  0.34 0,39 0.53  0.34
Na,0 2,94  4.56 5.00 4.80  4.70  4.81
K50 1.70  4.06  4.00  4.43  5.18  4.46
110, 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
P50, 0.1 0.01 0,02 0.,01 0,02 0,01
LOT 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
.SiO2 76.05 67.51 74.94 73.72
Al

205 14.12 15.41  14.21 14.18
Fe203 0.45 3.17 0.22 0.20
Mgo 0.17 1.22 0.17 0.18
Ca0 0.23 1.64 0.33 0.68
Na,0 4.81 4.58 4,65 5.01
X,0 4,44 4.02 4.47 4,12
ti0, 0.12 0.60 0.11 0.11
Mno 0.03% 0.07 0.02 0.02
on5 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

Microdiorite
G 713
468100
8102 59.94
A1203 15.66
'Fe203 6.24
Mgo 2.96
Ca0 2.16
Na20 4,51
K20 4,02
Tio2 1.16
MnO 0.10
on5 0.62
LoT 1.90

TOTAL  99.27
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~Quartzites (for information)
G 6138 M 623 M 6161 M 6206

| 488082 525096 516076 449055
810

5 92,29 81.21 74.12  94.30
1,0, 3.89 10.07 15.42 4.13
Fe203 0.%4 1.04 Tr Tr
Mg0 0.29  0.40  0.41 0.17

 Ca0 0,12 2.32 0.06 0.17
~ Na,0 1.09 1.83 0.04 1.63
X,0 0.88  2.21 5.74  0i57
110, 0.09  0.29 0.11  0.09
MnO 0.01 0.02 Tr 0.01
P,0; 0.03  0.05 0.02 0.03%
LoI ~  0.50 1.80 2.40  0.70

TOTAL 99.53 101.24 98.32 101.80
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White Calc-silicates*
7535 7536 7537 7538 7539 7540
554113 564112 564112 564112 562095 553096
SiO2 65.10 62,70 63.68 78,68 66.63 60.97
Al1,0 16.25 17.91 16.33 10.95 15.25 17.03

273
F9203 5.03 3.27 3.44 1.54 4.63 5.01

- Mgo 1.51 0.82 1,08 0,39  1.37  1.78
Ca0 5.50 13,15 11,58  5.79  6.68  6.43
Na,0 3.59 0.66  1.02 0,70  0.91  4.39
K50 0.96 0.20 0.16  0.03  1.06  2.36
110, 0.70  0.54 0,73 0.39  0.75  0.74
Mno 0.34  0.35  0.31  0.27  0.28. 0.31

P05 0.25  0.43  0.29 0,07  0.20  0.26

- Lox 0.70 0,70 0.80  0.70  0.70  1.60

" TOTAL 99.93 100.73 99.42 99.51 98.45 100.88

7542 7543 7544 7545 7546 7547

553096 553096 547100 547100 547100 542103
810 63.79 60.15 63,96 62.27 60.01 61.24
A1,0, 16.90 18,63 16.97 17.55 16.43 16.72
Fe,0,  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
Ca0 9.02  9.44  8.01 10.34 11.18 8,51
Na,0 1.15 1.01 1.15 0.59 0.61 1.12
X,0 0.47 0.94 1.20 1.59 0.81  0.97
Tio, 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
P05 0.22 0.30 0.32 0.27 0.25 0.24
Loz 0.90 0.90 1.70 2.40 2.60 0.90

* These calc-silicates are from outside the area, but were
used in Chapter 8 for the metamorphic study (samples
collected by J.A.W. and analysed by K.H.W.).

4
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7548 7549 7550 7551
542103 542103 542103 536106
510, 58,03 57.35 58.87 59.35
A1,0 18.37 18.12 16.23  16.84

273

Fe203 7069 4003 4023 5°57

Mg0 2.80 1.56 1.65 1.75
Ca0 5.71 11.54 12.65 11,09
YNa,0 1.13 1.44 0.91 0.80
R 3.02 2.21 1.45 1.24
110, 0.82 0.64 0.64 0.67
" Mno 0.39 0.40 0.41 0.56
on5 0.27 0.3%4 0.24 0.25
LoI 1.50 2.20 3.10 2.40

TOTAL 99.73 99.8% 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).

NDb Zr Y Sr Rb Ni Cr

. 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
6115 10 130 35 181 194 47 127
6137 17 372 37 632 57 33 9
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Nb Zr X Sr RDb Ni Cr

Semi-Psammitic

Fechlin 627 16 206 25 260 106 33 84
6171 18 61 12 280 105 17 40

¥nockchoilum 633 19 226 31 240 103 32 100
638 16 292 23 311 79 26 T4
6249 14 156 32 237 121 31 82

Glen Doe 64 18 210 35 356 80 29 179
i 65 16 247 34 287 102 28 18
69 17 215 22 420 78 28 17
613 17 192 26 320 100 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 1381 79 26 19
6163 14 325 37 295 74 25 75

Amphibolites-all information is provided in the text
Rocks marginal to amphibolites are 1isted 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 658 229 21 266 57
Fechlin) .

'A11t Crom' 6235 143 8 528 69
(intrudes 6244 166 12 464 64

Knockchoilum)



- Granophyres

Group 1

Knockchoilum 6251
6253

Glen Doe 6144
6215
76
722

Monadhliath 6211
6230

Group 2
Knockchoilum 6233

Glen Doe 725

Zr

51
53

47
104

50
49

52
49

207

201

-192~

19

15

Sr

272
253

179
82

158
224

247
290

385

446

RDb

73
74
92

106
81
80

86
68

64

133
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