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Abstract

Mineral and rock chemistry together with petrography have been
used in association with previously determined field relationships to
elucidate magma genesis, conditions of crystallisation and geotectonic
environment of the appinite suite of western Scotland and northwestern
Ireland. The major part of the study has been related to the type area
of this suite, that of the Ballachulish district in the parish of Appin.
In addition, the major cluster of appinites in the Loch Lomond district
has been studied together with appinites from Colonsay and Ardara, Don-
gal. Comparison has been made with the scyelite-pyroxenite-appinitic
type rock association of Central Sutherland and with the lamprophyres
of the Ballachulish district and lavas of 0ld Red Sandstone age (late
Silurian) in western Scotland. These comparative studies have been
used to establish which products of the late Caledonian igneous
activity were comagmatic and to determine whether the appinite suite
of the type area developed under unique conditions or whether com-
parable magma genesis, emplacement and crystallisation conditions
were widespread in Caledonides.

The appinite suite of western Scotland and northwestern Ireland
was developed from a volatile-rich basaltic magma. For the Balla-
chulish cluster the magma was of high-potassium calc-alkaline type
and evolved towards a relatively continental environment. For the
Ardara cluster it was transitional between calc-alkaline and
tholeiitic and evolved towards an island arc environment while for
the Loch Lomond cluster it was a normal calc-alkaline type evolved
in enviromments intermediate between the other two.

In the Ballachulish appinite suite, olivine appeared on the
liquidus at about 70-80 km depth. Subsequently emplacement into

high crustal level occurred. With magma uprise being impeded by



XX

structural traps of the folded Dalradian Supergroup, the rest of
crystallisation occurred under decreasing temperature but highly

variable PGa.

Pollowing olivine, the successive fractionation of clinopyroxene,

s due to explosive activity in the subvolcanic pipes.

amphibole, mica and plagioclase led to the progressive development
of rocks from ultramafic to acidic compositions. In addition,
accumulation of mafic phases occurred in the early stages of
fractionation, under increasj.ng PG-a.s which led to explosive activity
that disrupted the early formed cumulates followed by their upward
movement as large "blocks", crystal mushes and individual crystals
with va.riablé proportions of the residual liquid. Thus, appinites,
kentallenites and even diorites represent "mixed rocks" in which
particular phenocrysts are not in a matrix representing the parti-
cular liquid with which they were in equilibrium. Explosive activity
associated with the emplacement of the marginal ultramafic rocks,
appinites and majority of the diorites occurred at higher PGa a

(4=5 kb) than that associated with the emplacement of kentallenites
(1 k¥b). The late leucocratic diorites and granodiorites represent
crystallisation from a residual liquid which probably also contained
a small component c;f a hybrid secondary liquid produced by the
solution of silica from quartzite, which formed structural traps,

at high P-T. Gas-streaming continued after igneous emplacement c:f
various rock types.

Corresponding petrogenetic processes were also responsible for
the development of the Loch Lomond and Ardara clusters. However, due
to the variable strengths of the structural traps, in the Loch Lomond
cluster PGas reached before explosive breaching of the traps was
generally not so high as at Ballachulish while in the Ardara cluster
it was higher than both of the other two clusters.

The lamprophyres and lavas of the Old Red Sandstone age (late

Silurian) are genetically related to the appinite suite.
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The scyelite-pyroxenite-appinitic type rock association of
Sutherland does not represent a cognate petrogenetic suite of rocks.
Scyelite and Si02-poor appinitic type rocks are the products of
crystallisation differentiation from a basaltic magma and are genet-
ically related to the appinite suite. Pyroxenites and SiOz-rich
appinitic type rocks represent the hybrids of Achtuain type.

The basaltic magma from which the various appinite clusters
crystallised were mantle-derived, at depths of ¢.200 km ;nd associated
with a northwestward dipping subduction zone in late Silurian time,

i.e. in the latter stages of the Caledonian orogeny.



PART 1

CHAPTER 1 INTRODUCTION



Members of the appinite suite are intruded mostly into meta-
sediments of the Dalradian Supergroup of the Caledonian orogenic belt
in various parts of the Highlands and Islands of Scotland and North-
western Ireland (Fig. 1.1; also see 1" = 10 mile Geol. Survey Sheet 1
for the distribution of the Dalradian metasediments). They make up a
suite of rocks emplaced in subvolcanic pipes and are commonly associated
with explosion-breccia. They occur in clusters some of which are
spatially associated with Newer granites. A cluster in the Ballachulish
district of Argyll formed the basis for the original definition of the
term appinite (Bailey and Maufe 1916, p. 167-8) and for the demonstration
of the subvolcanic characters and association with explosion-breccia
(Bowes and Wright 1967). Another cluster occurs in the vicinity of
Loch Lomond (see Fig. 9.1). Smaller clusters and isolated pipes also
occur in other parts of Scotland. These include the masses intruded into
Torridonian sediments of Colonsay and Ross of Mull in Argyll and those
intruded into Moinian metasediments in the vicinity of Loch Shin,
Sutherland (ef. Read 1961, plate 31). A major cluster also occurs in
the Ardara district of County Donegal, Eire (see Pitcher and Berger 1972,
fig. 7.3).

Appinite was defined by Bailey and Maufe (1916, p. 167-8) as the
plutonic equivalent of vogesite and spessartite, Z.e. of hornblende-rich
lamprophyres; the name was taken from the local parish of Appin in the
vicinity of Ballachulish. The original definition encompassed wide
mineralogical variation including ultramafic as well as more common
mafic types, with large crystals of hornblende a characteristic of many
of the rocks. Subsequent work has shown that the suite of appinitic
rocks present in pipe-l1ike intrusions includes u]tfabasic-u]tramafic
(peridotite, pyroxenite, hornblendite), basic to intermediate (kentallen-
ite and many varieties of diorite) and acidic (granodiorite) types. In

many of these amphibole and dark mica are present in significant



proportions and in others olivine, pyroxene, amphibole and mica occur.
With the existence of such variation some uses of the term "appinite"
have been related to the overall rock association (appinite suite) and
not to a particular member of the suite. However, when used in relation
to a specific rock type, appinite has been used to designate a rock

in which large idiomorphic amphibole dominates in a mafic rock of
gabbroic to dioritic affinities. Many individual members of the suite
were described around the turn of the century (Teall 1888; Dakyns and
Teall 1892; Hill and Kynaston 1900; Clough 1903; Wyllie and Scott 1913)
and the calcalkaline affinities indicated by Elders (1935).

The appinite suite has been referred to in the literature as of
01d Red Sandstone age and is an expression of extensive igneous activity
which characterised the latter stages of the Caledonian orogenic
episode. This activity included the emplacement of lamprophyres, to
which the appinites are related by definition, and the extrusion of
the Lorne, Glen Coe and Ben Nevis lava piles. While generally referred
to as being of early Devonian age, radiometric dating of Newer granites
(such as the Ballachulish granite) at 410-400 m.y. (Brown 1972) indicates
that the igneous activity took place in late Silurian times. Ages of
413 m.y. have been determined for appinites of Glen Creran and the lavas
of Lorne and Glen Coe (Brown 1972) while an age of 415 m.y. for the
Garabal Hi1l and Arrochar intrusions of the Loch Lomond cluster have
been given by Briden (1970).

1.1 Theories of origin

The following is a summary of the theories proposed for the
appinite suite in the Caledonides of Scotland and Ireland.
1. Hybridisation of solid ultramafic rocks or ultramafic magma with
granitic magma (Deer 1935, 1950; Holgate 1950; Joplin 1959; Read
1961; Mercy 1965).

2. Limestone-granite reaction (Anderson 1937 ).



3. Crystallisation from a primary "basic" magma (Wyllie and Scott 1913)
which Nockolds (1941) considered to be represented by pyroxene -
mica diorite but which Money (1964) and Platten (1966) considered
somewhat more basic. Nockolds (1941) further suggested that crystal-
lisation differentiation resulted in the development, not only of the
mafic - ultrabasic (appinite - diorite - pyroxenite - peridotite)
association, but also of the much more voluminous granites. Earlier,
Wyllie and Scott (1913) had interpreted the granitic rocks as
having been developed from a separate magma. This is supported by
recent studies (Hall 1966, 1972; Bell 1968; Pitcher and Berger 1972).

4. The development of mafic and ultramafic rocks by gravity different-
iation followed by "appinitisation" of pyroxenic rocks and of meta-
morphic rocks of appropriate compositions. This involved their metumovphic
recrystallisation to keep with physico-chemical conditions of the
subsequent tenuous acid fluids (French 1966).

5. Crystallisation and magmatic differentiation in pipe-like intrusions

Primavy
of a gas-rich basaltic|magma

(Bowes
et al. 1964; Ghaly 1964; Bowes and Wright 1967; Hall 1967; Groome
and Hall 1974; Bowes and McArthur 1976; Wright and Bowes 1979).
Coarse-grained hornblendic rocks resulting from pegmatitic-type
crystallisation associated with granitic rocks in the Channel Islands
have also been referred to as being "appinites" (Wel]s and Bishop 1955).
Such rocks appear to be quite different from the appinites originally
defined by Bailey and Maufe (1916) and the mode of formation proposed
by Wells and Bishop is not considered applicable in the case of the

appinites of the Caledonides of Scotland and Ireland.



1.2 Scope of the present study

Following the mainly field-oriented studies in the Ballachulish
and Loch Lomond districts reported by Bowes and Wright (1967), McArthur
(1971) and Bowes and McArthur (1976), amongst others, there have been
few laboratory-oriented studies to elucidate the petrogenesis of the
appinite suite including the source of magma and crystallisation
history. Wright and Bowes (1979) presented average major and trace
element data for members of the suite but there are no known published
data relating to mineral chemistry.

The present study represents a mainly geochemical approach to
the petrogenesis of the appinite suite based largely on the field data
and specimens collected in relation to the work referred to above.

Because of the variety of rock types present and of its signif-
icance as the type area, a considerable proportion of this study has
been directed towards the appinite suite of the Ballachulish district.
The large variety of rock types in a large number of the masses in the
Loch Lomond district make the suite there ideal for study and for
comparison with the Ballachulish rocks. Further comparison has been
made using the information and material from Ardara, Colonsay and
Sutherland in addition to the published information from there.

In view of the spatial and possible genetic relationships of the
lamprophyre dykes, and the Lorne and Glen Coe lavas to the
appinite suite of the Ballachulish and nearby districts,

representative samples of these igneous masses have also been studied.

The major aims of this work were:
1. To determine magma genesis and relate it to a geotectonic environ-
ment.
2. To elucidate crystallisation conditions and histories of various

members of the suite.
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3. To establish which products of late Caledonian igneous activity
(appinite, lamprophyre, lava etc.) were comagmatic.

4. To establish whether the appinite suite of S.W. Scotland developed
under unique conditions or whether comparable magma genesis,
emplacement and crystallisation conditions were widespread in the
Caledonides.

1.3 Methods of study

Samples of representative suites of rocks from the Ballachulish
and Loch Lomond districts, Colonsay, Sutherland and Donegal collected
during previous work by Ghaly (1964), Bowes and Wright (1967) and
McArthur (1971) were made available. These were supplemented by
additional samples of the appinite suite in the Ballachulish district
collected using the maps of Geological Survey (Sheet 53) and of Bowes
and Wright (1967) and in Sutherland using the map of Geological Survey
(Sheet 108). In addition suite representing the Glen Coe lavas
were collected using the map of Geological Survey.

Petrographical observations were supplemented by modal analyses
(estimated). Major and trace element data for 87 rock samples supple-
mented corresponding data for 120 rocks from the Ballachulish and Loch
Lomond clusters supplied by D. R. Bowes and A. E. Wright. The new
information has been obtained using spectrophotometric, flame photometric
and atomic absorption methods (13 analyses - major elements) and X-ray
fluorescence (67 analyses - major elements, 87 analyses -trace elements)
- for analytical methods see Appendix A.1. Five hundred mineral analyses
were carried out on the Cambridge 5 electron microprobe using EDS tech-
niques, for 12 elements (see Appendix A.2 for methods). Of these
selected analyses are given in the tables of Chapters 2-6, 9 and 12 and
in Appendix B.1.

As an aid to the elucidation of petrogenesis, and in addition to

the more commonly used plots of chemical data, modelling was carried out



using the CMAS model (ecf. Cox et al. 1979) in conjunction with the
Data Reduction and Projection Scheme of 0'Hara (1976), ﬁrogrammed by
Giles (1980), and the ICL 2976 computer of the University of Glasgow;
the background to this modelling is set out in Chapter 7.

XXXXX Mode11ing, using trace elements and major and trace elements was
also carried out.

1.4 Plan of thesis

Following this introductory section (Part 1 - Chapter 1), the
thesis is divided into four main parts. In Part 2 the Ballachulish
appinite cluster is considered. Assessments of geological setting and
petrography (Chapter 2) are followed by the mineral chemistry of olivine
(Chapter 3), clinopyroxene (Chapter 4), amphibole (Chapter 5), mica
(Chapter 6) and petrochemistry (Chapter 7). The final section of this
part deals with the petrogenesis of the Ballachulish appinite suite
(Chapter 8).

In Part 3 the Loch Lomond appinite cluster is considered in terms
of its geological setting and petrography (Chapter 9) and rock chemistry
(Chapter 10). In view of the general correspondence of petrographical
and petrochemical characteristics of the appinites of this cluster
with those of thevBa11achu1ish cluster, the study made of mineral chem-
istry was in limited form and is included in the section of petrography.
The final section of this part deals with the petrogenesis of the Loch
Lomond appinite suite (Chapter 11).

Part 4 consists of comparative studies of appinites from Ardara
(Donegal), Colonsay and Sutherland and of lavas (Chapter 12). Part 5
deals with tectonic setting and source of magma generation (Chapter 13)
and conclusions (Chapter 14),

Appendices following the 1ist of references, set out methods of
rock analyses (Appendix A.1), mineral analyses (Appendix A.2), and data

of mineral and rock analyses (Appendix B).



1.5 Major conclusions

While conclusions are set out in the relevant parts of the thesis,

the following major conclusions are listed here to assist with the

reading of the body of the thesis.

1.

The appinite suites of the Ballachulish and Colonsay districts
crystallised from a magma transitional between calcalkaline and
alkaline (Chapter 7).

The appinite suite of the Loch Lomond district crystallised from a
calcalkaline magma (Chapter 10).

The appinite suite of the Ardara district crystallised from a

magma transitional between tholeiitic and calcalkaline (Chapter 12).
Olivine crystallised aone 1600°C at a considerable depth before

the magma entered into pipes (Chapter 3).

Clinopyroxene crystallised under conditions of increasing water
pressure in the pipes (Chapter 4).

The large idiomorphic amphfbole crystals in pipes of the Ballachulish
cluster developed in a temperature range of 960°-770°C below 5 kb,
and overgrowths on them in a temperature range of 790°-755°C at or
above 5 kb PH20 (Chapter 5).

Phlogopite crystallised at a temperature of about 1000°C and PH20
of about 1 kb in the kentallenite of the Kentallen pipe while
phlogopite and apatite appeared on the liquidus in a temperature
range of 825°-770°C above 1 kb in the appinite of the Back Settlement
pipe (Chapters 5 and 6).

The lamprophyres and lavas of the lower 01d.Red Sandstone magmatism
(late Silurian) are genetically related to the appinite suite
(Chapters 2, 7, 9, 12).

The scyelite - pyroxenite appinitic type rock association of
Sutherland does not represent a cognate petrogenetic suite of rocks.

Scyelites and Si0,-poor appinitic type rocks are the products of
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crystallisation differentiation from a basaltic magma and are
genetically related to the appinite suite. Pyroxenites and

Si0,-rich appinitic type rocks represent the hybrids of Ach'uain

type (Chapter 12).

The appinite suite of Western Scotland and northwestern Ireland
represents magmatism associated with northwestward subduction.
Variations in the magma compositions indicate that the Ballachulish
and Colonsay masses developed towards relatively continental environ-
ments, the Ardara cluster towards an island arc environment and the

Loch Lomond cluster in the environments intermediate between the

other two (Chapter 13).



Figure 1.1 Distribution of the appinite suite, lavas and Newer
granites of late Caledonian magmatism in Scotland and part of
Ireland. (M.T. Moine thrust, G.G.F. Great Glen fault, H.B.F.
Highland boundary fault, S.U.F Southern Uplands fault).
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PART 2

BALLACHULISH APPINITE SUITE
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CHAPTER 2 GEOLOGICAL SETTING AND PETROGRAPHY

2.1 Geological setting

Igneous-breccia masses of the Ballachulish appinite suite

intrude into a variety of Dalradian metasediments in the district

around the Ballachulish granite (Fig. 2.1). The field relations and

structural control in pipes of the Kentallen-Ardsheal peninsula, north
of the Ballachulish granite, have been dealt with by Bowes and Wright

(1961, 1967) and Bowes (1962 ), in Gleann Charnan pipe by Bowes et al.

(1963) and in pipes of the Glen Creran area by Bailey and Maufe (1960)

and Platten (1966). Figure 2.2 sets out the distribution of igneous-

breccia pipe masses in the Kentallen-Ardsheal peninsula district
together with the main rock types present in various masses. Detailed
maps and descriptions of the Back Settlement pipes are given by Bowes
and Wright (1961, figs. 2, 3) while the description of other pipes on

the Kentallen-Ardsheal peninsula are given by Bowes and Wright (1967,

figs. 10, 12, 13, 14). Corresponding information for the Gleann Charnan

masses are given by Bowes et al. (1963) and for the Glen Creran area

masses by Bailey and Maufe (1960) and Platten (1966, fig. 3).

Major features relating to the location and emplacement of the

Kentallen-Ardsheal peninsula pipes are:

1. The location of the pipes in the dome-shaped antiformal structural
traps and along the regional cleavage and schistosity of the folded
Dalradian rocks of the Cuil Bay Synform (Bowes and Wright 1967, map 1,
fig. 15; also see Fig. 2.2).

2. The upward limit shown by the main pipe at Back Settlement indicating
that it did not breach the surface (Bowes and Wright 1967, p. 121).

The main features in relation to the internal distribution of the

Ballachulish appinite suite within the pipes are:
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The association of variable amounts of breccia with igneous

rocks in various pipes and the consistent breccia-igneous rock
sequence of development.

The commonly observed sharp and vertical contacts as

well as gradational contacts .between country rocks, breccia
and igneous rocks, e.g. the small pipe at Back Settlement
and the large pipe at Rudha Mor, respectively (Bowes
Wright 1961, fig. 4, p. 297; Bowes and Wright 1967,

p. 127 -8).

The similar sequences of events shown by the Rudha Mor,
Ardsheal Hill - Lagnaha and Kentallen pipes, <.e. the form-
ation of explosion-breccia, the emplacement of variable
but generally volatile mafic-rich marginal types, the
emplacement of diorite or kentallenite and, with the
exception of the Kentallen pipe, the emplacement of
Teucocratic diorite.

The correspondence of events set out in 3 not only in
the majority of the other pipes of the Kentallen -
Ardsheal peninsula, but also in the Gleann Charnan pipe
and in the Glen Creran pipes (Bowes and Wright 1967,

p. 139; Bowes et al. 1963; Bailey and Maufe 1960;

Platten 1966).

The development of lamprophyric margins of vogesitic mineral-
ogy to the appinite of the large pipe at Back Settlement,
the occurrence of lamprophyre as the major rock type and
its gradational contact with the central appinite in

the small pipe at Back Settlement (Bowes and Wright

1961, figs. 2,3; Bowes and McArthur 1976, fig. 2), the lampro-

phyric chilled marginal facies of spessartite composition
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(Section 2.2A) in the Ardsheal Hill pipe (Walker 1927) and the
chilled margins of kentallenite in the Kentallen pipe (Bowes and
Wright 1967, fig. 14, p. 133).

The presence of highly variable, gas-rich and usually ultramafic
marginal rock types (e.g. Ardsheal Hill - Lagnaha, Rudha Mor and
Kentallen pipes, Fig. 2.2), the vertical banding in igneous rocks
(e.g. in the pyroxene - mica diorite of the Rudha Mor pipe and in
the biotite hornblendite of the Ardsheal Hill pipe; Bowes and
Wright 1967, p. 129, 130), the occurrence of highly carbonated

and altered rocks in certain pipes (e.g. small pipes at Back Settle-
ment and Rudha Mor; Bowes and Wright 1961, p. 299; 1967, p. 129)
and the presence of highly corroded blocks of breccia, mostly
quartzite, in the pipes (e.g. Back Settlement, Rudha Mor and Gleann
Charnan pipes; Bowes and Wright 1961, 1967; Bowes et gqZ. 1963) —
all features indicative of considerable presence and movement of
gas-rich phases.

The close spatial and temporal relationship of the early lamprophyre
dykes (vogesite and spessartite) with the igneous-breccia pipe
masses (e.g. Kentallen and Rudha Mor pipes) and their temporal
separation from dykes of the other-]amprophyric rocks (Bailey and
Maufe 1960, p. 179, 195-202; Sheets 53, 62; Anderson 1935; Bowes
1962 , p. 119, fig. 1; Bowes and Wright 1967, fig. 10).

Specific features which are significant in the present study are:
The evidence for considerable gas-streaming and for crystallisation
under high gas pressure in the pipes (Chapters 5, 6).

The evidence for variations of physical conditions in the pipes
(Chapters 3, 4, 5, 6).

The generally corresponding crystallisation histories in the Ardsheal
Hi11 - Lagnaha, Rudha Mor and Kentallen pipes (and in many other pipes
of the region) pointing to evolution from a common parent liquid

(Chapter 7).
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4, The chilled marginal facies associated with various rock types
in the Kentallen, Ardsheal Hill and Back Settlement pipes, expected
to be compositionally closer to the parent liquid (Chapters 3, 7).

5. The close spatial and temporal relationship of the early lamprophyre
dykes with the igneous - breccia pipes of the appinite suite; these
dykes are expected to indicate a genetic relationship with the
appinite suite on the basis of chemical evidence (Chapter 7).

The overall model proposed for the emp1acemenf and petrogenesis
of the appinite suite (mainly after Bowes aﬁd Wright 1967 and Bowes and
McArthur 1976) is summarised as follows:-

1. The uprise of gas-rich magma facilitated by regional structure
including cleavage and schistocity.

2. Magma impeded by structural traps.

3. Explosive activity with shattering and brecciation of the country
rock, mostly quartzite.

4, Emplacement of variable but generally mafic- and volatile-rich-
types (including biotite-pyroxenite or hornblendite and appinite)
under high gas pressure in the pipes.

5. Emplacement of kentallenite and pyroxene - mica diorite under low
gas pressure in the pipes.

6. Emplacement of leucodiorite and granodiorite (or syenite, z.e. in
Gleann Charnan pipe).

At the present level of erosion the majority of the pipes show
mainly the products of events 4 and 5. The early lamprophyres are the
hypabyssal equivalents of the various members of the appinite suite.

2.2 Petrography

The petrography of various rock types has also been described by
several workers (Bailey and Maufe 1960; Bowes and Wright 1961; Bowes
et al. 1963, 1964; Platten 1966; Bowes and McArthur 1976). Here only

representative rock types (Table 2.1) are described from the selected
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pipes shown in Figure 2.1 with particular reference to features

-related to varying physical conditions in the pipes.

There is a very broad range of textural and mineralogical

variation and in many cases determination of the precise limits of

various rock types is very difficult. The following are some signif-

icant petrographic features of the appinite suite, particularly in

the Ballachulish district.

1.

There are both “hydrous" and "anhydrous" mineral assemblages, e.g.
appinite and kentallenite, respectively (Figs. 2.3a, b).

Marked variation is shown in grain size, from large phenocrysts

to small grains of olivine, clinopyroxene, amphibole and mica (ef.
Figs. 2.3b, 2.4a).

Some minerals including olivine, clinopyroxene, amphibole and

mica are highly zoned (Figs. 2.4a, b; also see Figs. 2.6a, 2.8¢c,
2.10c).

Rhythmic amphibole overgrowths occur on both stumpy and acicular
idiomorphic hornblende crystals and there is the development of

the "overgrowth-type" features on biotite. These features are seen
in appinite and are particularly well shown in the Back Settlement
pipe (Figs. 2.5a-c, 2.6a-b).

There are three habits of diopside in appinite, (i) as cores of

the idiomorphic hornblende crystals, (ii) as grains in the ground-
mass and (iii) phenocrysts devoid of a rim of amphibole (Figs. 2.5b,
2.7a, b, c).

There are expressions of different reaction-relationships between
various phenocrysts and liquids, represented by the highly resorbed
nature of olivine, clinopyroxene and amphibole, the development of
an orthopyroxene rim on olivine (in kentallenite) and the replace-
ment of clinopyroxene by amphibole (in appinite and pyroxene - mica

diorite) (Figs. 2.8a-c).
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11.

12.

13.
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Plagioclase, as phenocryst, is almost exclusively only in the
acidic types.

Granophyric and myrmekitic textures between feldspar and quartz
occur in groundmass of hornblende diorite and leucocratic diorite.
Most of the minerals of the Bowen's reaction discontinuous series
are present in some rocks with minerals high in the reaction

series generally surrounded by minerals lower in the reaction
series but with some instances of the reverse (e.g. phlogopite

and biotite in clinopyroxene and amphibole; ?igs. 2.4a, 2.5a, 2.7b).
There is a common association of particular accessory minerals

with particular essential minerals, (i) primary magnetite and
apatite with pargasite (Figs. 2.3a, 2.7a), (ii) primary sphene

with actinolitic overgrowths (in appinite) and (iii) primary
magnetite with clinopyroxene (Fig. 2.4a) (in both kentallenite

and the Tamprophyric marginal facies of the Ardsheal Hill pipe).

In many cases primary minerals show marked alterations, e.g.
olivine altered to serpentine and magnetite, clinopyroxene to
serpentine and uralite, amphibole to chlorite and magnetite

(Fig. 2.9) and biotite to chlorite and epidote.

Both primary and secondary calcite occurs (in appinites and
lamprophyres of the Back Settlement and Rudha Mor pipes) (Fig. 2.5b).
Some biotite shows kink bands (in appinite from the small pipe at

Back Settlement) (Fig. 2.6b).

2.2A General petrography of the rock types

Marginal ultramafic rocks

Mineralogically this group ranges from biotite - pyroxene -

hornblende - feldspar rock (Rudha Mor pipe, Table 2.1 =1) through

biotite pyroxenite/biotite hornblendite (Kentallen pipe, Table 2.1 -=2,3)

to hornblendite (Ardsheal Hill pipe) which, in turn, grades to appinite

with increasing feldspathic constituents.
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The marginal ultramafic type of the Rudha Mor pipe is made up of
large platy amphibole, clinopyroxene, phlogopite, olivine and
feldspar. Amphibole is pargasite which has thin actinolitic rims.
It poikilitically encloses clinopyroxene and serpentinised olivine.
Large and strongly zoned clinopyroxene crystals showing hourglass
structure (Kerr 1959) also occur. Phlogopite surrounding amphibole
and clinopyroxene shows kink bands and inclusions of apatite. Feldspar

is mainly a]bite(An ) and is confined to interstices.

<10
Appinite

The appinite (ef. Fig. 2.3a, Table 2.1 —4) consists of acicular
and stumpy idiomorphic pargasite, weakly to intensively zoned (cf.
Fig. 2.4b) with rhythmic overgrowths varying from actinolite - ferro-
actinolite to actinolitic - hornblende in composition (Chapter 5)
set in a groundmass composed of clinopyroxene biotite, feldspar, quartz
and primary calcite. The pargasite usually has a diopside core (Figs.
2.5a-b, 2.7a-b; Bowes ez al. 1964, fig. 1). These features are
characteristic of the appinite from the Back Settlement and some other
pipes of the Kentallen - Ardsheal peninsula (e.g. Lagnaha pipe). However,
overgrowths of actinolite developed on pargasite are also occasionally
observed in appinite from thé Gleann Charnan and Garbh Al11t pipes and
in cortlanditic appinite from the Mém na Stainge pipe (Fig. 2.5c). In
the Garbh Al1t pipe thin brownish-green and brown lines parallel to (110)
and (TT0) cleavages on pargasite, probably related to Ti0, mobility due
to Cruachdn granite (ef. Fig. 2.1), are observed. Pseudomorphs of
chlorite speckled with magnetite after amphibole are observed in appinite
wherever the rock is carbonated (ef. Fig. 2.9).

The clinopyroxene both in the core of pargasite and in the ground-
mass is compositionally diopside (Figs. 2.5a-b, 2.7a-b; Chapter 4).
It is corroded at its margins and is highly fractured particularly in

the groundmass. Replacement of clinopyroxene by amphibole varies from
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a thin to a wide rim on the margins (c¢f. Figs. 2.8b, c). However,
phenocrysts of clinopyroxene completely devoid of a rim of amphibole

have also been noticed in appinite of the Back Settlement pipe (Fig. 2.7c).
Common alteration of clinopyroxene to serpentine and uralite, and rarely
to chlorite are observed.

Pale yellow to deep brown biotite surrounding amphibole, inter-
grown with it, and also occurring in its core occurs (Figs. 2.5a, 2.7b).
It alters to chlorite and epidote. In the biotite-rich appinite (Back
Settlement - small pipe) zoned and kink-banded biotite with an "over-
growth-type" feature is also observed (Fig. 2.6a, b).

The feldspars are orthoclase and albite (Table 2.2-1,4,6).

Most is confined to the groundmass with interstitial quartz and primary
calcite. Albite occasionally occurs in the green rim of pargasite
(Fig. 2.7a).

Primary magnetite, sphene (Table 2.2 - 13, 14) and apatite are
common accessories. Magnetite and apatite usually occur in the pargasite
core (Figs. 2.3a, 2.7a) while sphene is partially surrounded by actin-
olitic overgrowths. Secondary calcite replacing feldspars and biotite
also occurs in appinite of the small pipes at Back Settlement and Rudha
Mor. |

Kentallenite

The kentallenite (ef. Fig. 2.3b, Table 2.1 —6) named by Hill and
Kynaston (1900) after the village of Kentallen, is composed of olivine,
clinopyroxene and phlogopite phenocrysts set in a groundmass of phlogopite
and feldspar.

Olivine (Fogy_,,) is compositionally zoned (ef. Fig. 3.1b). It is
corroded at its margins, fractured, partially serpentinised and is
surrounded by a reaction rim of orthopyroxene (Fig. 2.8a; Table 2.2 -12) .
This reaction rim occurs in the kentallenite of both the Kentallen and

the Barnamuc pipes.
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Clinopyroxene (diopside, Chapter 4) is strongly zoned. Small
grains of olivine, phlogopite, feldspar and primary magnetite occur
in the clinopyroxene phenocrysts (Fig. 2.4a).

Zoned phlogopite (Chapter 6), usually associated with primary
magnetite, surrounds olivine and clinopyroxene.

Anorthoclase (Table 2.2 ~5) is the dominant feldspar in the
coarse-grained kentallenite. Where fresh, it occurs as large crystals
with perfect (001) and Tess perfect (010) cleavages and shows poly-
synthetic twinning. Fine-grained and lamelldr plagioclase (Table 2.2 -9)
on the other hand, .is the dominant feldspar of the microkentallenites.

Pyroxene - mica diorite

The pyroxene - mica diorite (Table 2.1 —7) consists of large
diopside phenocrysts (Chapter 4) which are strongly zoned, fractured
and corroded at their margins. They are generally surrounded by biotite
(Chapter 6) and chlorite after biotite, and occur in a groundmass made
up of biotite, amphibole (pargasite with overgrowths of various
compositions, Chapter 5), plagioclase and orthoclase (Table 2.2-2,7,10) .
Diopside phenocrysts surrounded and replaced by amphibole, occasionally
producing a pepper-mesh-like structure, have also been observed (Fig. 2.8c).
Small grains of olivine present in some of the varieties are parallel
to the zones in the cores of diopside phenocrysts (ef. Fig. 2.4a).

Pyroxene - hornblende - mica diorite

The pyroxene - hornblende - mica diorite has mineralogy between
that of appinite and pyroxene - mica diorite (Table 2.1 -8). In the
Ardsheal Hill pipe it is the dominant rock type. Amphibole-rich
varieties have a high proportion of microcline which shows polysynthetic
twinning and grid-iron structure.

Cortlandite
Cortlandite was originally defined as a rock mineralogically

between dunite and hornblendite (Bailey and Maufe 1916) but used by
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Bailey and Maufe (1960) to refer to a coarse-grained olivine - augite -
hornblende rock. It is not a common rock in the Ballachulish district.
The kentallenitic appinite of the Ardsheal Hill pipe (Table 2.1 =15)
approaches the original definition except that it contains a high
proportion of feldspar. It is composed of platy amphibole crystals
poikilitically enclosing olivine, clinopyroxene and phlogopite. Feld-
spar is mostly interstitial. In the cortlanditic appinite of the

Mam na Stainge pipe are olivine and pleochroic hypersthene poikilitically
enclosed in large hornblende crystals (Fig. 2.5c).

Leucocratic diorite and granodiorite

Leucocratic diorite and granodiorite (Table 2.1 -9) has pheno-

crysts of p]agioc]ase( ) in a groundmass of orthoclase, quartz,

An
biotite, primary sphene,zzpatite, magnetite, secondary calcite and
chlorite and epidote after biotite. Plagioclase phenocrysts are zoned
and twinmed . Prismatic biotite grains, occasionally showing zoning
and kink bands occur in the granodiorite of the Rudha Mor pipe.
Myrmekijtic ahd graphic textures between quartz and feldspar are observed
in the granodiorite of the Rudha Mor and Ardsheal Hill pipes. The

secondary calcite preferentially replaces plagioclase and biotite,

Hornblende syenite

The hornblende syenite (Gleann Charnan pipe) is mineralogically
similar to appinite, except for a higher proportion of orthoclase.

Lamprophyres

The lamprophyre in the Back Settlement pipe is vogesitic in
mineralogy (Table 2.1 -10,Fig. 2.10a) (Streckeisen 1979). It shows a
clear gradation to appinite (Fig. 2.10b) and is similar to it except
for the grain size. Overgrowths of actinolite are observed on pargasite
microphenocrysts. Clinopyroxene occurs in the cores of the pargasite
crystals as well as in the groundmass. Pleochroic biotite with zones
and kink bands, as in appinite (Figs. 2.6a, b), is also common in this

rock .
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The lamprophyric marginal facies of the Ardsheal Hill pipe is
spessartitic (Streckeisen 1979). Both olivine-free and olivine-bearing
spessartite occur. The olivine-free spessartite (Table 2.1 —14) has
zoned clinopyroxene as the only phenocryst (c¢f. Fig. 2.10c). Clino-
pyroxene also occurs in the fine-grained matrix with amphibole,
biotite and feldspars (Table 2.2 -3,8,11) and magnetite. Amphibole
occurs as thin rims and off-shoots around the diopside phenocrysts
producing bostonitic structure (Johanson 1931). With increasing
feldspathic minerals this variety grades to andesitic lamprophyre
(Table 2.1 —=15).

The olivine-bearing spessartite is similar to olivine-free
spessartite except for the presence of phenocrysts of olivine (Chapter 3)
in addition to those of clinopyroxene. Small grains of olivine and
feldspar occur parallel to the zones in the core of clinopyroxene
phenocrysts (Fig. 2.10c).

The early lamprophyric dykes and sheets, closely associated in
time and space with pipes of the appinite suite (Kentallen and Rudha
Mor pipe, Table 2.1 —=13) are mineralogically very similar to olivine-
free spessartite of the Ardsheal Hill lamprophyric marginal facies
(Table 2.1 =14) . However, in some places, due to the predominance of
amphibole over clinopyroxene, they compositionally approach vogesitic
lamprophyre found at the margins of the appinite in the Back Settlement
pipe (Table 2.1 =10). The petrographic similarities of the early
lamprophyres with appinites have been discussed by Bailey and Maufe 1960,
p. 194, 227).

The later porphyrite and microdiorite dykes of the district are
quite different from the early lamprophyres and appinites. They are
considered to be too much feldspathic to be referred to as lamprophyres

(Bailey and Maufe 1960, p. 227 - 30).
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2.2B Discussion

Assessment of features of field relations and petrography observed
by previous workers, and supplemented by new observations, permit many
petrogenetic aspects of the appinite suite to be determined.

The very broad range of textural and mineralogical variation,
the gradation from variety to variety, the existgnce of minerals
commonly found in rocks of the basaltic suites a;??;opyroxene, plagio-
clase) and the high modal proportions of hydrous'and volatile-bearing
minerals (amphibole, biotite, apatite, calcite and opaque ores) indicate
that the rocks of the appinite suite have been crystallised from a
volatile-rich basaltic magma under varying conditions of crystallisation.

The petrography of the suite does not completely coincide with
any particular type of basaltic rock association but has complex
textural and mineralogical characters. The scarcity of olivine in the
groundmass, the absence of titaniferous augite and of true alkali-
minerals like nepheline and leucite in the rocks of the appinite suite
discriminate it from a true alkali olivine basalt series (MacDonald and
Katsura 1964). The presence of olivine phenocrysts, high modal per-
centage of amphibole and pleochroic hypersthene (Mam na Stainge pipe)
relate the suite to the calcalkaline rock series (Arculus and Curran 1972;
Wyllie 1973; Ringwood 1974). However, the higher proportion of
phlogopite, biotite and potassium feldspar discriminate the suite from
rocks of the normal calcalkaline series.

The presence of a number of highly zoned minerals (Figs. 2.4a-b,
2.6a), the rhythmic amphibole overgrowths (Figs. 2.5a-c), the "over-
growth-type" features developed on biotite (Figs. 2.6a-b), the products
of different reaction relationships between minerals and liquid (Figs.
2.8a-c) and both the normal and reverse order of appearance of
minerals of the Bowen's discontinuous reaction series in rocks of the

appinite suite, all indicate that crystallisation occurred under extremely
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varying physical conditions. These conditions have been deduced by
comparison with the experimental studies of high water pressure
crystallisation of basaltic magma (Bowes and Wright 1967, fig. 16).
The development of the rhythmic amphibole overgrowths on hornblende
crystals with pyroxene in the hornblende core and in the rock matrix
in appinite has been explained by increasing gas pressure followed by
rhythmic variations and subsequent sudden drop in the gas pressure
(Bowes and Wright 1967; Bowes and McArthur 1976, fig. 10). The
alternating green and colourless bands of actinolitic overgrowths on
hornblende crystals (Figs. 2.5a -c; also see Fig. 5.2a) differ from
actinolite and tremolite occurring in irregular fibrous shapes as a
product of alteration of clinopyroxene and hornblende mostly produced
due to later gas-streaming in the pipes. The later gas-streaming took
place along with the development of chlorite pseudomorphs after
amphibole in which the original areas occupied by pargasite and actin-
olitic overgrowths can still be distinguished (Fig. 2.9). These
features support the interpretation of Bowes et al. (1964) that these
overgrowths represent the products of igneous crystallisation.

The crystallisation of clinopyroxene phenocrysts devoid of a
rim of amphibole has been attributed to reversion from amphibole to
pyroxene due to a great decrease in the water content of the magma
(Bowes et al. 1964, p. 972). However, these phenocrysts are extremely
fractured (Fig. 2.7c) indicating that they were effected by the major
events of build-up and release of gas pressure which developed over-
growths on hornblende crystals. This shows that these phenocrysts
crystallised before amphibole. The lack of amphibole rim may be related
to the later corrosion of amphibole from these phenocrysts.

The association of primary magnetite and apatite with hornblende
(Figs. 2.3a, 2.7a) and sphene with amphibole overgrowths in appinite also

indicates high gas pressure. The occurrence of some primary magnetite
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and phlogopite in the cores of zoned clinopyroxene phenocrysts (Fig.
2.4a) and a high modal proportion of phlogopite associated with
primary magnetite surrounding clinopyroxene phenocrysts and occurring
in the rock matrix in kentallenite (cf. Fig. 2.3b) indicate that the
gas pressure increased after the crystallisation of clinopyroxene in
kentallenite.

Although most of the calcite in appinite is of primary origin (cf.
Fig. 2.5b), secondary calcite also occurs in appinite, lamprophyre and
granodiorite, replacing feldspar and biotite particularly in the small
pipes at Back Settlement and Rudha Mor (see Section 2.2A). The
secondary calcite has been developed as a result of post solidification
gas-streaming (carbonation). Gas-streaming (hydration) was also
responsible for the development of the high proportions of serpentine
after olivine and clinopyroxene, uralite after clinopyroxene and
amphibole, chlorite after amphibole and chlorite and epidote after
biotite in rocks of the above pipes.

The petrographic similarities of the rocks of the appinite suite
and of their chilled margins with the early lamprophyre dykes, which
themseves represent a wide variation in mineralogy, such as shown by
the earlier suite, indicate that the early lamprophyre dykes represent
successive off-shoots by the various members of the appinite suite.

2.3 Conclusions

1. Structural control of the surrounding country rocks has played an
important role in the evolution of the rock types in pipes of the
Ballachulish appinite suite.

2. The generalised sequence of events in Rudha Mor and Ardsheal Hill -
Lagnaha pipes was (i) the formation of explosion -breccia, (ii) the
emplacement of volatile and mafic-rich marginal types, (iii) the
emplacement of kentallenite or diorite and (iv) the emplacement of

leucocratic diorite or granodiorite. Other pipes show only some
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of the corresponding events at the present level of erosion.

The early lamprophyres show close spatial and temporal relation-
ships with the rocks of the appinite suite while the N-E - trending
porphyrite dykes are of later age than the appinite suite and the
early lamprophyres.

On the bésis of.petrography the Ballachulish appinite suite stands
midway between alkaline and calcalkaline series.

The textural and mineralogical characters of the rocks indicate
crystallisation under highly variable gas pressure. Rocks with
higher proportions of hydrous minerals (marginal hornblendite and
appinite) reflect higher gas pressure while rocks with higher
proportions of anhydrous minerals (kentallenite and pyroxene -

mica diorite) reflect lower gas pressure.

Minerals have generally crystallised according to the normal order
of the Bowen's discontinuous reaction series. With some instances
of the reverse order, this indicates variable gas pressure.
Rhythmic actinolitic overgrowths on pargasite crystals (in appinite)
are the products of igneous crystallisation. Their rhythms
represent fluctuation in gas pressure.

Two habits of diopside in appinite, as in cores of idiomorphic
hornblende crystals and as grains in the groundmass, represent
identical crystallisation conditions.

Diopside phenocrysts devoid of the amphibole rim in appinite of the
Back Settlement pipe probably crystallised before amphibole.

The abundance of phlogopite and associated magnetite surrounding
clinopyroxene phenocrysts in kentallenite, indicate increasing gas
pressure,

Most of the calcite in appinite is of primary origin. Secondary
calcite, serpentine, uralite, chlorite and epidote in certain rocks

of the small pipes at Back Settlement and Rudha Mor, reflect
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post-crystallisation gas streaming in these pipes.

The early lamprophyre dykes are the hypabyssal equivalents of the
rocks of the appinite suite. Vogesite corresponds with appinite,
spessartite with kentallenite and pyroxene - mica diorite and

probably some felsite dykes with leucocratic diorite and grano-

diorite.



Figure 2.1. Outline geological map of the Ballachulish district
showing the distribution of the appinite suite; based on Sheet 53

(Ben Nevis and Glen Coe) of Geological Survey of Great Britain and

Bowes and Wright (1967).
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Figure 2.2. The distribution of igneous - breccia pipe masses
in the Kentallen - Ardsheal peninsula (reproduction of Bowes and

Wright 1967, map 1).
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Figure 2.3.

(a) Appinite, showing idiomorphic pargasite crysta]g (P) in a

groundmass of feldspar and quartz (clear). Minute grains
of magnetite (very dark) associated with pargasite can also
be seen; Back Settlement pipe. PPL x10.

Kentallenite showing phenocrysts of olivine (01), diopside
(D) and phlogopite (Ph) in a groundmass of feldspar and
phiogopite; Kentallen pipe. PPL x 10.
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Figure 2.4,

(a)

Zoned diopside with small crystals of olivine (fractured)

and inclusions of phlogopite (grey),magnetite (very dark)

and feldspar (clear) in a groundmass of phlogopite, feldspar
and magnetite. Phenocrysts and highly corroded small crystals

of olivine (fractured) can also be seen; kentallenite,

‘Kentallen pipe. XNx7.

Zoned pargasite, biotite - appinite, Rudha MBr., XN x 39.
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Figure 2.5.

(a)

(b)

Rhythmic overgrowths of actinolite (A) on pargasite (P). Grains
of biotite (B) and diopside (D) occurring as core to pargasite
can also be seen; appinite, Back Settlement. PPL x31.

Two pargasite crystals (dark) with actinolitic overgrowths (A)
and diopside cores (D). Pargasite on the left has a much larger
overgrowth on terminal face. Pargasite on the right has a
"sawtooth" shaped overgrowth (Bowes et al. 1964) with a thin
discontinuous rim on prismatic face. Primary calcite (C) inter-
stitial to all minerals in the groundmass is also seen; appinite,
Back Settlement. PPL x 31.

Part of a large pargasite phenocryst (P) with overgrowths of
actinolite (A). Olivine (01), hypersthene (H) and feldspar

can be seen in pargasite; cortlanditic appinite, Mam na Stainge.

PPL x 10.
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Figure 2.6.

(a) Zoned biotite (B) with an "overgrowth-type" feature (BO)
developed on it; appinite, small pipe, Back Settlement.
PPL x 50.

(b) Biotite, showing "overgrowth - type" feature (BO) and kink

bands, from the same specimen as in Figure 2.6a. PPL x63.



40




41

Figure 2.7.

(a) Diopside (D) and feldspar (albite) (F) occurring in the
large pargasite crystal (P) as well as in the groundmass.
Apatite grains (Ap) can be seen in the lower left pargasite
crystal; appinite, Back Settlement. XN x31.

(b) Pargasite (P) with diopside (D) and biotite (B) in core;
appinite, Back Settlement. PPL x31.

(c) Diopside phenocryst fractured and corroded at margins,

appinite, Back Settlement. PPL x31.
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Figure 2.8.

(a)

Olivine phenocryst partially altered to magnetite and
serpentine and surrounded by a reaction rim of orthopyroxene;
kentallenite, Kent_aHen. PPL x 10.

Amphibole (dark) with diopside core (D); appinite, Rudha Mor.
PPL x 10.

Zoned clinopyroxene phenocryst showing reaction relation with
surrounding amphibole. Patches of biotite and chlorite are
associated with amphibole producing a pepper-mesh-type

structure; pyroxene -mica diorite, Rudha Mor. PPL x 10.
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Figure 2.9. Chlorite pseudomorphs after amphibole. Original
areas of "sawtooth" shape actinolitic overgrowths (A) on the
pargasite main crystals can still be recognised. Specks of

secondary magnetite are also seen on this pseudomorph; meso-

cratic lamprophyre small pipe, Back Settlement. PPL x31.
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Figure 2.10.

(a) Vogesitic lamprophyre occurring as chilled marginal facies
to appinite shown in Figure 2.3a, Back Settlement. PPL x10.

(b) Gradation of appinite (on the left) and lamprophyre (on the
right), shown in Figures 2.3a and 2.10a. PPL x10.

(c) Zoned clinopyroxene phenocryst with small grains of olivine
partially or totally altered to magnetite and patches of
feldspar, aligned parallel to the zones; olivine-bearing

spessartite, Ardsheal Hill. XNx7.
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Table 2.2. Mean chemical compositions of feldspar and other

accessory minerals in the appinite suite of Ballachulish

district.
1 2 3 4
Mean Mean
(19 anals) S.D. (4 anals) S.D.
Sio0, 64 .55 0.12 64.32 64.05 64.26 0.02
Ti0, 0.15 0.04 0.00 0.27 0.20 0.05
A1,04 18.61 0.41 18.76 18.43 18.92 1.00
Fe*0 0.00 - 0.00 0.15 0.15 0.00
Mn0 0.00 - 0.00 0.00 0.00 -
Mg0 0.00 - 0.61 0.00 0.14 0.09
Ca0 0.01 0.01 0.11 0.00 0.12 0.01
Na, 0 0.28 0.18 0.40 1.09 1.70 0.82
K50 16.24 0.05 16.32 15.83 15.59 0.04
Total 99.84 100.52 99.82 100.08
5 6 7 8
Mean Mean Mean
(12 anals) S.D. (2 anals) S.D. (2 anals) S.D
Si0, 64.32 0.02 67.32 67.92 0.65 67.56 0.60
Ti0, 0.23 0.09 0.06 0.00 - 0.00 -
Al,04 20.28 0.07 20.36 19.91 0.55 20.65 0.50
Fe*0 0.27 0.09 0.00 0.00 - 0.00 -
MnO 0.00 - 0.00 0.00 - 0.00 -
Mg 0.00 - 0.00  0.00 - 0.00 -
Ca0 1.18 0.22 0.61 0.16 0.1 0.18 0.2
Na, 0 5.50 0.88 11.68 11.41 0.29 11.91 0.30
K,0 8.19 0.09 0.10 0.09 0.06 0.10 0.0
Total 99 .97 99.83 99.49 100.40
9 10
Mean Mean

_ (3 anals) S.D. (2 anals) S.D.
Si0, 63.50 0.35 64.12 0.18

Ti0, 0.00 - 0.00 -
A1,04 22.52  0.36 21.95  0.31
Fe*0 0.00 “ 0.00 -
Mno 0.00 - 0.00 -
Mg0 0.00 - 0.47  0.12
Cca0 3.92  0.05 2.02 0.1
Na, 0 8.74 0.18 11.11 0.50
K,0 0.69  0.13 0.09 0.02

Total 99,37 99.26
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TabTe 2.2. (Contd.)

11 12 13 14
Mean Mean Mean Mean

(2 anals) S.D. (5 anals) S.D. (3 anals) S.D. (4 anals)
Si0, 62.80 0.56 56.46 0.46 0.74 0.16 30.43
Ti0, 0.24 0.04 0.00 - 1.35 0.45 36.92
A1,04 22.79 0.55 0.10 0.07 1.68 0.22 1.99
Fe*Q 0.44 0.04 13.47 0.5 88.06 2.52 1.20
MnO 0.00 - 0.00 - 0.00 - 0.00
Mg0 0.00 - 29.25  1.00 0.00 - 0.00
Ca0 3.99 0.08 0.7 0.25 0.38 0.26 29.23
Na,0 7.82 0.12 0.00 - 0.00 0.00
K50 1.96 0.67 0.00 - 0.00 - 0.00
Cr,0, 0.00 - 0.00 - 0.16 0.09 0.24
NiQ 0.00 ~ 0.00 - 0.13 0.09 0.00
Co0 0.00 - 0.00 - 0.96 0.87 0.72
Total 100.04 99.98 93.46 100.74

1 Orthoclase, appinite, Back Settlement pipe (Table 7.1 =9),

NDNOYN O
o Ol —

o
[ P
S

0.10
0.10

2 Orthoclase, pyroxene -mica diorite, Rudha Mor pipe (Table 7.1 -39).

3 Orthoclase, lamprophyric marginal facies, Ardsheal Hill pipe (Table 7.1-22).

4 Orthoclase, appinite, Garbh Allt pipe (Table 7.1 —79).
5 Anorthoclase, kentallenite, Kentallen pipe (Table 7.1 —52).
6 Albite, appinite, Back Settlement pipe (Table 7.1 -=9),

7 Albite, pyroxene -mica diorite, Rudha Mor pipe (Table 7.1 - 39).

8 Albite, lamprophyric marginal facies, Ardsheal Hill pipe (Table7.1-22).

9 Oligoclase, kentallenite, Kenta]ien pipe (Table 7.1 =52).

10 0ligoclase, pyroxene - mica diorite, Rudha Mor pipe (Table 7.1 —39).

11 Andesine, lamprophyric marginal facies, Ardsheal Hill pipe (Table 7.1 = 22).

12 Orthopyroxene, kentallenite, Kentallen pipe (Table 7.1 = 52).

13 Magnetite (primary), appinite, Back Settlement pipe (Table 7.1 -9).

14 Sphene (primary), appinite, Back Settlement pipe (Table 7.1 —9),
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CHAPTER 3 OLIVINE

Olivine is not a common constituent in many rocks of the
appinite suite. However, it is present as 5-30 and 3-5%, in the
kentallenites and cortlandites, respectively. It is also present
(5-20%) in the lamprophyric marginal facies of the Ardsheal Hill
pipe. Variation in its composition in the different rock types
reflects the physical conditions of crystallisation. It also forms
a basis for assessing which of the various rock types were formed by
olivine fractionation and whether the crystallisation was from a
basaltic melt or from an olivine-depleted melt. Of particular value
is its significance in determining whether the Tamprophyric marginal
facies of the Ardsheal Hill pipe represents the original ("primary")
liquid from which the whole appinite suite was derived.

Both phenocrysts and small crystals (in the fabric of the
“groundmass" of the rock; Figs. 2.3b; 2.4a) from the kentallenite
of the Kentallen pipe (Table 7.1 —=52) and from the lamprophyric
marginal facies of the Ardsheal Hill pipe (Table 7.1 —=21) have been
analysed. Phenocrysts which are compositionally zoned (Fig. 3.1b; also
see Fig. 2.8a) were selected because compositional variations from core
‘to margins reflect varying melt compositions and physical conditions
with the core composition representing the earliest stage of crystal-
lisation in the particular rock. The small grains were analysed to
determine whether they represent crystallisation after the formation of
the phenocrysts was complete or whether they represent parts of highly
fractured and corroded phenocrysts. Representative analytical data are
given in Table 3.1.

A plot of Fe in unit cell vs. Fo contents indicates that the
majority of the compositions occur in the chrysolite field (Fig. 3.1a).

The two analyses that plot in the hyalosiderite field are from the
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outer parts of phenocrysts in the lamprophyric margins of the Ardsheal
Hi11 pipe (Fig. 3.1b). While there is some overlap, the olivine in
the kentallenite is more Fo-rich than that from the lamprophyric

. facies of the Ardsheal Hill pipe.

3.1 Chemistry of single grains

The two selected zoned olivine phenocrysts have compositions
which vary from Fog3 to Fo77 and Fo7y to Fogg, respectively (Fig. 3.1b).
In both there is a strong negative correlation between Fe in unit cell
and Fo (Fig. 3.7a). In zones with Fo < 82 Mn0 (representing Mn)
varies negatively and Ni varies positively with Fo. In zones with Fo > 82
there is a large increase in Mn0 and decrease in Ni with a small decrease
in Fo (Fig. 3.7c). This shows that Mn was independently substituted
for Ni in the early stages of crystallisation but that the substitution
of both elements became strongly dependent on Mg =— Fe substitution
in the later stages.

3.2 Overall chemistry of olivine

The small olivine crystals in both intrusions follow the trend
of the phenocrysts on Fe in unit cell vs, Fo and Mn0 vs. Fo variation
diagrams (Figs. 3.1a,'d). Those from the Kentallen pipe plot close
to their corresponding phenocrysts while some of the small olivine
crystals from the Ardsheal Hill pipe have even higher Fo than their
corresponding phenocrysts. Ni varies with a constant Fo in these
grains (Fig. 3.1e) while Co varies negatively with a steep slope for
olivine from the Kentallen pipe and positively with a comparatively
gentle slope for olivine from the Ardsheal Hill pipe (Fig. 3.1f). This
shows that the decrease in Ni with decreasing Fo has been compensated
for by Mn as well as by Co in olivine from the Kentallen pipe. The
different partitioning of Ni and Co between the olivine from the Kent-
allen pipe and Ardsheal Hill pipe is associated with different partition-

ing of Si and Ca0. Si varies while Fe remains nearly constant in olivine
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from the Kentallen pipe. In olivine from the Ardsheal Hill pipe Fe
varies while Si remains nearly constant (Fig. 3.1g). Similarly Ca0
(representing Ca) against Fo varies in olivine from the Kentallen pipe
while it is nearly constant in olivine from the Ardsheal Hill pipe
(Fig. 3.1h).

3.3 Temperature estimation

On the basis of Fo contents at 1 kb pressure (ignoring the Mn
substitution for Fe), crystallisation temperatures of 1850°-1810°C
and 1825°-1770°C are indicated by the olivines from the Kentallen pipe
and Ardsheal Hill pipe, respectively (Bowen and Schairer 1935). These
estimates show general correspondence to estimates of 1870°-1827°C
and 1841°-1687°C, respectively, obtained from the extrapolation of
the data of French and Cameron (1981; see Fig. 3.2a). As Mg-Fe
partitioning between olivine and melt is known to show little variation
at constant temperature for a considerable range of pressure (Longhi
et aql. 1978), the determined temperatures are considered to be reason-
able estimates. The absence of Ti is consistent with such high
temperatures of crystallisation.

3.4 Pressure estimation

The absence of orthopyroxene as a phenocryst in the rocks of
the pipes containing olivine indicates that these members of the
appinite suite did not crystallise at pressures greater than 5 kb
(Irvine and Findly 1972). However, the estimated temperatures for
olivine crystallisation points to the beginning of crystallisation of
olivine at a greater depth than that represented by this pressure.
The presence of a reaction rim of orthopyroxene around olivine in the
kentallenite of the Kentallen pipe (Fig. 2.8a) points to this part of
crystallisation being below 2.3 kb while the absence of such a reaction
rim in the lamprophyric marginal facies of the Ardsheal Hill pipe

indicates that the pressure there did not drop below 2.3 kb following
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the crystallisation of olivine (Boyd et ol. 1964; O'Hara and Stewart
1966). However, the suppression of such a reaction relationship
between olivine and melt in the Ardsheal Hill pipe could
be due to a drop in magma temperature to <1500°C, related
to emplacement into relatively cool country rocks (see Deer
et al. 1966, p. 5).

3.5 Fractional and equilibrium crystallisation of olivine and

determination of the parental magma

To determine the compositions of liquids which were in equi-
Tibrium with olivines, mole % Mg0 vs. FeO for various rocks from the
Kentallen and Ardsheal Hill pipes are compared to the Fo contents of
the olivine from these pipes (Fig. 3.2b). For both the kentallenites
from the Kentallen pipe (Table 7.1 —47-52) and the olivine-bearing
spessartite from the chilled margins of the Ardsheal Hill pipe (Table
7.1 =19-21) the Fo proportions calculated from the rock analyses are
higher than those determined directly by microprobe analyses for the
olivine crystals themselves. In contrast, for both the olivine-free
spessartite from the lamprophyric margins and the_]eucocratic diorite
from the Ardsheal Hill pipe (Table 7.1 -22, 23,24, 27) the calculated
Fo composition from the rock analyses correspond with the determined
composition of the olivine crystals in the kentallenite. This indicates
that these rocks represent the results of olivine fractionation. Their
equilibrium with olivine in the Kentallen pipe rather than with those
in the Ardsheal Hill pipe may be the result of (1) Fe used in Fo
determination of olivine crystals representing total Fe, (2) crystal-
lisation of olivine at pressure higher than 1 kb, or (3) the Fe?t
content of the rocks not being a good guide to the Fe?* contents of

the original magma (Cox et al. 1979).

ol-Mag
KFe Mg

spessartite from the Ardsheal Hill pipe is 0.3. This is in close

for olivine from the Kentallen pipe and olivine-free

correspondence to the value between olivine and basaltic melt (Sato
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1977) and supports the interpretation of these being in equilibrium.

ol-Mag
However, KNi Mg

than the values of 2, 2.3 and 2.6 for olivine and basaltic melt given

for the same pair is 357 which is very much higher

by Sato (1977). In addition olivine from the Kentallen pipe occurs
both in and above the field of equilibrium crystallisation. If the
Ni content which is below the detection limit could have been deter-
mined for the olivine from the marginal facies of the Ardsheal Hill
pipe, it is expected that the occurrence of this-mineral in the field
of fractional crystallisation of Sato (1977) would be demonstrated
(ef. Fig. 3.2c);

The maximum Ni content in olivine from the Kentallen pipe
(e. 3800 p.p.m.) is close to the ¢. 3400 p.p.m. in olivines which
crystallise from magmas resulting from 25% melting of peridotite
(Sato 1977). This is consistent with the other evidence indicating
that olivine from the Kentallen pipe crystallised from a basaltic
melt.

The Tower Ni content of olivine from the lamprophyric marginal
facies of the Ardsheal Hill pipe as compared to that from the kent-
allenite of the Kentallen pipe can be related to changes, either in
physical conditions or melt composition (ef. Nicholls et al. 1971;
French and Cameron 1981). The Fe vs. Si and Co and Ca0 vs. Fo
variations show a major change in the Si-activity of the melt from
which this olivine was crystallised (Figs. 3.1f - h; Takahashi 1978).
Such changes in the Si-activity can be brought about both by changes
in pressure and melt composition (Nicholls et al. 1971). The olivine-
free spessartites and other feldspathic varieties from the lamprophyric
marginal facies of the Ardsheal Hill pipe have 52-60% Si0, (Table 7.1 —
22-25) and are evolved from the olivine-bearing spessartite through
olivine and clinopyroxene fractionation (Chapter 7). This shows that

due to the fractional crystallisation of olivine the residual melt
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composition became progressively richer in Si0, in the lamprophyric
margins of the Ardsheal Hill pipe. This also indicates that the entry
of Ni into olivine in the olivine-bearing spessartite was affected by
changes in the melt composition, particularly the stage of Si0,-
saturation.

If olivine from the Kentallen pipe was still in equilibrium
with Tiquid from which it crystallised, then the kentallenite is likely
to represent the original or the least fractionated basaltic melt in
the appinite suite. The average Ca0 in olivines from the Kentallen
pipe and Ardsheal Hi1l pipe is 0.20 and 0.14 wt. %, respectively
(Table 3.1), while the average Ca0 proportions in the corresponding
host rocks are 7.2 and 6.0 wt. % (Table 2.1). As the relationship
between the Ca0 of olivine and of a melt has been shown by Watson (1979)
to be wt. % Ca0 in olivine = 0.0275 wt. % Ca0 in liquid, then the Ca0
in an olivine can be used to determine the composition of the liquid
from which the mineral crystallised. In the cases of olivines from
the Kentallen and Ardsheal Hill pipes, the corresponding liquids should
have 7.3 and 5.1 Ca0 (wt. %), respectively. For the Kentallen rocks
the value is in close correspondence with the determined average Ca0
in the rocks while it is much lower than the determined average Ca0
for the Ardsheal Hill rocks. This evidence further supports the inter-
pretation of olivine from the Kentallen pipe as having been in equi-
Tibrium with the liquid from which it crystallised and that the original
melt for the suite was similar to the average kentallenite composition
(Table 2.1). It also supports the interpretation that the lamprophyric
marginal facies of the Ardsheal Hill pipe does not represent the
"original" melt composition but that it represents a product of a high
degree of olivine fractionation as well as some clinopyroxene accumul-
ation. Tie lines between the average compositions of olivine and clino-

pyroxene from the kentallenite of the Kentallen pipe and from the
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lamprophyric marginal facies of the Ardsheal Hill pipe also support
these interpretations (Fig. 3.2d).

3.6 Conclusions

1. Olivine in the kentallenite of the Kentallen pipe started crystal-
lising close to 1800°C at a pressure greater than 5 kb.

2. Some of the kentallenite groundmass compositions represent the
least fractionated melt and are in compositional equilibrium with
their olivine phenocrysts.

3. Olivine in the fine-grained marginal (lamprophyric) facies of the
Ardsheal Hill pipe started crystallising at a lTower temperature
and pressure, from an olivine-fractionated and comparatively more
felsic liquid than the olivine in the Kentallen pipe, Z.e. not

from the "original" melt.
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Figure 3.1

(a)

Compositional fields for olivines from the Ballachulish
appinite suite on the basis of Fo contents (after Deer

et al. 1962).

Schematic representation of concentrically zoned olivine
phenocrysts; zone boundaries are arbitrary and numbers 1-13
and 15-20 represent analyses in Table 3.1.

Variations of Ni and MnO against Fo in the phenocrysts of
Figure 3.1b; detection limit for Ni is treated as being zero
and numbers with symbols correspond to analyses in Table 3.1.
Variations of Mn0, Ni and Co vs. Fo, Fe vs. Si and Ca0 vs. Fo,
respectively, in concentrically zoned phenocrysts and small
olivine crystals from the kentallenite of the Kentallen pipe
and the lamprophyric marginal facies of the Ardsheal Hill
pipe; for detection limits of various elements see Appendix

A.2; symbols as in Figure 3.1la.
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Figure 3.2

(a) Temperature estimation for concentrically zoned olivine.
phenocrysts from the Kentallen and Ardsheal Hill pipes (Fig.
3.1b) on the basis of extrapolation of Mg0 contents (after
French and Cameron 1981).

(b) Relationship between mole % of Mg0 and Fe0O in various rock
types to compositions of olivine at 1 atm. pressure (after
Roeder and Emsile 1970).

(c) Discrimination diagram suggesting equilibrium crystallisation
for the Kentallen pipe olivine and fractional crysta]lisatjon
for the Ardsheal Hill pipe olivine (after Sato 1977); symbols
as in Fig. 3.1.

(d) Tie lines for the average olivine and clinopyroxene compos-
itions from the kentallenite of the Kentallen pipe and the

lamprophyric marginal facies of the Ardsheal Hill pipe.
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CHAPTER 4 CLINOPYROXENE

Phenocrysts of concentrically zoned clinopyroxene are an important
constituent of the kentallenites, pyroxene - mica diorites and of 1ampro-.
phyric marginal facies of the Ardsheal Hill pipe. In the appinites
clinopyroxene occurs as corroded crystals in the cores of idiomorphic
amphibole and as grains of the rock matrix (Table 7.1; see section 2.2).

A study of the composition of the clinopyroxene in these different
habits was undertaken to (1) determine chemical substitutions related
to zoning, (2) assess the petrogenetic significance of the two habits
of the clinopyroxene in appinites and (3)-use the clinopyroxene
chemistry for recognition of the magmatic affinity of the appinite

Suite.

4.1 Chemistry

Concentrically zoned phenocrysts from the kentallenite of the
Kentallen pipe (Fig. 2.3b, 2.4a), pyroxene - mica diorite of the Rudha
Mor pipe (Fig. 2.8c), lamprophyric marginal facies of the Ardsheal Hill
Pipe (Fig. 2.10c) and clinopyroxene from both the cores of idiomorphic
amphiboles and the rock matrix of the appinite from the Back Settlement
Pipe (Figs. 2.5a, b; 2.7a, b) all have compositions close to the bound-
ary between the diopside and salite fields (Fig. 4.1a; Table 4.1). A
negative correlation is shown between Fe and Mg, Alg and Si and Na and
Ca while a positive correlation is shown between Mg and Si, Ti and Alg,
Mn and Fe and Ti and Fe (Figs. 4.1b, ¢, e-j). Crvs. Ti plots are
highly scattered but there is also an overall negative correlation
between them (Fig. 4.1d). There is no clear correlation between either
Na or Ca against Mg or Si or Fe or Al.

Based on the observed variations the following substitution is
proposed for M; and the tetrahedral site in the clinopyroxene of the

appinite suite.
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Si + Mg + Crt — A1 + Fe(-Mn) + Ti
This interpretation is supported by the linear negative trend of the
Plots given by the respective sums of these elements (Fig. 4.1k).

An independent Ca — 2Na substitution is suggested for the M,
site as no correlation is observed between the elements occupying the
My and M, sites. |

In the unit cell Mg + Fe + Mn + Ti + Alg is usually >1 and
Ca + Na is mostly <1 (Table 4.1). This shows that the M; site is
Comp]éte]y occupied by Mg, Fe, Mn, Ti and Al while Ca and Na occur in
the M, site. The deficiency in the M, site can be compensated by
elements exceeding 1 in the M, site.

Mg and Si generally decrease while Ti, Fe and Al increase from
Cores towards margins of the zoned phenocrysts (Table 4.1). However,
the variations of these elements are not regular as indicated by the
small breaks in several variation diagrams (Figs. 4.1f-k). This
indicates that the zoning in the clinopyroxene of the appinite suite
is related to the inverse relationship of Si and Mg with Ti, Al and Fe.
This is similar to that shown for zoned clinopyroxene from camptonitic
lamprophyres elsewhere (Deer et al. 1977; cf. Velde and Tourton 1970).

4.2 Comparison of clinopyroxene cores of amphibole and in the rock matrix

The clinopyroxene present in the cores of large idiomorphic amphibole
Crystals in some .of the appinites has been interpreted as representing
a different stage of crystallisation to that of the clinopyroxene in the
rock matrix resulting from return to relatively lower gas pressure
Crystallisation conditions following explosive release of volatiles
after overgrowth formation (Bowes and McArthur 1976; fig. 10). The
essentially identical conditions of crystallisation operative at the
respective times when the two habits developed is shown by their essen-
tially similar compositions in the two samples of appinite from the Back

Settlement (Table 4.1 — 35-38).
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If the two habits of clinopyroxene represent two different
stages of crystallisation, the clinopyroxene of the rock matrix must
represent crystallisation from a residual melt poorer in Ca and Mg
than the melt from which the clinopyroxene in the amphibole cores
crystallised because of crystallisation of earlier-formed clinopyroxene
and amphibole. The resultant compositions of the clinopyroxene would
be expected to reflect such compositional differences of the melt even
if the two habits were developed under identical physical conditions.
As they do not, it is concluded that there was only one stage of
clinopyroxene crystallisation and that was early in the crystallisation
histories before the development of the idiomorphic amphibole crystals.
Clinopyroxene in the rock matrix is interpreted as representing highly
fractured early-formed phenocrysts (Fig. 2.7c) or grains on which
either amphibole did not nucleate or from which it has been removed by
corrosion.

4.3 Petrogenetic implications

As the characteristics of clinopyroxene are considered to be the
best criteria for recognition of the magmatic affinity of the basaltic
suites (Kushiro 1960; Le Bas 1962; Deer et al. 1963, 1977), the nature
of this mineral group plays an important role in petrogenetic assess-
ment of the appinitic suite. The lack of two pyroxenes in the suite,
the more calcic and less variable composition of its clinopyroxene as
compared to those from the non-alkaline suites and their general
compositional variation parallel to the Di -He join (Fig. 4.2) suggest
an alkaline nature for the magma (Deer et al. 1963, 1977). However,
on the basis of Si0, vs. A1,05 and Al, vs. Ti0, variations, the clino-
pyroxenes from the appinite suite plot in the non-alkaline (calcalkaline,
high-alumina and tholeiitic) field (Fig. 4.3a, b). Taken as a whole,
these criteria suggest a transitional nature between alkaline and non-

alkaline for the appinite suite. However, the mutual inconsistencies
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between conclusions based on an individual criterion raise the
question as to whether the trend in the pyroxene quadrilateral (Fig.
4.2) and the contents of Si0,, Ti0, and A1,0, of the clinopyroxenes
reflect the nature of the parental magma, or whether they reflect
control by physical conditions and the order of appearance of various
phases.

Assessment of the role of plagioclase crystallisation and its
effect on variation in magma composition assists 1n.finding an answer.
No plagioclase crystallised as phenocrysts in the appinite suite before
or along with clinopyroxenes (Chapters 2, 7). Its late appearance is
consistent with the high and uniform contents of Ca in the clinopyroxenes,
features not seen in clinopyroxene of the suites in which plagioclase
Crystallised earlier than clinopyroxene (Fig. 4.2). The clinopyroxene
from the appinite suite closely corresponds to the synthetic clino-
pyroxenes crystallised under high water pressure (>7 kb), with olivine,
clinopyroxene and phlogopite in the respective order of appearance from
a melt of highly potassic rock (Edgar et qZ. 1976). In contrast, clino-
Pyroxene from the transitional basaltic series of Sidléw Hills in which
the crystallisation order is olivine, plagioclase and clinopyroxene show a
trend with sharply decreasing Ca contents (Gandy 1973, 1975). These
data point to the high Ca in clinopyroxene of the appinite suite and
the behaviour of their trend in the quadrilateral being due to the late
appearance of plagioclase. This conclusion is comparable to that of
Gibb (1973), who attributed the low Ca content in clinopyroxenes from
the Shiant Isles sill to the early precipitation of plagioclase.

With the appinite suite showing characters transitional between
alkaline and calcalkaline (Chapter 7), the clinopyroxene compositions
would be expected to lie across the boundary of non-alkaline and normal
alkaline fields of Kushiro (1960) and LeBas (1962; see Fig. 4.3a, b).

However, most of the clinopyroxene plots are in the non-alkaline field
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indicating higher Si0, and Tower Al1,0; or Al, and Ti0, than expected
on the ‘basis of the composition of the rock suite. This can be
attributed to the order of appearance of various phases with the
entry of Ti into the clinopyroxenes being effected by the coeval
precipitation of Ti-rich phlogopite and magnetite with the clinopyroxene
Phenocrysts in the kentallenite of the Kentallen pipe (see section 2.2;
Fig. 2.4a). In addition, as there is a negative correlation between Si0,
and A1,03 and a positive cdrreTation between Al, and Ti02 (Figs. 4.3a,b),
it is likely that the entry of Al and Si into clinopyroxene was subject
to the same controls as those proposed for Ti.

The increase of Al and Ti from cores towards margins in the zoned
clinopyroxene phenocrysts of the appinite suite (Table 4.1) and the
positive correlation between Al, and Ti0, indicate that both Al, and
Ti0, increased in the clinopyroxenes with increasing fractionation
(Fig. 4.3b). The variation trend of clinopyroxene from the appinites
(A > B on Fig. 4.3b) diverges significantly from the general fraction-
ation trend proposed by LeBas (1962) for clinopyroxene of the non-
alkaline rocks which is related to decreasing A]Z with increasing Ti.
The trend of increasing Al, with increasing Ti in the clinopyroxene
of the appinite suite may be due to increasing PH20 in the pipes as
crystallisation proceeded (ef. Deer et al. 1977, p. 258). Such an
explanation is in line with proposals for increase in gas pressure in
the pipes during the early stages of crystallisation (Bowes and Wright
1967; Bowes and McArthur 1976).

4.4 Conclusions

1. The major elements responsible for zoning in the clinopyroxene
phenocrysts are Mg, Si, Ti and Al.

2. Clinopyroxene as cores of the idiomorphic amphibole crystals and
the clinopyroxene in the rock matrix of appinite from the Back

Settlement pipe represent a single stage of crystallisation that
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- took place before amphibole appeared on liquidus.

The chemical characteristics of clinopyroxene are related to
crystallisation conditions rather than to the magmatic affinity
of the appinite suite with increasing PH20 during crystallisation

playing a role.
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Figure 4.1 Clinopyroxene from the appinite suite, Ballachulish

district.

(a) Compositional fields in the pyroxene quadrilateral (after
Hess and Poldervaart 1951).

(b-j) Variations of Fe vs. Mg, Alg vs. Si, Cr vs. Ti, Na vs. Ca,
Mg vs. Si, Ti vs. Alg and Mn and Ti vs. Fe.

(k) Combined substitutional variation between M; and tetra-

hedral sites.
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Figure 4.2 Comparison of clinopyroxene from the Ballachulish

appinite suite with compositions of clinopyroxenes in basaltic

rocks and related series. The tholeiitic and alkalic trends

are reproduced from Barberi et aZ. (1971).

1. Alkalic basaltic trachyte series, Black Jack teschenite
sill, New South Wales.

2. Alkalic basaltic trachyte series, Japan.

3. Alkalic series, Gough Island.

4, Skaergaard series, Greenland.

For tholeiitic series dotted lines are tie Tines of two pyroxene

assemblages; for localities of the tholeiitic, not numbered, see

the above authors. Fields of the clinopyroxene from the Sidlaw

Hills lavas (Gandy 1975) and from a highly potassic rock, East

Africa (Edgar et al. 1976) are also shown.
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Figure 4.3 Discrimination diagrams on the basis of (a) Si0, vs.
A1,053 and (b) AIZ vs. Ti0, for clinopyroxene from the appinite

suite, Ballachulish district (after Kushiro 1960; Le Bas 1962).
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CHAPTER 5 AMPHIBOLE

The amphibole occurring as weak to intensely zoned, large iodio-
morphic crystals with rhythmic overgrowths of actinolite in appinite
(Figs. 2.4b, 2.5a-c) and hornblendite, and less frequently in pyroxene -
mica diorite (Chapter 2), was studied to (a) determine the elements
responsible for the zoning, (b) confirm what has been interpreted as
actinolite resulting from igneous crystallisation is compositionally
actinolite (Bowes et al. 1964), (c) find out various substitutions
taking place, (d) determine the physical conditions of amphibole
Crystallisation, (e) establish whether the chemical peculiarities of
the appinite suite are shown in the amphibole chemistry and (f) determine
the Si contents related to particular Ca + Na + K contents in the
actinolites.

5.1 Chemistry

Amphiboles from thé appinite of Back Settlement, Ardsheal Hill
and Garbh Al1t and from both the marginal biotite - pyroxene - hornblende
- feldspar rock and the pyroxene - mica diorite of the Rudha Mor pipe
Arpendix B.2-20 ?

(Table 7.1 -9,12, 29, 39; L ) have (Ca + Na)B 2 1,34 and NaB < 0.67;
accordingly they are calcic amphiboles (Table 5.1, Appendix B.1). The
large idiomorphic crystals which are a characteristic feature of the
appinites are all pargasite while the overgrowths vary from actinolite

through actinolitic - hornblende to magnesio - hornblende (Fig. 5.1).

5.1A Single amphibole crystal

A large idiomorphic crystal of pargasite with prominent overgrowths
from Back Settlement was selected for detailed investigation (Fig. 5.2a;
Table 5.1). Both its brown core and a green rim are pargasitic while
the alternating green and colourless overgrowths are actinolitic.

There is a decrease in the Ti content from centre to margins with a

break at the interface of brown core and green rim (Fig. 5.2b).
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Corresponding breaks occur at the same position in the Fe:Mg and
Ti:Mg ratios. These ratios also show breaks in the overgrowths,
corresponding to boundaries of the bands of different colour (Figs.
5.2c, d). There is no variation in the proportion of Aly with varying
Ti contents in the pargasite but it increases with Ti in the overgrowths
(Fig. 5.2e). The brown to green variation in the colour is attributed
to decrease in Ti (Lemeon 1980), such a variation being attributed to
decreasing temperature and increasing oxygen fugacity by Helz (1973).
The intensity of green colour in overgrowths corresponds to changes
in the Fed+ proportion which also increases with increasing oxygen
fugacity (Miyashiro 1973).

As phlogopite - biotite, apatite and primary magnetite usually
occur in the green rim of the pargasite (ef. Figs. 2.3a, 2.5a, 2.7a, b)
and sphene in the overgrowths, the compositional breaks in pargasite
and overgrowths, can be attributed to the simultaneous crystallisation
of the above Ti-bearing minerals (M. Q. Jan and R. A. Howie personal
commun.) and the precipitation of apatite which enriches the Mg and Ti
contents of the melt relative to the crystallising phases (Ryerson and
Hess 1979).

5.1B Overall chemistry

Taking the amphiboles from the various pipes, there are inverse
correlations between Fe and Mg and between Na and Ca (Fig. 5.3a, b);
these suggest simple Mg — Fe(Mn) and Ca =— 2Na exchange reactions.

K vs. Ca varies positively in the pargasite but negatively in the over-
growths except in magnesio - hornblendes (Fig. 5.3c). This may be due

to Ca = NaM, and KA pe NaA substitutions in the pargasite and

Ca = NaM, + A-site substitution in the overgrowths. As the plots for
magnesio - hornblende show scatter on both Na vs. Ca and K vs. Ca
variation diagrams, a combination of the above substitutions is proposed.

A negative correlation is observed between Al and Mg for all the
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amphiboles except the pargasites from the Rudha Mor pipe (Fig. 5.3d).
No relationship has beeq found between Fe and Aly and there is a
clear relationship between Al, and Mg/Mg + Fe (ef. Figs. 5.1a, b).
This can be attributed to a tschermakitic type substitution

(Si + Mg = 2A1) except for the pargasite of the Rudha Mor pipe for
which a 3Si — 4A1l substitution is proposed.

Al, varies positively with A-site occupancies in all amphiboles
(Fig. 5.3e). In the case of both the pargasites and the magnesio -
hornblendes, the overall trend is parallel to a 1:1 line but in the
case of the overgrowths of actinolite and actinolitic- hornblende
compositions, the shape of the line is considerably steeper and approx-
imately parallel to that for amphiboles from the Finnmarka complex
(Czmanske and Wones 1973). This indicates a higher edenitic substitution
in the pargasites and magnesio - hornblendes than in the actinolites and
actinolitic - hornblendes. As Al, varies negatively with NaMy in the
pargasites and shows no strong correlation in the overgrowths (see
Fig. 5.4), a Si + NaM, = Al, + A-site substitution is suggested for
pargasites and Si + [:] = Al, + A-site substitution for the over-
growths.

Ti apparently varies positively with Aly in all amphiboles (Fig.
5.3f). However, there is a high-Ti group corresponding to the brown
cores and low-Ti group to the green rims of pargasites in which Al, is
actually constant with varying Ti in individual pargasite grains as
shown by the compositions determined from the selected single amphibole
crystal from the Back Settlement pipe (see Fig. 5.2e). Ti varies
positively with Mg in both the brown core and the green rim and negatively
in the overgrowths of the above crystals (Fig. 5.2d). Accordingly,

Mg + Titt — 2Fe3*t or Mg + Ti*T = Fe3* + Al substitutions are indicated
in the pargasites and a Si + Mg — 2A1 + Ti** substitution in the over-

growths.
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The lack of correlation between Al. and Si in the pargasites

(Fig. 5.3g) may produce an extra positive charge in M; - M, sites.

This can be compensated by |M; - Mj | + Mn = Al type substitution in

the brown cores for which Mn vs. Al plots show a negative correlation
(Fig. 5.3h). As Al remains constant in the green rims, it probably
compensates the marked decrease in Ti (ef. Fig. 5.2b).

5.2 Pressure estimation

The pargasites 1ie well below the 5 kb Tine of Raase (1974) while
the overgrowths of actinolite and actinolitic - hornblende straddle
this line; the magnesio - hornblendes occupy an infermediate position
(Fig. 5.3g). This suggests a higher pressure for the growth of the
overgrowths than for the pargasites. If the pressure estimate for
metamorphism using the NaM, vs. Al, is relevant to the products of
igneous crystallisation, then the overgrowths have crystallised below
3 kb (Fig. 5.4; Brown 1977). This estimate of pressure is considerably
lower than that derived using the plot of Raase (1974), the difference
being due to the lack of a strong correlation between NaM, contents
and Al, in the overgrowths., If it is legitimate to extrapolate
pressures towards the magnesio - hornblende and pargasite compositions
in Figure 5.4, then pressures for these were 3-4 and 2-4 kb, respect-
ively. These values correspond with those determined from the method of
Raase.

Leake (1965, 1971) found that the higher the Al; in amphiboles, the
higher the pressure of formation. However, both the maximum Alg Timit
of Leake and the 5 kb 1ine of Raase are based on the associated Al,
contents (Fig. 5.3g). Accordingly, the estimates of pressure on the
basis of the Raase method seem to be the more acceptable.

5.3 Temperature estimatimation

Temperature of growth for the single amphibole crystal (Fig. 5.2a)

on the basis of Ti contents using comparison with experimental data
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(Fig. 5.5a) gives the following:
Brown core  Green rim
Upper 1imit 845°-830°C 780°-745°C
Lower limit 825°-805°C  755°-700°C

Using an extrapolation on the basis of all the Ti going into
amphibole rather than having other Ti-bearing phases and apatite
Crystallising together with the green rims of pargasite and sphene
together with overgrowths (Z.e. Ti variation followed the AB line in
Fig. 5.2b), the Ti contents have been recast in the model of Helz
(1973). From this the following temperatures were deduced for the
green rim of the pargasite (Fig. 5.5b):

Upper 1imit 825°-805°C

Lower 1imit 805°-770°C
The occasional association of albite with the greenest part of the
pargasite in the appinite of the Back Settlement pipe (Fig. 2.7a)
supports the Tower Timit temperature estimates as albite crystallises
in the Ab - An system at 770°C at pressures of 3-4 kb PH20 (Yoder et q1.
1957; Deer et al, 1963).

Temperature ranges of 795°-760° and 790°-755°C are estimated for
magnesio - hornblendes and other overgrowths, respectively.

Considering the maximum Ti obtained from amphiboles of the various
pipes (Table 5.1, Appendix B.1) pargasite appeared on the liquidus at
960°C in Ardsheal Hill pipe, at 940°C in Rudha Mor pipe, at 900°C in the
Back Settlement and below 900°C in the Garbh Allt pipe.

5.4 Chemical peculijarities of the appinite suite reflected in the

amphibole chemistry

On the basis of Al, vs. A-site variation pargasites from the appinite
suite have certain chemical characteristics similar to those of synthetic
amphiboles from melts varying from tholeiitic to alkali basaltic (Fig.

5.3e). However, there are marked differences indicated by their
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variation trend which does not correspond with any one of those of the
basaltic suites of Helz (1973). These features suggest crystallisation
of pargasite from a melt transitional between alkaline and non-alkaline.
The general compositional correspondence of the actinolitic overgrowths
with the trend of amphibole from granite rocks of the Finnmarka complex
points to crystallisation from a residual 1iquid of high Si-activity.

The production of such 1iquid could have resulted from the early crystal-
lisation of clinopyroxene and pargasite in the pipes. This interpretation
is supported by the positive correlation of the average Mg/Mg + Fe ratios
in the pargasite against these ratios in their host rocks, Z.e. the
strong dependence of the amphibole composition on the composition of

the melt from which it has been crystallised (Fig. 5.6). However, plots
of the above ratios for the overgrowths are scattered. This indicates
that other factors, like changing oxygen fugacity and gas pressure
disturbed the relationship during the crystallisation of the overgrowths
(see Binns 1965a, b).

5.5 Maximum Si 1imit with associated Ca + Na + K

The pargasites lie below while the majority of the overgrowths lie
above the line in a Si vs. Ca + Na + K plot which Leake (1971) considers
to represent the compositional Timit of amphiboles of igneous derivations
(Fig. 5.7). The maximum Si in a half unit cell for the amphiboles in
overgrowths is 7.91. This is considerably in excess of the figure of
7.45 given by Leake (1971) and that of 7.64 reported by Czmanske and
Wones (1973). Accordingly a revised limit is given in Figure 5.7.

5.6 Conclusions

1. The large idiomorphic amphibole crystals are compositionally
pargasitic and their zoning is mainly due to Ti variation.

2. The majority of the overgrowths are compositionally actinolites
and their rhythmic variations are due to varying Fe3* contents.

3. The compositional breaks in pargasite and overgrowths are due to
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the simultaneous crysta]]isatidn of Ti-bearing minerals and apatite.
Pargasite crystallised below 5 kb PH20 in a temperature range of
960°-770°C in most of the pipes while overgrowths were developed

at about 5 kb P in a temperature range of 800°-750°C.

H,0
Phlogopite, primary magnetite, apatite and albite appeared on liquidus

below 5 kb P in a temperature range of 825°-770°C in the Back

H,0
Settlement pipe.
The pargasite composition is strongly dependent on its host rock
combosition and reflects the transitional nature of the appinite
suite.

The overgrowths have developed from a more silicic liquid than that
from which pargasite has crystallised.

The maximum Si Timit in a half unit cell of overgrowths exceeds

that proposed by Leake (1971) for igneous amphiboles; the maximum

figure is 7.91.
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Figure 5.1 Compositional fields for amphibole from the Ballachulish

appinite suite (after Leake 1978).
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Figure 5.2

(a)

(c-e)

Schematic representation of the selected amphibole crystal
from the appinite of the Back Settlement pipe. Dotted

lines represent arbitrary zones (A, - A,, B, -B;) based on
equally decreasing Ti (in half unit cell) from centre
towards margins. Numbers 1-17 represent analyses in

Table 5.1,

Half unit cell Ti in various zones of the selected amphibole
crystal and maximum half unit cell Ti in actinolitic over-
growths and magnesio-hornb]endes..

Half unit cell variations of Fe and Ti against Mg and Ti

against Al,, respectively.



107

B3' B2 Bl{Aa A3A2

.(\BRO'W'N

0:22 4

018 +

in half unitcell
o
Y
4

Ti

0:10 4

Al

b
\\ -
- -| \i
A2lA3 | A4 ]| B,

!
ey
/

B2

/< LIGHT-GREEN

OVERGROWTH

—PARGASITE

OVERGROWTH

-

=~
~~s
|
ITi contents onthe basis of
y extrapolation of AB line

B3

| . :
T yMaximum Ti in
tmagnesm-hornblendes
'Rudha Mor pipe

Maximum Ti
in overgrowths,

Brown core

Green rim

Pargasite

hbl

Back Settlement pipe
tOvergrowth




108

%
PARGASITE
- + BROWN CORE
1-8F £ GREEN RIM
* % MARGIN OF GREEN RIM
* & |+ OVERGROWTH
+ 3
1-4} -{ + C
Q
g
+%
1-0F +
+
1 ) 1 1 1
2:5 3-5 4-5
Mg
N
0-24} 3
d
- *
—_ x ¥
*
012}
+
t+%*
1 t *I ﬂ_* l._____[
2-5 35 4-5




109

e
o+
0:24 | 4
i
0-20
= *
0-16 | £«
Ti _
0-12
0-08 |- +
0:04 |
B +
o-o0 L+ | £ ! | | L | \ \
0-0 0-4 0-8 12 1.6 2:0



110

Figure 5.3 (a-h) Half unit cell variations of Fe vs. Mg,

Na and K vs. Ca, Al vs. Mg, Al, vs. A-site, Ti vs. Al,, Algvs.
Si and Mn vs. Alg, respectively, in amphiboles from the
Ballachulish appinite suite (symbols as in Fig. 5.1), with

comparisons.
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Figure 5.4 Tentative estimates of the relationship between
pressure and NaM, content; after Brown (1977); see text for

explanation; symbols as in Figure 5.1.
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Figure 5.5 Temperature estimates for amphiboles of the Ballachulish

appinite suite on the basis of Ti contents (Helz 1973).

(a) Estimates for the selected pargasite crystal (Fig. 5.2a) on
the basis of actual Ti contents.

(b) Estimates for the green rim of pargasite and actinolite over-
growths from the Back Settlement pipe and for magnesio -
hornblendes for the Rudha Mor pipe on the basis of extra-

polated Ti contents in Figure 5.2b.



122

O Picture George tholeiite
A 1801 Hualalai alkali basalt.
- 0-3
_—~—"|Brown Brown - 0-2
,/’A/ core ccire
reen FGreen LowerfUpper
. . o s o s — 0-1
rim rim limit|[limit
Lower Upper
limit limit
1 1 | i 1
700 750 800 850 900
aeeb GREEN RIM = LOWER LIMIT
ceesd MAGNESIO - HORNBLENDE
e<*—=>f{ OVERGROWTH L 0.3
G - 0-2
reen
-,f’dy///'//ﬁ
D/? ¢| dll |rim
e —- 01
1| lupper
limit
1 | 1 1 1
700 750 800 850 900

T°C

Ti per 23 oxygen

Ti per 23 oxygen



123

Figure 5.6 Plots of the average Mg/Mg + Fe ratios in amphiboles
from the Ballachulish appinite suite against this ratio in their

host rocks.
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Figure 5.7 Ca + Na + K ve. Si (half unit cell; symbols as in Fig. 5.1).
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Analyses of the zoned pargasite crystal and its over-

growths shown in Figure 5.2a; appinite, large pipe, Back Settlement.

(Table 7.1 =9).

Si0,
TiOz
Al,04
FeO
MnO
Mg0
Ca0
Nago

Total

Cr
Co

Si
Ti
Al
Fe
Mn
Mg
Ca
Na

Al,
Alg

oo
[o e R

OO0 O0OO—~WO—-00OV

b.d.

176

OO0 O0O—~WO—00\

1

Formulae on the basis of

b.d.
b.d.

OO0O0O0O—PR~rOOOON

18.
13
0.
0.
29,

b.d.
1349

OO0OO0OO0O—~WwWOOoOOOoO\

98.

p—
COCOONNOWUMNO

b.d.
b.d.

OO0 O0O—~-WO—00\

Trace elements (p.p.m.)

6* 7
53.47 41.24
0.21 1.48
3.49 13.34
9.37 13.45
0.19 0.13
18.37 12.34
12.81 12.21
0.98 2.03
0.36  1.71
99.25 97.92
b.d. b.d.
b.d. 1849
23 oxygens
7.51 6.15
0.02 0.
0.58 2.35
1.10 1.68
0.02 0.02
3.85 2.74
1.93 1.95
0.27 0.59
0.06 0.32
0.49 1.85
0.09 0.50

41,
12.
14.
12.

99.

oo

O—00—~WoOoO—MNMNOoO o,

[a Yo R

O—~00—~WoO—MMnoOo
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Table 5.1 (Contd.)

10 11 12 13 14 15% 16%* 17

Si0, 41.72 41.58 41.59 40.13 40.85 51.55 53.06 40.51
Ti0 2,27 2,18 2.17 1.61 1,52 0.76 0.00 1.44
A1253 12.64 12.68 12.96 13.08 12.71 4.28 3,97 13.53
Fe0 11.38 11.44 11.47 13,57 14.71 12.26 9.19 15.63
MnO 0.17 0.21 0.00 0.00 0.24 0.23 0.31 0.23
MgO 14.44 14.16 14.36 12.38 12.02 15.91 17.85 11.38
Ca0 12.34 12.31 12.27 12.25 12.10 12.35 12.95 12.34
Na,0 2.00 2.02 2.44 1.66 1.78 1.11 0.98 1.97
K20 1.95 1.51 1.41 1.69 1.73 0.52 0.38 1.90
Total 98.91 98.09 98.66 96.37 97.66 98.96 98.68 98.39

Trace elements (p.p.m.)

K

Cr b.d. b.d. b.d. b.d. 963 b.d. b.d. b.d.
Co b.d. b.d. 2626 1788 3463 b.d. 2028 1422
Formulae on the basis of 23 oxygens
Si 6.12 6.14 6.10 6.10 6.15 7.38 7.50 6.06
Ti 0.25 0.24 0.24 0.18 0.17 0.08 0.00 0.17
Al 2.19 2,20 2.24 2.3¢ 2.25 0.72 0.66 2.39
Fe 1.40 1.41 1.41 1,72 1.8 1.47 1.09 1.9
Mn 0.02 0.03 0.00 0.00 0.03 0.03 0.04 0.03
Mg 3.16 3.11 3.14 *2.80 2.70 3.39 3.76 2.54
Ca 1.94 1.95 1.93 1.9 1.95 1.89 1.9 1.98
Na 0.57 0.58 0.69 0.49 0.52 0.30 0.27 0.57
0.36 0.28 0.26 0.33 0.33 0.09 0.07 0.3
Al, 1.88 1.86 1.90 1.90 1.85 0.62 0.50 1.94
Alg 0.31 0.3¢ 0.3¢ 0.44 0.40 0.10 0.16 0.45

Fe0 = total iron; numbers with asterisks indicate overgrowths;
b.d. = below detection 1imit (see Appendix A.2); Ni is below

the detection 1imit for all analyses.
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CHAPTER 6 MICA

Mica commonly occurs as phenocrysts in kentallenite and as large
crystals in pyroxene - mica diorite and many of the marginal ultra-
mafic rocks. It is also present in variable proportions (<5 -20%)
in some appinites, hornblende diorites and lamprophyres (Table 7.1;
also see Chapter 2). Zoned crystals of mica are very common (Figs.
2.6a, b), particularly in the kentallenite of the Kentallen pipe.

An analytical study of mica was carried out to determine (1) the
elements responsible for zoning, (2) the various substitutions that
take place and (3) the physical conditions of mica crystallisation in
various pipes.

6.1 Chemistry

Analytical data for mica from the kentallenite of the Kentallen
pipe (Table 7.1 —52; Fig. 2.3b), appinite of the Back Settlement pipe
(Table 7.1 =9; ef. Figs. 2.5a, 2.6a-b, 2.7b) and pyroxene - mica
diorite of the Rudha Mor pipe (Table 7.1 —39) are given in Table 6.1,

A plot of 6Fe/Mg + Fe vs. Al shows that the compositions of most of the
analysed micas of the Rudha Mor pipe lie in the main biotite field while
those from the other two pipes 1ie in the phlogopite field (Fig. 6.1).
6.1A Single phlogopite crystal

An extensively zoned phlogopite phenocryst from the kenallenite
of the Kentallen pipe was selected for detailed investigation (Fig. 6.2a;
Table 6.1 =1-8). Both Ti and Fe show a negative correlation against
Mg/Mg + Fe (Fig. 6.2b) with higher Ti and Fe proportions in the dark
brown zone at the margin'(anal. 8) and Tower Ti and Fe proportions in
the Tight brown zone close to the olivine - phlogopite interface (anal.5).
However, the dark brown zone for which analyses 1, 2 and 3 were made
shows higher Ti:Fe ratios as compared to the dark brown zone at the

margin (anal. 8). This indicates a greater correspondence between the
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intensity of the brown colour and the Ti content which in micas
increases with increase in temperature and decrease in pressure
(Robert 1976). The increasing Fe contents of mica can be attributed
only to increasing crystallisation.

6.1B Overall chemistry

On the basis of 6Fe/Mg + Fe vs. Al plots (Fig. 6.1) a phlogopite -
sidﬁophy]]ite-type substitution is proposed. There is a negative
correlation between Fe and Mg and between Ti and Mg but the micas of
the three pipes show significant differences. For example in the Kent-
allen pipe a decrease in Mg is compensated for by a lower proportion
of Fe and higher proportion of Ti in phlogopite than is the case for
the other pipes (Figs. 6.3a, b).

Mg vs. Si and Ti vs. Al show positive correlations for the micas
from all the pipes (Figs. 6.3c, d). The correspondence between Mg and
Si is better, and the proportional dependence of Ti on Al, is higher,
in phlogopite from the Kentallen pipe than in the micas from the other
two pipes. On these bases the entry of Ti into phlogopite in the
Kentallen pipe and into micas from the other pipes is consistent, respect-
ively, with the following substitutions:

2Si + Mg = 2Al1,+ Ti** (Robert 1976) and

8Si + 8Mg == 12A1 + 4Fe?*(Mn) + Ti**

There is a negative Ca vs. Mg correlation for Kentallen pipe
phlogopite; plots for the micas from the other two pipes show scattering
(Fig. 6.3e). K varies positively with Si in micas from all the pipes
(Fig. 6.3f). Substitutions similar to those proposed by Olech (1979)
would appear to have been operative in relation to the entry of Ca into
phlogopite. The substitution

K+ Mg +25i —= Ca + Alg + 2A1,

is applicable to phlogopite in the Kentallen pipe and the substitution
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K+ Si = Ca + Al,
is applicable to micas from all the pipes.

6.2 Temperature and pressure estimation

Based on Ti0, contents and using comparison with experimental
data of Robert (1976) a crysta]liéation temperature close to 1000°C
and PH20 close to 1 kb are indicated for the phlogopite of the Kent-
allen pipe but lower temperatures and higher pressures for micas from
the Back Settlement and Rudha Mor pipes (see Section 6.iA). This is
in correspondence with temperature and pressure estimates made for
mica from the appinite.of the Back Settlement pipe (825° -770°C), based
on the association of phlogopite grains with the green rims of the
pargasite crystals (Chapter 5).

6.3 Conclusions

1. The major element responsible for zoning in mica is Ti.
2. The phlogopite in the kentallenite of the Kentallen pipe crystal-
Tised at about 1000°C and 1 kb Ph.0
2
3. The phlogopite - biotite from the Back Settlement and Rudha Mor
pipes crystallised at comparatively lower temperatures and higher

pressures than those deduced for the phlogopite of the Kentallen

pipe.



132

Figure 6.1 Mica compositions from the Ballachulish appinite suite

based on plots of 6Fe/Mg + Fe vs. Al (after Deer et al. 1966).
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Figure 6.2

(a) Schematic representation of the zoned phlogopite crystal from
the kentallenite of the Kentallen pipe; numbers 1-8 correspond
to analyses in Table 6.1.

(b) Fe and Ti vs. Mg/Mg + Fe variations in the zoned phlogopite

shown in Figure 6.2(a).
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Figure 6.3 (a-f) Half unit cell variations of Fe and Ti vs. Mg,
Mg vs. Si, Ti vs. Al,, Ca vs. Mg and K vs. Si, in micas from the
Ballachulish appinite suite (symbols as in Fig. 6.1; in Figs.

6.3c and d solid Tine = Kentallen pipe, broken line = other pipes).
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CHAPTER 7 PETROCHEMISTRY

Using analyses of 82 representative specimens of the appinite
suite from the Back Settlement pipe (11), the Ardsheal Hill - Lagnaha
pipes (20), the Rudha Mor pipe (15), the Kentallen pipe (13), other
small pipes on the Kentallen - Ardsheal peninsula (5), the Gleann
Charnan pipes (5) and pipes of the Glen Creran area (13), it can be
sh&wn that the overall variation from ultramafic to mafic and less
frequently to feldspathic types ranges from 44 to 70 wt. % Si0,

(Table 7.1, Appendix B.2). On an alkali vs. Si0, diagram most of the
compositions lie in a field which defines a continuous differentiation
trend along the boundary between alkaline and subalkaline fields.

This indicates transitional characters between the mildly alkaline

and the high alumina basalt series (Fig. 7.1). Some members with sub-
alkaline characters variously plot in the fields of continental, island
arc and oceanic alkali olivine basalt series.

The continuous differentiation trend is also shown on an AFM plot.
However, this indicates affiliation to the calcalkaline series, partic-
ularly for the intermediate and acidic members (Fig. 7.2). The
majority of the compositions lie below the field of the alkali olivine
basalt series but for the ultramafic members the overall trend of the
compositional field is generally parallel to that of the field of the
alkaline rock series with evidence of some mild iron-enrichment in some
appinites (Table 7.1 — 10-13; Appendix B.2-6,7).

The high total alkalis are due to'the higher K,0 proportion
than is normal in the calcalkaline series (cf. Wright and Bowes 1979).
On the basis of this, and the above features, the appinite suite is
considered to be part of a high-potassium calcalkaline series, other
representatives of which have been reported from several parts of the

world (e.g. Cape Nelson, Eastern Papua - Jake$ and Smith 1970;
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Northwestern Nigeria - McCurry and Wright 1977).

7.1 Major element variations

The continuous variation in major element chemistry is well
represented by plots of S.I. vs. various oxides. In the case of Si0,
the change, at about S.I. of 35, from the flat pattern shown for the
65-35 range of S.I. is related to the production of Si0,-rich liquids
following the appearance and crystallisation differentiation of nepheline
normative amphibole (Fig. 7.3a). The continuous curvilinear trends
shown by the Mg0 and Al1,0; vs. S.I. plots reflect fractionation and
the progressive development from ultramafic rocks and kentallenites
through appinites (and lamprophyres) to feldspathic appinites and
leucocratic diorites (Figs. 7.3b, c). The Na,0 vs. S.I. plot also
displays the same pattern as the Al,0; vs. S.I. plot. There is a some-
what similar trend shown by the K,0 vs. S.I. plot but with far too
much spread to match it with confidence to other specific trends (Fig.
7.3d). This spread is due to the variable proportions of phlogopite
and biotite which Wright and Bowes (1979) attributed to the introduction
of K,0 associated with volatiles.

Although showing considerable variation above S.I. 30 because of

the crystallisation of the opaque ores in some appinites, the Fe0 ps.
S.I. plot also reflects the same fractionation process (Fig. 7.3e).
The spread above S.I. values of 30 is also partly due to the replacement
of the dominant olivine and clinopyroxene fractionation in kentallenites
and some ultramafic rocks (lower FeQ) by the dominant amphibole fraction-
ation in appinites (higher Fe0).

The considerable scatter shown on the Fe,0; vs. S.I. plot reflects
the variable proportion of magnetite (Fig. 7.3f). This is interpreted
as an indication of highly varied oxygen fugacities during the course
of fractional crystallisation. In addition,P0 was not always directly

proportional to PH 0° This conclusion is based on the existence of
2
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spessartite samples from the Ardsheal Hill pipe (Table 7.1 —18-24)
which, as a result of crystallisation of opaque ores, contain lower
proportions of hydrous minerals but show higher Fe,0; than the appinites
from the same pipe.

The scatter of Mn0 (Fig. 7.3g) is not as great as that for Fe,0;.
This reflects Fe2+ -Mn2+ substitution and represents the combination
of the more regular pattern of FeO association with the crystallisation
of olivine, clinopyroxene and amphibole and the Fe,0; scatter associated
with magnetite crystallisation.

The progressive replacement of olivine and clinopyroxene by
amphibole, phlogopite, biotite and opaque ores (titan -magnetite) in
ultramafic and mafic rocks (S.I. > 30) is shown by an increase in Ti0,
(Fig. 7.3h). In addition, the decrease in the fractionation of these
Ti0,-bearing phases in intermediate and feldspathic rocks (S.I. < 30)
is shown by a decrease in Ti0,. These variations reflect the combination
of all features shown by the previous plots.

The greater scatter of Ca0 above than below S.I. of 45, the more
regular pattern at lesser values, and its overall decrease with
decreasing S.I., is consistent with the fractionation of Ca-bearing
phases Tike clinopyroxene and amphibole (Fig. 7.3j). However, as the
residual Tiquids were enriched in A1,0;3 (Fig. 7.3c), Ca-rich plagioclase
could not have been an important factor in the fractionation process
except in the leucodiorites and granodiorites (see Chapter 2; Table 7.1 —
40, 46). The higher Ca0 in certain appinites can be attributed to their
higher proportions of apatite and calcite (Table 7.1-2, 3, 5-7, 10, 11).
This conclusion is supported by the variation of P,05 and CO, against
S.I. (Figs. 7.3k, 1). Generally P,05 increases from ultramafic to mafic
rocks and decreases from intermediate to feldspathic rocks, the change
of slope being at about S.I. 35. This indicates the build up of P,0g

in the magma in the early stages of fractionation and the appearance
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and subsequent fractionation of apatite.

Variation in the CO, proportions is not considered to be represent-
ative of the fractional crystallisation. The general variability shown
by the CO, vs. S.I. plots is related to the highly carbonated and
altered nature of the rocks from the small pipes at Back Settlement
and Rudha Mor (Chapter 2).

‘The petrogenetic information obtained from the oxides vs. S.I.
variations are consistent with the pattern of the development of various
rocks shown by field relationships, for example in the Ardsheal Hill -
Lagnaha, Rudha Mor and Kentallen pipes in which there is a considerable
variety of rock types (ef. Fig. 2.2). The generally regular patterns
of variation shown by some constituents indicate that the various rock
types of the appinite suite in the various pipes represent a cognate
petrogenetic suite derived from a common parent magma. The less regular
or highly scattered patterns can be explained on the basis of varying
crystallisation conditions in different pipes (Chapters 2-6). However,
no information can be obtained from these plots concerning the successive
appearance of different phases on the liquidus under varying physical
‘conditions during the various stages of fractional crystallisation in
differenf pipes. This is obtained from the plots in the CMAS tetrahedron
model of Cox et aZ. (1979).

Assessment of these plots permits the petrogenetic histories to be
explained in relation to different environments (see Chapters 2 -6; Bowes
and Wright 1967; Bowes and McArthur 1976).

7.2 Fractional crystallisation on the basis of CMAS model

Back Settlement pipe

Plots of the compositions of rocks of the appinite suite in the
CMAS model reveal that two fractionation trends were operative (see

explanation of Fig. 7.4 for calculation of plotted parameters):
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(i) A clinopyroxene - amphibole fractionation led to the formation

of mica-poor appinites and lamprophyres (Table 7.1-6,7, 10, 11).

Rocks resulting from this fractionation trend are those which

plot below the pargasite position and the plots define a gentle

curve which is close to being parallel to the clinopyroxene - Ky

join in a projection from Qtz into the En-Ky -Wol plane (Fig. 7.4a).

Such plots are compatible with the early crystallisation of

clinopyroxene and the replacement of cTinopyroxéne by amphibole

(see Chapters 4, 5).

(ii) A clinopyroxene - amphibole - biotite fractionation led to the
formation of relatively mica-rich appinites and Tamprophyres

(Table 7.1 —1-5, 8, 9). Rocks resulting from this fractionation

trend are those which plot in an elongate field which is generally

parallel to the pargasite - feldspar join and much cleser to the
pargasite position than the products of the other fractionation
trend. Such plots are compatible with biotite fractionation

having played a role but one that was minor compared with that of

clinopyroxene and amphibole.

The dominant role of clinopyroxene and amphibole fractionation in
the petrogenesis of all the rock types from the Back Settlement pipes is
supported by the rock compositions plotting between clinopyroxene (Diop)
and pargasite both in the projection from Ky into the En-Plag-Qtz plane
and also in the projection from Wol into the Ky - Diop - Qtz plane (Figs.
7.4b, c; Qtz apices are not shown in these Figures). Such plots are
consistent with the evolutionary history deduced from petrography and
mineral chemistry, Z.e. of crystallisation under highly variable volatile
pressure with clinopyroxene fractionation reflecting initial low pressure
and amphibole and biotite fractionation reflecting higher pressures. In
both of these projections the En - Plag and Ky - Diop join, respectively,

can be regarded as traces of the planes of Si0,-saturation and the absence



147

of compositions that plot below these planes (towards Qtz) reflects

the absence of acidic rock types in the Back Settlement pipes—(see

Table 7.1).

Ardsheal Hill - Lagnaha pipes

Two major fractionation processes can be deduced.

A clinopyroxene - amphibole - biotite fractionation was dominant
in the majority of the coarse-grained rocks (Table 7.1 - 12-17).
Both in the projections from Qtz into the En - Ky - Wol plane and
the projections from Ky into the En -Plag-Qtz plane, plots of
these rocks define a trend that is generally parallel to the

En - Feldspar (Plag) join (Figs. 7.4d, e). In the former closer
affiliation with compositional positions of pargasite and phlogopite
are shown; in the latter the closer affiliation seen is with
pargasite and clinopyroxene. The fractionation process that is
deduced from these plots is similar to that deduced for the mica-
rich appinites and lamprophyres from the Back Settlement pipe on
the basis of their similar variations in the above projections
(Fig. 7.4a, b).

The plots show that in the feldspathic appinites and leuco-
cratic diorite (Table 7.1-=17,27, 31) clinopyroxene - amphibole -
biotite fractionation was replaced by plagioclase fractionation. On
these projections the progressively greater proximity of plots of
these rock types to the position of feldspar (Plag) are shown. From
interpretation of these Figures the appearance and progressive
increase to dominance of plagioclase on the liquidus can be deduced
from the bend and gap, respectively, as far as the coarse-grained
facies are concerned.

An olivine - clinopyroxene fractionation process led to the
development of the lamprophyric marginal facies which contains

olivine and clinopyroxene as phenocrysts (Chapters 2, 3, 4). The
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early appearance of olivine on the liquidus is shown by the plots

of the olivine-bearing lamprophyres (Table 7.1 — 18-21) being
parallel to the En - feldspar join (below the pargasite position)

in the projection from Qtz into the En - Ky - Wol plane (Fig. 7.4d).
The disappearance of olivine and the dominance of clinopyroxene

on the liquidus in the olivine-free lamprophyres (Table 7.1 — 22-24)
are indicated by the divergence from the other trend into a trend
parallel to the clinopyroxene - Ky join. Corresponding features

are shown by the plots of the olivine-bearing and olivine-free
lamprophyres in the projection from Ky into the En -Plag-Qtz plane
(Fig. 7.4e). The lesser correspondence of the olivine-free lampro-
phyres with the position of plagioclase in these projections
compared with the feldspathic appinites and leucocratic diorites
indicates that plagioclase played a very minor role in the later
stages of this particular fractionation process. This is consistent
with the restriction of plagioclase to the groundmass in these rocks
(Chapter 2).

Rudha Mor pipe

A fractionation process similar to that described for the coarse-
grained facies of the Ardsheal Hill - Lagnaha pipes is indicated by the
disposition of plots on a trend parallel to the En- feldspar join in a
projection from Qtz into the En-Ky - Wol plane (Fig. 7.4f). However,
evidence that olivine fractionation was pronounced before the appearance
of clinopyroxene on the liquidus is provided by the position of the plots
of one of the ultramafic rocks being towards olivine (En apex). This is
consistent with the presence of olivine in the ultramafic types of this
pipe (Table 7.1 — 32-34).

The plots for lamprophyric dykes from the Rudha Mor pipe (Table 7.1 =
38, 40, 42)also indicate the marked role of clinopyroxene-amphibole-biotite

fractionation. These plots Tie close to those of appinites and pyroxene-mica
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diorites from the same pipe in this and other projections. This provides further
evidence of the genetic relationship of the lamprophyres and members
of the appinite suite (see Chapter 2).

Kentallen pipe

Evidence concerning the fractionation history of the Kentallen
pipe is provided by compositional plots in several projections in the
CMAS model, with the projection from Qtz into the En -Ky -Wol plane -
being of particular value (Fig. 7.4g). In it plots of the marginal
_u]tramafic rocks Tie on a trend that is generally parallel to the En -
pargasite join with some being close to the position of pargasite. This
reflects the operation of olivine fractionation followed and subsequently
replaced by clinopyroxene - amphibole - phlogopite fractionation. This
fractionation trend corresponds with that deduced for the ultramafic
rocks of the Rudha Mor pipe (ef. Fig. 7.4f).

If the mean kentallenite composition (Table 2.1 —6) represents
the original "primary" magma (Chapter 3), then the position of the plots
of the chilled margin of kentallenite just above the pargasite position
on the side towards clinopyroxene indicates evolution from the parent
Tiquid through a dominant fractionation of olivine and clinopyroxene,
before phlogopite became a prominent crystallising phase. On the other
hand, those kentallenites whose plots 1ie on the En -Ky join side of the
position of pargasite and show greater affinity to phlogopite than to
clinopyroxene represent crystallisation after phlogopite became a prominent
fractionating phase. This interpretation is consistent with the scarcity
of phlogopite in the chilled margin of the kentallenite mass (Table 7.1 —=51).

The kentallenites and the lamprophyre whose plots are below the
mean kentallenite composition and the diorite and biotite - feldspar vein
which plot closer to the feldspar position are interpreted as representing

progressively developed residual products.
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Small pipes on Kentallen - Ardsheal peninsula

Plots of the Timited data available for these pipes are not
presented here. However, for the rocks of the North Cuil and South Cuil
pipes and the St Adamanan's pipe these data are consistent with the
operation of fractionation processes similar to those described for
the coarse-grained facies of the Ardsheal Hill pipe. On the basis of
petrograbhy of the rocks in the St Moluag's pipe the fractionating
phases were similar to those in the non-cumulate kentallenites of the
Kentallen pipe.

Gleann Charnan and Glen Creran pipes

On the basis of plots in the CMAS model the fractionation processes
operative in the Gleann Charnan pipe and the Mam na Stainge, Salachail,
Garbh Al1t and Glen Ure pipes of the Glen Creran area were similar to
that operative both in the Back Settlement pipes and in the development
of the coarse-grained facies of the Ardsheal Hill - Lagnaha pipes. This
is consistent with the petrographic similarities between the rock types
from these pipes. In the case of the Burnamuc pipe in Glen Creran, the
kentallenite has similar fractionating phases to the non-cumulate kent-
allenite of the Kentallen pipe (of. Figs. 7.4h, j).

Discussion and conclusions based on CMAS model

The majority of the rock types from the Ballachulish appinite

suite closely follow the variation trends of the Kentallen pipe shown

in projection from Qtz into the En -Ky - Wol plane (Fig.7.4h:also see Fig74j)
This is consistent with the conclusion that a parent liquid similar in
composition to the mean kentallenite was the starting point for fraction-
ation in all the pipes of the region. That olivine fractionation took
Place in the early stages of crystallisation is shown not only by the
affinities of the ultramafic rocks to olivine in these projections but
also by the divergence of the general trend from very close to the olivine

position in a projection from Fo into the En-Ky - Wol plane (Fig. 7.4k).
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Following olivine there was successive fractionation of clinopyroxene,
amphibole and phlogopite (or biotite) and of plagioclase in the later
stages. This was associated with variation of PGas (Chapters 4 -6)
and resulted in the progressive development of ultramafic rocks, kent-
allenites, appinites (and lamprophyres) and leucocratic diorite or
granodiorite (ef. Fig. 7.4h).

On the basis of this interpretation of the overall fractionation
trend, the marginal ultramafic rocks, some kentallenites and appinites
whose compositions plot towards the En apex with respect to that of the
mean kentallenite in a projection from Qtz into the En - Ky - Wol plane
(Fig. 7.4h) formed as cumulates. On the other hand, those rock types
which have their plots towards the position of feldspar, with respect
to the mean kentallenite are interpreted as representing liquid
compositions.

A number of petrographic and field observations can be explained
on the basis of such a crystallisation history. For example, in the
one intrusion at Kentallen, the kentallenite in some parts shows a
weak banding reminiscent of that seen in some layered igneous masses
(Bowes and Wright 1967, p. 129, 133) while in other parts orthopyroxene
is seen rimming olivine phenocrysts (Fig. 2.8a) and phlogopite seen
rimming olivine and clinopyroxene phenocrysts (ef. Fig. 2.3b), pointing
to the existence of liquids over a considerable range of decreasing
temperature. This contrast of features vZz. those of cumulates and those
of Tiquid compositions, is shown in the suite as a whole. For example
the kink banded biotite common in many of the marginal varities and in
some of the kentallenites and appinites (ef. Fig, 2.6b) is indicative of
emplacement of an almost solid mass of crystals while the presence of
xenoliths showing evidence of reaction in the Gleann Charnan (Bowes et al.
1963, p. 26, 29, fig. 5) and other pipes indicates emplacement of liquids.

In addition, banding with features consistent with undercooling related
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to rapid migration of water occurs in the Rudha Mor diorite (Bowes

and Wright 1967, p. 129). These diorites plot towards feldspar with

respect to the mean kentallenite in a projection from Qtz into the

En - Ky - Wol plane (Fig. 7.4h) indicating that they represent liquid

compositions and not cumulates.

| The major conclusions based on the compositional variation of

the appinite suite in the CMAS model are:

1. A parent liquid similar in composition to the mean kentallenite
was the starting point for fractionation in all the pipes.

2. Some rocks (e.g. marginal ultramafic types and some kentallenites
and appinites) represent cumulates. These are the rocks that were
emplaced as crystal mushes.

3. Most of the rocks of the suite represent liquid compositions. These
are the rocks that show reaction relationsconsistent with magmatic
reaction.

4. Some intrusions as the kentallenite of the Kentallen pipe are partly
cumulates, or cumulates disrupted during emplacement as crystal mush,
and partly represent liquid composition,

5. 0livine fractionation took place in the early stages.

6. Following olivine there was successive fractionation of clinopyroxene,
amphibole and phlogopite (or biotite) and of plagioclase in the later
stages. This resulted in the progressive development of the ultra-
mafic rocks, kentallenites, appinites (and lamprophyre) and leucocratic
diorite or granodiorite.

7.3 Trace element chemistry

Continuous variation trends reflecting differentiation and progressive

development from ultramafic rocks and kentallenites, through appinites
(and lamprophyre) to diorites and granodiorites are also shown by Ni, Cr
and Co vs. Mg0 plots (Figs. 7.5a, b, ¢). The extremely high Ni and Cr

contents of certain ultramafic rocks and kentallenites indicate a high
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degree of fractional crystallisation involving olivine in the early
stages (see Chapter 3). The scatter in Co vs. Mg0 plots (Fig. 7.5c)

is probably related to magnetite crystallisation, with up to 2.87 wt. %
Co0 present in magnetite from the appinite of the Back Settlement pipe
(Table 2.2 = 13). The positive correlations between V ps. Co and

V vs. Fe,0;3 (Figs. 7.5d, e) are consistent_with this interpretation.

The high V contents (> 800 p.p.m.) relative to Fe,0; (ef. Fig. 7.5e)
are related to the crystallisation of titan - magnetite in certain
appinites from the Ardsheal Hill pipe, which are markedly rich in TiO,
(Table 7.1 —12). |

The continuous variation trend with a positive slope shown by
Rb vs, K,0 reflects the simultaneous concentration of both these elements
~into residual liquids during fractionation (Fig. 7.5f). The spread is
due to the crystallisation of the variable proportions of amphibole,
phlogopite and biotite in different rocks as amphibole is discriminant
against Rb relative to K,0 while phlogopite and biotite have the
reverse effect (Beswick 1976).

Due to the lack of the Ca-rich plagioclase fractionation in ultra-
mafic to intermediate rocks (Chapter 2; section 7.2) Sr has also concen-
trated into residual liquids. This is shown by the positive correlation
between Sr and Na,0 (Fig. 7.5g). The greater spread shown in the ¢. 4-6
wt. Na,0 range reflects the crystallisation of Na,0-rich plagioclase in
feldspathic appinites and leucocratic diorites.

On the basis of the average concentrations of La, Ce and Y (Wright
and Bowes 1979; Table 2.1) together with their averages in the whole
appinite suite it can be shown that with increase in fractionation the
residual liquid became enriched in La (Fig. 7.6). This is shown by its
higher concentration in the mean granodiorite'of the appinite suite and
Tower concenfration in the mean ultramafic rock as compared to the mean

kentallenite and the average for the whole appinite suite. In the case



154

of Ce and Y there is a considerable overlap and a regular pattern
similar to that shown by La can not be deduced from their mean
compositions. This results from these elements behaving both compatibly
and incompatibly between different crystallising phases and their
corresponding liquids (Pearce and Norry 1979).

The eiceptiona]]y high Ce content of the mean pyroxene - mica
diorite is not consistent with the interpretation of Nockolds (1941)
that it represents the parent liquid. Rather this rock unit must
represent a high degree of clinopyroxene and probably some plagioclase
fractionation. However, the Ce content of the mean kentallenite is
closer to the average Ce content of the rest of the rock types as well
as to the average Ce content of the whole appinite suite. This gives
further support to the interpretation of the mean kentallenite as
approximating to the composition of that of the original "primary"
liquid.

The higher Ce as compared to La and Y is the distinctive feature
of the Ballachulish appinite suite when compared to other high-potassium
ca]caikaline series (see Albini et al. 1980).

High S contents are shown by the rock types from the Back Settle-
ment and Rudha Mor pipes while high C1 contents are shown by the rock
types from the Kentallen and Gleann Charnan pipes (Table 7.1; also see
Wright and Bowes 1979). There is no correlation between these elements
and their variations are not considered to be representative of fractional
crystallisation. S has probably participated in the formation of pyrite
in the later stages of crystallisation while C1 has entered into phlogopite,
amphibole and apatite (Smith et qz. 1981).

7.4 Magmatic affinity and tectonic implications

The following features are indicative of the Ballachulish appinite
suite being derived from high-potassium calcalkaline magma in a continental

environment.
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The path followed by Ni vs. Si0, variation occurs in the field of
calcalkaline rock series; it has the relatively steep slope shown
by other calcalkaline rock series in contrast to the flat pattern
shown by tholeiitic suites (Fig. 7.7a, b).

The increasing Sr in the residual liquids and the steep rare earth
patterns (Figs. 7.5g, 7.6) are characteristics of a calcalkaline
suite (Gill 1979).

The K % (1.82) fn the mean kentallenite and the average K/Rb ratio
(~400) for the whole suite (ef. Fig. 7.7c) are between those
determined for the island arc basalt sequence (K% = 0.5, maximum

K/Rb ratio = 750) and continental ultrapotassic and shoshonitic

rocks (K% 2.5, K/Rb ratio = 250) - see Beswick (1976).

The Zr/Y vs. Zr plots are essentially in the "within plate basalt"

field, indicating a continental tectonic environment (Fig. 7.7d).

Conclusions

The major and trace element chemistry of the Ballachulish appinite
suite is consistent with crystallisation differentiation of a high-
potassium calcalkaline magma (transitional between alkaline and
calcalkaline) that evolved in a continental tectonic environment.

A parent liquid similar to the mean kentallenite composition was the
starting point for fractionation in all the pipes.

Some rocks (e.g. marginal ultramafic types and some kentallenites

and appinites) represent cumulates but most of the rocks of the

suite represent liquid compositions.

Some intrusions as the kentallenite of the Kentallen pipe are partly
cumulates, or cumulates disrupted during emplacement as crystal mush,
and partly represent liquid compositions.

Olivine was the earliest mineral on the Tiquidus followed by successive
fractionation of clinopyroxene, amphibole, phlogopite or biotite and

plagioclase (in the later stages). This was associated with variable
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gas pressure and resulted in thé progressive development of

ultramafic rocks, kentallenites, appinites (and lamprophyres) and
Teucocratic diorite or granodiorite.

Some magnetite and apatite fractionation also took place, particularly
with amphibole fractionation (in appinites). However, magnetite

and apatite never became prominent fractionéting pHases on the
liquidus. It was amphibole fractionation rather than magnetite
fractionation that resulted in a non-iron enrichment trend for most
of the differentiation path as in many calcalkaline rock series.

The early lamprophyre dykes, which are associated in time and space

with the appinite suite, are genetically related to it.
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Figure 7.1. Alkali vs. Si0, diagram for the Ballachulish appinite
suite with division into various fields after Schwarzer and Rogers
(1974). Key to rock symbols is on fold out sheet following
Figure 7.4k.
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Figure 7.2. AFM diagram for the Ballachulish appinite suite
(key to symbols is on fold out sheet following Figure 7.4k;

fields after Schwarzer and Rogers 1974).
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Figure 7.3 (a-1). Plots of Si0,, Mg0, Al1,0;, K;0, FeO, Fe,03,
Mn0O, Ti0,, Ca0, P,05 and CO, against S.I. respectively (key to
symbols is on fold out sheet following Figure 7.4k).
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Figure 7.4 (a-k). Variation of the Ballachulish appinite suite
in the CMAS fractionation model shown by projections into various
planes from particular points. C-M-A-S end members are recalculated

from oxide wt. % as:

C = 100(Ca0 - 3.333P,05 + 2Na,0 + 2K,0) x 56.08/Sum

M = 100(Mg0 + FeO + MnO + NiO - Ti0,) x 40.32/Sum

A = 100(A1,05 + Fey03 + Cry03 + Ti0, + Na,0 + K,0) x 101.96/Sum
S = 100(Si0, - 2Na,0 - 2K,0) x 60.05/Sum

where Sum = (Ca0 - 3.333P,05 + 2Na,0 + 2K,0) x56.08 + (Mg0 +

Fe0 + Mn0 + Ni0 - Ti0p) x40.32 + (A1,03 + Fe,03 + Cry0; + Ti0, +
Na,0 + K,0) x101.96 + (Si0, - 2Na,0 - 2K,0) x60.05; (O'Hara 1976).
Key to rock symbols for Figures 7.4 h-k is given on fold out

sheet following Figure 7.4k.
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Projection from S(Qtz) MS(En)

* Olivine
*Clinopyroxene
O Pargasite
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Fig. 7-4a

Key torock symbolsinFigures 7.4(a-c)
@ Appinite
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This key also apply to
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Key torock symbols in Figures 7.4 d.e
QW Appinite

4 Kentallenitic appinite

Projection from S(Qtz) MS(En)

* Leucocratic diorite
Ardsheal Hill-lagnaha pipes
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/ l
i e \ Gap due to the dominance of

fractionation com— ; plagioclase

! Feldspathic appinites
¥ leucocratic diorite

.: 'A‘

coarse-grained facies
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® Ultramafic rocks
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Projection from S(Qtz) MS(En) K...Mean kentallenite
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Fig. 7-4g
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Porphyritic diorite

x + 4« »p @ 8
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Fold out sheet
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Figure 7.5 (a-g). Plots of Ni, Cr and Co vs. Mg0, V vs. Co and
Fe,03, Rb vs. K,0 and Sr vs. Na,0, respectively (key to rock

symbols is on fold out sheet following Figure 7.4k).
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Figure 7.6. La, Ce and Y patterns of the representative mean
compositions and of their average concentrations in the appinite

suite.
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Figure 7.7.

(a-b) Plots of Ni vs. Si0, and comparison with orogenic
andesite suites (after Gill 1979).

(c) Plots of K/Rb vs. K,0.

(d) Plots of Zr/Y vs. Zr and comparison with compositional
fields of basalts in different geotectonic environments

(after Pearce and Norry 1979).
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CHAPTER 8 PETROGENESIS

- On the basis of information about field relationships, petrography
and mineral and rock chemistry, presented in Chapters 2-7, it is
possible to evaluate an overall petrogenetic model for the appinite
suite and to assess the genesis of the rock type called appinite
together with that of the associated rocks of the gppinite suite.

The generalised sequence of events deduced from the field
relationship of breccia and various igneous rocks in séme of the
composite pipes of the Kentallen - Ardsheal peninsula district is:

1 TUprise of gas-rich basaltic magma.

2. Magma uprise impeded by structural traps.

3., Explosive activity.

4. Emplacement of variable but generally mafic-rich types.
56 Eknialacement of kentallenite or pyroxene-mica diorite.
6. Emplacement of leucocratic and/or granodiorite.

The regular patterns of the major and trace element plots, the
successive fractionation of olivine, clinopyroxene, amphibole, mica
and plagioclase shown by CMAS plots and the coincidence or parallelism
of the tremnds for different pipes indicate both the cognate nature of
the suite and the dominant control of fractional crystallisation
(Sections 7.1, 7.2, T.3). The considerable petrographic variation
seen can be accounted for on the basis of crystallisation differentiation
from an original magma of a high-potassium calc-alkaline characters,
under varisble B, . (Sections 2.2; also see Chapter 7). With
estimates of the crystallisation temperature for olivine in the
kentallenite of the Kentallen pipe and for that in the lamprophyric
marginal facies of the Ardsheal Hill pipe being c. 1800°C (Section 3.3)
and the evidence of Kushiro (1965, fig. 2.3) and Wyllie (1971, fig.
8.14) that forsterite can be the first solely liqﬁdw phase at 25 kb

pressure and > 1600°C in basaltic magma produced by the melting of a
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peridotitic mantle, it can be deduced that olivine appeared on the
liquidus at ¢. 70-80 km depth. However, the pressure estimates for
crystallisation of much of the appinite suite, the occurrence of
explosion-breccias and the type of deformation shown by the host rocks,
all indicate emplacement at high crustal levels. The presence of
olivine in some masses but not in other is accounted for the complete
resorption of olivine :Ln some instances. This interpretation is based
on the evidence of oliv:lne—liquid reaction relationships, shown by

most of the olivine-bearing rocks (Section 2.2).

8.1 Crystallisation history in relation to emplacement and explosive
activity

8.,1A Kentallen pipe
The occurrence, in the marginal ultramafic rocks, of olivine in

the cores of the clinopyroxene phenocrysts without a rim of ortho-
pPyroxene, like that seen in the kentallenite of the main intrusive mass,
indicates a drop in the magma temperature to < 1500°C (see Deer et al.
1966, p.5); this is related to emplacement into high level and
relatively cool country rocks. The order of appearance of various
phases is olivine, clinopyroxene, pargasite and phlogopite (Section
7.2). The pargasitic amphibole crystallised in a temperature range of
950° - 770°C and a PH20 of 2-4 kb (cf. Sections 5.2, 5.3), so the
clinopyroxene must have appeared on the liquidus above 960°C and
“probably in a range of c. 1125° - 1050°C, under a PH20 of <1 kb (see
Yoder & Tilley 1962, fig. 29). Its crystallisation led to the release
of gas phase (Yoder 1965, p.88-9). Restriction of gas uprise led to
clinopyroxene crystallisation under increasing PH20 and subsequently

to its replacement by amphibole. In the pyroxenite, phlogopite
developed before the appearance of amphibole, probably in a temperature
range of c. 1050° - 950°C and under a P 0 of 1-2 kb, However, in the

hornblendite, phlogopite developed at the latter stages of pargasite
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crystallisation as it did in the appinite of the Back Settlement pipe
where a temperature range of 825° - 770°C and a PHéO of 2-4 kb have
been determined (cf. Sections 5.14, 5.2, 5.3, 6.2).

The pressure-temperature estimates for the marginal ultramafic
rocks of the Kentallen pipe indicate crystallisation in a temperature
range of 1125° - 770°C and in a P320 range of € 1-4 kb, with pyroxenites
representing higher temperature and lower PH20 crystallisation than
hornblendites. Increasing PEZO

major explosive activity. P-T estimates for crystallisation suggest

agsociated with crystallisation led to

that this occurred at a P of 4 kb and at a temperature of 770°C

0
(F:Lgo 8.1a). The explosifrzz—breccia seen in some marginal parts of the
pipe (Bowes & Wright 1967, fig. 14) was developed at this stage.

A1l the pyroxenites and hornblendites show olivine, clinopyroxene,
amphibole and phlogopite enrichment with respect to the mean kentallenite
composition, which is considered as representing the original "primary"
magma on the basis of'CMAS plots. These rocks are interpreted as
representing cumulates (Section 7.2) with the accumulation of mafic
phases having occurred in a temperature range of 1125° - 770°C and
under a P320 of <1-4 kb (cf. Fig. 8.1a). However, the presence of the
kink-banded mica in these rocks points to emplacement into their present
position as a crystal mush. This emplacement is related to the major
explosive activity and was presumably rapid. Any cumulate texture that
may have developed before the major explosive activity would have been
destroyed during emplacement. The banding seen in the margin ultramafic
Tocks of northwestern part of the pipe (Bowes & Wright 1967, fig. 14)
is interpreted as a "crystal mush" flow phenomenon. The generally
vertical or subvertical disposition of this banding, parallel to the
contact with country rocks is consistent with such an interpretation.

Rocks with a composition consistent with having been a residual

liquid associated with the accumulation of mafic phases are rare in



199

the marginal parts of the pipe. However, the marginal kentallenitic
appinite (called kentallenite by Bowes 1962) contains a much higher

proportion of feldspar than the mafic phases and shows olivine-
clinopyroxene-amphibole-mica reaction relationships. In addition, it
is the host for partly digested inclusions and angular blocks of
quartzite up to 1 m across (see Bowes & Wright 1967, fig. 14, p.133)
that must have been brought upwards at least several hundreds of
metres. These features indicate that the marginal kentallenitic
appinite represents, at least in parts, a residual liquid for the
marginal ultramafic rocks whose uprise must 4ha.ve been rapid and even
violent. In addition, it would appear to represent a mixture of
crystal mush representing explosively disrupted cumulates together with
the products of crystallisation of residual magma. The smaller size of
the mica flakes in this rock compared with those in most of the rocks
at Kentallen (Bowes 1962, p.120) is related to their crystallisation
from the residual liquid after the major explosive activity under

decreased P. (<1 kb) (cf. Fig.8:1a) rather than crystallisation as

0
a cumulate jzha.se. Feldspar crystallisation followed.

The existence of rocks which in part seem to be representative of
the liquid composition and the absence of extreme feldspathic differ-
entiates in the marginal parts of the pipe, points to most of the
residual liquid having been explosively "splattered" upwards through
the crystal mush in varying proportions.

The existence of a chilled margin to the kentallenite mass which
makes up the central and the major part of the pipe and the presence of
olivine in it, indicate emplacement of magma from depth following the
emplacement of the marginal types. The reaction rim of orthopyroxene
surrounding olivine indicates a temperature of 1550° - 1500°C and a
of <2.3 kb (possibly <1 kb) for this stage of crystallisation

PH2 0

(Pig. 8.1b; Section 3.4; also see Deer gt al. 1966, p.5). This
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indicates the emplacement of high temperature magma high up into the
crust with the retention of a temperature sufficiently elevated for
orthopyroxene crystallisation and the medium to coarse grain size of
the chilled facies, related to emplacement into hot rocks. With
decreasing temperature the reaction between olivine and liquid stopped
and clinopyroxene appeared on the liquidus at a temperature of 1125°C
(cf. Fig. 8.1a). Crystallisation of clinopyroxene again led to the
release of a gas phase and phlogopite phenocrysts developed umder a
P320 of 1 kb at a temperature of 1000°C (Section 6.2).

With the CMAS plots indicating that the kentallenite body
includes olivine-clinopyroxene-phlogopite rocks which have the com~
Position of cumilates, the temperature range of c. 1500° - 1000°C,
DPossibly 1125° - 1000°C under a PH20 of €1 kb must correspond to the
period of crystal accumulation. The medium-grained groundmass which
is present in varying proportions represents the composition of the
residual liquid (cf. Section 2.24). However, its crystallisation (at
a temperature of < 1000°C -- Fig. 8.1b) was at a lower PHZO than that
existing at the time of the development of the large phlogopite flakes.
Explosive activity associated with this pressure decrease following the
development of cumulates would account for many of the features of the
fabric of kentallenite mass. For e?cample, it explains the. varying
nature and disposition of banding. Near the southwestern contact this
has the appearance of igneous cumulate layering in rocks representing
cumulate composition, yet the banding dips variably at 10° and 40°,
towards the contact: breaking of cumulates into very large blocks
during explosive activity and independent movement of these disrupted
blocks during subsequent uprise of crystal mush or residual liquid
would account for this. The steeply dipping banding (70 SW -- Bowes &
Wright 1967, fig. 14) 100 - 200 m to the NE is also in rocks represent-

ing cumulate compositions but in which the mica flakes are kink banded:
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upward flow of a mush of what was a semi-consolidated cumulate
following explosive activity would account for these features. In the
Southeastern corner of the mass banded rocks representing liquid com-
Position and without kink banded biotite dip at 45° away from the
contact with the marginal facies which also dips in the same direction
while 100 m northwards the marginal facies has vertical banding that
Parallels its outer and imner contacts: viscous flow of residual
liquid carrying va.ry:%.ng proportions of crystals of partly comsolidated,
then explosively disrupted cumulate would account for features in the
coarse-grained kentallenite. Magmatic flow related to the rapid uprise
of the primary magma would account for features in the marginal facies.
Thus the main central part of the kentallenite body consists variously
of (1) the products of crystallisation differentiation with associated
crystal accumulation, (2) explosive disruption of these products into
large masses, groups of crystals or individual crystals, a process
possibly largely controlled by the relative proportions of cumulate
crystals and interprecipitate liquid in the particular part of the
intrusion, (3) movement of blocks, crystals and residual liquid present
in varying proportions in different parts and (4) crystallisation of
residual liquid.

Despite the main mass of kentallenite representing such a hetro-
geneous assemblage, the mean composition of its various parts appears
to approximate to that of the original "primary" magma (Section 3.4).
It might have been expected that the composition of the chilled margin
would more closely correspond to that of the "primary magma". However,
the olivine composition indicates that the composition of the chilled
margin near the northeastern corner of the pipe is incompatible with
that required for the '"primary" magma, while the CMAS plots indicate
a higher degree of clinopyroxene enrichment there than in any other

part of the main body of the kentallenite (Section 7.2). In addition,
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Some olivine enrichment may also have occurred with clinopyroxene.
Following the emplacement of kentallenite, the successive
emplacement of biotite-feldspar veins and lamprophyric dykes probably

represents development from a residual liquid that was entrapped at
relatively deeper levels during the second explosive activity. In
addition, those biotite-feldspar veins which are rich in KZO and P205
(Section 7.1) could contain a component of hybrid secondary liquid
produced by the interaction of the residual liquid with quartzite,
Particularly where the liquid had penetra.ted along cracks and fissures
in shattered or brecciated rocks (see Bowes & Wright 1967, p.139).
8.1B Back Settlement pipes

The occurrence of appinite with 1amprophyric chilled margins in
the main pipe and the evidence of an appinite-lamprophyre gradation in
the small pipe (Section 2.24; Bowes & Wright 1961) indicate the high
level emplacement of liquids. The correspondence in composition of
clinopyroxene in the cores of the large idiomorphic pargasite crystals
and that occurring in the groundmass in some appinites from the main
Pipe is interpreted as indicating only one stg.ge of clinopyroxene
crystallisation and one tha.t preceded the development of the idiomorphic
hornblende crystals (Section 4.2). As the composition of the clino-
DPyroxene of both habits corresponds to that in the kentallenite of the
Kentallen pipe, corresponding P-T conditions (PHzO = G. <1 - 1.5,
T°C = ¢. 1125° - 1000°C) must have been operative (Figs 8.1b, 8.2a).
The determined temperature (900° - 770°C) and PH'ZO (2 = 4 ¥b) conditions
of the subsequently crystallised pargasite crystals (Sections 2.24, 5.2,
5.3) not only indicates a temperature decrease but that the crystallisa-
tion of clinopyroxene was associated with a build up of gas pressure:
this is related to restriction of upward gas movement by a structural
trap. |

Between clinopyroxene and pargasite crystallisation, i.e. in a
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temperature range of c. 1000° - 900°C and a PH20

corrosion of clinopyroxene took place while the outer green rim of the

of c. 1.5 - 2 kb,

Pargasite and the co-evally crystallised micas developed in a temperature
range of c. 825° - 770°C under a PH20 of 3-4 kb (Fig. 8.28, Sections
5014, 5.6, 6.2). The successive development of the rhythmic overgrowths
of magnesio-hornblende and actinolite composition was dominantly on
idiomorphic pargasite crystals but in a few instances on corroded
clinopyroxene. The temperature range of 800° - 750°C and a PH-20 of
4~5 kb indicate a further decrease in temperature and increase in PHZO’
the latter indicating the continued existence of a trap impeding the
uprise of gas. The rhythms in overgrowths are interpreted as due to
variation in oxygen fugacity (Fig. 8.2a; Sections 5.14, 5.2, 5.3)
associated with limited breaching of the trap followed by partial
sealing up.

The occurrence of a groundmass composed dominantly of
feldspars indicate a drop in PH20 from c. 5 kb probably to <1 kb, a
drop that is related to the development of explosion-breccia and the
development of a pipe-shaped diatreme which was the locus of explosive
emplacement of igneous material (Bowes & Wright 1961; Bowes et al.
1964). This igneous material consisted of the residual liquid which
crystallised at a temperature of < 750°C together with the previously
formed crystals. Many of the clinopyroxene grains in the groundmass
have a fractured appearance and thus may represent the explosively
disrupted products of (?cumulate) crystals.

The small pipe is interpreted as an off-shoot of the main pipe
and seems likely to represent the locus of explosive release of gas
(Bowes & Wright 1961, p.304). However, the evidence from the CMAS
plots (Section 7.2) that some parts of it represent cumulates while
other parts represent liquid compositions points to the emplacement of

masses of already formed crystals as well as of residual liquid. The
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kink-banded nature of biotite flakes in the biotite-rich appinite

point to movement of crystal mushes. The presence of lamprophyric rocks
is indicative of the uprise of the residual liquid and the "gradation"
between lamprophyre and appinite figured by Bowes and McArthur (1976)
could represent a boundary between the residual magma and cumulates
carried upwards during the explosive release of gas. What is clear is
that only crystallisation of mafic phases had occurred before explosive
activity.

The magmatic history established for the small pipe is also
applicable to the main pipe. Some parts of it are dominantly composed
of disrupted cumulates emplaced as mushes while in other parts early
formed minerals are associated with the products of crystallisation of
the residual liquid now seen as a lamprophyric matrix. There are all
variants from rocks dominantly composed of cumulate amphibole to rocks
dominantly composed of lamprophyric matrix.

The high proportion of biotite in the leucocratic lamprophyre and

the biotite-rich appinite from the small pipe is interpreted by Bowes
and Wright (1961) as due to potassium-enrichment during emplacement.
In the case of the former type this interpretation is consistent with
potassium enrichment into residual liquid during fractionation (Section
T.1). However, in the case of the latter type which represents a
cumulate on the basis of CMAS plots and also shows higher K20 contents
as compared to biotite-poor appinite (Sections 7.1, 7.2), the high
proportion of biotite can be related to disruption and upwards movement
of that part of "cumulate" which was developed as a result of the
coeval crystallisation and accumulation of biotite and amphibole, i.e.
in a temperature range of c. 825° - 770°C under a PH.ZO of 3-4 kb (c.f.
Fig. 8.2a).

The highly altered and carbonated nature of some of the appinite

and some of the lamprophyres from the small pipe indicates that gas-
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streaming (hydration and carbonation) also continued after igneous
emplacement of various rock types. The relatively high proportion of
CO, in these rocks compared with those in other pipes (Section T7.1)
suggests 002 release from the adjacent Appin Limestone.

There are no rock types in the Back Settlement pipe that corres-
pond with those resulting from the second phase of explosive activity
in the Kentallen pipe (c.f. Fig. 8.1b). In addition, on the basis of
crystallisation conditions and mode of emplacement the appinite of
Back Settlement show a general correspor;denc‘e to the marginal wltramafic
rocks (particularly hornblendite) of the Kentallen pipe (see Figs 8.1a,
8.2a; Section 8.1A). All this evidence indicates that the formation
of the Back Settlement pipe resulted from one phase of explosive
activity which corresponds to that responsible for the emplacement of

the marginal ultramafic rocks in the Kentallen pipe (see Bowes & Wright
1967: Pv139)-

8,1C Rudha MOr pipes
On the basis of CMAS plots the marginal ultramafic rocks from

both the large and small pipes (Bowes & Wright 1967, fig. 10; c.f.
Section 7.2), represent cumulates. Many contain kink-banded mica
Pointing to emplacement as crystal mushes with the banding in appinite
from the small pipe probably related to such emplacement phenomenon.
These features indicate a general correspondence with the marginal
ultramafic rocks from the Kentallen pipe. However, the presence of
actinolitic overgrowths on pargasite crystals in the marginal rocks
from both the main and small pipes indicate that, as in the Back
Settlement pipe, the explosive activity associated with the formation
of explosion-breccias and the emplacement of marginal rocks followed

HZO

The carbonated kentallenite occurring in close association with

the build up of P to 5 kb.

the ultramafic rocks along the southeastern margin of the large pipe
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Probably represents, at least in part, the modified product of the
residual liquid from which pyroxene, amphibole and biotite of the
marginal ultramafic rocks crystallised. Thus it has affinities with
the marginal kentallenitic appinite from the Kentallen pipe (see
Section 8.14).

Also on the basis of CMAS plots the pyroxene-mica diorite of both
the large and small pipes represents a liquid composition. Its near-
vertical banding in parts of the large pipe has been attributed to
undercooling related to rapid migration of water (Bowes & Wright 1967,
fig. 10, p.127-129). This is consistent wifh the emplacement of a
liquid, as is the occurrence of reacted blocks of quartzite surrounded
by lamprophyric material (c.f. Bowes & Wright 1965, figs 2-4). The
mass of ultramafic material apparently within the diorite at the
central-western part of the large pipe is best explained as a xenolithic
block of the marginal matéria.l.

The emplacement of the diorite generally corresponds in sequential
development with the emplacement of the main mass of kentallenite in
the Kentallen pipe. However, respective mineral chemistries indicate
somewhat different crystallisation conditions with the clinopyroxenes
showing that temperature was lower and PHZO higher in the Rudha Mdr
diorite (c.f. Sections 4.1, 4.3). In addition, the replacement of
clinopyroxene by amphiboles of pargasite and magnesio-hormblende com-
positions and the association of biotite with amphiboles in the Rudha
Mor diorite, all indicate development in a temperature range of gc. 940° -
770°C under a PHZO of c. 2 - 4.5 kb (Sections 2.24, 5.2, 5.3, 6.2);
these conditions differ from those of kentallenite crystallisation
(T = 1550° - 1000°¢C, PH.ZO = €1 -1 kb). As at Kentallen, the presence
of feldspar in the groundmass indicates a drop in PH20 after the
development of amphiboles and points to a second phase of explosive

activity in the pipe. This was at a temperature of c. 770°C and a
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Pﬁzo of 4.5 kb (Fig. 8.2b) and followed by the upward movement of the
residual liquid together with variable proportion of already crystallised
mafic phases.

The lamprophyres which cross-cut both diorite and appinite; in
both large and small pipes, are interpreted as the products of residual
liquids of dioritic composition that were trapped at deeper level as was
the case for corresponding rocks in the Kentallen pipe.

On the basis of chemical features both the granodiorite of the
large pipe and the leucocratic diorite of the small pipe are consistent
with being comparable and the feldspathic products complementary to the
more mafic other rocks of the igneous complex (Sections T, Te2).
However, the local evidence of a quartzite-diorite transition zone and
the evidence for the transfer of silica from quartzite blocks into the
magma (Bowes & Wright 1965, p.466-T, figs 2-4) presumably by solution
in Eéo at high T, point to an extension of the range of differentiation
into even more acidic type than would have otherwise occurred. However,
this did not change the course of crystallisation (cef. Yoder 1979, p.134).
Crystallisation conditions for the main diorite of the Rudha Mdr were
PHzo of €1 = 4.5 kb and a temperature of c. 1100° = 770°C, with 4.5 kb
and 770°C the favoured conditions (Fig. 8.2b). Crystallisation
conditions for last emplaced masses of granodiorite and leucocratic
diorite are considered to have been PHZO of € 1 kb and a temperature
of <770°C.

The highly altered and carbonated nature of some rocks,
particularly in the small pipe, indicate post-crystallisation gas-
streaming similar to that in the small pipe at Back Settlement (Section
8.1B).
8,1D Ardsheal Hill - ipes

The occurrence in the marginal parts of (1) the Ardsheal Hill

Pipe of biotite—pyroxene—hornblende—feldspar rock and appinite which
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in parts approaches ken'l;a.llenitic appinite, (2) the northern of the two
Lagnaha pipes of pyroxenite and (3) in both of the northern and southern
Lagnaha pipes of appinite together with the evidence of CMAS plots
which shows that the marginal rocks in these pipes variably represent
cumulates and liquid compositions indicates the emplacement of crystal
mushes and residual liquid in variabie proportion from place to place
(see Bowes & Wright 1967, fig. 123 Sections 2.24, 7.2, 8.1A-~D). Con-
firmatory evidence for this interpretation is produced by the existence
of explosion-breccias together with the highly fractured and deformed
nature of many of the hormblende crystals in biotite-pyroxene-hornblende-
feldspar rock from the Ardsheal Hill pipe, features that are consistent
with explosive disruption of cumulates; the banding in this rock
(Bowes & Wright 1967, p.180) can be related to a mush flow phenomenon.
In addition the presence of actinolitic overgrowths on pargasite
crystals in appinite also indicates variable gas pressure associated
with explosive activity with PH.20 of co 5 kb. These various features
indicate a genesis that is generally comparable with that for the
marginal uwltramafic rocks of the Kentallen and Rudha MOr pipes. The
marginal kentallenite in a small pipe to the east of the main Lagnaha
Pipe is interpreted as representing the residual liquid and as corres-
ponding with the marginal carbonated kentallenite of the large pipe at
Rudha Mor and the marginal kentallenitic appinite at Kentallen (c.f.
Section 8.14, 8.1C).

The existence of a chilled lamprophyric marginal facies of the
diorite on the northwestern margin of the Ardsheal Hill mass and of
rocks of the same complex which contain olivine without a reaction rim
of orthopyroxene indicate the emplacement of liquid from depth with a
Simul taneous drop in temperature to <'1500°C, following the emplacement
of the marginal types (c.f. Sections 2.24, 3.5, 8.1A). On the basis

of CMAS plots the lamprophyric marginal facies and related diorites
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(feldspathic appinites) from both the Ardsheal Hill and Lagnahs pipes
represent liquid compositions (Section 7.2). This is consistent with
evidence of clinopyroxene-amphibole reaction relationship in diorites
and with interpretation that the lamprophyric marginal facies represent
an olivine-fractionated melt, i.e. not the "primary" magma (Section 3.6).
The banding with a dip angle of 30° in diorite from the northeastern
margin of the main Lagnaha pipe and with a dip angle of 50° in diorite
from the small pipe, east of the main Lagnaha pipe can be related to
Viscous flow of the residual liquid carrying variable proportions of

the early formed mafic phases. Thus it has affinities with that seen in
the coarse-grained kentallenite representing liquid composition, from
the Kentallen pipe. However, the near-vertical banding in diorite from
the eastern margin of the main Lagnaha pipe can be attributed to under-
cooling related to rapid migration of water and thus it corresponds with
that seen in diorite from the large pipe at Rudha Mor (see Sections
8.1A, 8.1C; Bowes & Wright 1967, figs 10, 12, 14, p.129).

The emplacement of diorites corresponds in sequential development
with the emplacement of the main mass of kentallenite at Kentallen and
with that of the pyroxene-mica diorite at Rudha Mor. However, the
composition of clinopyroxene from the lamprophyric marginal facies
indicates that somewhat higher PHQO and lower temperature than those
suggested for the development of clinopyroxene in the kentallenite of
the Kentallen pipe (1=H20 = <1-1kb; T=c. 1125° = 1000°C =~ c.f.
Fig. 8.1b) were operative (c.f. Sections 4.3, 8.14). Also, in the
diorites the replacement of clinopyroxene by amphibole and the associa-
tion of biotite with amphibole, all indicate development in a temperature
range of c. 900° - 770°C, under a PH.ZO of ¢« 2 = 4.5 kb. The presence
of feldspar in the groundmass indicates a drop in PH20 after the
development of amphibole. , This evidence indicates that there was a

Second phase of explosive activity at a temperature of ¢. 770°C under
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a PHéo of 4.5 kb (c.f. Sections 2.2A, 8.1B, 8.1C). These P-T conditions
closely correspond with those operative during the development of the
.Dyroxene-mica diorite at Rudha Mor (Fig. 8.2b) but differ markedly from
the conditions of kentallenite crystallisation (Fig. 8.1b). TUpwards
movement of the residual, liquid carrying variable proportions of the
early crystallised mafic phases, must have followed the second phase of
explosive activity.

The lamprophyre dyke which cross-cuts the explosion-breccia at the
southwestern margin of the ma.:.n Ardsheal HilJ. pipe and another one about
100 m to the northwest (Bowes & Wright 1967, fig. 12), are interpreted
as the products of the residual liquid of dioritic composition.

On the basis of chemical features the granodiorite and quartz
diorite (leucocratic diorite) from the Ardsheal Hill and Lagnaha pipes
are consistent with being feldspathic differentiates (Section 7.1, 7.2).
However, in many places these rocks show petrographic similarities to
the quartzite-diorite transition zone at Rudha Mdr and to the transfused
feldspathic rims of the quartzite blocks at G;eann Charnan (c.f. Bowes
et al. 1963, Bowes & Wright 1965, 1967). Therefore, the removal of
silica from quartzite at depth may have also played some role in the
formation of acidic rocks at Ardsheal Hill and Lagnaha as it did in the
Rudha Mor pipe (Section 8.1C); this interpretation is consistent with
the presence of the quartzite fragments in the diorites (Bowes & Wright
1967, p.131). P=T conditions (PH20'<1 kb, T = < 770°C) suggested for
the crystallisation of the acidic rocks at Rudha Mor may also correspond

to those in Ardsheal Hill and Lagnaha pipes.

8,1E Small pipes on Kentallen-Ardsheal peninsula, Gleann Charnan pipe

and pipes of the Glen Creran area

Pressure-temperature estimates for igneous and explosive activity
in these pipes are inferred from their comparison with the four major

Pipes described above (Section 8.1A-D) on the basis of field relation-
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ships, petrography and crystallisation history. These data are given
in table 8.1. Thus the marginal biotite-pyroxenite of the Southerly
hass of South Cuil corresponds with the marginal pyroxenite from the
Kentallen and Rudha Mdr pipes (crystallisation conditions of PHZO =
< 1-2K, T=1125° - 960°C). However, the replacement of clino-
Pyroxene by amphibole in the pyroxenite of the South Cuil mass indicates
that its emplacement to the preseﬁt level as a crystal mush, due to an
explosive activity, occurred at a higher PHzo (ce 4 - 4.5 Xb) and lower
temperature (c. 770°C). The appinite from the southerly mass of North
Cuil and the marginal appinite from St. Adamanan's pipe correspond with
appinite from the large pipe at Back Settlement (c.f. Fig. 8.2a). The
diorites with microkentallenitic margins from the northerly masses of
North Cuil and South Cuil and the g:r:an.odiorite from the southerly mass

of South Cuil and from St. Adamanan's pipe corresponds with respective
Tock types from the Rudha Mor and Ardsheal Hill - Lagnaha pipes while

the kentallenite from St. Moluag's pipe corresponds with the non-
cumulative part of the main body of kentallenite at Kentallen (Sections
8.14, C, D).

Although basic rocks are not exposed in the Inshaig pipe, the
extensive development of explosion-breccia indicates that crystallisation
from a basic magma under high P-T conditions may have occurred at
relatively deeper level. Thus, the porphyritic microdiorite and felsite
are interpreted as representing development from a residual liquid
Produced from fractional crystallisation in a basic magma. The higher
810, and K,0 and lower FeO and MnO in felsite (Section 7.1) may account
for the presence of a component of a hybrid secondary liquid produced
from the interaction of the residual liquid with breccia blocks of both
Quartzite and phyllite, at deeper level (c‘.f. Section 8.1A). This
interpretation is consistent with the existence of the intrusive-breccia

in the northern part of the pipe, containing blocks surrounded by a
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thin light coloured zone (Bowes & Wright 1967, pl. 1F) which points to
Teaction with residual liquid. All these features indicate a general
correspondence with the acidic rocks from the Rudha Mor and Ardsheal
Hill-Lagnaha pipes, therefore, compai’a.'ble crystallisation conditions
(PH20 <1%kb, T=< 770°C) are presumed to have been operative (c.f.
Sections 8.1C-D).

The evidence of the CMAS plots that the appinite of the Gleamn
Charnan pipe in part represents cumulate and in part liquid composition
(Section 7.2), points to the emplacement of masses of already crystallised
mafic phases as well as of residual liquid. This is consistent with
the presence of kink-banded mica in some parts indicating the emplace-
ment of crystal mushes and with the presence of transfused quartzite
blocks indicating the uprise of the residual liquid (see Bowes et al.
1963; Bowes & Wright 1965). The occurrence of idiomorphic hormblende
crystals with overgrowths indicates crystallisation in a temperature
range of c. 960° - 750°C under a PHQO of ce 2 = 5 kb, The existence of
feldspar in the groundmass points to a subsequent drop in PH20' This
was related to major explosive activity at a PHZO of 5 kb and at a
températm'e of 750°C. All these features show a general correspondence
with the appinite from the large pipe at Back Settlement (c.f. Section
8.13). However, there is no corresponding development of clinopyroxene
either as cores in the idiomorphic hormblende crystals or in the ground-
mass (c.f. Section 2.2A). Either the clinopyroxene did not appear or
it was completely absorbed before the appearance of amphibole on the
liquidus. This points to the development of high gas pressure at an
earlier stage of crystallisation history and at a higher temperature
in the Gleann Chirnan pipe than in the Back Settlement pipe (c.f.

Yoder & Tilley 1962), presumably because of the greater strength of
structural trap. The development of syenite as the final intrusion

Tather than of granodiorite as in the Rudha Mor and Ardsheal Hill -
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Lagnaha pipes results from the evolution of PH20 at the relatively
earlier stages of fractionation before biotite was a dominant fraction-
ating phase on the liquidus. This means that the residual liquid which
reacted with quartzite impeding its upward path was both richer in K20
and at a high temperature than the corresponding liquid in the Rudha
Mor and Ardsheal Hill - Lagnaha pipes; syenite then was formed, not
granodiorite (see Bowes & Wright 1965, p.469). The intrusion of syenite
following the major explosive activity in the pipe and the presence of
feldspar in it points to crystallisation under low P=T conditions
(PHQO <1kb, T <750°C). This is consistent with the absence of the
Teaction rim arownd quartzite xenoliths present in syenite (Bowes et al.
1963, p.29; Bowes & Wright 1965, p.470).

The cortlandite in the M3m na Staing pipe of the Glen Creran area
(Fig. 2.,1; Bailey & Maufe 1960, p.211) is a cumulate while the
associated cortlanditic appinite (and hornblende diorite) represent
liquid compositions with variable proportion cumulate minerals (Section
7.2). The presence of hypersthene in the cores of large idiomorphic
hornblende crystals in both the cortlandite and the cortlanditic
appinite (Section 2.2A) indicates the retention of temperature in.a
range of c. 1500° - 112500 for a considerable time, before the appear-
ance of clinopyroxene on the liquidus (at a temperature of c. 1125°¢ —
See Yoder & Tilley 1962). The development of actinolitic overgrowths
on pargasite crystals and the presence of feldspar in the groundmass
Points to a major explosive activity in the pipe, at 750°C and PHZO of
5 kb, followed by the upward movement of the explosively disrupted
Cumulates and residual liquid carrying variable proportion of the early
formed crystals. This pattern of development is generally similar to
that of the marginal rock types in the. Kentallen, Rudha M3r and Ardsheal
Hill - Lagnaha pipes, with cortlandite corresponding to the marginal

DPyroxenite and hormblendite and the cortlanditic appinite to the



214

marginal kentallenitic appinite and carbonated kentallenite of these
Pipes (Sections 8.1A-D).

The small mass of kentallenite occurring in the vicinity of the
Mdm na Stainge pipe and the kentallenite of the Barmamuc pipe (Bailey
& Maufe 1960, p.32) corresponds with those parts of the main kentallenite
mass of the Kentallen which represents liquid composition (c.f. Sections
7.2, 8.1A; Table 8.1). Thus these rocks represent a second phase of
the emplacement of magma from depth in the Glen Creran area. |

The central pyroxene-mica diorite of the Barnamuc pipe which is
similar to the associated kentallenite except for the lower proportion
of olivine (Bailey & Maufe 1960, p.213) probably represents development
from a residual kentallenitic liquid that was trapped at relatively
deeper level during the explosive activity which occurred at a PHéO of
1 kb and at a temperature of 1000°C with the emplacement of kentallenite.
Crystallisation of pyroxene-mica diorite probably occurred at a
temperature of < 1000°C and a.t' a PHZO of €1 kb, This differs from the
crystallisation conditions of the diorites from Rudha Mdr and Ardsheal
Hill - Lagnaha where PHQO was <1 - 4.5 kb and T vas g 1125° - < 750%.

On the basis of crystallisation history the appinite from Salachail,
Clach Fear Ardsheal, Garbh Allt and Glen Ure pipes correspond with those
Parts of appinite from the Back Settlement pipe which represent liquid
composition (c.f. Section 7.2; Fig. 8.2a; Table 8.1). However, the
absence of actinolitic overgrowths on pargasite crystals in the
appinites of Salachail, Clach Fear Ardsheal and Glen Ure pipes indicate
that the major explosive activity in these pipes occurred at a PH?O of

4 kb and at a temperature of 770°¢ (see Table 8.1).

The emplacement of the central leucocratic diorite has followed
the major explosive activity in the Garbh All% and Glen Ure pipes
(Table 8.1). The correspondence of these rocks with the granodiorite

from the Rudha M3r pipe on the basis of petrographic and chemical
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features (Section 7.1, T.2) indicate that comparable processes of
formation (Section 8.1C) and crystallisation conditions (PH'ZO of <1 kb,
T <770°C) were operative. This is consistent with the evidence of
transfusion (and some partial. melting) of the country rocks, particularly
quartzite, by the intruding appinitic magma in several pipes of the

Glen Creran area (Platten 1982).

8,2 TUse of the terms appinite, kentallenite and cortlandite

Because the petrogenesis shows that the rocks referred by Bailey
and Maufe (1916, p.167-8) as appinites represent the variable products
of a number of cognate processes, they cannot be simply placed into a
classification pigeon hole. Rather they must be considered in terms of
the different processes they represent. These include crystallisé.tion
under variable PH.ZO’ crystal accumulation, crystallisation from residual
magma, and the explosive mixing of cumulates and residual liquid. When
viewed in this light the original definition which was essentially
descriptive can be seen to include the products of all these processes.
The reference to (1) practically every member of the discontinuous
reaction series, (2) amphibole as the most prominent mineral, (3) the
variable nature of the feldspar in the matrix and (4) the many minerals
associated with the presence of volatiles are explained in the petro-
genetic scheme presented here as is the concept of appinites being the
plutonic equivalents of hornblende-rich lamprophyres. What is now
known is that in many instances the medium-grained more lamprophyric
parts represent the composition of the residual liquid while the coarse
"phenocrysts" represent cumulate material. Hence the term !appinite
suite! is very useful in terms of encompassing a wide compositional
range of a cognate igneous rock derived from a basaltic melt. The term
appinite is also useful to refer to those rocks composed dominantly of
cumulate amphibole together with a matrix representing some residual

be
liquid, However, particular "phenocrysts" in appinite may not/, and
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probably are not, in a matrix representing the particular liquid with
which they were in equilibrium. While the presence of rhythmic over-
growths on the amphibole crysta.ls is found in many appinites, and in
the regions investigated are constantly in rocks that are termed
'a.ppinitg', there are appinites which do not show overgrowths.

| Like the rock appinite, the rock kentallenite is also a mixture
of the products of more than one process. The same applies to
cortlandite and to many of the diorites. Probably only the grano-
diorites and leucocratic diorites represent ’the products of only one
process, although the residual liquid from which they crystallised
probably has a component of hybrid secondary liquid.

The terms appinite and appinite suite have essentially been
applied in a Scottish context. However, it would be very surprising
if comparable condition and processes were not operative in basic
igneous rocks elsewhere, where the products have been given more

conventional names.
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Figure 8.1(a~b) Representation of pressure-temperature conditions for

igneous and explosive activity in the Kentallen pipe.
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Figure 8.2(a~b) Representation of pressure-temperature conditions for
igneous and explosive activity in the large pipe at Back Settlement (a)

and the pyroxene-mica diorite of the large pipe at Rudha Mdr (v).
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PART 3

LOCH LOMOND APPINITE SUITE
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CHAPTER 9 GEOLOGICAL SETTING AND PETROGRAPHY

9.1 Geological setting

Igneous - breccia masses of late Silurian - early Devonian age
intruded into various Dalradian metasediments occur in the vicinity
of Loch Lomond and to the north of the head of Loch Fyne, make up the
appinite suite of the Loch Lomond district (Fig. 9.1; also see
Geological Survey of Scotland 1" = 1 mile Sheets 37, 38, 45, 46).

The main Arrochar intrusion with its surrounding smaller satellite
masses to the west of Loch Lomond and the small intrusions of Inversnaid
and Glen Gyle to the east of the loch have been described as "the
Arrochar intrusive complex" by Anderson (1935). The intrusions of

Ben Glas and Cruachan Cruinn have also been studied by Anderson (1937 )
as "intrusions of Glen Follach area". The Garabal Hill complex and

the Glen Fyne Granite were described as "the Garabal Hill - Glen Fyne
igneous complex" by Nockolds (1941). Further work on the appinite suite
of the Loch Lomond district, including the intrusions of Glen Shira and
other isolated masses in the area, was done by Money (1964) and

McArthur (1971). Early lamprophyre dykes and sheets and later porphyrites
(see Chapter 2) of the Loch Lomond region have also been investigated by
all the above-mentioned workers.

The distribution of these masses is shown in Figure 9.1.
Detailed map descriptions of the Arrochar complex, the intrusions
of Ben Glas, Cruachan Cruinn, Glen Shira and other smaller
isolated intrusions of the area are given by Anderson (1935,
figs. 2,3; 1937 , fig. 1) and McArthur (1971, map 1-9; also
see Hill and Kynaston 1900; Hill 1905). Corresponding information
about the appinite suite masses of the Garabal Hill-Glen Fyne

Complex can be obtained from Nockolds (1941, plate 24).



224

The following are major features of the intrusions:
The various rock types were emplaced into pipe-like intrusions
mostly with nearly vertical junctions between the country rocks,
breccia and igneous units (e.g. Inversnaid, Glen Gyle, Ben Glas,
Glen Shira and Cruachan Cruinn; Anderson 1935, p. 271-273; 1937 ,
p. 461; McArthur 1971, p. 25, 58, 59, 69).
Structural elements including folds, cleavage, joints and foliation
in the Dalradian metasediments controlled the location and emplace-
ment of various masses.
A variable amount of breccia is associatéd with igneous rocks and
there is a consistent breccia - igneous rock sequence of development
(Money 1964 ;. McArthur 1971).
The breccias generally show a Tack of exotic fragments and a
composition mainly of angular fragments of local rock types (e.g.
Inversnaid, Ben Glas and Cruinn intrusion; McArthur 1971, p. 25, 69,
76, 90), the limited transport being indicative of limited gas
activity in the pipes compared with that in pipes of the Ballachulish
region (Chapter 2).
Pyroxene - mica diorite is the dominant rock type in many masses,
particularly in the larger ones (Arrochar and Garabal Hill, Fig. 9.1).
The following sequence of development is suggested by Anderson (1935,
p. 267, 280, 281) for the rocks of the main Arrochar intrusion:
pyroxene - mica diorite (fine- and medium-grained diorite and
kentallenite), appinite (and coarse-grained diorite and ultramafic
rocks), quartz diorite and granodiorite.
The following sequence of development is suggested by Nockolds (1941,
p. 507) for the rocks of the Garabal Hill complex: ultramafic rock,
gabbro, pyroxene - mica diorite, appinite (coarse appinitic diorite,
appinite, medium appinitic diorite) and xenolithic diorite.

In smaller masses surrounding the main Arrochar intrusion and in
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Inversnaid, Glen Gyle, Ben Glas, Cruachan Cruinn and Glen Shira
masses (Fig. 9.1) the complete sequences recorded for the Arrochar
and Garabal Hill masses do not occur but the order seen is not
inconsistent with that set out in 6-7 (above) (see Anderson 1935,
1937 ;3 McArthur 1971).

9. Early lamprophyres are in close spatial and temporal relationship
with rocks of the appinite suite (e.g. Glen Gyle and Ben Glas intrusions;
McArthur 1971, p. 25, 51, 52, 69, 70; maps 3, 6, 8; also see Anderson
1935, p. 273; Nockolds 1941, p. 481).

A comparative study of the Loch Lomond.appinite suite has been
carried out to elucidate those features which make this suite different
from the Ballachulish appinite suite. These features include the
apparently Tower gas activity and the dominant occurrence of pyroxene -
mica diorite, particularly in the Garabal Hill - Glen Fyne complex. It
also forms a basis for assessing the validity of conclusions deduced
from the petrogenesis of the Ballachulish appinite suite.

9.2 Petrography and mineral chemistry

The petrography of the various rock types of the Loch Lomond
appinite suite has been described by several workers (Hill and Kynaston
1900; Anderson 1935, 1937 ; Money 1964; McArthur 1971). Accordingly
this account is limited to those features directly relevant to the
mineral chemistry and crystallisation conditions in the pipes. Within
the very broad range of textural and mineralogical variation seen, the
following are of particular relevance.

1. There are both hydrous and anhydrous mineral assemblages present
(in appinite and pyroxene - mica diorite, respectively).

2. There is marked variation in grain size from phenocrysts up to 9 mm
(Figs. 9.2, 9.3, 9.4) to grains of olivine, clinopyroxene, amphibole,
mica and plagioclase of < 0.3 mm.

3. Olivine, clinopyroxene, amphibole and plagioclase are highly zoned

in parts (Figs. 9.2b, 9.4).
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Amphibole is present as large hornblende crystals which
poikilitically enclose olivine, clinopyroxene and plagioclase
(in peridotite and cortlandite) (Fig. 9.2c), and as stumpy and
acicular idiomorphic hornblende which occasionally have clino-
pyroxene cores and very occasionally have actinolitic overgrowths
(in appinite) (Figs. 9.3a, b).
Expressions of different reaction relationships between various
phenocrysts and liquids are shown by the highly resorbed nature
of olivine, clinopyroxene and amphibole, the development of
orthopyroxene rims on olivines (in kentai]enite) and the replace-
ment of clinopyroxene by amphibole (in appinite and pyroxene - mica
diorite) (Figs. 9.2a, 9.3c).
Most of the minerals of the Bowen's discontinuous reaction series
are present in some rocks with minerals high in the reaction
series generally surrounded by minerals lower in the reaction
series but with some instances of the rever§e (e.g. biotite in
clinopyroxene, Nockolds 1941, p. 457; biotite intergrown with
hornblende in certain appinites).
Plagioclase phenocrysts occur in most of the basic to acidic rock
types (e.g. gabbro, pyroxene - mica diorite, granodiorite) (Fig. 9.4).
Granophyric intergrowths between feldspar and quartz occur in the
groundmass of hornblende diorite and acidic rocks.
Accessory minerals including primary magnetite, sphene and apatite
occur with magnetite commonly associated with hornblende (in
appinite) (Fig. 9.3a).
Olivine shows alteration to serpentine, clinopyroxene and hornblende
to uralite, biotite to chlorite and epidote and plagioclase to
sericite (in marginal rocks).
Primary calcite is present as a minor phase (in some appinites);
secondary calcite also occurs (in most of the carbonated and altered

rocks).



9.2A Pyroxenite

The pyroxenite (Table 9.1 — 1) of the main Arrochar intrusion is
an equigranular coarse-grained rock with densely packed zoned clino-
pyroxene crystals which are clouded with specks of opaque ore and
surrounded and replaced by amphibole at their margins. There are
inclusions of olivine and some orthopyroxene grains and some inter-
stitial biotite.

The composition of the clinopyroxene varies from diopside to
salite and calcic-augite, close to the boundary between diopside -salite
and endiopside - augite fields (Fig. 9.5, Table 9.2 - 1). Some of the
Zoned crystals have a core of diopside, a middle zone of salite and
an outer rim of augite. Amphibolé'replacing clinopyroxene is of
magnesio - hornblende composition (Fig. 9.6, Table 9.4 - 7).

9,2B Peridotite

The peridotite of the main Arrochar intrusion (Table 9.1 =2)
contains large platy and zoned hornblende crystals (with a brown core
and green rim) poikilitically enclosing olivine, clinopyroxene
(endiopside and calcic-augite; Fig. 9.5, Table 9.2 -3) and plagio-
clase (TabTe 9.6 —=12) in the core (Fig. 9.2c). Plagioclase

(Angg)
and phlogopite (Fig. 9.7, Table 9.5 —4) occur interstitially.
9.2C Gabbro

The gabbros of the Garabal Hill - Glen Fyne complex (Table 9.1 —3)

generally contain clinopyroxene, orthopyroxene, p]agioc]ase(A ) and

n
biotite crystals with interstitial orthoclase and accessory amZSnts of
magnetite and apatite (Nockolds 1941). In the hornblende-bearing gabbro
large clinopyroxene crystals are surrounded and replaced by amphibole.
Biotite, plagioclase and magnetite occur in the cores of clinopyroxene

Crystals.
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9.2D Appinite

The appinites of the Loch Lomond region (Table 9.1 —4) contain
large idiomorphic amphibole crystals in a groundmass usually of
plagioclase, quartz, orthoclase and some biotite.

The amphibole crystals are variously pargasite, ferroan -
pargasite. ferroan - pargasitic - hornblende, tschermakite and tscher-
makitic hornblende (Fig. 9.6, Table 9.4 — 1-6); Where zoned, cores
with compositions of tschermakite and pargasite and outer rims of
magnesio - hornblende and actinolite have been observed (Fig. 9.6,

Table 9.4 -9,10, 13, 14, 15). Such crysta]é are without rhythmic over-
growth of actinolite, such as found in appinites of the Ballachulish
region (Chapters 2, 5). However, in certain instances the hornblende
crystals show an overgrowth of actinolite on one of their terminal faces
(Fig. 9.3b). Clinopyroxene with compositions of salite and calcic -
augite (Fig. 9.5, Table 9.2 —5) occur occasionally as cores to stumpy
hornblende crystals in appinite from the main Arrochar mass (Fig. 9,3a).

PTagioclase( occurs as zoned phenocrysts in the appinite

Anys-38)
of the main Arrochar and Glen Shira masses (Table 9.6 —=5,7) but when
present in the groundmass the feldspar is albite (Table 9.6 -4).
Quartz and orthéclase may occur interstitially. Primary calcite, when
present, is interstitial to both orthoclase and quartz while secondary
calcite replaces plagioclase. Primary magnetite, apatite and sphene

are common accessories. Chlorite and epidote after biotite also occur.

9.2E Kentallenite

The kentallenites of the Loch Lomond region (Table 9.1 —5) have
phenocrysts of olivine, clinopyroxene and biotite with rims of biotite
surrounding some olivines and clinopyroxenes. The groundmass contains
anorthoclase, plagioclase, biotite and primary magnetite.

Where zoned, olivine phenocrysts have forsteritic cores and

Chrysolitic rims (Table 8.3—-1,2). Reaction rims of orthopyroxene
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(bronzite; Table 9.2 -7, Fig. 9.5) surrounding olivine are common
(Fig. 9.2a). Pleochroic hypersthene has been reported from the kent-
allenite exposed in Al1t an t-Sithain, Glen Shira (Anderson, 1935).
Biotite, pleochroic from light brown to deep brown, has a
composition close to the boundary between the biotite and phlogopite
fields (Fig. 9.7; Table 9.5-2). Anorthoclase is dominant feldspar
in the equigranular coarse-grained kentallenite while plagioc]ase(Ansu)
(Table 9.6 —13) 1is practically the only feldspar of the porphyritic
marginal kentallenite (Glen Shira masses). Opaque ores, apatite and
sphene are rare accessories. |

9.2F Pyroxene - mica diorite

The pyroxene - mica diorites of the Loch Lomond region (Table
9.1—-6) are composed of phenocrysts of zoned augite (Figs. 9.2b, 9.5;
Table 9.2 -4) and plagioclase ( Annso) (Fig. 9.4) in a groundmass of

plagioc]ase( (Table 9.6 =8 ,11), biotite, quartz and orthoclase.

Anzg-s3)
Grains of highly corroded and partially altered olivine (Fo,,; Table
9.3 =3) and of pleochroic hypersthene and inclusions of feldspar
occasionally occur in the cores of clinopyroxene phenocrysts which
usually have rims of amphibole of magnesio - hornblende composition
(Figs. 9.3c, 9.6; Table 9.4 —11) and biotite (Fig. 9.7; Table 9.5-1),.
Quartz and orthoclase interstitially occur to plagioclase. Primary
magnetite, sphene, apatite and secondary chlorite and epidote after
biotite are also noticed.

Pyroxene - mica diorite grades to pyroxene diorite (Table 9.1 -7)
with decrease in mica andto appinitic diorite (Appendix B.3 —=67) with
increase in amphibole. Plagioclase phenocrysts(An30) (Table 9.6 = 9)

have also been noticed in the latter variety at Garabal Hill.

9.2G Quartz diorite and granodiorite

The quartz diorite and granodiorite (Table 9.1 —8) contain pheno-

Crysts of zoned plagioclase(Anua) (Table 9.6 = 10) , biotite (Fig. 9.7;
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Table 9.5-=3) and amphibole in a groundmass of plagioclase, biotite,
quartz and orthoclase. The amphibole phenocrysts are usually of
magnesio - hornblende and actinolitic - hornblende compositions (Fig. 9.6;
Table 9.4 -12). Pargasite crystals with actinolitic rims also occur.
Quartz and orthoclase occur in granophyric intergrowths. Primary
magnetite, sphene, apatite and pyrite are accessories. These are
commonly associated with biotite.

9.2H Lamprophyres

The majority of the lamprophyre dykes which cut the appinitic
masses are voges%tic in mineralogy (Table 9.1 —9). They contain
microphenocrysts of prismatic hornblende in a groundmass of anortho-
clase, orthoclase (Table 9.6 -1,2) and p1agioc1ase(An<10).

The lamprophyre dykes which precede the emplacement of the
appinitic bodies are spessartites (Anderson 1935; Nockolds 1941;

Money 1964; McArthur 1971). These dykes are mineralogically similar
to the Tamprophyric marginal facies described from the Ardsheal Hill
pipe of the Balluckulisk region (Chapter 2) with clinopyroxene and
olivine occurring as phenocrysts.

With decrease in ferromagnesium minerals the lamprophyres grade
to porphyritic microdiorites. The term felsite was used by Money (1964)
for their highly altered varieties (Table 9.1 =10).

9.3 Comparison with the Ballachulish appinite suite

The rock types of the Loch Lomond cluster show significant
similarities to those from the Ballachulish cluster on the bases of
texture, mineralogy and mineral chemistry (see Chapters 2-6). However,
the following petrographic features discriminate the Loch Lomond cluster
from the Ballachulish cluster:

1. In appinites, the proportions of clinopyroxene and biotite are
lower, rhythmic overgrowths on hornblende crystals and clinopyroxene

as cores to hornblende crystals are scarcer and plagioclase instead
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of orthoclase is the common groundmas; feldspar.

2. In kentallenites from the Arrochar and Glen Shira masses, reaction
rims of amphibole surround clinopyroxene phenocrysts while in
pyroxene - mica diorite these arelless commonly developed.

3. In mafic and ultramafic rocks the proportions of pleochroic
hypersthene are greater than in those of the Ballachulish cluster
(Table 9.1; see also Table 2.1).

4. 1In many of the mafic and intermediate rocks there are Ca-rich
plagioclase phenocrysts and in certain peridotites Ca-rich
plagioclase occurs in cores of the 1arge'hornb1ende crystals
(Fig. 9.2c).

The Loch Lomond cluster can also be discriminated from the
Ballachulish cluster on the basis of the following features of
mineral chemistry.

1. The Ca contents of the clinopyroxenes are lower and decrease
with fractionation (Fig. 9.5; also see Fig. 4.1a).

2. A significant number of idiomorphic hornblende crystals have
tschermakite and magnesio-hornblende compositions (Fig. 9.6;
see also Fig. 5.1, Table 5.1).

9.4 Discussion

The more frequent occurrence of orthopyroxene, the lower pro-
portions of potassium-bearing minerals (biotite, orthoclase) and the
presence of the Ca-rich plagioclase in many of the mafic and inter-
mediate rock types of the Loch Lomond appinite suite as compared to
those from the Ballachulish appinite suite, place the former suite
closer to the calcalkaline rock series. The differences between the
magma compositions of the two clusters (Chapters 7, 10) are also
expressed in their mineral chemistry, e.g. the lower alkali contents
of many of the hornblende crystals (tschermakites and magnesio - horn-

blendes) and the lower Mg and K contents of mica in ultramafic and
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mafic rocks from the Loch Lomond cluster.

The Tower Ca contents and their decrease with fractionation in
clinopyroxenes (Fig. 9.5) may be partly related to the calcalkaline
nature of the parent liquid (Chapter 10; also see Kushiro 1960;

Le Bas 1962). However, it is mostly due to the appearance of Ca-rich

p]agioc]ase( ) (occurring as phenocrysts as well as small crystals

An
in the cores o:oplaty hornblendes) in the early stages of crystallisation
(see Chapter 4). This was responsible for the development of gabbros
in the Garabal Hill - Glen Fyne complex.

The early appearance of Ca-rich p1agio¢1ase in ultramafic, mafic
and intermediate rocks indicates a PH20 of < 1 kb at this particular
stage of crystallisation (Barberi et aZ. 1971). The high modal per-
centages of volatile-bearing minerals (amphibole and biotite), the
replacement of clinopyroxene by amphibole and the presence of many
secondary minerals in most of the marginal rock types reflect an increase
in gas pressure as the crystallisation proceeded. The presence of
highly zoned phenocrysts and the expressions of various reaction
relationships between crystallising phases and liquids indicate changes
in crystallisation conditions, particularly in gas pressure (see
Chapters 2-6). The scarcity of rhythmic overgrowths on hornblende
crystals in appinite indicates that the gas pressure generally did not
exceed 2-4 kb in pipes of the Loch Lomond region (see Chapter 5). This
may be related to the strength of the structural traps encountered by
the intruding appinitic magma in the Loch Lomond region not being as
great as formed by quartzite in the Ballachulish region (e.g. Back
Settlement pipe; Chapters 2, 5). This interpretation is supported by
the scarcity of exotic rock types in the breccias and by the Tow degree
of rounding in the breccias, the limited transport being indicative of
lower gas pressures (see Chapter 2; Bowes and Wright 1961, 1967; Bowes

et ql. 1964; McArthur 1971; Bowes and McArthur 1976).
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The petrography of the early lamprophyres of the Loch Lomond

region is also consistent with the interpretation that these dyke rocks

are the successive differentiates of the appinitic magma, as are the

various plutonic rocks of the appinite suite. This conclusion corres-

ponds with that drawn from the lamprophyre dykes of the Ballachulish

region (Chaptérs 2, 1}.

9.5 Conclusions

ds

The field relationship of the Loch Lomond appinite suite indicates
the emplacement of appinitic magma mostly into pipe-like intrusions.
Structural control of the surrounding coﬁntry rocks has played an
important role in the evolution of various rock types in different
intrusions.

The lack of exotic and well rounded fragments of breccia indicates

a Timited transport of material due to lower gas activity in pipes
of the Loch Lomond region as compared to those at Ballachulish.

This is supported by petrography and mineral chemistry.

On the basis of petrography and mineral chemistry the Loch Lomond
appinite suite is closer to the calcalkaline series than the
Ballachulish appinite suite.

Various reaction relationships between phenocrysts and liquids
indicate considerable changes in crystallisation conditions, while
zoning in phenocrysts and the normal and reverse orders of appearance
of the minerals of Bowen's discontinuous reaction series indicate.
fluctuation in gas pressure.

Appinite (and peridotite) generally crystallised under a maximum

gas pressure of 2-4 kb, The other members of the suite crystallised
below this pressure. Plagioclase phenocrysts indicate PH20 < 1 kb.
The Tower Ca contents and their decrease with fractionation in
clinopyroxenes from the Loch Lomond cluster compared with those from
the Ballachulish cluster, are due to the early appearance of Ca-rich

plagioclase in the latter cluster.
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The early lamprophyres (and felsite) dykes, associated in time
and space with pipes of the Loch Lomond cluster represent
successive differentiates of the appinitic magma.

Alteration and carbonation of the marginal rocks in most of the
intrusions are due to the escape of gases during and after

crystallisation.
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Figure 9;1. The distribution of igneous - breccia pipe masses in

the Loch Lomond region (reproduction of McArthur 1971, map 2).
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Figure 9.2.

(a) Fractured and partially serpentinized olivine phenocryst
surrounded by a reaction rim of orthopyroxene; kentallenite,
Cruachan Cruinn. XNx13.

(b) Zoned phenocryst of clinopyroxene in a groundmass of plagioclase
and biotite; pyroxene -mica diorite, main Arrochar intrusion.
XN x 10.

(c) Large hornblende crystal with a brown core (darker) and green
rim (lighter), poikilitically enclosing olivine, clinopyroxene
(Cpx) and plagioclase (P) in the core; peridotite, main Arrochar

intrusion. PPL x10.
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Figure 9.3.

(a) Hornblende crystal with a clinopyroxene core, and grains of
primary magnetite; appinite west of Creag Tharsuinn, main
Arrochar mass. PPL x13.

(b) Idiomorphic hornblende crystal with an overgrowth of actinolite
(A); appinite, Clachan Hill pipe, Glen Shira. XN x40.

(c) Phenocryst of clinopyroxene containing small olivine grains
and with margins indicating corrosion by amphibole; pyroxene -

mica diorite, main Arrochar intrusion. PPL x 40.
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Figure 9.4. Zoned plagioclase phenocryst with a
(Anyg.s5)
saussuritized core, in a groundmass of biotite and feldspar;

pyroxene - mica diorite, Glen Gyle intrusion. XNx35.
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Figure 9.5. Pyroxene compositions from the Loch Lomond appinite

suite in the pyroxene quadrilateral (after Hess and Poldervaart 1951).
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Figure 9.6. Amphibole compositions from the Loch Lomond appinite
suite shown in their corresponding fields of calcic amohiboles

(after Leake 1978).
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Figure 9.7. Mica compositions from the Loch Lomond appinite suite

in the main phlogopite - biotite fields (after Deer et aql. 1966).
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Table 9.3. Mean chemical analyses and standard deviations of olivine

in rocks from the appinite suite of the Loch Lomond district.

1 2 3
Mean Mean Mean
(2 anals) S.D. (3 anals) S.D. (2 anals) S.D.
Si0, 39.09 0.08 37.85 0.42 37.84 0.01
A1,0, 0.00 0.00 0.03 0.08 0.00 0.00
Fe0 ) .98 1.42 20.46 1.13 23.75 0.36
MnO 0.76 0.13 0.27 0.04 0.29 0.06
Mg0 50.05 1.15 41.11 0.87 38.58 0.12
Ca0 0.00 0.00 0.03 0.10 0.07 0.16
Cry04 0.00 0.00 0.05 0.10 0.00 0.00
Total 98.88 99.80 ' 100.53
Formulae on the basis of 4 oxygens
Si 0.99 0.005 0.98 0.003 0.98 0.00
Al 0.00 0.00 0.01 0.003 0.00 0.00
Fe 0.19 0.03 0.44 0.02 0.51 0.01
Mn 0.00 0.00 0.01 0.00 0.01 0.00
Mg 1.84 0.04 1.59 0.02 1.50 0.01
Ca 0.00 0.00 0.01 0.003 0.00 0.00
Cr 0.00 0.00 0.01 0.003 0.00 0.00
Fo-
1.25 74.16 0.36

content 90.84 1.50 79.09

1 Forsteritic core of a zoned olivine phenocryst in kentallenite,
Brannie Burn mass, Glen Shira (Appendix B.3 - 49) .

2 Chrysolitic rim of olivine phenocryst in 1.

3 Chrysolite in pyroxene - mica diorite, Creag Tharsuinn, south-
east of the main Arrochar mass (Appendix B.3-=11),

Fe0 = total iron.
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Table 9.5. Mean chemical analyses and standard deviations of micas

in rocks of the Loch Lomond appinite suite.

1 2 3 4
Mean Mean Mean Mean

(3 anals) S.D. (3 anmals) S.D. (2 anals) S.D. (2 anals) S.D.
Si0, 35.99 0.30 36.04 0.37 36.54 0.16 37.22 0.49
Ti0, 5.18 1.05 5.80 0.61 4.28 0.12 4.62 1.30
A1,0,4 14.24 0.12 14.05 0.44 13.70 0.39 14.38 0.27
Fe0 18.35 2.19 14.71 0.27 20.18 0.70 13.18 1.01
MnO 0.04 0.06 0.06 0.11 0.41 0.80 0.07 0.10
Mg0 12.98 0.92 14.42 0.71 11.60 0.06 17.23 2.23
Ca0 0.02 0.03 0.13 0.03 0.00 0.00 0.00 0.00
Na,0 0.11 0.16 0.15 0.25 0.00 0.00 0.23 0.32
K20 9.39 0.27 10.04 0.15 9.98 0.13 9.56 0.09
Cro03 0.04 0.05 0.08 0.14 0.00 0.00 0.00 0.00
Total 96.34 95.48 96.69 96.49

Formulae on the basis of 22 oxygens

Si 5.34 0.07 5.42 0.03 5.56 0.05 5.46 0.01
Ti 0.58 0.12 0.66 0.08 0.49 0.01 0.51 0.15
Al 2.53 0.03 2.49 0.05 2.45 0.06 2.49 0.01
Fe 2.31 0.26 1.85 0.05 2.57 0.08 1.62 0.14
Mn 0.01 0.01 0.01 0.02 0.05 0.01 0.01 0.01
Mg 2.91 0.22 3.23 0.13 2.63 0.02 3.75 0.44
Ca 0.01 0.01 0.02 0.01 0.00 0.00 0.00 0.00
Na 0.03 0.04 0.04 0.07 0.00 0.00 0.65 0.09
K 1.80 0.06 1.93 0.03 1.93 0.35 1.77 0.01
Cr 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00
Al, - 2.51 0.01 2.49 0.05 2.44 0.04 2.49 0.01
Alg 0.02 0.03 0.00 0.00 0.01 0.01 0.00 0.00

1 Biotite in pyroxene -mica diorite, CreagTharsuinn, main Arrochar mass
(Appendix B.3-=11) .

2 Biotite in kentallenite, Brannie Burn mass, Glen Shira (Appendix B.3—49).

3 Biotite, central granodiorite, main Arrochar mass (Appendix B.3-17).

4 Phlogopite in peridotite, Coire nan Each southeast of the main Arrochar
mass (Appendix B.3—4) .

Fe0 = total iron.
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4 5

S« 0.
0.47 68.18 61.51
0.04 0.00 0.00
0.16 19.58 23.72
0.03 0.28 0.15
0.00 0.15 0.00
0.08 0.17 4.97
0.34 11.34 8.59
0.33 0.60

99.70 99.54

basis of 8 oxygens

99 2.88 0.01 2.99 2.75
00 0.02 0.01 0.00 0.00
00 1.10 0.01 1.01 1.25
.02 0.01 0.00 0.01 0.01
.00 0.00 0.00 0.01 0.00
00 0.06 0.01 0.01 0.24
.29 0.42 0.03 0.96 0.74
68 0.50 0.02 0.00 0.03
.01 0.12 0.01 0.01 0.25
.99 0.98 0.01 1.00 1.00
9 10
Mean Mean
(3 anals) S.D. (3 anals) S.D.
74 60.15 1.20 56.35 1.32
.00 0.00 0.00 0.00 0.00
.98 24.21 1.02 27.22 0.83
.27 0.20 0.04 0.20 0.17
.00 0.00 0.00 0.00 0.00
.78 6.98 0.54 10.04 1.05
91 8.72 0.63 6.06 0.73
.46 0.21 0.09 0.27 0.06
.14 100.47 100.14
Formulae on the basis of 8 oxygens
62 2.7 0.02 2.54 0.45
00 0.00 0.00 0.00 0.00
.49 1.28 0.03 1.45 0.04
01 0.01 0.00 0.01 0.01
00 0.00 0.00 0.00 0.00
40 0.29  0.03 0.48 0.06
65 0.68 0.05 0.52 0.57
03 0.01 0.01 0.02 0.00
38 0.29 0.02 0.46 0.04
11 0.99 0.01 0.99 0.01

— O 00000 —0OMN

6
(2 anals) S.D.
60.43 0.38
0.00 0.00
24.75 0.01
0.04 0.10
0.00 0.00
5.78 0.2
8.43 0.07
0.26 0.01
99.69
2.69 0.01
0.00 0.00
1.29 0.01
0.05 0.01
0.00 0.00
0.28 0.00
0.72 0.01
0.01 0.01
0.31 0.01
0.98 0.01
1 12
54.01 50.96
0.00 0.00
28.01 30.55
0.46 0.73
0.00 0.00
10.52 13.63
5.35 3.95
0.35 0.34
98.70 100.16
2.47 2.32
0.00 0.00
1.51 1.64
0.02 0.03
0.00 0.00
0.52 0.66
0.48 0.35
0.02 0.02
0.53 0.68
0.98 0.96

Chemical analyses of feldspars in rocks from the appinite
suite of the Loch Lomond district.
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Table 9.6. (Contd.)

W 00 N o

10
11

12
13

Orthoclase in lamprophyre, Creag Tharsuinn, southeast of the main
Arrochar mass.

Anorthoclase, lamprophyre; Tocality as in 1.

Anorthoclase in kentallenite, Brannie Burn mass', Glen Shira

(Appendix B.3—=49).

Albite in appinite, Coire nan Each, southeast of the main Arrochar
mass (Appendix B.3—1).

Oligoclase, pegmatitic appinite (Appendix B.3—3); locality as

in 4.

Oligoclase, kentallenite (Appendix B.3 —49); locality as in 3.
Andesine, appinite (Appendix B.3—=1); locality as in 4.

Andesine, . pyroxene -mica diorite (Appendix B.3-11); locality as in 1.
Andesine, appinitic diorite, Garabal Hi11 (Appendix B.3 —67).
Andesine, central granodiorite, main Arrochar mass (Appendix B.3 —17).
Labradorite, pyroxene -mica diorite (Appendix B.3—=11); locality

as in 1.

Labradorite, peridotite, main Arrochar mass (Appendix B.3 —4).

Labradorite, kentallenite (Appendix B.3 —49); locality as in 3.

Fe0 = total iron.
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CHAPTER 10 PETROCHEMISTRY

Using 92 representative specimens of the appinite suite from
the main Arrochar intrusion (18), Inversnaid intrusion (5), Glen Gyle
intrusions (11), Ben Glas intrusions (5), Cruachan Cruinn intrusions
(7), Glen Shira intrusions (12) and Garabal Hill - Glen Fyne intrusion
(34; including 20 major element analyses from Nockolds 1941), it can
be shown that the overall variation from ultramafic to mafic and, less
frequently to feldspathic types ranges from 34 to 68 wt. % Si0,
(Appendix B.3; also see Fig. 10.1). On an alkali wvs. Si0, diagram
most of the compositions follow a continuous differentiation trend and
Tie in an elongate field which largely corresponds with the field of
the high alumina basalt series but with representatives in the field
of the tholeiitic series and others in the field of the mildly alkaline
rock series (Fig. 10.1). This indicates greater affiliation with the
calcalkaline characters than that shown by the Ballachulish appinite
Suite. On an AFM plot, there is considerable spread, however, basic,
intermediate and acidic types define a trend which generally corresponds
with that for calcalkaline rock series (Fig. 10.2). This is particularly
the case for the intermediate and acidic compositions as was the case
for the appinite suite of the Ballachulish district. However, for the
majority of the ultramafic rocks the overall trend of the composition
is generally parallel to that at the basic part of the field of alkali
Olivine basalt series with evidence of high iron enrichment. On the
basis of these features the Loch Lomond appinite suite is considered to
be part of a normal calcalkaline series.

10.1 Major element variations

The centinuous variation in the major element chemistry of the
Suite is shown by plots of S.I. vs. various oxides. These also serve

to indicate the close affinity of the Ballachulish and Loch Lomond
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suites. The confinuous curvilinear trends shown by plots of both
Mg0 and A1,03 vs. S.I. reflect fractionation and the progressive
development from ultramafic to acidic compositions (Figs. 10.3a, b).
The greater scatter of Al,0; at values of S.I. < 35 reflects the
crystallisation of Ca-rich plagioclase in appinites and pyroxene -
mica diorites (Chapter 9). The Na,0 vs. S.I. plot shows a corresponding
.Pattern.

The general trend shown by Fe0 vs. S.I. plots also points to the
same fractionation process with the greater épread above S.I. values
of 30 reflecting the crystallisation of the 6paque ores in some of the
appinites (Fig. 10.3c). It also shows the replacement of the dominant
olivine and clinopyroxene fractionation in some ultramafic rocks
(Tower FeQ) by the dominant amphibole fractionation in appinites (higher
Fe0). Va}iations in Ti0, also indicate the same features as shown by
Fe0,

The considerable scatter of Ca0 above S.I. values of 60 indicates
the dominant olivine fractionation in dunite (<1wt. % Ca0), olivine
and clinopyroxene fractionation in peridotites (and certain byroxenites)
(8-12 wt. % Ca0) and the dominant clinopyroxene fractionation in
Pyroxenite (19 wt. % Ca0) (Fig. 10.3d). The flat pattern shown for the
60 - 35 range of S.I. indicates the similar proportions of Ca-rich
(clinopyroxene, plagioclase and amphibole) and Ca-poor (olivine and
mica) phases in these rocks. The decreasing Ca0 below S.I. value of 30
indicates the progressive domination of the plagioclase fractionation
in the intermediate and acidic rocks.

The petrogenetic information obtained from oxide vs. S.I. plots
is consistent with crystallisation differentiation that produced rocks
ranging in composition from ultramafic to acidic types from a common
Parent magma. The pronounced differentiation of olivine and clinopyroxene,

Particularly in the early stages shown by the occurrence of monomineralitic
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rocks such as dunite and pyroxenite in the larger masses of Garabal Hill
and Arrochar resulted in a wider range of compositional variation than
that shown for the Ballachulish appinite suite. In addition, the Tower
Mg0/S.I. and higher A1,05/S.I. ratios compared to those of the Balla-
chulish cluster, are indicative of the relatively lower Mg0 and higher
A1,04 in the parenf magma (Figs. 10.3a, b).

10.2 Fractional crystallisation on the basis of CMAS model

. Assessment of plots in theACMAS tetrahedron model of Cox et al,
(1979) provides the following information concerning the successive
appearance of different phases on the liquidds under varying physical
conditions during the various stages of fractional crystallisation:

1. The affinity of the position of dunite to that of olivine in the
projections from Qtz into the En-Ky-Wol plane and from Ky into the
En-Wol-Fo plane show that olivine fractionation dominated the early
stages of crystallisation (Figs. 10.4a, b).

2. 0On the evidence that peridotites and pyroxenites 1ie on a trend
that defines olivine - clinopyroxene fractionation in a projection
from Ky into the En-Wol-Fo plane, the olivine fractionation was
followed and replaced by clinopyroxene fractionation (Fig. 10.4b).

3. Compositional plots of hornblendites and appinites follow a trend
that defines clinopyroxene - amphibole - biotite fractionation in
the above projection (Fig. 10.4b). This indicates that clinopyroxene
fractionation was successively followed by amphibole and biotite
fractionation.

4. The affinity of compositional plots of the feldspathic pyroxene -
mica diorites, hornblende diorites and granodiorites to the position
of feldspar in both the projections from Qtz into the En-Ky-Wol
plane and from Ky into the En-Plag-Qtz plane and the gap and bend
shown in both projections (Fig. 10.4a, c) indicate that plagioclase

fractionation dominated in the latter stages of crystallisation.
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10.2A Discussion and comparison based on CMAS model

The successive fractionation of olivine, clinopyroxene, amphibole,

biotite and plagioclase that indicates variation in P (Chapter 9;

Gas
also see Chapters 3-6), resulted in the progressive development of
ultramafic, mafic, intermediate and feldspathic rock types (ef. Fig.
10.4a). Apart from certain ultramafic rocks the majority of the analyses
Plot in the fields shown for the Ballachulish appinite suite in all the
above projections (Figs. 10.4a-c). This indicates a general corres-
pondence between the petrogenetic histories of the Ballachulish and

Loch Lomond clusters.

10.3 Trace element chemistry

The general variation trends shown by Ni, Cr and Co vs. Mg0 plots
also reflect differentiation and the progressive evolution of ultramafic,
mafic, intermediate and acidic rock types (Fig. 10.5a-c). In addition,
there is a general correspondence with the fields established for the
Ballachulish appinite suite. This indicates that fractionation processes
similar to those determined for the Ballachulish cluster (Chapter 7),
were operative in the development of the rock types of the Loch Lomond
Cluster. This is consistent with the interpretation based on the
major element chemistry. The extremely high Cr contents of certain
Pyroxenites and peridotites (>1600p.p.m.) reflects the high degree of
Clinopyroxene fractionation in these rocks. The scatter in Cr vs. Mg0
Plots for 16 - 8wt. % Mg0 is probably related to the variable proportions
of clinopyroxene, amphibole and plagioclase in appinites, pyroxene - mica
diorites and kentallenites (Fig. 10.5b).

The spread shown by V vs. Fe,0; with the possible separation into
two trends, one being flatly disposed and the high V contents (>400p.p.m.)
Of some of the rocks (Fig. 10.5d) are interpreted as resulting from the
Crystallisation of opaque ores, particularly titan - magnetite, in
Certain appinites which are markedly rich in Ti0, (Appendix B.3 -1, 3,5,

24,40).
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The relatively Timited compositional range indicated by Rb ws.

K20 plots and the lower average K/Rb ratio (300) for the Loch Lomond
Cluster as compared to the Ballachulish cluster probably reflect the
Tower K,0 content in the parent liquid of the former suite (Figs. 10.5e,
f). The exceptionally high K/Rb ratios in certain rock types (700 - 2000)
can be attributed to the contamination or re-equilibration of these

rocks during the intrusion of the Newer granites.

On the basis of a Zr/Y vs. Zr plot and comparison with the compos-
itional fields of basalts in different geotectonic environments, many
of the rocks lie in or close to the field of "within plate basalts"
(Fig. 10.6). This indicates a continental tectonic setting.

10.4 The nature of the parent magma

The nature of the parent magma for the appinite suite particularly
in the Loch Lomond region, has been the subject of controversy ever
since Nockolds (1941) considered it to be represented by the pyroxene -
mica diorite of the Garabal Hill - Glen Fyne complex. Later workers
have thought the parental magma to be somewhat more basic (Money 1964;
McArthur 1971). The present investigation supports the latter view for
the following reasons:

1. The average pyroxene - mica diorite composition (P) lies closer to
the acidic than the pasic end of the series.on oxide vs. S.I.
diagrams (Figs. 10.3a -d) and in a projection from Qtz into the
En-Ky-Wol plane (Fig. 10.4a). Thus it seems unlikely for it to have
given the cumulates dunite, peridotite and pyroxenite.

2. If the pyroxene - mica diorite does represent the parent liquid,
then all the rock types that plot towards its basic side in the above
mentioned variation diagrams, may represent its cumulates, and their
minerals should be expected to show similar compositions to those
in pyroxene - mica diorite. However, the clinopyroxenes from

pyroxenite and peridotite and micas from peridotite and kentallenite



268

correspond with a more basic rock composition than that of the
pyroxene - mica diorite (ef. Figs. 9.5, 9.7). This shows that
the latter type was itself derived from a more basic magma.

There is a general correspondence between the Loch Lomond and
Ballachulish clusters on the basis of most of the major and trace
element plots and on the basis of plots into CMAS model. As the
parent magma of the former is interpreted to contain relatively lower
Mg0 and higher A1,0; than for the latter (Section 10.1), a composition
for the parent magma of the Loch Lomond cluster is considered to be

approximately midway between that of the pyroxene - mica diorite of
Nockolds (1941) and the mean kentallenite composition at Ballachulish
(Table 2.1 -6). This is consistent with the closer affinity of the
Loch Lomond suite to the high alumina basalt series and the greater
affinity of the Ballachulish suite to the more alkaline series (see
Figs. 10.1, 7.1).

10.5 Conclusions

1. The major and trace element chemistry of the Loch Lomond appinite
suite is consistent with crystallisation differentiation of a normal
calcalkaline magma that evolved in.continental tectonic environment.

2. A parent liquid of composition intermediate between the average
pyroxene - mica diorite of Nockolds (1941) and the mean kentallenite
of the Ballachulish region is suggested as the starting point for
fractionation in the Loch Lomond region.

3. The successive fractionation of olivine, clinopyroxene, amphibole, .
biotite and plagioclase indicates variation in PGas'

4. There is a general similarity in compositions and petrogenesis
between the appinite suites of the Loch Lomond and Ballachulish

districts.
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Figure 10.1. Alkali vs. Si0, diagram for the Loch Lomond appinite
suite with division into various fields for basaltic series after

Schwarzer and Rogers (1974).
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Figure 10.2. AFM diagram for the Loch Lomond appinite suite with
division into various fields for basaltic series after Schwarzer

and Rogers (1974).



272

obw oZoN+ OO0y

aj1ns ajuiddo ysi|nydojjog

ayj jo Aopunoqg pialy

sa113s duNdoY|

21Aydoidwoy

3)1s|34 ‘aj1101pouUDI

aju01p DIIW-3uaxoihy

ajuaj|ojuay

ajnolp apuajquioy‘ajpuadjquioy ‘ajiuiddy
019909

%301 2U1A1|0-3}1101q-2pud|quIoy=3BDj|DIp=3}140isu]
ajuioang

ajuaxoihy

3i4opliad

ajlung

# etk >0 « 00

z-01 210614

€olag+0ad



273

Figure 10.3 (a-d). Plots of Mg0, A1,0;, FeO and Ca0 against S.I.,

respectively (symbols as in Fig. 10.2).
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Figure 10.4 (a-c). Variation of the Loch Lomond appinite suite,
and its comparison with the Ballachulish appinite suite, in the
CMAS fractionation model shown by projections into various planes

from particular points.
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Figure 10.5 (a-f). Plots of Ni, Cr and Co vs. Mg0, V vs. Fe,03,
Rb vs. K,0 and K/Rb vs. K,0, respectively.
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Figure 10.6. Plots of Zr/Y vs. Zr and comparison with compositional
fields of basaltsin different geotectonic environments (after

Pearce and Norry 1979).
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CHAPTER 11 PETROGENESIS

There are clear parallels between the Loch Lomond and Ballachulish
appinite suites. The differences that do exist can be accounted for in
terms of differences in the "primary" magma (these are related to overall
geotectonic position -- see Chapter 13) and in the gas pressure reached
in the various pipes before the explosive activity took place.

The regular patterns of the major and trace element plots, the
Successive fractionation of olivine, clinopyroxene, amphibole, mica and
Plagioclase shown by the CMAS plots and the coincidence or parallism of
the trends from different intrusions and with those at Ballachulish,
indicate both the cognate nature of the suite and the dominant control
of fractional crystallisation (Section 10.1, 10.2, 10.3). The consider-
able petrographic variation seen can be accounted for by crystallisation
under variable PGa.s’ from an original magma of normal calc-alkaline
Characters with a composition intermediate between the average pyroxene-
hica diorite of Nockolds (1941) and the mean kentallenite of the
Ballachulish region (Section 9.2, 9.4; also see Chapter 10),
Olivine(F°91_74) from both the kentallenite of Glen Shira and the
Pyroxene-mica diorite of the main Arrochar intrusion generally corres-
Ponds in composition with olivine from the kentallenite of the Kentallen
Pipe and from the lamprophyric marginal facies of the Ardsheal Hill pipe,
at Ballachulish; this indicates the appearance of olivine on the
liquidus at c. 1800°C with a pressure ¢.25 kb and at a depth of 70-80 km
(cof. Sections 9.2; also see Chapters 3, 8). Apart from slight
differences, the pyroxenes, amphiboles, micas and plagioclases from
Various rock types in the various pipes of the Loch Lomond cluster also
Show a general correspondence in composition to those from the
Bal:_l.achulish cluster; crystallisation at PH20 of c. 1=4 kb is indicated
(c.i‘. Table 11.1; Sections 9.2 - 9.5). This,‘ and the association of
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explosion-breccia with the igneous rocks and the type of deformation
shown by the country rocks, all indicate that emplacement occurred at
high crustal levels, as at Ballachulish (c.f. Section 8.1; MoArthur
1971).

11.1 Crystallisation history in relation to emplacement and explosive

a.ctivigx
11,14 Main Arrochar intrusion

The occurrence of a finer-grained diorite and kentallenite as a
marginal facies to the diorite which makes up the major part of the
intrusion and the presence of olivine in these rocks (Section 9.2)
indicates the emplacement of magma from depth. The reaction rim of
“orthopyroxene surrounding olivine in the marginal kentallenite indicates
a temperature range of 1550° - 1500°C and a PHéo of ¢1 kb for this
stage of crystallisation (c.f. Section 8.1A). This indicates the
emplacement of high temperature magms high up into the crust with
retention of temperature sufficiently elevated for orthopyroxene
Crystallisation. The relatively large grain size of the main mass of
diorite is related to the volume of the intruding magma. WiFh
decreasing temperature clinopyroxene appéa.red on the liquidus probably
at a temperature of c. 1125°C (c.f. Section 8.14). The presence of
biotite and the reaction rim of amphibole surrounding clinopyroxene,
indicating increased PH‘ZO (¢e 2 = 4 kb) in magma and a temperature of
900° - 770°C, is related to the release of gas phase due to the clino-
Pyroxene crystallisation and to the restriction of gas uprise
Presumably by a structural trap (c.f. Sections 5.2, 5.3, 8.1, 9.2).

The finer grain size of the groundmass which crystallised at a P 0 of
<1 kb (and at a temperature of £ 770°C) points to a pressure decrease
in the magma following the development of the reaction rims of amphibole

on clinopyroxene phenocrysts. The occurrence of explosion-breccia seen

in the marginal parts of the intrusion (McArthur 1971, map 4) indicates
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that this pressure decrease is related to the first phase of explosive
activity which may have occurred at a PH20 of 4 kb and at a temperature
of 770°C (Table 11.1).

On the basis of CMAS plots, and of a primary magma that was -
relatively less basic than that at Ballachulish (cef. Sections 10.2,
10.4), the ultramafic rocks and some of the appinites represent cumulates
while all of the diorites represent liquid compositions. The highly
fractured and deformed nature of hornblende crystals in the appinite and
peridotite west of Creag Tharsuinnand northwest of Ben Narnain is con-
sistent with the emplacement of disrupted cumulates as crystal mushes
while the presence of lamprophyric margins points to the emplacement
of residual liquid. The emplacement of large "blocks" of disrupted
cumulates together with crystal mushes and residual liquid is shown in
these intrusions by the association of pyroxenite ('"block(s)" of
cumilates) with peridotite (crystal mush derived as disrupted cumulate)
end appinite (crystals of disrupted cumulate in residual liquid).

The successive fractionation of clinopyroxene, amphibole and mica
now present in the ultramafic rocks, appinite and hormblende-rich ‘
coarse-grained diorite (Sections 9.2, 10.2) indicates crystallisation
conditions of decreasing temperature (c. 1125° - 770°C) but increasing

PH.2 o

accumulation. In both the appinite and the hornblende-rich diorite the

(<1 - 4 kb) which must correspond to the period of crystal

nedium-grained feldspathic groundmass represents the composition of
Tesidual liquid which crystallised under decreased PH.ZO (<1 xb) and
temperature ((770°C). This points tc a second phase of explosive
activity in the main Arrochar intrusion corresponding to that deduced
for some of the intrusions at Ballachulish (PH20 of c. 4 kb and T of
770%; Table 11.1; also see Sections 8.14, Cy D).

On the basis of chemical features,the central granodiorite

(MeArthur 1971, map 4) is consistent with being a complementary felds-
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Pathic differentiate of the other rock types of the complex (Sections
10.1 = 10.3). Evidence related to the transfusion of breccia blocks by
appinitic magma, like those seen in the Gleann Chirnan and Rudha Mdr
Pipes of the Ballachulish region (c.f. Sections 8.1C-E), is lacking at
Arrochar. Thus the development of granodiorite can be related to the
emplacement of an uncontaminated residual liquid that was probably
trapped at relatively deeper level during explosive activity. The
dominant fractionation of plagioclase shown by CMAS plots (Section 10.2)
Points to crystallisation conditions corresponding to those for the
matrix of diorites (c.f. Table 11.1),
11,1B  Other intrusions of the Loch Lomond suite

The petrogenesis of the other masses of the Loch Lomond cluster
can be accounted for in the same mammer as for the Arrochar mass and
for various masses at Ballachulish. The variations in the proportions
of peridotite, pyroxenite, appinite, diorite etc. relate to the relative
Droportions of cumulate and residual liquid development. The magmatic
temperature range throughout is similar to that established for the
Ballachulish suite but in the Loch Lomond suite the PGas reached before
explosive breaching of the traps is generally not as high as at
Ballachulish; this is presumed to be related to the relative strengths
of the structural traps. Accordingly the major proportions of the Loch
Lomond masses are dominated by residual liquid compositions rather than

by cumilates (or disrupted cumulates).
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COMPARATIVE STUDIES



291 .

CHAPTER 12 COMPARATIVE STUDIES

Rocks from the appinite suite of Ardara, Donegal and Colonsay,
Western Scotland, the scyelite - pyroxenite - appinitic type rock
association of Sutherland and lavas of the 01d Red Sandstone age of
Western Scotland are compared with the appinite suites of the Balla-
chulish and Loch Lomond districts to establish (a) which products
of the late Caledonian magmatic activity were comagmatic and (b) whether
magma genesis, emplacement and crystallisation conditions described for
the appinite suite of the type area (Chapter 8) were widespread in
Caledonides.

12.1 Ardara appinite suite

The appinitic intrusions of Ardara were emplaced into subvolcanic
Pipes which cut the Dalradian metasediments around the Ardara pluton
in Donegal, Ireland (Fig. 1.1; also see Pitcher and Berger 1972,
fig. 7.3). Rock types are peridotite, pyroxenite, pyroxene - mica
diorite, hornblendite, appinite and hornblende diorite with associated
breccia, with the hornblendic types known as the appinitic series
(French 1966, 1977; Hall 1967). These contain phenocrysts of clino-
Pyroxene, and some phlogopite as well as amphibole in a groundmass of
Plagioclase. Quartz and K-feldspar interstitially occur in the ground-
mass of hornblende diorite (Table 12.1 —-2-7).

The ambhiboles are zoned and vary in composition from edenitic -
hornblende at their cores to magnesio - hornblende at margins. Overgrowths
Of actinolite and actinolitic - hornblende compositions are occasionally
Seen (Table 12.2, Fig. 12.1). Highly corroded grains of clinopyroxene
Commonly occur in their cores. Phenocrysts of clinopyroxene surrounded
by amphibole are also common.

The high Si content of the amphibole phenocrysts (6.38 -7.15 in

half ynit cell, Table 12.2) as compared to those from the appinites of
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Western Scotland (mostly <6.25 in half Qnit cell, ef. Figs. 5.1, 9.6)
indicates that amphibole in the Ardara appinite suite is mainly a
product of clinopyroxene - Tiquid reaction rather than of a direct
igneous crystallisation.

12.1A Petrochemistry

Eight major and trace element analyses carried'out in the present
investigation (Table 12.1 —1-8) and 17 major element analyses from
Hall (1967) are used for comparison. The overall variation from ultra-
mafic to mafic rocks ranges from 44 to 57 wt. % Si0,. On an alkali vs.
$i0, diagram the majority of the compositions are distributed in the
subfields of the subalkaline rocks and show a greater correspondence
with the tholeiitic series than is shown by the Ballachulish and Loch
Lomond clusters (Fig. 12.2a).

A continuous differentiation trend is shown on an AFM plot
(Fig. 12.3a). It is generally parallel to that of the field of the
alkali -olivine basalt series with evidence of some mild iron-enrich-
ment, Certain compositions lie below the basic end of the trend shown
for the calcalkaline rock series. In addition the majority of the plots
Tie in the field shown for the Ballachulish and Loch Lomond clusters,
Particularly in the part of the fields for the more basic members of
these clusters. On the basis of these data it is concluded that the
Ardara appinite suite was derived from a parent magma transitional in
Character between calcalkaline and tholeiitic.

Major element variation

Continuous variation trends reflecting differentiation and a close
Correspondence with the trends for both the Ballachulish and Loch
Lomond clusters are shown by Mg0 and A1,0; vs. S.I. plots (Figs. 12.4a,
12.53).

The spread shown by FeO vs. S.I. plots (Fig. 12.6a) is due to the

replacement of the dominant olivine and clinopyroxene fractionation in
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Peridotites and pyroxenites (S.I. > 55; Tower FeQ) by the dominant
amphibole fractionation in hornblendites and appinites (S.I. e. 55-30;
higher Fe0) as well as due to the crystallisation of the opaque ores

in some of the latter types (see Chapters 7, 10). This interpretation
is consistent with the presence of a high modal percentage of amphibole
(>80%) and of a certain amount of the opaque ores in rocks with

Fed > 8.0 wt. % (see Hall 1967, table 1-=12-10) . The compositional
Plots for these rocks lie above the fields shown for the Ballachulish
and Loch Lomond clusters which indicate that aﬁphibo]e fractionation
was more pronounced and probably the high gas hressure conditions
existed for a longer duration in certain pipes of the Ardara cluster
than in those of the former two clusters. However, the position of all
the plots above the average trend lines shown for the Ballachulish and
LOch Lomond clusters on a Ca0 vs. S.I. diagram (Fig. 12.7a), reflects

a more prominant role of clinopyroxene fractionation in the development
of the overall magmatic trend of the Ardara appinite suite than in that
of the other two suites.

Fractionation trends in CMAS model

Plots of the Ardara appinite suite in the CMAS tetrahedron model
Provide evidence about the successive appearance of different phases
- On the Tiquidus during the various stages of fractional crystallisation.

The majority of the compositions plot above and below the
Pargasite position on a trend parallel to the pargasite - feldspar join
While certain compositional plots show affinities to the positions of
Olivine (En apex) and clinopyroxene in a projection from Qtz into the
En - Ky - Wo1 plane (Fig. 12.8a). This indicates olivine fractionation
followed and replaced by the successive fractionation of clinopyroxene,
dmphibole and mica. The proximity of certain compositions to the position
Of olivine (En apex) and the convergence of the general variation trend

towards the middle of the clinopyroxene - pargasite join in a projection
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from Ky into the Plag- En-Qtz plane (Fig. 12.9a) also indicate the
same fractionation process.

Certain compositions 1ie closer to the position of clinopyroxene
than to that of pargasite and do not occur in the fields shown for the
Ballachulish and Loch Lomond clusters in either the projection from
Qtz into the En - Ky - Wol plane or the projection from Ky into the Plag -
En-Fo plane (Figs. 10.8a, 10.10a). This reflects the more pronounced
role of the clinopyroxene fractionation in the Ardara rocks as predicted
from Ca0 vs. S.I. plots (Fig. 12.7a). |

The successive fractionation of olivine, clinopyroxene, amphibole
and mica indicate crystallisation differentiation under a vam’ab]e,PGas
Such as described for the similar fractionation histories of the

Ballachulish and Loch Lomond clusters (Chapters 8, 11).

Trace element chemistry

The variation trends shown by Ni, Cr and Co ps. Mg0 plots also
reflect differentiation and magmatic characters (Figs. 12.11a, 12.12a,
12.13a). The Tower Ni/Mg0 ratios shown by the Ardara rocks than by the
Ballachulish and Loch Lomond rocks (Fig 12.11a) indicate affinities of
the Ardara appinite suite to the tholeiitic series (ef. Figs. 12.2a,
7.7b; also see Gill 1979). However, there is a close correspondence
between the Ardara and Ba]]achulish.clusters on the bases of Cr and
Co vs. Mg0 plots (Figs. 12.12a, 12.13a).

The average K/Rb ratio of 220 obtained for the Ardara rocks is
lower than that for either the Ballachulish or the Loch Lomond cluster
(400 and 300, respectively; cf. Fig. 12.14a). The possible reasons for
this variation are discussed in Chapter 13.

The available data for Zr and Y do not permit equivocal conclusions
to be drawn. The data are meagre and show considerable scatter when
Plotted on a Zr/Y vs. Zr discrimination diagram (Fig. 12.15). Whether

the occurrence of certain plots in the field of island arc basalts is
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due to closer affiliation of the Ardara appinite suite with the island
arc or orogenic environment than applies to the Ballachulish and Loch
Lomond clusters is something that requires additional evidence.

12.1B Discussion

The comparison of the Ardara cluster with those at Ballachulish
and Loch Lomond indiéates that not only does the former cluster represent
many petrographic and chemical features characteristic of the other two
Clusters but also represents corresbonding environments and génesis
described for the other two, Z.e. crystallisation differentiation from
a4 gas-rich basaltic magma in pipe-like intrusfons under a variable PGas
(see Chapters 8; 11). The closer affinity of the Ardara cluster to the
tholeiitic series than that shown by the other two clusters indicates
variation in composition of the parent magma for the appinite suite on
a regibna] basis. The possibility that the Ardara cluster was derived
from a basaltic magma in a tectonic setting closer to the island arc or
Orogenic environments than the other two clusters is something that needs
to be borne in mind. However, any such difference in geotectonic environ-
ment in no way precludes the rocks of the Ardara cluster from being
referred to as an "appinite suite".

The replacement of clinopyroxene by amphibole on the liquidus
occurs at >10 kb, 8-9 kb and ~v5kb (in a temperature range of 1100-
1000°C) in tholeiitic, calcalkaline and alkaline liquids, respectively,
and clinopyroxene can crystallise at higher PH20 in tholeiitic liquids
than in calcalkaline and alkaline Tiquids (Yoder and Tilley 1962, figs.
27-29). Therefore, the marked role of the clinopyroxene fractionation
in the Ardara cluster does not necessarily mean that the major part of
Crystallisation at Ardara occurred under a generally lower gas pressure
as compared to that at Ballachulish and Loch Lomond; it can be related
to the affinity of the parent magma at Ardara being closer to the tholeiitic

Series than those of the other two clusters. This further shows that a
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higher PH20 was maintained to stabilise amphibole at Ardara than that at
the other two localities. Such an interpretation is supported by the
evidence of considerable transport of breccia being indicative of
elevated gas pressure, in pipes of the Ardara appinite suite (see

French 1966).

12.2 Colonsay appinite suite

Members of the appinite suite with associated breccia also intrude
into Torridonian sediments in the island of Colonsay at Ba1nahard,
KiToran Bay and Scalasaig (Geological Survey of Scotland 1" =1 mile
Sheet 35). The major rock types at these 1océ1ities are kentallenite,
hornblende syenite and appinite, respectively. A small appinite mass
has also been found intruded into Torridonian rocks in Ross of Mull,
north of Colonsay (Sheet 35, also see Fig. 1.1). The field relation-
Ships and detailed petrography of fhese rocks have been described by
Ghaly (1964) who noted a considerable resemblance in the mode of
occurrence and petrography of these rocks with those of Ballachulish.

J2.2A Petrochemistry

The five analysed representative specimens of ultramafic and mafic
types show a Si0, range of 43-50 wt. % (Table 12.1 - 9-13). On an alkali
vs. Si0, diagram these compositions follow a general trend along the
boundary between the fields of the alkaline and subalkaline rocks
(Fig. 12.2a). On an AFM plot they 1ie parallel to and below the MgO-
rich end of the field shown for the alkali olivine basalt series (Fig.
12.3a). Also on both of these plots the analyses fall within the fields
Shown for the Ballachulish and Loch Lomond clusters. These features
. PQint to the Colonsay rocks having been derived from a magma of high -
Potassium calcalkaline characters as was the Ballachulish appinite suite
(Chapter 7).

The Colonsay rocks also follow the continuous differentiation

trends shown for the Ballachulish and Loch Lomond clusters on the bases
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of Mg0 and A1,03 vs. S.I. plots (Figs. 12.4a, 12.5a). The majority

of the compositions also occur in the fields shown for the above major
clusters on the bases of Fe0 and Ca0 vs. S.I. plots (Figs. 12.6a, 12.7a).
This indicates that fractionation processes Similar to those described

for the ultramafic and mafic rocks of the Ballachulish and Loch Lomond
clusters, were responsible for the evolution of the Colonsay rocks.

This is supported by their compositional plots shown in various projections
of the CMAS model (Figs. 12.8a, 12.9a, 12.10a). They fall in the fields

of the above major clusters and indicate the successive fractionation

of olivine, clinopyroxene, amphibole and mica which, in turn, reflect

variation in P (see Chapters 8, 11).

Gas

The trace element chemistry of these rocks also confirms crystal-
lisation differentiation, the trends having considerable resemblance to
those of the Ballachulish and Loch Lomond clusters. These features can
be seen from their Ni, Cr and Co vs. Mg0 plots which also follow the
trends shown for the above major clusters (Figs. 12.11a, 12.12a, 12.13a).
However, on a Cr vs. Mg0 plot the Colonsay rocks follow the average
Variation trend of the Ballachulish suite but not that of the Loch Lomond
Suite (Fig. 12.12a). This indicates a greater similarity of these rocks
With those of the former cluster as shown by the correspondence in
Compositions of their parent magmas. This is also supported by the
average K/Rb ratio (370) fér the Colonsay rocks which is closer to that
for the former cluster (400) than to that for the latter (300) (ef.

Fig. 12.14a).

The considerable resemblance between the Colonsay and Ballachulish
Clusters on the bases of their mode of occurrence, petrography, magmatic
Characters and crystallisation history and their location in the same
district, Argyll (see Chapter 1, Fig. 1.1), indicates that the Colonsay

Cluster can be treated as being part of the Ballachulish cluster.
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12.3 Scyelite - pyroxenite - appinitic type rock association of

Sutherland

Small igneous masses of these rocé types known as hybrids of
Ach'uain type (Read 1925, 1926) are scattered throughout central and
southern Sutherland (Geological Survey of Scotland 1" =1 mile
Sheets 102, 103, 108, 109). They have been interpreted as having been
formed by the mixtu}e of granite and ultrabasic magmas and on this
basis formation of the appinite suite as the product of contamination
or hybridisation has been proposed (Deer 1935; Holgate 1950; Joplin
1959; Read 1961; Mercy 1965). The present investigation does not
support such a viewpoint for the genesis of the .appinite suite of the
type area at Ballachulish or for those at either Loch Lomond or Ardara.
Rather it points to them as being the products of crystallisation
differentiation of a basaltic magma (Chapters 2 -11; Sections 12.1,
12.2). In order to investigate the possible genetic history of the
Sutherland rocks, they are compared with the appinite suite of the
Ballachulish and Loch Lomond regions, particularly on the basis of
major and trace element chemistry.

Members of the scyelite - pyroxenite - appinitic type rock assoc-
iation, intruding the siliceous and semipelitic granulites of Moine
assemblage on the northeastern shore of Loch Shin near to as well as
WNW of Overscaig Hotel and on Cnoc a'Ghriama (Sheet 108), have been
sampled and analysed. The rock types are'scyelite, pyroxenite and
hornblende diorite which has amphibo]e-?ichvarieties designated as
appinitic type rocks (Table 12.1 — 14-33).

Petrographic information is given by Read (1931). Scyelites
Contain large crystals of olivine, clinopyroxene, amphibole and phlogo-
Pite. Olivine is partially serpentinised while clinopyroxene is sur-
rounded and replaced by tremolitic amphibole. Pyroxenites are highly

altered. In relatively fresh samples equant grains of clinopyroxene,
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partially altered to fibrous amphibole, contain small grains of
olivine in the core (Table 12.1 = 33).

The appinite-like rocks generally contain large idiomorphic
hornblende crystals in a groundmass of clinopyroxene, biotite, plagio-
C]ase(An7_15)’ orthoclase, microcline and quartz. The hornblende is
both acicular and stumpy. It varies in colour from light green to
pale green. Overgrowths of actinolite occur commonly. There is clino-
Pyroxene in some of these hornblende crystals. Equant grains of highly
Zoned clinopyroxene are also abundant in certain appinitic type rocks.
Primary biotite is common while secondary biotite grown on the hornblende
Crystals is noticed rarely. Primary sphene, apatite and magnetite are
accessories. The mineralogical and textural features of these rocks
closely correspond with the appinites from the Back Settlement pipe of

the type area, Ballachulish.

J2.3A Petrochemistry

 Using analytical data for 20 representative specimens it can be
shown that the overall variation from ultramafic to mafic rocks ranges
from 38 to 56 wt. % Si0, (Table 12.1 —14-33). Two major groups of
rocks are distiﬁguished on the basis of their Si0, contents, (a) scyelites
and Si0,-poor appinitic type rocks, with Si0, < 50 wt. % and (b) pyroxen-
ites and Si0,-rich appinitic type rocks with Si0, > 50 wt. %. On an
alkali vs, Si0, diagram the compositional plots for the majority of
rocks from the former group follow a general trend close to the boundary
between the fields of alkaline and subalkaline rock series and also
Occur in the fields shown for the Ballachulish and Loch Lomond clusters.
On the other hand, the compositional plots for the rocks of the latter
group Tie in the field defining tholeiitic rock series and do not occur
in the fields shown for the Ballachulish and Loch Lomond clusters.
There is a gap between the two major groups. In addition pyroxenites
Can be discriminated from the Si0,-rich appinitic type rocks on the basis

of the lower alkali contents in the former than in the latter (Fig. 12.2a).
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On an AFM plot the scyelites are more Mg0O-rich than any of the
rocks of the other suites investigated. The plots for pyroxenites lie
with those of the Mg0-poor scyelites and the overall trend of scyelites
and .pyroxenites is generally parallel to the Mg0-rich end of the field.
shown for alkali olivine basalt series. All the appinitic type rocks
plot with the Colonsay rocks just below the MgO-rich end of the field
of the alkali olivine basalt, and within the fields shown for the

Ballachulish and Loch Lomond clusters (Fig. 12.3a).

Major element variation
' On an Mg0 vs. S.I. plot the scyelites fol]ow a regular trend that
represents a continuation of the trends for the Ballachulish and Loch
Lomond clusters (Fig. 12.4a). This indicates a very high degree of
olivine fractionation from a basaltic magma. The plots of Si0,-poor
appinitic type rocks are also consistent with being genetically related
to the appinite suites of Ballachulish and Loch Lomond as well as with
scyelites. However, both the pyroxenites and Si0,-rich appinitic
type rocks have lower Mg0 and higher S.I. values than expected if they
were the result of normal fractionation.

The discrimination into two groups of rocks can also be seen on
A1,05, Fe0 and Ca0 vs. S.I. variation diagrams. Plots for scyelites
and Si0,-poor appinitic type rocks fall parallel to or in the "patterns"
= "fields" of the appinite suite on the basis of A1,0; and FeO vs. S.I.
Plots (Figs. 12.5a, 12.6a). Similarly scyelites fall on a regular
negative trend that points towards the plots shown for Si0,-poor
appinitic type rocks occurring in the fields of the appinite suite on
the basis of Ca0 vs. S.I. plot (Fig. 12.7a). On the other hand, pyroxen-
ites and Si0,-rich appinitic type rocks do not fit to the patterns of
Scyelites and Si0,-rich appinitic type rocks or to those of the appinite
Suite and have characters well away from a normal differentiation series,

Particularly on a Ca0 vs. S.I. plot.
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Comparison on the basis of CMAS fractionation model

The crystallisation sequence shown by the compositional plots
of scyelites and Si0,-poor appinitic type rocks in a projection from
Qtz into the En- Ky -Wol plane (Fig. 12.8a) indicate a dominant olivine
fractionation followed by clinopyroxene, amphibole and mica fractionation
in the former and a doﬁinant amphibole fractionation in the latter and
thus show a close correspondence with the ultramafic and mafic rocks
of the appinite suite. On the other hand, compositional plots of
Pyroxenites and Si0,-rich appinitic type rocks do not follow such a
pattern and lie farther from the fields of tﬁe appinite suite towards
the En - Wol join which points to the high proportion of clinopyroxene
in these rocks. This corresponds with their different patterns shown
on alkali vs. Si0, and Mg0 and Ca0 vs. S.I. plots (Figs. 10.2a, 10.4a,
10.7a). Similar conclusions can be drawn from the interpretation of
Plots in projections from Ky into the Plag-En-Qtz plane and from Ky
into the Plag-En-Fo plane (Figs. 12.9a, 12.10a).

Trace element chemistry

The two groups of rocks can also be partially discriminatqd on the
basis of Ni, Cr and Co vs. Mg0 plots (Figs. 12.11a, 12.12a, 12.13a).
Scyelites and Si0,-poor appinitic type rocks have generally parallel
trends to those shown for the Ballachulish and Loch Lomond clusters
but plots for pyroxenites and Si0,-rich appinitic type rocks are
Scattered and do not follow- these patterns completely, particularly on
a Co ve. Mg0 plot (Fig. 12.13a).

Discussion

The information obtained from the major and trace element vari-
ations and the CMAS plots of the Sutherland rocks indicates that
Scyelites and Si0,-poor appinitic type rocks are the products of a
Normal crystallisation differentiation in a basaltic magma. Fraction-
ation processes similar to those described for the ultramafic and

Mafic rocks of the Ballachulish and Loch Lomond clusters were
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responsible for their development. Scyelites can be related to the
dunite from the Garabal Hill complex of the latter cluster in the
nature and degree of fractionation (see Chapters 9, 10). The Si0,-
poor appinitic type rocks are not only similar to the appinites from
the two major clusters in chemical features but the former also show
mineralogical and textural features which are the characteristics

of the appinite from fhe Back Settlement pipe of the type area,
Ballachulish, e.g. the presence of idiomorphic hornblende crysfals with
clinopyroxene cores and with rhythmic overgrowths of actinolite (see
Chapter 2; Figs. 2.5; 2.7). This correspondénce in minera]og%ca] as
well as textural features in turn reflects correspondence in environ-
ments and genesis. Therefore, both the scyelites and the Si0,-poor
appinitic type rocks can be referred to as the members of a true
appinite suite with the latter types corresponding to the original
definition of appinite.

The different patterns shown by pyroxenites and Si0,-rich
appinitic type rocks indicate that these rocks are not the direct
Products of crystallisation differentiation. Rather certain chemical
Characteristics point to hybridisation (or contamination) being
involved in their production. For example, all the pyroxenites closely
correspond with scyelites on the basis of alkalis, Al1,03, FeO and S.I.
Values while the majority of the Si0,-rich appinitic type rocks corres-
pond with Si0,-poor ones on the basis of alkalis and S.I. values but
Pyroxenites and Si0,-rich appinitic type rocks have much higher Sioi
and CaQ contents when compared with scyelites and Si0,-poor appinitic
type rocks (Figs. 12.2a, 12.4a, 12.6a, 12.7a). This suggests that the
latter types are the products of interaction of basic material with
foreign material rich in Si0, and Ca0. This interpretation is consistent
With the occurrence of plots shown for pyroxenites with those of

Scyelites and of the Si0,-rich appinitic type rocks with those of the
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Si0,-poor ones, on an AFM plot (Fig. 12.3a). The composition of the
interacting material was probably granodioritic and the resultant mixed
Products represent the hybrids of Ach'uain type as referred to by
Read (1925, 1926).
12.4 Lavas

Lavas of 01d Red Sandstone age representing a basalt - andesite -
rhyolite association of the orogenic regions (Turner and Verhoogen 1960;
Green and Ringwood 1968) are exposed on the Lorne Plateau, in Glen Coe
and on Ben Nevis (Fig. 1.1; Geological Survey of Scotland 1" = 1 mile
Sheets 45, 53; Roberts 1966, 1974; Haslam 1968; Groome and Hall 1974),
These lavas show a close spatial and temporal relationship to the widely
distributed plutonic and hypabyssal suites of rocks including the
appinite suite, early lamprophyres and latter porphyrites, in the region,
all of which were produced at the later stages of Caledonian orogeney
(Chapter 1; also see Bowes et al. 1965; Bowes and McArthur 1976). In
View of a possible genetic relationship of lavas with various plutonic
and hypabyssal rocks of the region, Groome and Hall (1974) carried out
a petrogenetic and comparative study for the Lorne lavas on the basis
Of chemical data. They concluded that only the basalts and andesites
were developed from basic magmas produced from the melting of a mantle
Source while the rhyolites and ignimbrites represent a small amount of
acidic magma locally produced in the crust due to the uprise of basic
magmas .

Considerable similarities have been noticed between the Lorne and
Glen Coe lavas on the basis of their petrographic features, stratigraphic
Sequences and age (Bailey 1925; Bailey and Maufe 1960; Roberts 1966;
Brown 1972) which indicate that the above conclusions could equally
apply to the Glen Coe lavas, although there the proportion of basic rocks
s very small while the proportion of acidic rocks is considerable.

However, very limited work has been done to compare the Glen Coe lavas
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with those at Lorne and with the appinite suite on the basis of
chemistry. In addition, the analytical data from the appinite suite
used by Groome and Hall (1974) for comparison with Lorne lavas was
Timited and mostly related to the cumulative rock types.(cf. Chapters
7, 8). The purpose of the present comparative study is to ascertain
. Whether there is a genetic relationship between the basalts and
andesites from the Lorne Plateau and Glen Coe lavas.

12.4A Petrochemistry

Unfortunately only one major element analysis was available from
the Glen Coe basalts, given by Bailey and Maufe (1960). Using this
together with 10 analyses from the Glen Coe andesites (Table 12.3)
and 22 analyses from the basaltic and andesitic lavas of Lorne (Groome
and Hall 1974, tables 1, 2), it can be shown that the overall variation
from basaltic to andesitic compositions ranges from 48 to 63% Si0,

(ef. Fig. 12.2b). On an alkali vs. Si0, diagram the compositional plots
of the Glen Coe lavas generally correspond with those from the Lorne
lavas, all lying across the boundary between the fields shown for the
alkaline and subalkaline rock series. The majority of the basaltic
Compositions (Si0, = 52 wt. %) have their plots lying in the field of

the mildly alkaline rock series while the majority of the andesitic
Compositions (Si0, > 52 wt. %) have their plots occurring in the field
of alkali olivine basalt series (Fig. 12.2b). Both the lavas also
Correspond with each other on an AFM plot but their general variation
follows the trend shown for the calcalkaline rock series (Fig. 12.3b).

In addition, the majority of the plots occur in the fields of the
Ballachulish and Loch Lomond appinite clusters but show closer affinities
to the former cluster than to the latter on both alkali vs. Si0, and AFM
Plots. These features suggest that both the Glen Coe and Lorne lavas are
11ke1y to have been derived from the same parent magma which was trans-

itional in character between alkaline and subalkaline, 7.e. high-potassium
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calcalkaline, similar to that suggested for the Ballachulish appinite
suite (see Chapter 7; also see Groome and Hall 1974).

Major element variation

Both the Lorne and Glen Coe lavas also show a close correspondence
with each other as well as with the appinite suite on the basis of many
of the oxide vs. S.I. plots; and oﬁcur in a range of 32-15 S.I. values.
The overall continuous variation trend of lavas, reflecting different-
iation, closely follows the trends shown for the Ballachulish and Loch
Lomond appinite clusters on the basis of Mg0 ve. S.I. plots (Fig. 12.4b).
The compositional plots for both of these gréups of lavas also lie
together, above and below the trends shown for the two major clusters
of the appinite suite, and show an overall general negative trend but
With a greater spread on Al,03 vs. S.I. plots (Fig. 12.5b). The
general negative trend reflects the dominant fractionation of plagioclase
while the spread indicates the variable proportions of olivine, clino-
Pyroxene and plagioclase.

The correspondence between the Lorne and Glen Coe lavas and the
appinite suite is not very strong on the basis of Fe0 vs. S.I. plots
(Fig. 12.6b). The orientation of the general trend shown by compositions
from the Lorne lavas towards the olivine-rich rocks of the appinite
Suite indicates.that olivine fractionation took place in the early
Stages. The relatively lower Fe0 in these rocks as compared to the
appinite suite shows that amphibole and magnetite did not become the
dominant fractionating phases. However, in the majority of the compos-
itions from the Glen Coe lavas the varying FeO at constant S.I. values
of 20 reflects the varying proportions of the opaque ores (Table 12.3).

A general correspondence between the Lorne and Glen Coe lavas and
the appinite suite is also indicated by Ca0 vws. S.I. plots (Fig. 12.7b).
The overall positive trend shown by the majority of compositional plots

of the Tavas indicates clinopyroxene and plagioclase fractionation. The
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spread shown by the Lorne lavas in a range of 25 to 15 S.I. values is
probably due to the high accumulation of plagioclase, apatite and
olivine (and some hypersthene) in certain rock types. This interpret-
ation is consistent with the relatively high proportions of normative
anorthite, apatite and calcite in the Ca-rich types and of normative
hypersthene in the Ca-poor ones (see Groome and Hall 1974, table 1-8,
table 2 -7,10).

Fractionation trends in the CMAS model

The olivine, clinopyroxene and pTagiocIase fractionation indicated
by oxide vws. S.I. plots are also shown in the various projections of the
CMAS model. The olivine fractionation in the early stages can be
predicted from plots lying on a trend parallel to the olivine (En apex) -
feldspar join in a projection from Qtz into the En - Ky - Wol plane
(Fig. 12.8b). The clinopyroxene and plagioclase fractionation is shown
by the variation of plots lying on a continuous trend approximately
normal to the clinopyroxene - feldspar join in a projection from Ky into
the Plag - En-Qtz plane (Fig. 12.9b).

The occurrence of the compositional plots closer to the positions
of clinopyroxene and plagioclase than to that of olivine in the above
Projections as well as in a projection from Ky into the Plag-En - Fo
Plane (Fig. 12.10b) indicates that clinopyroxene and plagioclase fraction-
ation was dominant over olivine fractionation,

A complete correspondence is shown by the Lorne and Glen Coe lavas,
With each other, on the basis of their CMAS plots but their fractionation
history differs somewhat from the appinite suite. The amphibole and
biotife_fractionation which occurred in the appfnite suite is not indicated
by the lavas. However, these plots provide evidence of relationship
between the two suites. A majority of the lava compositions fall in those
Parts of the fields of the Ballachulish and Loch Lomond clusters which
May indicate a dominant clinopyroxene - plagioclase fractionation in all

the above projections.
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Trace element chemistry

A considerable resemblance is also shown between the Lorne and
Glen Coe lavas on the basis of their trace element chemistry. However,
due to the different crystallisation history of the lavas than that of
the appinite suite, the variation trends of the former markedly differ
from the Tatter. For example, the general variation trend shown by
the Ni vs. Mg0 plots of the lavas indicates a much steeper slope than
that shown by the common variation trend of the Ballachulish and Loch
Lomond clusters (Fié. 12.11b). This ref]ects the dominant role of
the olivine and clinopyroxene fractionation relative to that of the
amphibole and mica fractionation in the lavas as compared to the
appinite suite. The scatter in the plots indicates the variable pro-
portions of olivine, clinopyroxene and plagioclase in the lavas. Similar
features are also shown by the Cr and Co vs. Mg0 plots (Figs. 12.12b,
12.13b). However, a prominent gap can be noticed in the variation
trend of the Lorne Tavas on the basis of their Cr contents (c. 250 -
150 p.p.m.), with the Glen Coe Tavas (all andesites) having their plots
With those shown for the Cr-poor rock types from Lorne (Fig. 12.12b).
The gap can possibly be due to the dominant fractionation of clinopyroxene
in the Cr-rich group and of plagioclase in the Cr-poor from both the Lorne
and Glen Coe lavas, reflecting crystallisation under highly variable PGas’
With higher Peas in the former case than in the latter (see Roberts 1974;
also see Chapters 7-11).

The K/Rb ratios of lavas are much higher in the basic compositions
as compared to the appinite suite and generally show decrease with fraction-
ation (ef. Fig. 12.14b). Groome and Hall (1974) have suggested hornblende
Crystallisation as one of the possible explanations. Hornblende occurs
as phenocryst or in the groundmass in variable proportions in the
majority of the basalts and andesites (see Bailey and Maufe 1960; Groome

and Hall 1974) and it strongly discriminates against Rb relative to K
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(Beswick 1976). Thus the findings of Beswick support the view of
Groome and Hall. .

The occurrence of the compositions from the Glen Coe lavas in or
close to the "within plate basalt" field on the basis of their Zr/Y vs.
Zr plots (Fig. 12.15) is consistent with evolution in continental
tectonic environment.

Discussiqn

In addition to correspondence in petrography, stratigraphical
Sequences and age between the Lorne and the G]en Coe lavas, mentioned
earlier, there is also correspondence on the basis of their major and
trace element chemistry. This indicates them to be one cognate suite
of rocks derived from a common parent magma. The similarities between
the Tavas and the appinite suite on the bases of magmatic affinity,
tectonic setting and many of the major element variations and the CMAS
Plots indicate that in addition to their spatial and temporal relation-
ship they are genetically related. Further evidence of this is provided
in Chapter 13,

The differences between the lavas and the appinite suite in major
and trace element chemistry are due to their crystallisation under
different physical environments while the narrower compositional range
of the lavas follows from the lower degree of fractionation. The
dominant fractionation of plagioclase points to the low pressure conditions
in Tavas expected from crystallisation under volcanic environment.

12.5 Conclusions

1. The Ardara appinite suite was derived from a parent magma of trans-
itional character between calcalkaline and tholeiitic. Due to
closer affinity to the tholeiitic series than to the alkaline series,
clinopyroxene fractionation was dominant and the replacement of
clinopyroxene and amphibole took p]ace at higher PH20 (> 5 kb) than
that in the Ballachulish and Loch Lomond clusters (< 5 kb).
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The Colonsay appinite suite represents transitional character

between alkaline and calcalkaline types and closely corresponds to

the Ballachulish appinite suite on the bases of magmatic affinity

and crystallisation history. The former suite seems to be part

of the 1atter.

The scye]ite-pyroxenite-abpinitic type rock association of
Sutherland does not represent a cognate, petrogenetic suite of

rocks. Scyelites and Si0,-poor appinitic type rocks are the products
of crystallisation differentiation from a basaltic magma of trans-
itional character between alkaline and calcalkaline and are genetically
related to the appinite suite. Pyroxenites and Si0,-rich appinitic
type rocks represent the hybrids of Ach'uain type and were probably
formed by the interaction of a granodioritic liquid with scyelites

and Si0,-poor appinitic type rocks,'respectively.

The Lorne and Glen Coe lavas are-one cognate suite of rocks derived
from a common parent magma of high-potassium calcalkaline character.
They are also genetically related to the appinite suite of Western
Scotland. The differences between the lavas and the appinite suite

on the bases of certain major and trace element variations are due to
the crystallisation of the two suites under different physical environ-
ments.

The comparative study indicates that magma genesis, emplacement and
crystallisation conditions, described for the appinite suite of the

type area were widespread in Caledonides.
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Figure 12.1. Compositional fields for amphibole from the appinite

suite of Ardara, Donegal (after Leake 1978).
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Figure 12.2 (a-b). Alkali ve. Si0, diagram for the various
igneous rock suites of 01d Red Sandstone age from Scotland and

Ireland.
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Figure 12.3 (a-b). Comparison on the basis of AFM plots.
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Figures 12.4 (a,b)-12.7 (a-b). Comparison on the basis of

Mg0, Al1,0;,Fe0 and Ca0 vs. S.I. variations.
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Fig.12-7
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Fig.12-8
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Key to symbols in Figures
12-8a,12:9a and12-10a
Ardara appinite suite:
Data from Table 12-1

Data from Hall (1967)
Colonsay appinite suite
Sutherland rocks:

Scyelite

Pyroxenite

SiO,-poor appinitic type rock
SiOq -rich appinitic type rock

Key to symbols in Figures

12-8b 12:9b and 12-10b

Glen Coe lavas (Table 10:3)

Glen Coe basalt(Bailey & Maufe 1960)
Lorne lavas(Groome & Hall 1974)

Abbreviations in Figures 12-8 (a,b)—1210(a,b)
Oli=Olivine;Cpx =Clinopyroxene;
Parg=Pargasite;Ph=Phlogopite,biotite:
Sp=Spinel;Feld=Feldspar;
B.A.S=Ballachulish appinite suite

L.AS=Loch Lomond appinite suite
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Figures 12.11 (a,b) -12.14 (a,b). Comparison on the basis of
Ni, Cr and Co vs. Mg0 and K/Rb vs. K,0 variations. Except for
the Lorne Tavas the rest of the data belong to the present

investigation (Tables 12.1, 12.3). Key to symbols and abbrev-

iations is given on the fold out sheet following Figure 12.14q,b.
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Fig. 12:13
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Key to symbols in Figures
12-11a,12:12 0,12-13a and 12-14q
Ardara appinite suite (Table 12-1)
Colonsay appinite suite
Sutherland rocks:

Scyelite

Pyroxenite

SiO;-poor appinitic type rock
SiOy-rich appinitic type rock

® d

00006

Key tosymbols in Figures
12-11b,12-12b,12-13b and 12-14b
GlenCoe lavas (Table 12-3)

® Lorne lavas(Groome & Hall 1974)

a

Abbreviations in Figures 12-11{a,b)=12-14(a,b)
O B.A.S=Ballachulish appinite suite

'''''
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Figure 12.15. Comparison on the basis of Zr/Y vs. Zr discrimination
diagram of Pearce and Norry (1979); data plotted include only
analyses carried out in the present investigation; cf. Tables 12.1,

12.3.
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Table 12.2. Amphibole compositions from the appinite of Ardara
(Table 12.1 -2).

1 2 3, 4 5 6

Si0,  45.64 53.55 53.54 43.37 50.55 51.82
Ti02  0.83 0.00 0.17 0.91 0.39 0.22
Al,0; 10.05 3.80 3.26 12.17 7.28 4.87
FeO = 12.20 9.29 9.07 13.80 9.64 9.93
MnO 0.26 0.19 0.00 0.00 0.17 0.24
MgO  13.60 17.94 18.28 12.83 17.05 17.17
Ca0 12,70 13.38 12.92 12.50 12.33 13.08
Na20  1.47 0.57 0.71 1.91 1.29 0.87
K,0 0.63 0.12 0.18 0.80 0.14 0.22
Total 97.38 98.84 98.13 98.29 98.84 98.42

Trace elements (p.p.m.)

Cr b.d. b.d. b.d. 1987 b.d. 1873
Co 4276 b.d. b.d. 1636 2409 b.d.
Ni 3031 b.d. b.d. b.d, b.d. b.d.

Formula on the basis of 23 oxygens

Si 6.71 7.53 7.57 6.38 7.15 7.36
Ti 0.09 0.00 0.02 0.10 0.04 0.02
Al 1.74 0.63 0.54 2411 1.21 0.81
Fe 1.50 1.09 1.07 1.70 1.14 1.18
Mn 0.03 0.02 0.00 0.00 0.02 0.03
Mg 2.98 3.76 3.85 2.81 3.59 3.63
Ca 2.00 2.01 1.96 1.97 1.87 1.99
Na 0.42 0.15 0.19 0.54 0.35 0.24
K 0.12 0.02 0.03 0.15 0.02 0.04
Al, 1.29 0.47 0.43 1.62 0.85 0.64
Al, 0.45 0.16 0.11 0.49 0.36 0.54
1 Edenitic hornblende crystal.

2-3 Actinolitic overgrowths on edenitic hornblende in 1.

4-6 Zoned hornblende crystal with a core of ferroan - pargasitic -
hornblende composition (4), a rim of magnesio - hornblende
composition (5) and an overgrowth of actinolitic hornblende
composition (6).

b.d. =below detection limit (see Appendix A.2).

Fe0 =total iron.
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PART 5

TECTONIC SETTING, SOURCE OF

MAGMA AND CONCLUSIONS
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CHAPTER 13 TECTONIC SETTING AND SOURCE OF MAGMA

13,1 Tectonic settin

The variation of magma type from high potassium calc-alkaline
at Ballachulish to normal calc-alkaline at Loch Lomond and to transi-
tional between calc-alkaline and tholeiitic at Ardara, Donegal
corresponds with variations observed in modern day calc-alkaline
volcanic suites associated with subduction (c.f. Dickinson 1975).
Accordingly the derivation of the magma from which the appinite suite
crystallised is interpreted as being related to subduction in the
British Caledonides. Such subduction is generally thought to have
ceased by late Silurian or early Devonian times (Willimms1972;
Lambert & McKerrow 1976; McKerrow & Cocks 1976) while the time of
emplacement of the appinite suite must have been during the latter part
of Silurian times; it predates granites such as Ballachulish granite
that were emplaced at about the Silurian - Devonian boundary (c. 410 m.y.).
As yet radiometric methods have not produced an age of crystallisation
and emplacement for the appinite suites investigated. The 413-415 m.y.,
K-Ar mineral ages (Brown 1972) must represent minimm ages and probably
represent time of uplift associated with granite emplacement. Possibly
the nearest estimation at present is that of 430 = 4 m.y. for the Loch
Borolan alkaline igneous complex (van Breemen et al. 1979) with its
marginal appinite-like ledmorite suite, with pyroxenite (Parsons &
McKirdy 1983, fig. 1), a suite that would appear to be related to the
Sutherland appinitic-type rocks described in Chapter 12,

. Some workers (e.g. Stillman & Francis 1979) consider that the
late Caledonian calc-alkaline lavas and Newer granites emplaced about
the Silurian - Devonian boundary, were formed subsequent to the closure
of Iapetus ocean and so post-date subduction. However, several workers

have regarded this magmatism as a result of an active subduction and
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thus comparable to other calc-alkaline magmatisms of the world (Groome
& Hall 1974; Mitchell & McKerrow 1975; Phillips et al. 1976; French
et al. 1979; Jolmstone gt al. 1979). Both northward- and southward-
dipping subduction zones have been inferred by different workers on the
basis of stratigraphic and structural and chemical data (Fitton &
Hughes 19703 Church & Gayer 1973; Leggett et al. 1979; Stillman &
Williwms1979) but generally the suture zone (Iapetus) is comsidered to
be ENE-trending and located, at present erosion level, between the Lake
District snd Southern Uplands (see Thirlwall 1981, p.139).

The systematic northwestwards increase in the concentration of
several large ion lithophile elements and light REE in the ORS lavas
north of the Southern Uplands fault is interpreted by Thirlwall (1981,
1982) as being related to a subduction zone that changed its strike
from ENE in Ireland to NNE in North Sea (Fig. 13.1). If the appinite
suite is consanguineous with the ORS lavas, as suggested in Chapter 12,
then it should show petrochemical changes related to distance from the
former site of subduction, comparable to those shown by the ORS lavas.
13.14 Spatial chemical variation

On the basis of a northwesterly relative_ plate motion, the
respective positions of the Ballachulish, "Loch Lomond and Ardaras
clusters are in decreasing order of distance from the proposed location
of the subduction zone (Fig. 13.1). When compared with the Loch Lomond
cluster the Ballachulish cluster has (1) higher K,0, Ba, Sr and Ce but
lower Th and (2) higher La/Y and K/Rb ratios (Figs 13.2, 13.3). These
features correspond with those reported by Thirlwall (1981, 1982) for
the ORS lavas and are likewise consistent with subduction related
genesis.

The increase in K,0, Ba, Sr and Ce contents and in La/Y ratios
with distance from the proposed subduction zone towards a continental

environment shown by the appinite suite and lavas in Scotland corres-
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pond with spatial chemical fra.ria‘tions observed in most calc-alkaline

rock series found across the destructive platé margins, but the increase

in K/Rb ratio and a decrease in Th content are in contrast to this

(see Jakes & White 1972; Wood et al. 1979). Moreover, the variation

shown by the Ardara cluster on the basis of K‘ZO’ Bg, and Sr contents

and La/Y and K/Rb ratios is consistent with that shown by the other two

clusters but the mean Ce and Th contents in Ardara cluster are comparable

to those of the Ballachulish cluster and are thus not in accord with
other observed chemical variations (Figs 13.?&:—c, 13.3; also see

Section 12.1). This apparent discrepancy could be attributed to either

insufficient and unrepresentative sampling of Ardara cluster or to

mantle heterogeneity. However, Th contents and K/Rb ratios in the

Ballachulish cluster and Loch Lomond masses indicate that the geotectonic

positions may not simply have been that of a northwestward-dipping

subduction zone.
The following are factors that need consideration:

1. Longmen et al. (1979) have suggested that in addition to the Iapetus
subduction zone, subduction also took place in Arenig times further
northwards with a northwesterly-dipping subduction zone represented
by the Highland boundary fault zone. This was associated with the

. closure of a marginal basin related to the northwesterly movement
of the Ordovician Ballantrae island arc.

2. Wright and Bowes (1979) have suggested that the Great Glen fault,
which is close to the Ballachulish cluster and whose development
controlled the formation of the pipe-shaped structures used during
the uprise of the appinite suite there (Bowes & Wright 1967), may
have acted as a favoured chammelway for the uprise of volatiles
from the mantle. Any such activity could complicate any geochemical
pattern resulting from subduction related magmatism.

3, van Breemen and Bluck (1981) and Thirlwall (1981, p.38) have
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pointed out that incorporation of lower crustal material may have
occurred into the region where basic magmas are being generated.

While these and possibly other features may add complications, the
geochemical features are best interpreted as indicating that the
generation of the magma from which the appinite suite crystallised was
subduction-related phenomenon associated with the overall geotectonic
evolution of the British Caledonides.

13,2 Source of magma .

The high levels of‘Ni and Cr in olivine and ciinopyroxene from
the Ballachulish and Loch Lomond clusters (Chapters 3, 4, 9) and in the
majority of the rock types from all the major clusters (Chapters 7, 10,
12), indicate crystallisation from a primitive melt. In the ultramafic
and many of the mafic rocks representing cumulate compositions, the
extremely high Ni and Cr contents can be related to enrichment in
cumulate crystals compared to residual liquid (c.f. Chapter 8). However,
the Ni (c. 100 = 400 p.p.m.) and Cr (c. 200 - 600 p.p.m.) contents of
the mafic and intermediate rocks interpreted as representing residual
liquid compositions (i.e. residual liquid dominating cumulate crystéls)
correspond to those of mantle-derived, mid-ocean-ridge basalts (c.f.

Sun et al. 1979). In addition, the average K/Rb ratios of the
Ballachulish and Loch Lomond clusters fall in range of that shown by a
mantle of chondritic composition while Ardara cluéter has a lower
average K/Rb ratio. The average K/Rb ratios for all these clusters are
within the ranges of those shown for ultramafic rocks and calc-alkaline
and alkaline basalts of a mantle origin (Fig. 13.13). A1l this evidence
indicates magma generation in the mantle, something that has also been
shown by Thirlwall (1982) for the ORS lavas on the basis of Nd and Sr
isotopes as well as major and trace element compositions, Moreover, a
mantle source is indicated by the crystallisation temperatures (g.

1800° - 1700°C; see Chapters 3, 8, 11) of olivine in the appinite
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suites of the Ballachulish and Loch Lomond regions. Based on the
Phanerozoic geothermal gradient of Tarling (1980), a minimm depth of
about 200 km is inferred.

The high levels of volatiles in rocks of the appinite suite can
be attributed to the melting of a hydrous mantle, i.e. of phlogopite-
amphibole-peridotite composition (see Kushiro 1974; Mysen et al. 1974;
Wyllie 1973) although it must be borme in mind that (1) the tectonic
position of crystallisation with structural traps impeding uprise
probably meant that a higher volatile proportion than normal may have
been retained in the magma chambers and (2) the Great Glen fault and
related transcurrent faults must be very deep structures and may have
concentrated into localised regions volatiles escaping from the mantle.
13.3 Conclusions
1. Many features of the spatial chemical variation in the appinite

suite are consistent with a genetic relation of magma generation
with a northwesterly-dipping subduction zone.
2. Magmas for the appinite suite were generated as a result of melting

of a hydrous mantle, probably at a depth of 200 km,
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Figure 13,1 Suggested position of the surface trace of the late
Silurian subduction zone in British Caledonides (a.fter Thirlwall 1981).
While many authors place northern Scotland further to the northeast
(i.e. a different sense of movement on the Great Glen Fault), this
does not affect the argument concerning the positions of the
Ballachulish, Loch Lomond and Ardara clusters in relation to the

Iapetus suture.
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Figure 13.2 (a~c) Mean concentrations of Ba, Sr, Ce and Th and mean
La/Y ratios in various rock types from Ballachulish, Loch Lomond and

Ardara appinite suites.
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Figure 13.3 Comparison of the appinite suites with various mantle
and mantle-derived compositions on the basis of K/Rb vs K,0

variations (mainly after Beswick 1976).
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CHAPTER 14 CONCLUSIONS

The following are the major conclusions derived from the present

investigation.

1.

2.

The appinite suite of western Scotland and northwestern Ireland

was developed from volatile-rich basaltic magma.

(a)

(v)

(e)

For the Ballachulish suite and the Colonsay masses the
magma was of high-potassium calc-alkaline type (Chapter 7).
For the Loch Lomond suite the magma was of normal calc-
alkaline type (Chapter 10).

For the Ardara suite the magma was transitional between

tholeiitic and calc-alkaline (Chapter 12).

In the Ballachulish appinite suite:

a0

b.

Ce

Olivine was the first mineral on the liquidus and it
crystallised at a temperature of c. 1800° ¢, pressure of
S. 25 kb and at a depth of g. 70-80 km, before the magma
entered into pipes (Chapters 3, 8).

Following the crystallisation of olivine, emplacement to
high level in the crust occurred and magma uprise was
impeded by structural traps (Chapters 2, 8).
Crystallisation occurred under highly variable PGa.s due
to explosive activity in the pipes and the successive
fractionation of clinopyroxene, amphibole, mica and
plagioclase (in the later stages) led to the progressive
development of ultramafic rocks, kentallenites » appinites
(and lamprophyre) and Jdeucocratic diorite or granodiorite,
some representing cumulates, others representing
crystallisation of residual liquids and still some
representing mixtures resulting from explosive emplacement

(see conclusion 2h, below).
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Clinopyroxene crystallised in a temperature range of

. 1125° = 1000° C under increasing Py 5 (. <1 - 1.5 kb)
(Chapters 4, 8). :

The large idiomorphic pargosite crystals in both appinite
and hornblendite, and amphibole rims on clinopyroxene in
many of the diorites developed in a temperature range of
c. 960° - 770° C and at a P

320

actinolite overgrowths on pargasite crystals in appinite

and hornblendite developed in a temperature range of
c. 790° - 750° C at or above 5 kb (Chapter 5).
In kentallenites phlogopite crystallised at a temperature

of about 1000° C and at a P
H20

appinites and diorites phlogopite a.nd,/or biotite appeared

of about 1 kb while in

on the liquidus at a temperature of c. 825o - 770° C above
1 kb {Chapters 5, 6).

Explosive activity associated with the emplacement of
uwltramafic rocks, appinite and most of the diorites
occurred at a PHZO of co 4 = 5 kb and at a temperature of
[ 770° - 750° C while that associated with the emplacement
of kentallenites accurred at a PH20

temperature of c. 1000° C (Chapter 8).

of c«1 kb and at a

Accumulation of mafic phases occurred before explosive
activity in the pipes and the marginal ultramafic rocks,
appinites and some kentallenites represent explosively-
disrupted cumulates emplaced as "blocks" of cumulates,
crystal mushes and individual crystals associated with
variable proportions of the residual liquid that
crystallised after the explosive activity (Chapter 8).
The late leucacratic rocks in some of the intrusions

.g. Rudha Mor and Ardsheal Hill - Lagnaha)
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crystallised at a PH20 of €1 kb and at a temperature of
<770° C, from the residual melt which probably also
contained a small component of hybrid secondary liquid
produced by solution of silica from quartzite at high
P - T (Chapter 8).

k. Post-crystallisation gas-streaming (carbonation and
hydration) occurred in the pipes and it altered ma.ny of
the rock types. The small pipes at Rudha Mor and Back
Settlement were the loci of such phenomenon (Chapters
2, 8).

On the basis of petrogenetic processes the Loch Loﬁond appinite
suite shows a general correspondence to the Ballachulish appinite
suite with variations in the nature and proportions of products
representing variations in crystallisation conditions. Pbas
(meximum 4 kb) reached before explosive breaching of the traps
was generally not as high as at Ballachulish (maximum 5 kb).
This is presumed to be related to the relative strength of the
gtructural traps. It resulted in the Loch Lomond masses being
dominated by residual liquid compositions rather than cumulate
compositions (Chepters 9, 10, 11).

Except for the small difference in the parent magma composition,
the petrogenetic processes involved in the development of Ardara
cluster were comparable to those of the Ballachulish and Loch
Lomond clusters (Chapter 12).

The lamprophyres and lavas of the 0ld Red Sandstone magmatism
(late Silurian) are genetically related to the appinite suite
(Chapters 2, 7 -12).

The scyelite-pyroxenite-appinitic type rock association of

Sutherland does not represent a cognate petrogenetic suite of

rocks. Scyelites and 8102 - poor appinitic type rocks
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represent the h&biids —- Ach'uain hybrids (Chapter 12).

The magmas from which the appinite suite crystallised were
mantle-derived at depths of c. 200 km and associated with a
northwestward-dipping subduction zone active in late Silurian
times, i.e. in the latter stages of Caledonian orogeny
(Chapter 13).
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APPENDIX A

A.1 Analytical methods used in rock analyses

1.1 Wet chemical methods (Appendix B-3 —59-72 ,majovs m\Qj)

Powder ground to 100 mesh was (1) fused with NaOH before deter-
mination of Si0, by a spectrophotometric method and (2) digested with
HF and HC10, before determination ofifioz, A1,05, total Fe (as Fe,03)
and P,05 by spectrophotometry, MnO, Mg0 and Ca0 by atomic absorption
methods and.Nazo and K,0 by flame photometry. FeO was determined
volumetrically following digestion of powder by HF and H,S0,.Fe,03; was
then calculated from total Fe determined by spectrophotometry. H,0
and CO, were deteérmined gravimetrically using the method of Riley (1958).
Methods of analyses followed the laboratory manual of the
Department of Geology, University of Glasgow.

1.2 X-ray fluorescence methods (All except mentioned i Appendix A:l-1, above)

Major element analyses were carried out on fusion beads (Harvey
et al. 1973) and trace element analyses on pressed pellets (Leake et al.
1969) using a Phillips PW 1450 sequential automatic X-ray f]uoreécence
spectrometer, which is driven by a Phillips P/852M minicomputer.
Detection limits (p.p.m.) for trace elements were Cr 1, Co 10, Ni 4,
Ba7,Ce2,Cué4,Gal, Lal,NbT1,Pb1,ROT,Sr3, Th2, Y1, Zn 20,
Ir 2.

1.3 Data processing

A1l the XRF data were obtained on punched paper tape. They were
processed by Data General Nova 2 minicomputer using a program provided

by C. M. Farrow of the Department of Geology, University of Glasgow.
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A.2 Analytical methods used in mineral analyses

Mineral analyses were performed on a Cambridge Instrument Micro-
scan 5 X-Ray microanalyser, using an Energy Dispersive System with
accelerating potential = 20 kV, probe current = 3 nA and count time =
50 - 200 sec (automatically corrected for dead time). The count time
for most of the analyses was 100 seconds. The processing was carried
out using the techniques of Sweatman and Long (1969) and Sathan (1976).
Detection limits for various elements in different minerals are shown

as element % below:

Olivine Clinopyroxene Amphibole Mica Feldspar

Si 0.15 0.18 0.17 0.15 0.20
Ti 0.05 0.06 0.07 0.07 0.06
Al, 0.05 0.09 0.12 0.12 0.15
Fe 0.20 0.16 0.18 0.20 0.07
Mn 0.20 0.06 0.06 0.06 0.06
Mg 0.20 0.15 0.15 0.16 0.08
Ca 0.05 0.18 0.14 0.05 0.06
Na 0.18 0.15 0.20 0.19 0.20
Ko 0.05 0.05 0.07 0.12 0.10
Cr 0.06 0.06 0.06 0.05 0.05
Co 0.08 0.08 0.08 0.08 0.07
Ni 0.08 0.08 0.08 0.08 0.08
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