GEOCHEMICAL STUDIES OF THE LEWISIAN COMPLEX

OF THE WESTERN ASSYNT REGION, N.W. SCOTLAND

by

JANE D. SILLS

Thesis submitted to the University of Leicester

for the degree of Doctor of Philosophy

January

1981



UMI Number: U316055

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

[n the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

" Dissertation Publishing

UMI U316055
Published by ProQuest LLC 2015. Copyright in the Dissertation held by the Author.
Microform Edition © ProQuest LLC.
All rights reserved. This work is protected against
unauthorized copying under Title 17, United States Code.

ProQuest

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



§1



J.n.SILLS Geochemical studies of the Lewisian complex of the
Western Assynt region, N.W. Scotland.

ABSTRACT

This work examines the petrogenesis of layered ultramafic-
gabbro bodies from the Scourian and the metamorphic evolution of the
Assynt district of Sutherland.

The layered bodies comprise ultramafic rocks (amphibole-spinel-
Therzolites) and garnetiferous gabbros derived from the same tholeiitic
magma which had about 15-20% MgO. The ultramafic rocks are partial
cumulates formed by olivine and orthopyroxene after settling; with the gabbros
being derivative 1liquids. The flat to LREE enriched patterns and trace
element levels suggest the magma formed by 30-40% partial melting of
undepleted mantle. The bodies are fragments of Archaean oceanic crust
invaded by tonalitic magma generated at a convergent plate boundary
followed by ductile deformation and metamorphism to granulite facies.

The gabbros show evidence of two periods of granulite facies mineral
growth, the first producing a clinopyroxene-garnetiplagioclase assemblage

at about 12-15 kb and 1000°C. Uplift caused partial breakdown of the
garnet to orthopyroxene-plagioclasetxspineltamphibole symplectites at
about 800-900°C and 9-14 kb. Garnet stability depends on both P-T

conditions and whole rock Fe/Mg ratio.

The Lewisian complex in Assynt suffered widespread retrogression
during the Inverian caused by the influx of large volumes of mantle-
derived hydrous fluids associated with the development of NW-trending
monoclinal folds. During retrogression the development of a uniform
hornblende-plagioclasetquartz assemblage in mafic and intermediate gneisses
caused a redistribution of elements. Hornblende and biotite composi-
tions depend on whole-rock composition and paragenesis. The assemblages
developed suggest retrogression occurred with falling temperatures in the
range 700-500°C remaining above 500°C for the duration of the Inverian and
Laxfordian events. The style of deformation became more brittle with
time as the complex was uplifted. Amphibolite dykes from Clashnessie
Bay are tholeiitic andésites formed from a tholeiitic magma by hornblende
fractionation. They were deformed and metamorphosed before the intrusion
of the main Scourie dyke swarm. The Canisp shear zone was the siteof
deformation over a protracted period and there may have been 5-10 km of
right-lateral displacement.
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The Lewisian gneiss complex of NW Scotland is one of the best
studied areas of Archaean gneiss in the world but many problems
concerning the origin and subsequent evolution of the gneisses still
remain. For this study an area extending from Kylesku westwards to
Drumbeg and south to Lochinver has been examined (the area studied is
shown in Figs.l and 2).

There 1is a large literature on the Lewisian extending back to
the beginning of the century when the classic Northwest Highlands
Memoir (Peach et al., 1907) was published. The next major publication
was that of Sutton and Watson (1951) who showed that the Lewisian formed
in two major gneiss-forming events (the Scourian and the Laxfordian)
separated by a period of dyke intrusion (the Scourie dykes). Subse-
quent isotopic work has shown that they were essentially correct.
Moorbath et al. (1969) showed an Archaean age of ca 2.7 b.y. for the
Scourian granulite facies event and a Proterozoic age for the Laxfordian
reworking. Recent Sm -Nd isotopic work (Hamilton et al., 1979) showed
that the gneiss-precursors equilibrated with a mantle source ca 2.92 Db.y.
This is in good agreement with the Pb-isotope work of Moorbath et al.
(1975) and Chapman and Moorbath (1977) who demonstrated that the gneiss
precursors separated from the mantle not more than 300 million years
before the metamorphic event at ca 2.7 b.y. The Scourian gneisses
therefore represent a significant addition of new crustal material.

Work in the Assynt region has shown the chronology to be more
complex with the gneisses being reworked in NW-trending monoclinal fold
belts before the intrusion of the Scourie Dykes (Evans, 1965; Sheraton
et al., 1973b; Evans and Lambert, 1974). The effects of the Inverian
deformation and retrogression are more extensive than implied in the
literature and fresh granulites are rare in the area studied by the
author. The deformation and metamorphic effects of the Inverian are

discussed in Chapters 1 and 5.



There now seems to be a consensus of opinion regarding the
origin of the quartzo-feldspathic gneisses; several authors believing
them to be derived from a diorite-tonalite-granodiorite plutonic
complex, possibly in a Cordilleran margin type environment (Holland and
Lambert, 1975; Rollinson, 1978; Rollinson and Windley, 1980b; Weaver
and Tarney, in press), The equivalence of Archaean high-grade
granulite-gneiss belts to modern Cordilleran margins was originally
suggested by Tarney (1976) and Windley and Smith (1976) and has received
support from the geochemical evidence of Rollinson and Windley (1980b)
and Weaver and Tarney (in press). In addition to the quartzo-
feldspathic gneisses, there is a great variety of mafic and ultramafic
rocks which make up about 10% (or possibly more) of the terrain. One
of the aims of this study was to examine the mafic rock types,
especially layered ultramafic-gabbro bodies, to see whether or not their
origin is compatible with the above model which can account for the
quartzo-feldspathic rocks.

The Assynt region comprises gneisses affected by all three

el
Lewisian structural/metamorphic events. Scourian granulites occur in
low strain zones in the NE and extreme south of the area studied (see
Fig.l) but the main part of the region was affected by the Inverian and
then locally cut by Laxfordian shear =zones (e.g. the Canisp shear zone).
Davies (1974, 1976, 1978) used mafic-ultramafic layers as marker horizons
to map out early Scourian structures and to determine how they were
affected by the Laxford front (the "boundary zone" between Scourian
granulites and Laxfordian migmatites; Sutton and Watson, 1951; Beach
et al., 1974; Davies, op.cit.). It was hoped, in this study, to
continue the work of Davies (op.cit.) southwards into the Canisp shear
zone, but the large amount of Inverian deformation in Assynt has largely

obliterated Scourian structures and the Canisp shear =zone does not have



the concentration of ultramafic-gabbro bodies found in the Laxford
front (see Chapter 7). However mapping of mafic units has helped in
understanding Inverian structures.

This thesis then falls into two parts, firstly looking at the
origin of the mafic rocks and secondly looking at the effects of the
Inverian and Laxfordian events in Assynt. In the first part (Chapters
2-4), mafic and ultramafic rocks are examined in detail to help under-
stand the evolution of the complex. In recent years, a number of P-T
estimates for the granulite facies metamorphism have been published.
O'Hara (1977), O'Hara and Yarwood (1978) and Barnicoat and O'Hara (1979)
present evidence for very high peak conditions of 1000 -1200°C and
ca 15 kb, while other estimates (Wood, 1975; Rollinson 1978, 1980, 1980b)
are lower (800 - 900°C, 10 - 14 kb). In Chapter 2 the granulite facies
metamorphic history of layered ultramafic-gabbro bodies 1is examined and
it is shown that there were two stages of granulite facies mineral growth,
P-T estimates for both being made. In Chapter 3, the geochemistry and
possible origins of these layered bodies 1is studied. This has caused
considerable controversy notably between O'Hara (196la, 1965) and Bowes
et al. (1964, 1966). In view of the significance of these mafic rocks
in understanding the early history of the complex (Davies, 1975) it was
felt that a further study was necessary. Similar garnetiferous gabbros
occur in other areas believed to be lower continental crust (Rivalenti
et al., 1975; Okrusch et al., 1980) so an understanding of their genesis
may help in understanding the evolution of the continental crust.

Chapter 4 looks at other mafic, ultramafic and possibly metasedimentary
rocks occurring in the Assynt region.

The second part of this thesis (Chapters 1, 5-7) examines the

Inverian and Laxfordian reworking of the Scourian granulites. Chapter 1



discusses the structural evolution of the area based on field mapping
by the author and the work of Sheraton et al. (1973b) . The area
covered 1s indicated in Fig.l and a map showing place names which may
not be given grid references in the text is shown in Fig.2. All grid
references quoted in this text are from the national grid area NC.

In Chapter 5, the mineralogical changes occurring during the Inverian
retrogression are documented, with an estimate of the P-T conditions.
It is shown that retrogression was caused by the influx of mantle
derived water. In Chapter 6 some small folded amphibolite dykes which
are clearly not "normal" Scourie dykes are discussed. Chapter 7
examines the evolution of the Canisp shear zone from its initiation as
the steep limb of the Lochinver antiform to the Laxfordian when a =zone

of sheared gneisses up to 0.5 km wide developed.

Note: Chapters 2 and 3 have been prepared for publication jointly
with Dr. David Savage (Savage and Sills, 1980; Sills et al.,
in prep.) combining my work in Assynt with that of Savage (1979)
on Scouriemore. In Chapters 2 and 3 I have tried to present
my own data and acknowledge Dave Savage's work where necessary.
All the data plotted in the figures for Chapter 3 marked "Scourie"

are from Savage (1979).
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TABLE 1

List of abbreviations

used in this thesis

A. Mineral names

opx
cpx
gt

ol
amph
hb
parg
trem
anth
bi
phlog

muse-

chi
serp
tc
ep
sp
magt
ilmt
opdgq
sulp

plag
micr
kfsp
cc
dol
an
ab
ap
zZr

- orthopyroxene
- clinopyroxene
- garnet

- olivine

- amphibole

- hornblende

- pargasite

- tremolite

- anthophyllite
- biotite

- phlogopite

HEmuscovite

- chlorite

- serpentine

- talc

- epidote

- spinel

- magnetite

- ilmenite

- opaque oxides
- sulphides

- quartz
plagioclase
microcline
potassium feldspar
- calcite

- dolomite

- anorthite

- albite

- apatite

- zircon

B. Thermochemical properties

COg
fOg
AS
AH
AV

mg
MDL

(kilobars)
(°C or K)
partial pressure of water

pressure
temperature

partial pressure of carbon dioxide

fugacity of oxygen .
entropy
enthalpy

volume
activity of component i in phase j

Mg/ (Mg + Fe*)
minimum detection limit



10

C. Rayleigh Fractionation equation:

where is concentration in remaining liquid
Co isconcentration in original liquid
F is the fraction of 1liquid remaining
and is the crystal-liquid partition coefficient

for the element concerned.

Shaw (1970) Batch melting equation:

"L l
Cg D+F (1 - P

where is concentration in the liquid
Co 1s concentration in the source
D 1is the bulk distribution coefficient for
the mineralogy of the source material
F is the fraction of melting
and P 1is a constant + X7 + o0 )
where X is the proportion of phase a
entering the melt and is the
crystal-melt distribution coefficient

for phase a

All rocks in the Lewisian complex have been metamorphosed, hence rock
names should be prefixed "meta-". However to avoid cumbersome

terminology this prefix has generally been omitted.



CHAPTER 1

STRUCTURAL EVOLUTION OF THE

ASSYNT REGION

11



1.1 INTRODUCTION

In this chapter the structural evolution of the Assynt area will
be examined to provide a framework in which to discuss the geochemistry.

The Lewisian has been divided into a pre-Scourie dyke complex,
the Scourian, metamorphosed at granulite facies, and a post-dyke complex,
the Laxfordian, metamorphosed at amphibolite facies (Sutton and Watson,
1951) . Due to the generally undeformed nature of the Scourie dykes in

Assynt this region has usually been considered as part of the central

Scourian block. Subsequent work by many authors has shown the situation
to be more complex. The Scourian areas are characterised by a flat lying
foliation and NE trending structures (e.g. Davies, 1976). Peach et al.

(1907) originally, and then Evans (1965) recognised a series of NW trending
structures, producing a steeper foliation, which predate the intrusion of
the Scourie dykes. This deformation, which is associated with amphi-
bolite facies retrogression, was termed the Inverian. These NW structures

mark a sharp break in tectonic style from the flat structures of the

Scourian. This NW trend is continued through the intrusion of the Scourie
dykes to the fold structures and shear zones of the Laxfordian (Beach et
al., 1974; Sheraton et al., 1973b) The status of the Inverian has caused

some dispute, some authors e.g. Bowes (1969) ascribing it the status of a
major orogeny, others believing Inverian structures to be the late stages
of the Scourian. Park (1970) emphasised the unity of the Inverian, the
intrusion of the Scourie dykes and some Laxfordian events. Studies in the
Assynt area, the type area for the Inverian, have illuminated some of these
problems. The NW structures, associated with retrogression, are clearly
cut by undeformed Scourie dykes therefore a considerable amount of Inverian
deformation is pre-Scourie dyke. Tarney (1963, 1973) and O'Hara (1961b)
concluded that the Scourie dykes were intruded into fairly hot crust,

perhaps at amphibolite facies. Tarney (1973) has outlined a complex
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history of dyke metamorphism and alteration which demonstrates that the
dykes were metamorphosed at amphibolite facies with no accompanying
deformation and that some dykes were subsequently sheared in ESE shear
zones. This suggests that the Inverian event lasted for a considerable
time, starting with NW trending folds, then the Scourie dykes were intruded
and metamorphosed towards the end of the event. The dykes and gneisses
were then cut by shear zones. These late shear zones, as they affect the
dykes, are assigned to the Laxfordian after the definition of Sutton and
Watson (1951) Dbut they could represent the last stages of the Inverian
event in Assynt, The close association of dykes with major shear zones
is common, e.g. the Nagssugtogidian of W.Greenland (Escher et al., 1976).
Recent isotopic studies of the Lewisian allows the following time

scale for the Assynt region to be constructed:

t

(1) Derivation of the gneiss precursors from the mantle at

2.9 by ago (Hamilton et al., 1979).

(2) Metamorphism of the complex, mainly at granulite facies,

at 2.7 by ago (Chapman and Moorbath, 1977),

(3) Intrusion of potash rich pegmatites at 2.54 by ago

(Evans and Lambert, 1974).

(4) Beginning of the Inverian deformation establishing a NW

structural trend.

(5) Intrusion of the Scourie dykes at 2.39 by ago

(Chapman, 1979).

(6) Laxfordian shear =zones.

The structural development of the Assynt region thus falls into

two distinct parts:
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(1) Formation of the gneisses up to the peak of Scourian
metamorphism and development of the main foliation

and early lineation.

(2) The modification of this granulite facies complex to
amphibolite facies over a period of several hundred

million years.

In this study the terms Scourian, Inverian and Laxfordian are

taken to mean the following:

Scourian: the period up to and including the peak of granulite facies
metamorphism and formation of the main flat lying foliation (the

Badcallian of Park, 1970).

Inverian: the period from the onset of folding on NW axes to the

intrusion and metamorphism of the Scourie dykes.

Laxfordian: discrete ESE shear zones which affect Scourian and Inverian

structures as well as the Scourie dykes.

1.2. THE GENERAL CHARACTER OF THE GNEISS

The general character of the gneiss in the Assynt area has been
well described by Sheraton et al. (1973b) and much of whatfollows
reiterates what they have already said. The complex is extremelyhetero-
geneous; the gneiss type often changing in both structural style and
composition over distances as small as a few millimetres. The composition
of the gneiss ranges from ultramafic to true granite but intermediate
gneiss types are most abundant. The following rock types are found, some

of which are discussed further in subsequent chapters.

(a) Layered ultramafics with associated garnetiferous gabbros



(Bowes et al., 1964, 1966; O'Hara, 196la, 1965; Savage, 1979; Savage
and Sills, 1980); these complexes are discussed in detail in Chapters

2 and 3.

(b) Hornblendite pods, balls and layers (Chapter 4).
Ultramafic pods, commonly 10cm to 1m across, are usually composed of
hornblendite with hornblende crystals up to 10 cm long. Some balls
are zoned with a pale green hornblendite core and a darker hornblendite
rim. Near Kylesku ultramafic pods with orthopyroxene and some phlogopite
are found. The hornblendes are pargasitic and were probably stable
during granulite facies metamorphism. The pods tend to occur in clusters
in acid gneiss, away from any original source and they are believed to
result from the extreme boudinage and fragmentation of mafic or ultramafic
material early in the history of the Scourian, prior to granulite facies
metamorphism. The pods are generally unfoliated and the gneiss foliation
often swings round them, occasionally with quartzo-feldspathic material in
the pressure shadow regions at the end of the pods. Trains of pods can

only be followed along strike for a few metres.

(c) Agmatites (Fig.l.la,b and Chapter 4). Larger areas of
mainly ultramafic material, broken up by veins of quartzo-felspathic
composition are fairly common and range in size from about 1m to perhaps
100m across. The mafic or ultramafic part of the agmatite is usually
unfoliated, but the felsic component often has a lineation indicating
deformation in the early Scourian, the bodies tend to be flattened within
the plane of the foliation and the margins may be strongly foliated,
suggesting that agmatisation occurred prior to the end of the granulite
facies event. The ultramafic portion is composed dominantly of
actinolite, sometimes with clinopyroxene cores. The composition is thus
different to that of the hornblendite balls, although the agmatites

presumably also formed by fragmentation of ultramafic or mafic bodies.

15



FIG. 1.1(a) Agmatite from near Cnoc an Sgriodaich (069295) where
massive mafic rock ( top of outcrop) is broken into blocks
by the intrusion of felsic material.

FIG. 1.1(b) Agmatite from south of Drumbeg (125312) where ultramafic
blocks composed of actinolite are broken up by felsic
material.

FIG. 1.1(c) Intrusive trondjhemite sheets (samples J104, J105, and
J106) cutting mafic and ultramafic rocks at Achmelvich
(056242).
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Ultramafic and mafic bodies of all types often occur in low strain zones
reflecting their greater competance. Some agmatites (Fig.l,la) clearly
show break up of mafic by felsic material, probably during the Inverian.
The quartzo-feldspathic portions of the agmatites are generally micro-

cline-free.

(d) Mafic rock (Chapter 4) of uncertain affinity. Mafic rock,
usually at amphibolite facies, occurs as layers up to 20m thick in the
gneiss. It could be equivalent to the layered complexes or it may have

a different origin, perhaps from supracrustal volcanics.

(e) Intermediate to acid gneisses. These are dioritic to
trondjhemitic with tonalitic compositions predominating (Sheraton et al.,
1973a). These gneisses are well banded, often on a millimetre scale
(Fig.1.2c). Some intermediate gneisses may be derived by the inter-
digitation of acid gneisses and mafic rocks from layered complexes, as the
contacts are sometimes diffuse, particularly where there has been Inverian

deformation.

(f) Discordant acid sheets with variable amounts of microcline
are common (Fig.l.lc). These are sometimes foliated, often have a good
quartz rodding lineation and near Scourie they contain granulite facies
assemblages suggesting they were intruded prior to the last stages of
granulite facies metamorphism. These late sheets have been discussed by

Rollinson (1978) and Rollinson and Windley (1980Db).

() Minor amounts of metasediment are found in the mainland
Lewisian. Brown weathering schists, common in the Laxford Front area, are
considered to be metasediment (Davies, 1976) and a metaironstone has been
reported from near the margin of a layered ultramafic-gabbro body at

Scourie (Barnicoat and O'Hara, 1979). In the Assynt region gt-qz-bi rocks
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occur locally and these have been interpreted as metasediment

(Sheraton et al.,1973a).

(h) Potash-rich pegmatites, sometimes with biotite books, occur

locally particularly south of Lochinver (Evans and Lambert, 1974).

1.2.1. Foliation

The dominant structure in the region is a sub-planar banding due

to alternating felsic and mafic 1layers. The banding is best developed
in intermediate gneiss compositions (Fig.l.2c). The more extreme
compositions, both ultramafic and granite, are fairly massive. The mafic

bands may or may not have plagioclase and the banding is best defined
where the compositional contrast is greatest. The thin bands (a few mm
thick) can only be followed for a few metres, the thicker bands (10 -20 cm
thick) for a few hundred metres at most. Mafic rocks are not normally
foliated but they often contain thin felsic veins which are parallel to
the regional foliation. Similarly the most acid gneisses (trondjhemite
and granite) are fairly massive but contain thin streaks of mafic material,
usually biotite.

There are ubiquitous tight to isoclinal folds with their axial
planes sub-parallel to the foliation (Fig.1l.2a). These folds usually
occur singly or in pairs but plastic complex folds are found (Fig.l.2b).
Isolated fold noses occur. The banding forming these early folds is often
quite diffuse and irregular, suggesting recrystallisation after folding.
The flat-lying foliation containing isolated sub-parallel folds suggests
that the foliation was formed in more than one event. In some cases the
banding is folded by later folds with much steeper axial planes (Fig.l.2c)

which are Inverian in age.



FIG. 1.2 (a) Isoclinal fold, possibly refolded, in banded gneiss. Note
the flat axial plane and the slightly "fuzzy" margins of the
bands. South of Drumbeg (125314).

(b) Complex folds with flat axial planes in intermediate composition
gneiss, near Drumbeg (128326).

(c) "Inverian" fold in well banded intermediate composition gneiss
from Clashnessie Bay. The axial plane of this fold is steeper
than those of the earlier intrafolial folds.
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1.2.2. Lineation

A coarse early lineation formed by quartz rods or elongate mafic
or felsic segregations is only patchily developed and the plunge is some-
what variable. In the Laxfordian shear zones a new penetrative

lineation is developed.

1.3. MAIN STRUCTURAL FEATURES OFTHE ASSYNT REGION

The part of the Assynt region studied by the author can be divided

into four structural divisions (Fig.1.3):

(a) The extreme NE of the area and south of Strathan where granulite
facies mineral assemblages are often preserved even in acid and inter-
mediate gneisses. Quartz grains are often bluish and the early Scourian

flat 1lying foliation is found.

(b) The area around Nedd and Drumbeg and south to Gorm Loch Mor
and Loch na Loinne; where granulite facies assemblages are preserved in
mafic rocks but not in acid and intermediate gneisses. This area is

slightly affected by Inverian deformation, and "steep belts" are common.

(c) ClashnessieBay to the Canisp shear zone where all gneiss
types are at amphibolitefacies and are highly folded,steeplydipping and

cut by numerous WNW-ESE shear zones.

(d) The Canisp shear zone and other shear zones, notably near
Stoer and Clachtoll. There is extreme attenuation of the gneiss banding
and a new flaggy foliation is developed with a penetrative lineation.
These shear zones in places affect the Scourie dykes and are usually termed
Laxfordian (Tarney, 1973), but they may well be the last stages of the

Inverian event.
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The area of amphibolite facies retrogression (c and d above)
shows up well as a magnetic low on the magnetic map of Powell (1970,
Fig.1.4). The mineralogical and chemical changes brought about by the
Inverian retrogression and Laxfordian shearing will be discussed in
Chapter 5. The structure of the Ass>Tit region can be simply described
as a 10 - 12 km wide belt of amphibolite facies gneisses cutting granulites

which is in turn cut by a 0.5-1.0 km wide shear zone.

1.3.1. Structures post-dating the main foliation

Due to the uniformity of structural trend from the onset of
Inverian deformation to the Laxfordian it is often difficult to put
structures in chronological order. Further deformation seems to tighten
and steepen earlier folds. As mentioned above folds formed during or
before the granulite facies metamorphism hav; flat axial planes while
Inverian folds tend to have much steeper axial planes. A Striking
feature of Inverian deformation is its extreme heterogeneity; low strain
zones where Scourian structures are preserved are very common. The

following post-deformation structures can be recognised (Sheraton et al.,

1973b)

(a) Open folds with NW trending axes plunging gently to the NW
or SE. These folds are responsible for the variations in strike between
Drumbeg and Kylesku.The wavelength of these folds ranges from 100m to
several kilometres. The main NW fold axes are shown in Fig.1.5. The
axes of these folds tend to become more easterly and the folds become

tighter as the Canisp shear zone is approached.

(b) Monoclinal folds with axial planes trending NE to N dipping

either to the W or E. These folds are characterised by a steep short 1limb

This trend of fold is best developed in the area between Clashnessie and

Drumbeg where M -NE strikes predominate (Sheraton et al., 1973b).

22
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(¢) Monoclinal folds with W to NW trending axes dipping either
to the SW or NE. These folds are common throughout the area and are
expressed as a series of steep belts. The steep limb of these folds may
be attenuated but not to the same degree as in shear zones.

One of the problems in Assynt is the large number of minor folds
which are not clearly related to any of these major structures. Around
Clashnessie Bay there are numerous minor folds of extremely variable

orientation (King, 1955).

(d) Shear zones trending ESE dipping at about 70° to the SSW.
There is extreme attenuation, individual shears are rarely more than 25m
wide but wide shear belts such as the Canisp shear zone are composed of
numerous small shear zones. Pre-existing Inverian steep belts clearly

influenced the location of these Laxfordian shear zones.

(e) Brittle structures, i.e. faults and crush zones, are fairly
common and affect all parts of the complex. The age of the structures
is uncertain, some may be due to uplift before the deposition of the
Torridonian but some faults are later than the intrusion of a suite of

Caledonian alkaline dykes.

1.3.2. The Lochinver Antiform

The Lochinver antiform is one of the major structures of the region
(Sheraton et al., 1973b, Evans and Lambert, 1974), It can be traced

eastwards from Achmelvich Bay for 8 km where it is cut by the Canisp shear

zone. The southern limb dips gently SSW, extending as far south as
Achiltibuie. The northern limb is more complex, it dips at about 50° to
the NNE near the hinge but the dip then steepens. The northern limb is

cut by the Canisp shear zone and near-vertical gneisses continue for

2 -3km northwards then more gentle NNE and NNW dips prevail. The axis of



the fold is nearly horizontal but it probably plunges very gently SE, the
axial plane dipping about 50° to the SSW. It is difficult to decide
whether the Lochinver antiform should be equated with the early NW open
folds or with the WNW monoclinal folds. The present form resembles the
WNW monoclinal folds but the northern limb of the Lochinver antiform is
affected by a monoclinal fold (061247). It is possible that the Lochinver
antiform is an open NW fold which has had the northern limb steepened by
monoclinal folds and shear zones. However it is more likely that it is

a monoclinal structure and there is more than one generation of monoclinal
folds (Sheraton et al., 1975Db). In Fig.1l.6, the hinge zone in the

region south of Loch Roe is seen to be a series of tight NW trending folds
rather than a simple structure. The geology of this area is complicated
by the presence of NE trending folds (Fig.l1.6), these are affected by the
Lochinver antiform and therefore predate it. These NE folds with a gentle

SW plunge could be early Scourian in age.

1.3.3. The Canisp Shear Zone

The Canisp shear zone is a major structure of the region carefully
mapped by Clough in Peach et al. (1907). This belt of highly deformed
rocks extends eastwards from the coast, between Achmelvich and Clachtoll
for 15 km where it reaches the Torridonian cover. The zone is up to lkm
wide in the west and thins eastwards. The zone is composed of numerous
small shear zones which interlock in the manner described by Coward (1976)
with low strain lenses in between. There is a new foliation and
lineation, minor folds are ubiquitous and interference patterns are common.
Most small shears indicate a downthrow to the SSW which is opposite to
the sense of movement across the Lochinver antiform and Canisp shear zone

as a whole. This indicates downthrow to the NNE bringing Inverian

25
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amphibolites down to the same level as Scourian granulites, implying most
of the vertical movement across this zone was Inverian and the shear zones
are just a minor effect superimposed on the Inverian steep belt. Shear
zones tend to follow pre-existing steep belts and the Canisp shear =zone

is also the locus for intrusion of ultramafic Scourie dykes (Tarney, 1973)
which are rare elsewhere in the .Lewisian complex. The shear zone will

be discussed in detail in Chapter 7.

1.4, ORIENTATION OF STRUCTURES IN THE ASSYNT REGION

1.4.1. Foliation

In this section the range in strike of the foliation over the whole
region will be examined. In the stereoplots all the foliations have
been plotted, but no attempt to divide them into different ages has been
made; however the diagrams show how the general structure changes from the
south to the north of the area.

Fig.1.7 gives the contoured stereoplots for the Canisp shear =zone,
the area to the south and the northern margin of the shear zone. In the
area to the south of the Lochinver antiform (area 1) the majority of
points dip south at a low to moderate angle with a few vertical gneisses
from ESE shear zones and the Strathan Bay fold. In area 2, which is
south of the shear belt and includes the Lochinver antiform, the majority
of gneisses still dip to the south but there is a significant clustering
of northerly-dipping gneisses reflecting the influence of minor folds in
the hinge zone of the Lochinver antiform (Fig.1.6). In the area around
Achmelvich (area 3) the gneisses are folded around SW plunging folds (Fig.
1.6). In the Canisp shear zone (areas 4, 5 and 6) the gneisses are pre-
dominantly vertical or dipping very steeply to the south. There are a

few more gentle dips from low strain zones. Along the nothern margin of
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the shear zone (areas 7 and 8) there is still a large number of near-
vertical gneisses, but there is a range in orientation of more gently
dipping gneisses indicating folding around westerly-plunging axes. These
plots indicate that the southern margin of the shear zone is sharp whereas
the northern margin is diffuse.

In Fig.1.8, the stereoplots for the Clachtoll - Stoer - Clashnessie
area are given. In the southern part of the map (areas 9, 10, 11 and 12)
the vertical gneisses are still abundant with the more gently dipping
gneisses folded by E -W folds. The vertical gneisses come from Inverian
steep belts and Laxfordian shear zones. The structure around Clashnessie
Bay is quite complex with two main elements; gneiss folded by IVNW folds
with WNW steep belts and N to NE striking steep belts (areas 14 and 17)
where the dips are to the east ranging from 20° to vertical. In area 16
both the NNE steep belts and WNW folds are evident. Fig.1.9 shows the
plots for the area east of Clashnessie. In areas 18 and 19 between
Garbh Loch Mor and Loch Poll the foliations are so variable that there are
almost no contours on the stereo plot. To the south and east of Drumbeg
the gneisses are folded about gently plunging IVNW folds with a few ESE
shear zones and WNW monoclinal steep belts. In area 22 (which includes
the Drumbeg body) the fold has a more north-westerly plunge. As one goes
east, the number of steep belts decreases markedly and in the extreme east
of the map the strike is predominantly 070,dipping either to the north or
the south.

These diagrams show very clearly the Inverian belt with its WNW

steep structures cutting across the more gently dipping Scourian gneisses.

1.4.2. Lineations

As mentioned previously, lineations are only patchily developed.

The early lineation is characteristically caused by quartz rodding; the
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hornblendes in the layered ultramafics also tend to be aligned parallel to
the same direction. In the Laxfordian shear zones there is a new
penetrative lineation plunging at low angles (20-30°) to the ESE. This
lineation results from the transposition of the coarse banding and mineral
alignment of the old foliation onto the new foliation surface. In
contrast Inverian monoclinal steep belts have no associated lineation.

The early lineation is best preserved in regions where there 1is only a minor

amount of Inverian deformation and is only found locally elsewhere. The
age of the lineation is not at all certain. It 1is often parallel to the
axes of intrafolial folds but this may not be significant. The plunge of

the lineation varies over the region, due in part to folding around open
NW folds and IVNW monoclinal steep belts. The orientation of the lineation,
where preserved, 1s more variable in the steep limbs of monoclinal folds.

In Fig.1.10 the lineations over the whole area studied by the author
are plotted on contoured stereoplots. In the northeast the lineations
plunge to the NW (centre of cluster 320/17°) with a few plunging to the SE.
As one goes west to Drumbeg the distribution becomes bimodal, with plunges
to the NW (centre of cluster 335/22°) and the SE (135/15°) . Around
Clashnessie SE lineations predominate (155/20°) but there are a few NW
plunges (335/20°). On the west side of Clashnessie Bay the lineations
change from a SE to a NW plunge as the gneisses are folded by a minor WNW
fold, implying that this coarse lineation is Scourian. In the Clachtoll-
Stoer area the lineations plunge in a variety of directions. Most lineations
still plunge to the SE (155/25°) but there are a number of ESE plunges,
some of which are from shear zones but some have been rotated. There are
a few steep plunges especially in complex areas; again the early lineation
has been affected by Inverian structures.

In the main shear zone (area 2, Fig.1.10) the lineations consistently
plunge to the ESE (110/30°). South of the shear belt the majority of

lineations plunge due south.
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1.4.3. Minor fold axes

Minor folds of several generations occur throughout the region.

It is difficult to put the folds in chronological order as the different
phases of folding tend to have approximately the same orientation.

The similarity in style and orientation of folds of different ages
places considerable doubt on the structural interpretation of Hopgood
and Bowes (1972). It is also often difficult to measure the fold axes
accurately due to the smooth glaciated outcrops.

In Fig.1.11, all minor fold axes have been plotted on contoured
stereoplots. In the northeast (area 6) there are relatively few minor
folds and these are mostly intrafolial isoclines but a few WNW monoclines
occur. The fold axes plunge mainly to the NW and SE, as do the lineations.
Similarly, in the area around Drumbeg most minor fold axes plunge to the
NW or SE with a few NE plunges. In area 7, between Clashnessie and Loch
Poll, folds plunge in a variety of directions, with four clusters, NE,

SE, S and SW. Around Clashnessie Bay (area 4) there are large numbers
of minor folds (King, 1955) which plunge in all directions except IVNW.
There are three main clusters, plunging to the NNE (350 - 030°), NE (040 -
065°) and SSE (155 - 170°) but other directions also occur. In the Stoer -
Clachtoll area the dominant plunge is to the SE with a few to the WNW,

SSE and NE. Similarly in the shear =zone the dominant plunge is to the
ESE. In these two areas there are some steep plunges (60-70°) which

are not found elsewhere; these may be folds which have been rotated and
steepened by later deformation. South of the shear zone the plunge of
fold axes is to the SSW with a few easterly and westerly plunges.

In general, except for the NE folds near Clashnessie, the plunge
of minor folds parallels the lineations. The NE folds are presumably

related to the NNE steep belts in the Clashnessie - Drumbeg area.
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1.5. FOLDS

Early Scourian folds: The large amount of Inverian deformation in the
Assynt region has obscured most of the evidence for Scourian structures.
The layered ultramafic-gabbro bodies such as Culag and Drumbeg sometimes
have repeated ultramafic-gabbro successions which could be caused by
isoclinal folding. On Scouriemore, near Scourie, where the effects

of Inverian deformation are slight, the Camas nam Buth mafic body is
clearly folded around an early Scourian isoclinal fold so that the base
of the original body is now in the centre (Savage 1979)

The most obvious Scourian structures in Assynt, apart from the
foliation and lineation, are the intrafolial folds. These are folds
with their limbs completely enclosed within thicker banded units; they
are either tight or isoclinal (Fig.l.la,b; Fig.1l.13a,b) and their axial
planes are sub-parallel to the regional foliation. The interlimb angles
are usually less than 30° and rootless closures are common. In Fig.l.1l2a
there is a larger intrafolial fold where layered ultramafic is infolded

into gabbro. Thin felsic veins in the gabbro are highly folded.

Inverian folds: A brief description of the main types of Inverian fold

has already been made; a more detailed discussion follows. The earliest
Inverian structures are the open NIV trending folds; occasional "arch"

like folds could be small scale equivalents of these. The most character-
istic Inverian structures are the WNW trending monoclines which occur on a
variety of scales, the steep limbs ranging in size from a few centimetres

to structures the size of the Lochinver antiform. In Fig.l.T2c gently
southerly-dipping gneiss is deflected into a IVNW trending steep belt.

The axial plane of this fold dips N with a downthrow to the SSW, but folds
with a downthrow to the NNE are more common (e.g. the Lochinver antiform).

The gneisses 1in the steep belts are always retrogressed to amphibolite



FIG. 1.12 (a) Fold in ultramafic-gabbro body at Poll Loisgann (067165)

described by Bowes et al.(196A).
u- ultramafic, gb - gabbro, a- trondjhemite sheet.

The ultramafic is folded into the gabbro which contains
highly folded felsic veins.

(b) Fold from Clashnessie Bay. This fold has a gently dipping

axial plane but is Inverian in age, clearly folding the main
foliation.

(c) Monoclinal fold from Drumbeg harbour (121331)» The
foliation which dips at moderate angle to the south is folded
into this steep belt which trends WNW. There is some
attenuation of the steep limb.
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facies even when they cut granulite facies gneisses (e.g. near Scourie)
and these monoclines are thought to act as a route for water causing

the retrogression. The steep limb may be attenuated but more commonly
the banding becomes more marked and there is slight boudinage (pinch

and swell) of mafic and ultramafic layers.

There is no lineation associated with these folds but occasionally
the early lineation 1is folded around the hinge with a more variable
orientation in the steep limb. The simplest of these structures (e.g.
Fig.1l.1l4a) are almost concentric and were probably initiated by buckling.
Subsequent flattening caused the folds to tighten producing folds such as
Fig.1.13g and h.

Many minor folds which clearly post-date the main foliation are
not monoclines and their affinity is not certain. This type of fold,
which can vary from S or Z folds (Fig.l.12b) to isoclinal folds, is very
common especially in the Clashnessie area. They have a variety of
orientations but commonly trend N to NE, and refolded folds are also
abundant. They could be related to the NNE steep belts and have been
affected by subsequent WNW folding. The NNE steep belts are also mono-
clinal in form and have axial planes dipping either to the west or east.
Where NNE and WNW steep belts interfere, the structure becomes very complex
and it is not at all clear which structure is the earlier. It is
possible that they are simultaneous, but in general the NNE steep belts
seem to be earlier. Fig.1.13 illustrates a range of Inverian fold
styles, the tighter folds (h,i and j) monoclines that have been further
deformed. A weak axial planar fabric may develop defined by the align-
ment of biotite crystals. Fig.1l.14 shows a range of folds from

Clashnessie Bay.

Shear zone folds: Similar style shear folds in the finely banded shear

zones are ubiquitous. Laxfordian folds have their axes parallel to the
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FIG.

1.14 Variety of styles of fold from Clashnessie Gay. Gcale bar

is 10 cm.
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FIG. 1.15 Folds from shear zones

(a) Highly folded rocks from a 2m wide shear zone south of
Clashnessie Bay (069308). This shear zone is adjacent to
an agmatite, so the attenuated mafic and felsic layers of
this outcrop could be the sheared equivalent of the

agmatite.

(b) Variety of folds from the Canisp shear zone, Alltan
na Bradhan (051262). The style of the folds change markedly
from the core where they are angular to the hinge where

they are rounded.
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7IG* I,16 Sketches of folds fron the Canisp shear zone

Jcale bar is 10cm.
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lineation and their axial planes approach the plane of the foliation.
Interference patterns indicate more than one phase of Laxfordian folding.
Rotated Scourian and Inverian folds show more scatter, but they tend
towards the same orientation as the Laxfordian folds. Figs. 1.15 and

1.16 show typical shear zone folds.

1.6. DESCRIPTION OF THE FOUR STRUCTURAL DIVISIONS

In Section 1.3 the Assynt region was divided into four structural

divisions; sketch maps of these areas and a more detailed discussion follow

1.6.1. Granulite facies areas

In the NE and S of the area (a in Fig.1.3) the effects of
Inverian deformation are slight. The area between L.Nedd and Rientraid
(Fig.1.17) 1is mainly composed of gneisses dipping to the NE. Mafic rocks
proved useful markers; they can be followed along strike for considerable
distances and are clearly folded around open NW trending folds axes.

The variation in strike of the gneisses can be accounted for by folding
around axes which plunge either to the NW or the SE.

To the SE of L.Ardbhair there are a few WNW monoclinal folds and in
this region the open folds have been tightened with rapid changes in the
direction of dip. A Scourie dyke clearly cuts a NW trending fold axis
(Fig. 1.17). Shear zones are rare in this region but the ultramafic dyke
extending along Glenn Ardbhair has a shear zone parallel to its margin.

There is a lot of mafic rock in this area, some of which is at
granulite facies (opx-cpx-gt-plag), the rest being at amphibolite facies
(plag-amphtep) . A small amount of layered ultramafic occurs at
(206301), suggesting that all the mafic rocks belong to layered complexes

of the type discussed in Chapters 2 and 3.
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1.6.2. Areas with some Inverian deformation

The areas around Drumbeg and Lochinver are intermediate with

some Inverian deformation (areas b, Fig.I.3). A sketch map of the area
south of Lochinver is given in Fig.I.18. This is part of the gently-
dipping southern limb of the Lochinver antiform. To the south of the

Strathan line (Fig.I.IS) granulite facies assemblages are found locally,
even in acid gneisses. In the area shown in Fig.I.IS both granulite
and amphibolite facies mafic rocks occur, but the acid and intermediate
rocks are at amphibolite facies. The main structure, marked by mafic
rocks, has been termed the Strathan Bay structure (Evans and Lambert,
1974) . South of Lochinver the gneiss generally strikes approximately
E -W, but near Strathan it swings into a N -S vertical belt and then
back to E-IV again. This structure is cut off to the south by the
Strathan line, a Laxfordian shear zone. In the west of the map area
(Fig.I. IS) there are some E-4V trending folds which appear to be cut by
the Strathan Bay structure. Evans and Lambert (1974) state that this
type of structure is Badcallian (early Scourian) in age, but if the E-W
folds cut by the structure are equivalent to similar folds further north,
it must be Inverian in age. The Strathan Bay fold can probably be
correlated with the NNE steep belts common near Clashnessie. A stereo-
plot of foliations (Fig.I.IS) suggests folding around a southerly plunging
axis (IS0/30°). This 1s a common lineation direction in the area (Fig.
I.10), but rare elsewhere in Assynt, so the lineation may be related to
these structures.

The Gulag body (see Chapter 2) crops out in the east of the map
area (Fig.I.IS). The repeated ultramafic-gabbro succession suggests
folding around an early isocline, the axis of which now trends NW. The

Culag body is at granulite facies whilst the mafic rocks in the Strathan
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fold are at amphibolite facies, but rare remnants of granulite facies
assemblages occur. It is thought that this mafic material is
equivalent to the gabbros of the layered complexes and the retrogression
to amphibolite facies is associated with the Strathan fold; further
indication that the structure is Inverian.

There 1is a typical Laxfordian shear zone, the Strathan 1line
(Evans and Lambert, 1974) which cuts the Strathan Bay fold. The Strathan
line is monoclinal in form and there was probably originally a WNW monocline
which was then the site for Laxfordian shearing.

Another area where Inverian deformation is only moderate is near
Drumbeg; a sketch map of the area between Loch Poll and Gorm Loch Mor is
given in Fig.1.19. A map of the Drumbeg area can be found in Sheraton
(1969) . The simple structure of this area is again emphasised by mafic
and ultramafic bands. The Loch Poll body (see Chapter 2) crops out in
the west of the area dipping gently to the NNE. Small outcrops of mafic
rock can be followed along strike from the Loch Poll body to Loch na
Loinne. Further east a band of ultramafic and gabbroic rocks can be
followed from Loch Torr nam Uidhean to east of Gorm Loch Mor. This
suggests folding about a NW-trending synform (not marked on the map) .

The detail, as can be seen from the sketch map, is much more complex with
many NW trending folds, especially in the core of the major synform. The

strike 1is further complicated by WNW steep belts.

1.6.3. Areas with a large amount of Inverian deformation

Clashnessie Bay. The structure of the area around Clashnessie Bay is fairly
complex with NW trending folds, WNW and NNE trending steep belts and num-
erous minor folds which have a range of orientations.

On the west side of Clashnessie Bay amphibolite facies mafic rocks

at Reidh Phort are interfolded with intermediate gneiss in tight E-W
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trending early folds, perhaps Scourian in age (Sheraton et al., 1973b,
Fig.2). Fig.1.20, a sketch map of the Clashnessie Bay area, shows the
extreme variability of the strike of the foliation and the simplified
structure 1is shown in a diagrammatic sketch map. Fig.1l.21. Open NW
folds are clearly cut by the NNE steep belts. Where these two types
of structure interfere, e.g. NW of Garbh Loch Mor, the foliation is
extremely variable. There is very little mafic rock in this area to
help map out major structures. In the NNEsteep belts the early

lineation plunges either to the N or S (it plungesNW or SE elsewhere).

Stoer-Clachto 11 area: As one goes south towards the shear zone the
gneisses become more deformed (Fig. 1.22). A detailed map of the southern
part of the area in Fig.1.22 is given in Tarney (1978) and a more detailed
map of the NE corner is presented in Chapter4. There are numerous
monoclinal steep belts, commonly about 100m wide, producing vertical
dipping gneisses which are not attenuated. Between these steep belts the
gneisses dip at moderate angles (40 -60°) either to the N or S, reflecting
E-W folds, which have been cut by the monoclines. Small areas, e.g. to
the west of Loch Poll an Droighinn and (051289) and Cnoc an Sgriodaich
(062296) are further complicated by the presence of N to NNE vertical
structures resembling the Strathan Bay fold. Unfortunately the large
number of Laxfordian shear zones and gaps in exposure make it very diffi-
cult to sort out the structures properly. In these N to NNE trending
areas, the lineation, if present, may plunge quite steeply. There are
many small shear zones, particularly near Stoer village (the Stoer shear
zone of Beach, 1974). The shear zone foliation dips at about 70° to the
south, while the Inverian steep belts are often vertical.

The shear zone (area d. Fig.1.3) will be discussed in Chapter 7.
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1.7 DISCUSSION

The gneisses in the Assynt region evolved over a considerable
period of time, at least 1000 million years, suffering three periods of
deformation and metamorphism. The effects of Inverian and Laxfordian
deformation are localised and not pervasive so that areas with a flat
lying Scourian foliation remain.

The early evolution of the complex 1is speculative because later
events have obscured most of tlie evidence for Scourian structures. It
is clear that the original mafic and ultramafic rocks, that are now
agmatites and hornblendite balls, were broken up prior to the peak of
granulite faces metamorphism. The layered complexes were folded iso-
clinal ly, causing repetition of the successions, and were boudinaged and
tectonically thinned before the end of the granulite facies event.

Mafic rocks appeared to act more competently than intermediate and acid

compositions. Scourian folds trend NE-SW in the Achmelvich area with
gently SW plunging axes. The main flat lying foliation with associated
intrafolial folds and coarse lineation developed in the Scourian. By the

end of the granulite facies event, the Assynt region was a fairly rigid
block of refractory gneisses depleted in LIE elements and more basic than
the average crust (Sheraton et al., 1973a).

Inverian deformation, which began some time between 2.7 and 2.4

b.y. ago formed a series of monoclinal structures with vertical limbs:

-NW open folds, common the area between Nedd and Kylesku.
Further south folds with a similar trend, causing the dip to change from
north to south, could be the same generation of folds which have been
tightened or monoclinal folds, e.g. the synform which follows the peat

road from Stoer.
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F~*-N to NE trending monoclinal folds, varying from open to tight.
The Strathan Bay fold and similar structures on the southern limb of the
Lochinver antiform have this form and there may be an associated lineation
but the coincidence of the fold axis plunge and the prevalent lineation
in this southern 1limb may be fortuitous. N to NE steep belts east of
Clashnessie are probably equivalent. Minor folds, with a variety of
styles, but often with a N to NE plunge are so common in the Clashnessie
area and are probably associated folds which have been refolded by WNW

structures.

F* -=WNW monoclinal folds such as the Lochinver antiform, producing

steep belts without much attenuation.

F - Further WNW monoclinal folds which affect the Lochinver anti-
form and cause tightening of earlier folds. These WNW folds have no

associated lineation.

The steep belts are always retrogressed and where vertical
structures are abundant the whole area, even the flat limbs, 1is amphiboli-
tised. It is not known whether the vertical limbs developed and then
acted as a route for the amphibolitising fluids or whether the deformation
and metamorphism were synchronous. However, once the vertical limbs
were established they continued as zones of weakness and were exploited
by Laxfordian shear zones, which are commonly located along monoclinal
steep belts, e.g. the Canisp shear zone which runs along the northern limb
of the Lochinver antiform.

The tectonic expression of the Laxfordian in Assynt is thus marked
by the reactivation of vertical belts and dyke margins. Ultramafic dykes,

intruded into the northern limb of the Lochinver antiform and subsequently
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metamorphosed to talcose assemblages have taken up substantial amounts
of Laxfordian strain (Tarney, 1973). In general, though, mafic and
ultramafic rocks are more competent than the surrounding acid gneisses.
There 1is no migmatisation associated with the Laxfordian in Assynt,
perhaps due to the low LIL content of the granulite facies Scourian rocks
(Sheraton et al., 1973a). The Laxfordian areas which are migmatised
could have been at a higher structural level during the Scourian than the
Assynt area.

Tlie metamorphic history of the Assynt region (discussed fully in
Chapter 5) indicates gradually falling temperatures accompanied by the
influx of water. The Laxfordian shear zone assemblages are much better
crystallised than those in the Inverian vertical belts; this could
either be due to a release of strain energy or to a rise in temperature.
I'here has been a post-tectonic growth of prismatic hornblendes on
foliation surfaces. The structural history concerns the development of
narrow steep belts which acted as zones of weakness for later structures
to exploit. The Assynt region thus consists of a series of low strain
zones in which Scourian features may be preserved, surrounded by vertical-

dipping high strain zones.



CHAPTER 2

EARLY METAMORPHIC HISTORY OF

LAYERED ULTRAMAFIC-GABBRO BODIES
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2.1. INTRODUCTION

The production of eclogitic assemblages during high grade meta-
morphism of rocks of basaltic composition is a process of petrological
significance. Models of basalt and andésite genesis, geophysical
models of the upper mantle and of plate tectonic processes depend on the
mineralogical reconstitution of basic rocks in the lower crust and mantle
(Ringwood, 1974). Consequently, great attention has been paid to the
nature and physical conditions of the gabbro -eclogite transition both
experimentally (Green and Ringwood; 1967;Ito and Kennedy, 1970) and on
natural samples (Griffin and Heier, 1973; Whitney and McLelland, 1973;
Loomis, 1977). This study concerns a suite of rocks of ultramafic
and gabbroic composition which have been metamorphosed at garnet -granulite
grade, a transitional stage in the gabbro -eclogite transition (Green and
Ringwood, 1967). Archaean high grade gneiss terrains are commonly
thought to represent the lower continental crust (Tarney and Windley, 1977)
and these garnet -granulites provide a sensitive indicator of the meta-

morphic conditions that may prevail there.

2.2. MODE OF OCCURRENCE

Fig.2.1 shows the main occurrences of layered ultramafic gabbro
bodies in the Assynt area. Two bodies were studied in detail; at
Drumbeg (115328) and Achiltibuie (033079) but some information comes from
other bodies, notably Achmelvich (055243) and from south of Loch CuTag
(097209) .

The bodies occur as conformable lenses up to 100m thick and 1km
long. No discordant contacts have been observed. The bodies thin
rapidly along strike but the resulting trains of pods and lenses have

been used to map out early Scourian NE trending structures (Davies, 1976).
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Drumbeg’
Poll Mor
Achmelvich
“"Culag
> [Achilfibuie

FIG 2.1 Il to show location of ultramafic-gabbro bodies in the Assynt
area, LA- Loch Ardbhair, CS- Cnoc a Sgiorodaich, LP- IxDch Poll

an Droighinn. Hatched areas represent post Lewisian rocks.
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This early Scourian deformation was responsible for boudinage and some
thinning of the bodies. The ultramafic pyroxenites are more competent
than the surrounding tonalitic gneisses and are found as low deformation
lenses; but the gabbros are less competent than the pyroxenites, so in
regions of intense late deformation the gabbros may become interbanded
with the tonalitic gneisses to produce rocks of intermediate composition
and the gabbros are indistinguishable.

In the Assynt region there was considerable retrogression
associated with Inverian NW trending folds, but the ultramafic-gabbro
bodies have often retained their granulite facies mineralogy even when
the tonalitic gneisses are at amphibolite facies.

The layered bodies have two main components: an ultramafic
portion consisting of amphibole-spinel Therzolites with minor dunite and
harzburgite and a gabbroic portion consisting of plagioclase - two
pyroxene-garnet rocks. These components are repeated in cyclic units
providing a means for determining the way up of the body. On Scourimore,
the Camas nam Buth sheet is anticlinally folded with an ultramafic core
(Savage, 1979).

The ultramafics have a pronounced compositional layering (Fig.2.2a)
made up of different proportions of the main component minerals: olivine,
orthopyroxene and pargasite. The layers are commonly a few millimetres
thick but some massive units reach 10m. Occasional serpentinised bands
up to 3m thick (e.g. at 154304, near Gorm Loch) are thought to represent
dunite or harzburgite. The layering in the gabbros is less well marked,
usually expressed by felsic or mafic schlieren and there are some
sulphide-rich bands, which on Scouriemore occur at the top of a gabbro under
an ultramafic unit (Savage, 1979). The layering in the gabbros and
ultramafics is conformable with that of the host gneisses, Minor intra-

folial folds, probably of early Scourian age, have axial planes sub-



FIG. 2.2 (a) L ay e r in an ultramafic outcrop from the

Loch Poll body (IIG 107308).

'IG. 2.2 (b) Retrogressed ultramafic from Achmelvich (RC 058244)*

Note the presence of layering even though the mineral ass
emblages producing the original layering have disaopeared

The rock is now a chlorite-tremolite assemblage.
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parallel to the layering, and locally produce features resembling the

cross-bedding of Bowes et al. (1964).

Drumbeg: This is the largest well preserved body in Assynt and consists
of two main parts (Fig.2.3a). The northern part consists of a repeated
ultramafic-gabbro succession dipping south westwards (Fig.2.4). The

lower ultramafic unit, bounded by a shear zone, 1is retrogressed to a
chlorite-tremolite assemblage. The main gametiferous gabbro unit ranges
up to 50m thick and is fairly massive with modal plagioclase increasing
up the section. The central ultramafic unit forms a prominent ridge of
brown-weathering pyroxenites, serpentinised olivine-rich layers emphas-
ising the layering. Above this, 1s a patchily developed, well foliated
gabbro, more retrogressed than the middle unit. The southern part of

the complex comprises numerous small outcrops cut by shear =zones.

Using increasing modal feldspar , as a way-up criterion, the northern part
of the complex youngs southwards; accordingly the Drumbeg complex is part

of an overturned synform with a NW-trending axis.

Achiltibuie: The Achiltibuie complex (Fig.2.3b) is less well exposed
and crops out in an inlier in the Torridonian. The complex dips about
40°E and swings into an ESE steep belt in the north of the inlier.

There 1is again a repeated ultramafic-gabbro succession, but only the
upper part is well exposed with about 35m of gabbro overlying 20m of
ultramafic. Modal (and normative) plagioclase increases up the section

(Fig.2.4) indicating the body is the right way up.

Achmelvich: The Achmelvich body (Fig.2.3c) 1is very retrogressed. It 1is
folded around a north east trending fold (plunging gently to the SW)

which swings into the Canisp shear zone. The ultramafics have a fairly
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300m

FIG. 2.3 (e)

LOCH POLL

Sketch map of the Loch Poll body.

Key as in Fig. 2.3a, small b symbols
represent basic lenses not obviously
part of the layered complex, and thick

black lines are steep belts.
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uniform tremolite-chlorite-magnetite assemblage but traces of the original
layering can be seen on weathered surfaces (Fig.2.2b). The body is

truncated in the north by a shear =zone.

Culag: The Culag body (097209, Fig.2.3d) consists predominantly of
massive and layered ultramafics with minor amounts of gametiferous gabbro.

It is folded around a NW-trending synformal axis.

Loch Poll: The LochPoll body (107307) is up to 200m thick and crops
out between Loch Polland Loch an Fada (Fig.2.3e). It is predominantly a
well layered ultramafic (Fig.2.2a) with a subsidiary amount of garneti-
ferous gabbro. The body continues on the west side of Loch Poll for 500m

and small lenses can be traced south eastwards for up to 1km,

2.3. PETROGRAPHY
Ultramafics: The ultramafic rocks are medium to coarse grained amphibole
spinelIherzolites with wvariable amounts of olivine. They have an equi-

granular, granoblastic texture, typical of the granulite facies (Fig. 2.5a).

The mineral assemblage at all localities is:

opx — cpx - amph - ol - sp - magt

Orthopyroxene is mostabundant (up to 60%) , olivinereaches a maximum of
20%, but clinopyroxene and amphibole are of variable abundance and tend to
be complementary. Orthopyroxenes are aluminous bronzites (En™" ,

A&"0g up to 4.0 wt.%) and clinopyroxenes are aluminous diopsides (En""
Wo48_49, A&203 up to 4.5 wt.%). Amphiboles are pargasites (nomenclature

after Leake, 1978). Both pyroxenes contain profuse platelets of iron

oxide in grain cores and along grain boundaries (Fig.2.5a) which is



FIG. 2.5(a) Photomicrograph of an ultramafic (Wl, Drumbeg). Note the
granoblastic texture, the exsolution of opaque oxides along
grain boundaries and cleavage planes. Rounded cracked olivine
grains (left of picture) and composite spinel-magnetite

grains occur. Field of view 3.2mm.

FIG. 2.5(b) Garnet symplectite from an Fe-rich gabbro (W4,Drumbeg).
A large garnet porphyroblast is rimmed by plagioclase
which is in turn rimmed by orthopyroxene and opaque oxides

against clinopyroxene. Field of view 3.2mm.

FIG. 2.5(c) Small orthopyroxene grains against clinopyroxene in a Fe-
rich gabbro (W4, Drumbeg). The pyroxenes are partially
replaced by a thin rim of actinolite or cummingtonite.

Field of view 1.6mm.
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probably a retrogressive feature. Spinels are olive green to opaque
pleonastes forming rounded grains in association with magnetite, or more
rarely, small rounded grains included in orthopyroxene.

Ultramafics may be retrogressed to a tremolite-chlorite-magnetite-
anthophyllite assemblage adjacent to shear zones and Inverian folds and

to a chlorite-talc-dolomite assemblage in shear zones.

Gabbros : The gabbros are less uniform than the ultramafics and are
broadly divisible into two types; a more iron-rich type, such as at Drumbeg,
with a whole-rock mg number less than about 0.5, and a magnesium-rich type
such as at the base of the Achiltibuie body.

The Drumbeg gabbros are coarse to fine grained with an equigranular

granoblastic texture consisting of: plag - cpx - gt * opx - magt - ilmt =
sulp * green amphibole. They are characterised by two textural domains:
(a) a coarse granoblastic matrix of clinopyroxene with minor

plagioclase and large garnet porphyroblasts (on average 2.3mm, but may
be up to 0.5ml). The garnets may have inclusions of clinopyroxene and

more rarely plagioclase.

(b) garnet-breakdown areas, which consist of a fine grained
aggregate of orthopyroxene, plagioclase and opaque oxides. The garnets
have embayed edges with a "collar” of plagioclase, an outer rim of pink
orthopyroxene and ilmeno-magnetite against clinopyroxene (Fig.2.5b).

Orthopyroxene only occurs 1in garnet-breakdown areas.

The textural evidence suggests two periods of granulite facies
mineral growth, the earlier, , producing a dominantly garnet-
clinopyroxene assemblage with only minor plagioclase. The second, ,

caused partial breakdown of garnet. There was a subsequent growth of



60M garnet fringes around opaque oxides; this garnet being richer in
the almandine molecule than the porphyroblasts. In one iron-rich sample
from a thin gabbro band near Kykesku (220338) this feature is particularly
well developed (Fig.2.5f).

The Achiltibuie gabbros are similar to the above but have several

significant differences (Fig.2.4):

(a) they have abundant (up to 30% modal) browni»straw-yellow
pargasitic hornblende and no iron-titanium oxides, whilst at Drumbeg
they have up to 6% opaque oxides and no pargasite. This 1is interpreted
as being due to differing fg conditions during metamorphism rather
than during igneous fractionation because the whole-rock trends of the

two bodies are similar.

(b) Garnet 1is embayed against a radial rim of anorthite,
pargasite and orthopyroxene with an outer rim of orthopyroxene against
clinopyroxene (Fig.2.5d). In the most magnesian samples (e.g. W 34 B
Fig.2.5e) the garnet has been completely replaced by a symplectite of

orthopyroxene, pargasite and anorthite (An 95).

(c) There is similarly a medium to coarse grained matrix of
clinopyroxene which has 20y exsolution lamellae of orthopyroxene and
minor plagioclase. However in the most magnesian samples, there is
also polygonal pargasite and orthopyroxene in this matrix, but most of

the orthopyroxene is in the garnet-breakdown areas.

The earliest (M") assemblage in the most magnesian gabbros was:

cpx -gt - amph + opx; and in the others: cpx -gt + amph * plag.
The assemblage in all but the most magnesian gabbros was:
cpx -gt - amph - opx - plag. In the most mg-rich samples (as on

Scouriemore, Savage, 1979) garnet was no longer stable during conditions



FIG. 2.5(d) garnet symplectite from an Mg-rich gabbro (W32,
Achiltibuie). The large garnet porphyroblast is
rimmed by a corona of plagioclase, orthopyroxene
and pargasite against a rim of orthopyroxene which

is in turn rimmed by clinopyroxene. field of view-3.2mmi.

FIG.2.5(e) Symplectite of anorthite, pargasite and ortho-
pyroxene from a Mg-rich gabbro which is thought
to reflect the former presence of garnet. The
symplectite area has an outer rim of orthopyroxene

grains against clinopyroxene. Field of view-3.2mm.

FIG. 2.5(f) Opaque oxide rimmed by garnet from an Fe-rich

gabbroic band near Kylesku (230338). Field of view 3 .2imm






There is no conclusive evidence from either locality that the
conditions during the peak of metamorphism (M") were eclogitic, minor
amounts of plagioclase or amphibole were present in assemblages but
the majority of the plagioclase was consumed in garnet and clinopyroxene.

Fringes of blue/green actinolite and cummingtonite rim pyroxenes
in many samples and orthopyroxene is always the most altered (Fig.2.5c).
Biotite commonly fringes opaque oxides and in the most retrogressed
samples pyroxenes are rimmed by a green tschermakitic hornblende with tiny

quartz inclusions.

2.4. GARNET-BREAKDOWN REACTIONS

In this section, garnet decomposition reactions are described with
reference to the textural observations made previously. It is demonstrated
that these reactions are retrogressive and that they document part of the
slow uplift of the Lewisian complex from its inferred lower crustal position
at 2.9 by ago to eventual exposure at the earth’s surface about 1.0 by ago.

As mentioned above, it is believed that the earliest mineral
assemblage in the gabbros was dominated by clinopyroxene and garnet with
subsidiary amounts of plagioclase and amphibole. There are two types of
garnet decomposition reaction in these rocks, but a third type in which
spinel is a breakdown product is reported from Scourie (O'Hara and Yarwood,

1978; Savage, 1979; Savage and Sills, 1980).

(a) Iron-rich gabbros e.g. Drumbeg. The type of corona seen at
Drumbeg (Fig.2.5b) has been interpreted (O’Hara, 196la; O’Hara and Yarwood,
1978) as resulting from the exsolution of excess jadeite, Ca-tschermak's
molecule, hypersthene and Fe-Ti oxide from an original high temperature
pyroxene during slow cooling. However this hypothesis does not account

for the bulk of the plagioclase and all the orthopyroxene occurring



adjacent to garnet, nor for the fact that large areas of mono-mineralic
clinopyroxene occur without plagioclase or orthopyroxene. The textural
evidence suggests a reaction between garnet and clinopyroxene; a coupled

reaction would be:

Ca(Fe, Mgj”AlgSigO~~ + NaAlSi~0~ + SFeSiO, + gO* + CaAl”~Sio"
garnet jadeite ferrosilite Ca-tschermak
(Fe, MgjSigO” + Fe”0” + 2CaAl2SI20g+ NaAlSi~Og

hypersthene magnetite anorthite albite (1)

The plagioclase in the "collars" is about An®" but is more variable
(An™" in the matrix. There is no detectable zoning in any of the

mafic minerals.

(o) At Achiltibuie the earliest assemblage was again dominated
by garnet and clinopyroxene, but some amphibole was also present.
Amphibole, plagioclase and orthopyroxeneall occur in twotextural areas,
the garnet-breakdown areas and the dominantly clinopyroxenematrix. The
composition of the two types of orthopyroxene is very similar, but the
symplectite orthopyroxene tends to have less Al"0" , although Al"O"
contents are rather variable. Symplectite plagioclase is always richer
in the anorthite molecule than the matrix plagioclase; the former ranges
from An95 at the base of the body to An;6 at the top, whilst the
latter ranges from An”" to An"®" and may be strongly reversed zoned.
The pargasites are typical of the granulite facies (Binns, 1965) with
up to 4.0 wt & TiO® and up to 2.0 wt $ K"O . Symplectite amphiboles
have a slightly lower FeO <content, which is balanced by an increase in
Al"" rather than by MgO ; this is thought (Binns, 1965) to reflect
decreasing metamorphic grade.

A coupled garnet-clinopyroxene reaction to produce these coronas
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would be:

2Ca(Mq, Fe)Si 0 + 2Ca (Mg, Fe) Al Si O + H O +Na" + k"
26 0.5 ~2.5 2 3 12 2

clinopyroxene garnet
- (Mg, Fe)”3i®0" + (Na, K)Ca” (Mg, Fe)”Si”Al"O0""(OH)”" + CaAl”Si”Og (2)
orthopyroxene pargasite anorthite

The Na for tliealbite component of the plagioclase and a little Al for
the pargasite has come from the jadeite molecule in the clinopyroxene in
an analogous way to equation (1). Most grains show negligible zoning
except for the symplectite plagioclase which may be richer in the
anorthite molecule (2-3 $An) adjacent to the garnet.

It is apparent from the geometry of the coronas that nucléation
and growth of the various phases were not random. For example, plagioclase
rims garnet, whilst hypersthene and magnetite nucleate against clino-
pyroxene. This arrangement may be controlled by slow outward diffusion
of aluminium from garnet to nucleating plagioclase. Some authors have
suggested that diffusion of aluminium is much slower than that of other
major silicate components and have noted the effect that this has on
textures (Carmichael, 1969 ; Anderson and Buckley, 1973; Loomis, 1975,
1977) . The exsolution of ferrosilite from clinopyroxene may also help
nucleate hypersthene against clinopyroxene. Indeed O'Hara (196la) has
described mafic granulites from the Scourie district where hypersthene
lamellae within the clinopyroxenes merge into the hypersthene grains
associated with the coronas. It may be assumed therefore that corona
geometry was controlled by a combination of slow intergranular diffusion
of Al Dbetween garnet and plagioclase and preferential nucléation of
orthopyroxene against clinopyroxene.

Intergranular diffusion in garnet may also have been important
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as the rate-determining step in the kinetics of the coupled garnet-
clinopyroxene reaction. Loomis (1977) suggested that this process is
rate limiting in the eclogite-garnet granulite-gabbro retrogression.

This may be expressed in chemical disequilibrium, such as zoning, in the
garnet; zoning has not been observed in the Scourie samples, and may have
been obliterated by high temperature metamorphism (T > 700°C) and slow
cooling (cf. Yardley, 1977) despite diffusion in garnet being the rate
limiting step. It is unlikely that diffusion in clinopyroxene would
have been rate limiting as this process is believed to be relatively

fast (Loomis, 1977; Fraser and Lawless, 1978). It is possible that
armouring of garnet and clinopyroxene by plagioclase and hypersthene was
important, hindering intergranular diffusion of components, and one would
expect growth of the corona to reach a particular size aridno more,

beyond which reaction would be prohibitively slow.

2.5. MINERAL CHEMISTRY

All analyses were obtained from a Cambridge Instruments Microsan V
electron probe at the University of Leicester. For full analytical
details see Appendix A. Brief descriptions of the main features of the

mineral chemistry follow.

Orthopyroxene. Representative analyses are given in Tables 2.1 and 2.2

and average compositions for each sample are plotted in the pyroxene
quadrilateral (Fig.2.6a). All points plot near the enstatite-ferrosilite
join; in the wultramafics they are aluminous bronzites (mg about 0.8) and in
the gabbros they are aluminous hypersthene (mg 0.62 - 0.69). Calcium
contents are low, typically less than 0.5 wt%, and lie in the range for

metamorphic pyroxenes (Windley and Smith, 1974), as do the Mn and Cr



cpx
Siog 50.78
TiOg 0.49
AlgOg 4.51
Ffto 4.21
Vaio 0.17
NiO 0.04
MgO 15.11
Cao 25.67
Na“~0 0.28
Kgo 0.00
CTgOo” 0.18
TOTAL  99*44
No of 6
oxygens

Si 1.877
a1 0.125
AT 0.075
Ti 0.015
Cr 0.005
Fe 0.150
Mh 0.005
$ 0.852
Ca 0.957
Na 0.020
K

Table 2.1

opx

55.41
0.08
5.57
10.08
0.25
nd
50.27
0,54
0.00
0.00
0.08

99.96

1.956
0.064
0.077
0.002
0.005
0.298
0.008
1.575
0.019

amph

42 .46
1.55
11.47
6.60
0.08
nd
16.68
12.29
2.56
0.64
0.52

96.70

25

.184
.816
.495
.168
.056
.804
.010
.621
.918

o O Kr O

.724
.124

©O O B U O O B

ol sp
/1Q.52 0.00
0.00 0.00
0.00 58.58
14.64 18.56
nd 0.03
0.51I 0.41
44 .55 16.44
0.00 0.00
nd nd
nd nd
nd 5.56
100 .20 99.5s
4 4
1.015 -
1.857
0.115

n.504 0.415

0.001

1.655 0.652

14

Representative mineral analyses from layered

amph-

ultramafics. Abbreviations are as follows:
cpx- clinopyroxene, opx - orthopyroxene,
amphibole, ol - olivine, sp - spinel.



W5
cpx
Sio” 49.23
TiOg 0.85
Algo, 5.24
Cr,03 0.04
FeO 9.44
MnO 0.09
MgO 12.27
Cao 21.66
Na O 0.68
0.00
TOTAL 99%48
Si 1.858
A1 0.142
a1 0.091
Cr 0.001
Ti 0.024
Fe 0.298
Mn 0.005
Mg 0.690
Ca 0.877
Na 0.050
Table 2.2

49.07 5
0.77

6.55

10.11
0.16
11.46 1

0.75

99.78 10

1.844
0.156 -

0.155
0.000
0.022
0.51I8
0.005
0.642
0.844
0.055

Representative pyroxene analyses from Drumbeg and

Achiltibuie gabbros.

O O O O O O O o o -~

1.19
.55
.13
.11

.31
.15

O 44 O &» O

3.78
2.55

0.01

.899
.101

.C00
.004
.010

N
N
o]

.004
.762
.896

.053

W36
cpx

51.00

.35
.24
.14
.84
.19
13.22
22.50

©O 0 O Ww o

99.89

I.908
0.092
0.051
n.004
0.010
0.277
0.006
0.743
0.894
0.048

W5
opx

51.45

21.61

22.72

0.00
0.00

99.91

1.910
0.090
0.052
0.001
0.005
0.673
0.006

1.257
0.021

W54b
opx

82.11

3.31
0.10

19.41

24.45

0.51
0.02

100.25

1.909
0.091
0.052
0.005
0.002
0.595
0.008

1.335
0.020

V/56
Opx
51.09

0.11
2.21
0.08
24.02
0.37
21.75

0.47
0.01

0.00

100.11

1.920
0.080
0.018
0.002
0.005
0.755
0.012
1.219
0.019

Sample numbers W4 ,W5 7 are

from Drumbeg and numbers Ii34b and W36 are from

Achiltibuie.

715
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FIG. 2.6 (a) Pyroxene quadrilateral, key as in (b). The trends for
Skaer”aard and Bushveld are from Wager and Brown (1967) and
the trend for the Jinberlana dyke is from Campbell (1977)%*
(b) Garnet triangle for granulite facies garnets compared with
the late fringes rimming opaque oxides and an amphibolite
facies garnet (Gorm Loch). Alm-almandine, Py-pyrope,

Gr- grossular
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contents. Manganese contents are very low as Mn 1s preferentially
partitioned into garnet, but in garnet-free samples the Mn content is
significantly higher (see Fig.2.7). Al1”0” contents are moderate
(about 3.5 wt%) in the ultramafics and Drumbeg gabbros, but range from
1.75 to 3.5wt% in the Achiltibuie gabbros where orthopyroxene is in
equilibrium with an aluminous amphibole (Fig.2.8). These Al"O0"
contents are fairly typical for granulite facies pyroxenes. Chrome
contents of the pyroxenes from the Drumbeg gabbros are below the minimum
detection 1limit but are slightly higher (0.08 to 0.12 wt % Cr”0”) in the

Achiltibuie gabbros where there is no coexisting oxide phase.

Clinopyroxene. Representative analyses are given in Tables 2.1 and 2.2
and plotted in Fig.2.6a. Pyroxenes from the ultramafics are aluminous
diopsides with less than 0.4 wt % TiO;, low alkalis and moderate A1203
(about 4.5 wt%) . The gabbroic clinopyroxenes are aluminous salites with
up to 6.5 wt $ A1"Og in the Drumbeg gabbros and 3-4 wt % A1"O0" in the
Achiltibuie gabbros. Where tschermakitic rims are well developed

(as in sample W 13 from Drumbeg) the Al”0" contents of the clinopyroxene
is reduced (Fig.2.8). Mn and Cr contents are similar to those
described for orthopyroxene (Fig.2.7), mg numbers are in a similar range
but are slightly higher which is consistent with crystal field theory.

A comparison with trends from un-metamorphosed layered basic
intrusions is shown in Fig.2.6a. Although this diagram reveals the broad
similarity of iron-enrichment trends for the pyroxenes in the intrusions,
it highlights the calcium-rich nature of the clinopyroxenes and the

calcium-poor nature of the orthopyroxenes from the Lewisian compared with

the un-metamorphosed intrusions.
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Garnets : Average analyses for each sample are plotted in Fig.2.6b and
presented in Table 2.3. All garnets are pyrope-almandine solid
solutions with a constant grossular content (15-20%) ; the percentage
of all other end members is low. They plot towards the high pressure
end of the granulite field of Chappell and White (1970). The garnets
are often 1cm or more across but no detectable zoning has been
observed. 60 u garnet fringes which occasionally rim opaque oxides

are richer in almandine.

Amphibole: Representative analyses are shown in Table 2.1 and 2.4 and
plotted in Fig.2.9. Amphiboles from ultramafics are pargasite and
those from gabbros are ferroan pargasitic hornblende (nomenclature after
Leake, 1978); mg 1is about 0.82 in the ultramafics and ranges from
0.60 to 0.70 in the Achiltibuie gabbros. There 1is a strong negative
correlation between Mg and Fe and a weak negative correlation between
Na and K . At Achiltibuie total Na + K increases up the strati-
graphie section balanced by a decrease in Al*" + Ti , and there is a
slight negative correlation between Al*"" and Ti . The Achiltibuie
gabbroic amphiboles have up to 0.5 wt% Cr”0” which is greater than the
content for ultramafic amphiboles where Cr 1is partitioned into a
coexisting spinel phase. Fluorine and chlorine were both below the

MDL of the electronmicroprobe.

Olivine : All olivines plot in the range Fo™" (Fig.2, 6a) and have

about 0.5wt% NiO . No other element was above MDL

Oxides : As mentioned previously, the ultramafics contain composite
spinel-magnetite grains. The spinels fall mid-way along the spinel-

o)

hercynite join and have up to 7mol $ chromite and 5mol $ magnetite in



SioOg
TiOg
Al”O

FeO
LnO
MgO

CaO

TOTAL

uv

19
sp
er

aim

TABLE

32
®)

40.24
0.04

22.13
0.22
21.55
0.89
10.10

6.35

101.52

0.66

38.23
1.91
16.61

42.59

6.015
3.899
0.004
2.694
0.113
2.250
1.017
0.026

V34b
)

40.03
0.07
22.09
0.18
21.58
0.82
10.01
6.36

101.14

0.54
38.00
1.77
16.81
42.88

cations

6.008
3.908
0.008
2.709
0.104
2.239
1.023
0.021

39.65
0.04
22.38
0.22
22.29
0.94

9.93
6.38

101.73

0.66
36.96
2.01
16.58
43.79

on the

5.943
3.954
0.005
2.794
0.119
2.196
1.025
0.026

100.87

0.28
30.69
2.19
17.53
49.32

basis

5.938
3.953
0.008
3.154
0.130
1.822

1.057
0.011

w37
@)

39.17
0.07

21.90
0.11

24.12
0.78
8.56
6.56

101.27

0.34
32.84
1.70
17.76
47.36

of 24

5.953
3.923
0.008
3.066
0.100
1.939
1.069
0.013

\74
@8)

40.15
0.12
21.71
0.03
23.85
0.54
8.73
6.65

101.78

0.09
33.87
1.19
18.45
46.39

oxygens

6.043
3.852
0.014
3.003
0.069
1.959
1.073
0.004

w5
@)

39.46
0.10
22.08
0.03
23.75
0.68
8.38
6.57

101.05

31.97

17.93
48.54

5.990
3.950
0.011

3.015
0.087
1.896
1.069
0.004

(7)

38.67

25.60
1.21

20.21

52.88

5.992
3.960
0.013
3.243
0.072
1.522
1.207
0.004

81

w4
(1)

38.25
0.03
21,85
0.02
27.47
0.64
9.45
6.05

100.3

0.06
21.22
1.42
18.55
58.74

5.962
4.111
0.003
3.580
0.082
1.266
1.112
0.002

2*5 Average garnet analyses for each of the Drunbeg and Achiltibuie

included in average

samples. Number of analyses
parentheses. Abbreviations are as follows:
pyrope, sp - spessartine, gr - gro

ssular,

uv- uvarovite,

aim - almandine.

is shown in

Py -



Siog
TiOg
ATI203
FeO

Cao
Na O
K30
Cr~0o”*

TOTAL

mg

Si
A1
A1
Ti
Fe

Cr
Ca

Na

TABLE 2.4*

Cations are calculated on the basis of 23 oxygens in the water free

t/32

42.

14.
11.

13.
11.

51
.47
45
47
.09
48
59
.67
.31
.32

98.36

6.
1.
0.

o N O B

0.

.67

184
816
661

.161
.400
.013

.923
.036

.807
.784

057

formula.

grains,

v/3R

43.00
1.48

98.40

6.198
1.802
0.741
0.147
1.265
0.007
2.892
0.066
1.828
0.716
0.062

7/34b

41.

14.
11.

13.
11.

97.

39

27

.66

6.123
1.877
0.591
0.213
1.446
0.014
2.880
0.030
1.847
0.683
0-113

v34b

41.99

14.89
10.56

13.17
11.94

97.50

6.148
1.855
.713
.195
.291
.007
874
.035
.872
.652
.096

4 O N O B O O

o O

40.71

14.20

12.34

12.67
11.72

97.55

6.048
1.952
0.534
0.223
1.533
0.015
2.806
0.039
1.866
0.715
0.187

15.03
11.75

12.22
11.91

97.22

.041
.959
.674
.189
.460
.014

.707
.056

O N O p O O KB o

—_

.897
0.630
0.232

97.30

o)

.111
.885
.526
.330
.621
.010
.494
.033
.880
.538
.361

- O N O B O O -

o O

97.74

6.188
1.812
0.563
0.335
1.416
0.006
2.608
0.040
1.874
0.471

0.382

40.95

13.80
12.51

11.52
11.75

97.69

6.105
1.895
0.499
0.357
1.554
0.009
2.542
0.031
L. 886
0.586
0.271

Amphibole analyses from each of the Achiltibuie gabbros.

is the ratio Mg /(fig + Fe + Mn).

b refers to symplectite grains.

a refers to polygonal
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FIG. 2.9 Plot of amphiboles after fig.60 of Deer et al. (1966).
Cations are calculated on the basis of 23 oxygens in the water
free formula. The open circles are retrogressive amphiboles rimming

pyroxenes in the Drumbeg gabbros.
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solid solution. The coexisting magnetites have up to 5mol $ chromite
and very little spinel. These grains finally equilibrated at very low
temperatures (400 - 450°C) but to rehomogenize them would require temper-
atures in the order of 860° (Turnock and Eugster, 1962). In the
Drumbeg gabbros magnetite and ilmenite occasionally occur as composite
grains. The R"0" component of ilmenite and the TiO” content of co-
existing magnetite are extremely low indicating final equilibration at
temperatures of about 300 - 350°C (Buddington and Lindsley, 1964) ,

MnO and MgO contents of ilmenite arjs antipathetic, neither being greater

than 1lwt%. The chrome content of ilmenite is below MDL Dbut there is
up to 1lwt% Cr”Og in magnetite. Rare sulphide grains are pyrite with

very low Ni and Co contents.

2.6. TEMPERATURE AND PRESSURE OF METAMORPHISM

It is intended in this section to provide some estimate of the

physical conditions of granulite facies metamorphism of these rocks.

Although two-pyroxene and pyroxene-garnet geothermometry and geobarometry

are fraught with problems (O'Hara, 1977; O'Hara and Yarwood, 1978;

Rollinson, 1978; Fraser and Lawless, 1978) it has been possible to re-

construct a reasonably self-consistent P-T grid using published mineral

geothermometers and geobarameters (Fig.2.10) . One of the main diffi-

culties, apart from imprecise thermodynamic data and mixing models, is the

problem of blocking temperatures, i.e. different mineral pairs close at

different temperatures. This was outlined by Fraser and Lawless (1978)

who state that Al-exchange between garnet and orthopyroxene stops at a

higher temperature than Fe-Mg exchange between the two pyroxenes. The

evidence for construction of the model presented in Fig.2.10 is discussed

below.

It will be demonstrated in Chapter 3 (and in Sills et al. in

prep) that a study of the whole-rock chemistry of the layered ultramafic-
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is from : Green and Ring”vood (1967 )» Green and Ilibberson
(1970), O'Hara et al. (1971) and Herzberg (1975). The P-T
estimate for the Scourie dykes is taken from the data of

O'Hara (1961b).
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gabbro bodies suggests that the precursor igneous assemblage included
two pyroxenes and olivine but no garnet. The large amounts of meta-
mo rphic garnet must either have formed from a reaction between olivine
and plagioclase (as suggested by Wood, 1975) or from a reverse of the
garnet-breakdown reactions. There could not have been enough igneous
olivine in the gabbros for the first possibility, so presumably garnet
formed from pyroxene and plagioclase reactions. For this to occur the
igneous crystallisation pressure was increased to a metamorphic pressure,
perhaps due to burial in a magmatically thickened crust as suggested by
Wells (1980).

The earliest mineral assemblage (M*"" has been inferred from
textural evidence, but the present mineralogy is of little use in quantita-
tively estimating the P-T conditions of ; nevertheless certain
constraints may be placed upon these conditions. These conditions

suggest 12-15 kb total pressure and a temperature of about 1000°C + 100°C.

The , P-T estimate 1is based on mineral geothermeters and barometers
(Fig.2.10) . Slightly higher pressures and temperatures than those
obtained for are needed to account for the exsolution of orthopyroxene

and minor plagioclase from clinopyroxene and for the garnet-breakdown
reactions, which involve exsolution of ca-tschermak’s molecule and jadeite
from clinopyroxene. This places to the right of in Fig.2.10.
The plagioclase-free ultramafics show no evidence of having been garneti-
ferous, thus restricting pressures to a maximum of 18 kb (O'Hara et al.,
1971) . The low mg gabbros show no evidence that plagioclase was

totally consumed in clinopyroxene and garnet (i.e. eclogite), although

plagioclase content was probably quite low. This 1limits pressure to appro-
ximately 16 kb (Green and Ringwood, 1967). However the high mg gabbros
at Achiltibuie, which have no plagioclase, contain pargasite

which formed partially at the expense of plagioclase; this means that the
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pressure could have been lower than this 16 kb limit. The tonalitic
gneisses were never garnetiferous limiting pressure to a maximum of

13 + 2 kb (Wood, 1975). No evidence for large scale partial melting
has been observed; this limits temperature to a maximum of 1150 to 1200°C
(Green and Ringwood, 1967).

Temperatures for the formation of Mg assemblages were derived
by the methods of Wood and Banno (1973), Wells (1977), Nehru and Wyllie
(1974), Dbindsley and Dixon (1976), Powell (1978), Raheim and Green (1974),
Ganguly (1979), Ellis and Green (1979), and Danckwerth and Newton (1978).
These two-pyroxene garnet methods concern only the exsolved clinopyroxene
host, because it is intended to estimate the temperature after exsolution
of orthopyroxene lamellae, due to changes in P-T from to .

The empirical geothermometer based on the reaction

««2 8S"2 «b6= "*2 Si, «6

cpx opx

of Wood and Banno (1973) and Wells (1977) gives values ranging from 750°
to 940°C (Table 2,5). The experimental calibrations of Nehru and

Wyllie (1974) and Lindsley and Dixon (1976) give much lower values (see

Table 2.5). The equation
CaMgsi”*o~ + Mg”~sSi~0O”* = CaMgSi~O* + Mg”*sSi*o*
cpx opx opx cpx

calibrated by Powell (1978) gives temperatures in the range 700 - 800°C.
The iron-exchange reaction between garnet and clinopyroxene was calibrated
experimentally by Raheim and Green (1974) and their 30 kb data have been
extended to lower pressures as suggested by Wood (1977). The k* is
almost independent of pressure in this temperature range and values range

from 750° - 850°C. Wood (1977) and Ganguly (1979) have shown that non-



81

g offrE R
ROReg H
Q&E 08
S Bio of
8 Wb A

BoLHB

8 o e

=] oO »G

ESE0e

viD C.U
Jobosds

b Thétes

AEAB AT & &

B

oo0 Nooollooq

K oF Soov oo HU o OF ooNF 008 Soomgloo< O
* B O © 0@ 00 5XC0NEO KOTOO0ER © WO ONFOEO

FBEooch © S o OwW Gibs 1o Q¥ 2B Moo

@ UFeReH oo omoo & ©©UX8»AU@HH_Q_%8818©A 8 8f o o¢ Hoo
QIBR i Fo0 OFodofy ABR OFEE 0

Jgo o

B,
b
B
3
&6ch
LBA
B8
0
o

Qi8

ofi B

{BH
@0 ¥
@y

OIBH EH Y8 BT ©

O

Qoo EOOX00 <FONQ Uiy OAFOD 000 BooMdeeoeE
@&@m&én@@ﬁ@r@@aGM%@»ﬂfO@t@uﬂ@@@g@@@Aa@»@@@snﬂ.@ﬁAm

824, ok

&8 8%

B gk

8RA R

) 18R

B Bk

854

86 &R

86" A8 ofi4 oo

s Eo B

gsofalb e 23]

< BEHB U o fo

86: OFE  QuEr

vom @ VOXIg ¥ OTHH
Mo o HHoAR SFo il

LR
B8R

R
ale
oTie)

8Y
®

B
80
88

2
8
28

08
)

=1
BLd

Wis

0
558
808
8
%6
858

o€B
58

48
818
8



iaeal mixing in Ca-Mg garnets leads to a considerable error. The method
of Ganguly (1979) vyields temperatures about 150°C higher than those quoted
above. Ellis and Green (1979) have experimentally recalibrated the
original Raheim and Green (1974) equation to account for this non-ideality.
Their equation yields temperatures in the range 780° to 870°C which is
consistent with the two-pyroxene temperatures. Correction for
(calculated stoichiometrically) lowers the temperatures by up to about 60°C

Aluminous enstatite co-existing with spinel is a potentially useful
geothermometer (Obata, 1976; Danckwerth and Newton, 1978) . Using the
experimental data of Danckwerth and Newton (1978) and assuming ideal mixing
in spinel and olivine, temperatures again fall in the range 790°C to 940°C
for pressures of 8 -15 kb. The spinel-olivine geothermometer of Roedder
et al. (1979) gives temperatures about 800°C.

Pressure has been derived from the geobarometer of Wood (1974)
which depends on the alumina content of orthopyroxene co-existing with
garnet. Values range from 4.6 to 18.5 kb (Table 2.5). This large range

is due to:

(a) depends critically on the correct estimation of the

Fe”* content of the orthopyroxene.

(b) The reaction is strongly temperature dependent at these

low pressures.

(c) re-equilibration of the alumina distribution between
mineral pairs (e.g. orthopyroxene and amphibole) during

uplift and cooling.

Low pressures are derived from coarse, well crystallized
orthopyroxenes. However the orthopyroxenes most likely to be in Al-
exchange equilibrium with the garnet are those from the garnet-breakdown

symplectites and these yield higher pressures, 9-15 kb on average for

89
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the temperature range 800 - 900°C.

The best estimate of the P-T conditions for the metamor-
phism is taken as the area outlined by the overlap of the garnet-pyroxene
and two pyroxene temperatures and the pressures derived from the Wood
(1974) geobarometer. These conditions are approximately 800 - 900°C and
10 - 14 kb . This is comparable with other estimates for the Scourian
granulite facies metamorphism (Wood, 1975; Rollinson, 1978; Rollinson,
1980, see Table 2.6) but considerably lower than the estimate of O ’Hara
and Yarwood (1978) and Barnicoat and O'’Hara (1979). The former is
partially based on an alternative interpretation of the garnet-breakdown
textures as previously discussed. The temperature of 1000°C obtained
by Barnicort and O'Hara (1979) from pyroxenes in a meta-ironstone could be
correlated with the temperature derived in this study. The
pressure and temperature are thought to represent the peak of metamorphism.
Uplift of the Lewisian complex caused the garnet-clinopyroxene pairs to
become unstable and the reaction coronas developed producing the
assemblages. Fe-Mg exchange between co-existing orthopyroxene, clino-
pyroxene and garnet ceased at about 800 - 900°C , which is the temperature
quoted by some authors (Wood, 1975; Rollinson, 1980) for the peak of
metamorphism.

This temperature is slightly greater than the 800°C obtained
by Wells (1979) for the Buksefjorden area of S.W. Greenland (with 10.5 kb
pressure) . It is believed that the Scourian represents a slightly
lower structural level than that part of S.W, Greenland which is transitional
between the granulite and amphibolite facies.

Minor regrowth of a more almandine-rich garnet has occurred around
opaque oxide grains, .This does not require any major thermal event and
the temperature required to stabilise this iron-rich garnet could lie on

a slope between the P-T for M" assemblages and the intrusion of the
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AUTHORS PRSS3URE (kb) TSTERATURE (°C)

This work Lewisian 12-15 1000- 100

This work Lewisian (M%) 9-14 800-900

O'Hara & Yarwood Scourie 15- 5 1150- 100

(1978)

Wood (1975) S.Harris 10-13 800-860

Rollinson Scourie 830-890
L9go)

Weaver et al. S.India 9-10 720-840
(1978)

Wells (1979) Bukjesfjorden 10.5 810

S.W. Greenland

Hensen & Green Various 8-9 800-930
(1973) (gt-cord pairs)
Table 2.6 Various estimates of P - T conditions for granulite facies

metai-orphism.



Scourie dykes (Fig.2.10). However some extra energy source may be
required to nucleate this garnet. The composition of the garnet and
clinopyroxene in the rocks yield temperatures in the range 650 - 700°C
(Raheim and Green, 1974), but the garnet is not in textural equilibrium
with the clinopyroxene. However iron-rich garnets are stabilised at
lower temperatures than Mg-rich garnets (Green and Ringwood, 1967).

This garnet regrowth could be correlated with the Inverian retrogression

or may be due solely to uplift.

2.6.1. Sensitivity of the Temperatures on Fe/Mg ratios

All mafic phases in the gabbros at Achiltibuie show decreasing
mg up the stratigraphie section (Table 2.7, Chapter 3), so the tempera-
tures generated by the various models were compared to see if there was
any systematic changes correlated with Fe/Mg ratios and if any method was
more sensitive than another. The data are presented in Table 2.7.
There 1is no systematic variation and the range for each method is mostly

within the estimated errors of + 30 -50°C

2.6.2. Estimation of water vapour pressure

Calculation of water vapour pressure during granulite facies
metamorphism can be made by extending the simple amphibole component
equilibria into more complex systems involving natural hornblendes
(Wells, 1976, 1979), but there is considerableuncertainty due to the
large differences in composition between tremolite andpargasitic horn-
blendes. Two further constraints can be placed on during

granulite facies metamorphism:

(a) the experimentally determined breakdown of Mg-hornbTende

(Choudari and Winckler, 1967, Wells, 1979).
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(o) for the estimated P-T of 10 - 14 kb and 800 - 900°C for the
Lewisian, under conditions of POZH-: Paﬁ? ths quartzo feldspathic gneisses
would have been largely molten at temperatures which are substantially
above the experimentally determined H”O-saturated solidus (Winckler,
1976) . Pﬁ2ﬁ_must have been less than Pﬁ%ﬂ as there is no evidence for
widespread partial melting coeval with granulite facies metamorphism.
Limits can be placed on by assuming that the gneisses were on the
point of melting which constrains P Q values to between 0.35 % 0.15
at 9 - 12 kb total pressure (Wells, 1979).

It is possible to estimate P o from equilibria involving a

fluid phase, if the relevant thermodynamic data are available, using the

standard relationship:

AHY, 7 - T A 2,8.s0lids = - KT1"K.

(Wood and Fraser, 1976)

If the reaction involves a fluid phase, this can be rearranged to give

the following relationship:

(P-1)AV;,298.s0lids-
dn af =1 - .
@ ™ 1,7 In Koo 1iks

A

where a is the activity of the fluid phase (Wells, 1976).

A

Assuming the fluid phase is an ideal mixture, a is given by the product
of its partial pressure and its fugacity coefficient (data from Burnham et

al., 1969). The following equilibria can be considered:
Ca2Mg”~Sig022(0H)2 # 2CaMgSi20g + 3MgSi03 + SiOg + H”*O
(Wells, 1976)

and

2 cpx + 2 gt + HO r opx + anorthite + pargasite

(reaction 2, above)

The first of these equilibria is not really relevant to the Lewisian mafic
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rocks because they do not contain quartz, but the mineral compositions
yield a P of about 2.5 kb which is in the same range as that obtained
by Wells (1976) for S.W. Greenland. The second reaction, the garnet-
breakdown reaction for the Achiltibuie gabbros, yields very low values
of < 0.1 . The activities of the Mg-component in the
amphiboles and pyroxenes were estimated using an ideal mixing on sites
model, the activity of the mg-garnet component was calculated using the
data of Wood (1977) and the activity of the anorthite component was
estimated using the data of Orville (1972). The thermodynamic data
were taken from Robie et al. (1978) and Ilelgeson et al. (1978).

These data combined with the discussion of Wells (1979) limits

the Pjj"Q0 to approximately 0.1 - 0.4 P"oJ during granulite facies metamor-
phism. The other fluid components were probably dominated by CO"
CONCLUSIONS

The original mafic-ultramafic bodies were subject to high pressure
granulite facies metamorphism at pressures of 10 - 14 kb and temperatures
of about 1000°C. This represents the peak of metamorphism. Trace
element and rare-earth geochemistry suggests that garnet was not involved
in the precursor igneous assemblages (Sills et al. in prep), thus implying
burial of the bodies to conditions. This burial could be due to an
overaccreting magmatically thickened crust (Wells, 1979, 1980) which
would also provide a source for the high temperatures. The coronas
around garnet are retrogessive in origin, and their development is thought
to be due to almost isothermal uplift of the Scourian complex after the
peak of metamorphism. This 1is compatible with rapid uplift erosion shortly
after this peak (England and Richardson, 1977). The Fe-Mg exchange
reactions in pyroxenes and garnets "closed" at about 800 - 900°C but the

oxide minerals continued to re-equilibrate to much lower temperatures
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(Rollinson, 1980). The gneisses were held at these elevated temperatures
(>700°C) for a considerable period of time to obliterate any zonation in
the mineral compositions.

Garnet stability during metamorphism was strongly dependent on the
whole rock FeO/(FeO + MgO) ratio of the sample concerned. A value of

0.5 seems to be the lowest value for which garnet was stable, as the low
FeO/”e0 + MgO) ultramafic granulites show no evidence of ever having been
garnetiferous. All other samples, with ratios between 0.3 and 0.6 ,
contained garnet at the peak of metamorphism. During uplift, in samples
with a ratio of about 0.3 to 0.4 , garnet broke down completely to
spinel + opx + plag symplectites. (O'Hara and Yarwood, 1978; Savage, 1979;
Savage and Sills, 1980) In the more iron-rich mafic granulites garnet
was stable throughout although partial breakdown of the garnets occurred
(reactions 1 and 2).

The rate of garnet corrosion was probably controlled by intra-
granular diffusion in garnet, although some armouring of reactant garnet
and clinopyroxene by product orthopyroxene, plagioclase and iron-oxides
may have been important. The geometry of the coronas is probably a
function of the slow diffusion of aluminium.

The garnet granulites studied show evidence of the mineral assemb-
lages and reactions typical of the gabbro-eclogite transition (Green and
Ringwood, 1967). Although similar examples are well documented from
Phanerozoic suites, high pressure metamorphism of this type is the excep-
tion rather than the rule in Archaean metamorphic terrains. Indeed the
absence of high pressure rocks such as eclogites and blueschists from the
Archaean has been cited as direct evidence of a fundamental difference in
tectonic processes and mechanisms of crustal growth during this period
from later geological times (Green, 1975; Lambert, 1976). One suggested

cause for this absence is the possible higher geothermal gradient in the



91

Archaean and the predicted instability of eclogite (Green, 1975; Fyfe,
1978) . Estimates of pressure suggest depths of burial of 35 -45 km at
the peak of metamorphism. Geophysical data suggests a modern crustal
thickness of 25 - 30 km wunder north-west Scotland, Lewisian tv-pe granu-
lites extending to the crust mantle boundary (Bamford and Prodehl, 1977).
If there has been no subsequent underplating this implies crustal
thicknesses in the late Archaean of 60 - 75 km . As metamorphic isograds
in the Lewisian are almost horizontal, this implies that mafic rocks in
the region at 6 km depth at present would presumably have crystallized
as eclogites if there had been no underplating (Fig.5).

For the Lewisian, at least, these conclusions question the
assumption of a universally "thin" Archaean crust and concomitant concep-
tions of Archaean geological processes (Glikson, 1971, Fyfe, 1973, 1978;
Kroner, 1977; Taylor and McLennan, 1979). Quite clearly, this particular
segment of the Archaean crust shows many features attributable to growth
by protoplate tectonic processes and is consistent with the suggestion
(Windley and Smith, 1976) that Archaean high-grade terrains represent
equivalents of deep levels in destructive plate boundaries.

It is becoming apparent that garnet metabasic rocks are a common
component of the lower continental crust. These rocks are a common,
but minor component of Archaean high-grade gneiss terrains which are
thought to represent deep levels of the Archaean continental crust.
Nodules of garnetiferous metabasic rocks (thought to be derived from the
lower continental crust) in volcanic ejecta in the Eifel region of
Germany show remarkable similarities to the Lewisian rocks described here
(Okrusch et al., 1979). Garnetiferous metagabbro also forms a signifi-
cant proportion of the Ivrea-Verbano zone, N. Italy, which is also a

section of the Palaeozoic lower crust (e.g. Rivalenti et al.,1975).



CHAPTER 3

PETROGENESIS OF LAYERED ULTRAMAFIC

GABBRO BODIES
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5.1. INTRODUCTION

Remnants of layered igneous complexes occur in many high grade
granulite gneiss terrains (Windley, 1977 pp.9-12). They typically
form layers, lenses or pods up to 1km thick, conformably bounded by
gneisses, metavolcanic amphibolites or metasediments and were subject to
the same intense deformation and high amphibolite to granulite grade

metamorphism as their host rocks. There are broadly two types:

(1) Those composed dominantly of anorthosite and leucogabbro
such as the Fiskenaesset complex, W.Greenland (Windley et al., 1973;
Myers, 1976; Weaver et al. in press), the Sittampundi complex, S.India
(Janardhan and Leake, 1975), the Messina complex in the Limpopo belt of
Southern Africa (Hor et al., 1975; Barton et al., 1979), and the Rodil

complex, S.Harris, Outer Hebrides, Scotland (Dearnley, 1963; Wittey, 1975)

(2) A lesser known group dominated by ultramafic and mafic rocks
which is prominent in the Lewisian of the mainland of N.W.Scotland (Bowes

et al., 1964).

The aim of this chapter is to examine the igneous history of
this latter type of intrusion prior to granulite facies metamorphism in
order to better understand the nature of Archaean magmatic processes and
the evolution of the Archaean crust.

The origin of the Lewisian bodies has caused considerable contro-

versy, five modes of formation have been proposed:

(1) Deformed, fragmented and metamorphosed layered igneous
intrusions. (Bowes et al., 1964, 1966; Bowes et al., 1970; Davies, 1974,

1976; Savage, 1979)
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(2) 'Zoned' intrusions, the gabbroic rocks forming an aureole
developed by diffusional mass transfer between igneous peridotite and

acid gneisses under granulite facies conditions (O'Hara, 196la, 1965).

(3) Basic and ultrabasic igneous rocks modified by metasomatic
interchange with the surrounding acid gneisses (Bowdidge, 1969) . He
also proposed an alternative origin for both rock types as crystal

cumulates with hornblende as the dominant cumulus phase.

(4) Fragments of undepleted mantle (Weaver and Tarney, in press),
similar to the situation in the Ivrea-Verbano zone of N.Italy where iron-

rich gabbros overly mantle peridotite (Rivalenti et al., 1975).

(5) Liquid compositions with komatiitic affinities, possibly
representing thrust slices of Archaean oceanic crust (Weaver and Tarney,

in press).

In order to clarii'ythe issues new whole-rock data are presented.

3.2. FIELD RELATIONSHIPS

The field relationships and sketch maps of some ultramafic-gabbro
bodies have been presented in Chapter 2, so only a few points relevant
to the origin of these bodies will be given here.

The bodies occur as conformable lenses up to 1 km long and up
to 100m thick. No discordances have been seen by the author but a
discordance between gabbro and tonalitic gneiss has been reported

(Rollinson, 1978) which implies that the gneisses cut the iiltramafic-

gabbro body. Davies (1975)indicates that a small proportion of the
quartzo-feldspathic gneisses and metasediment may predate the intrusion of
the layered bodies which were subsequently broken up by the intrusion of

large volumes of tonalitic magma . Lead isotopic studies (Chapman and Moorbath ,
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1977) cannot distinguish between the "older" and "younger" gneisses, so
the age relationships between the ultramafic-gabbro bodies and the
tonalitic gneisses are still unclear. Minor amounts of meta-sediment
are occasionally found bordering these bodies (e.g. Barnicoat and O'Hara,
1979) and no really convincing metasediment has been found elsewhere;
however this may be due to less thorough observation away from the
layered bodies. Layered bodies are occasionally cut by discordant, thin
(L -5m) trondjhemite or granite sheets (Rollinson and Windley, 1980b;
Savage, 1979)

The bodies consist of a repeated ultramafic-gabbro successions
with modal feldspar often increasing up the section, providing a means
for determining the way-up of the body. In the Camas nam Buth body,
Scouriemore, thin sulphide-rich horizons occur adjacent to ultramafic
layers (Savage, 1979). By analogy with unmetamorphosed layered
intrusions (e.g. Campbell, 1977) it is inferred that the ultramafics
formed the base and the sulphides the top of what were originally gravity
stratified units. The Camas nam Buth body was shown to be folded iso-
clinally during the early Scourian so that the stratigraphy has been
repeated and the base is now in the centre (Savage, 1979). In the Assynt
region, Inverian folding has obscured any early Scourian structures.
Layered anorthosites, genetically related to the ultramafic-gabbro bodies
have been reported; e.g. Achiltibuie (Bowes et al., 1964) and from Gorm
Loch in the Laxford Front (Davies, 1974). However all anorthosites
seen by the author are discordant "patches" (as at Achiltibuie, near
Drumbeg and in the Gulag body) or discordant sheets (as at Gorm Loch).
The rare-earth patterns for these anorthosites are very steep, strongly
HREF depleted with large, positive Eu anomalies. These could not be
derived by crystal fractionation from the ultramafic-gabbro bodies which

have flat to LREE enriched patterns (see later and Table 3.5). These



anorthosites may represent small scale, local partial melts of the
surrounding gneisses (Weaver and Tarney, 1in press).

The ultramafics have a pronounced compositional layering (Fig.

2.2) due to differing proportions of the main component minerals: olivine,

orthopyroxene and amphibole. Occasional totally serpentinised layers
(e.g. near Gorm Loch Mor, 136503) may represent dunite, and harzburgite
occurs locally. The layers are commonly a few millimetres thick but
massive units locally reach 10m (e.g. N shores of Loch Drumbeg,
118328) . The layering in the gabbros is less well marked, usually
expressed by felsic or mafic schlieren. The layering 1is always confor-
mable to the foliation in the bordering gneisses. It is difficult to
envisage how the layering in the ultramafics could have developed other
than by mimicking original igneous layering. The proportion of ultra-
mafic to gabbro wvaries considerably from body to body but in general is

about one third ultramafic to two thirds gabbro.

3.3. CRYPTIC LAYERING IN THE ACHILTIBUIE BODY

This section examines the mineral chemistry in terms of possible
cryptic variation with stratigraphie height. The Achiltibuie body was
selected for this particular study because of the good preservation of
granulite. facies mineral assemblages throughout its thickness.

As can be seen from Fig.3.1, all mafic phases in the gabbro show
an increase in FeO content and a decrease in Mg/Mg + Fe +Mn up the
section; from 0.69 to 0.61 in orthopyroxene, from 0.77 to 0.725
in clinopyroxene, from 0.45 to 0.35 in garnet and from 0.70 to

0.61 in amphibole. The Ti0” content of the amphibole increases

from 1.4 to 4.0 wt.% and K 0 increases from 0.4 to 2.0 wt.% up
2

the section. The Na”O content of the amphibole shows a slight decrease

102



gaZ% o

o ﬁﬂgg

103

%Plag An 1 An 2 CPX OPX GT . AMPH Whole -rock, AMPH

25 54 76 LI . # co

29 52 71 .. # co

13 61 82 M *0 °

5 95 .o ’

1279 88 . - ‘e .
725 73 775 625 65 675 375 40 425 625 65 675 62565 675 A
mg mg mg mg mg wt$Ti02

FIG 5*1 : Various parameters plotted against height from the base of
the gabbro unit at Achiltibuie. Column 2 gives the Anfo of matrix
plagioclase, Column 5 gives the Aif/a of symplectite plagioclase, Columns
4-8 give mg for the phases indicated at the top of the column and
column 9 gives the Ti0” content of amphibole. Open circles in Column

7 refer to symplectite amphibole, filled circles to matrix amphibole.

Mg Fe

PIG 9.2 : Coexisting clinopyroxcnes and garnets from Drunbeg (triangles),
Achiltibuie (circles) and other localities (crosses) plotted in part

of the Ca-i,Ig-Fe triangle. Tie lines join minerals from the same sample.



from 2.7 to 1.7wt.?%, corresponding to an increase in the albite content of
the coexisting plagioclase. These trends are paralleled by the normative
mineralogy. For example, there 1is an increase up the section in norma-
tive feldspar, which is coupled with a decrease in the anorthite content
of this normative plagioclase from to An™"" . The whole-rock

Mg / Fe + Mg ratio decreases from 0.67 to 0.60

Although the present modal mineralogy 1is recognised as being

entirely metamorphic, it is believed that this 'cryptic variation' mimics
an upwards increase in Fe/Mg ratios in the original igneous assemblages.
Metamorphic reactions are unlikely to have produced these trends because
FeO contents of all mafic phases increase concomitantly (coexisting
clinopyroxene and garnet are plotted in Fig.3.2, demonstrating that the
most Fe-rich garnets coexist with the most Fe-rich c¢linopyroxenes).
The cr)'"ptic variation apparently developed in response to increasing whole-
rock Fe/Mg ratios with stratigraphie height. If these variations are
founded on relict igneous fractionation trends then it follows that the
metamorphism was isochemical (except for a few elements discussed below)
over distances of 10cm which is within the scale of the layering.
One criticism of these trends representing the results of igneous
processes is the small scale over which the variations occur (35m)
However there has been considerable tectonic thinning of these bodies,
coupled with their break-up, associated with the intrusion of large amounts
of invading tonalitic material, as envisaged for the Scourian gneisses by
Davies (1975). Comparable cryptic wvariations over short stratigraphie
distances are also reported from the Fiskenaesset complex. West Greenland
(Windley and Smith, 1974) and the Messina complex. Southern Africa (Hor

et al., 1975). Tectonic thinning of stratigraphie units of these bodies
has also taken place during deformation associated with high grade meta-

morphism, but igneous cryptic variations can be locally preserved.
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3.4, WHOLI-.-ROCK Cl1RMISTRY

Analytical Procedure; samples were analysed for major and trace
elements by X-ray fluorescence using a Phillips P.W. 1450 spectrometer
at the University of Birmingham. Full analytical details are given in
Appendix B.

Representative analyses and a correlation matrix are presented
in Tables 3.1 and 3.2 and full analyses in Appendix B.

Any assessment of the igneous fractionation processes which have
taken place in the bodies prior to granulite facies metamorphism is
dependent on the degree to which the metamorphism was isochemical.
Depletion of granulite facies terrains, including the Lewisian, in some
LIT elements, is well documented (Sighinolfi, 1971; Sheraton et al.,
1973a; Heier, 1973; Rollinson and Windley, 1980a). Typically granulites
are characterised by high K/Rb, Ba/Rb and low Rb/Sr, K/Sr and K/Ba ratios.
In Tables 3.3 and 3.4 tlie average compositions of the ultramafic and
mafic rock types are compared with unmetamorphosed igneous rocks of
similar major and trace element chemistry. The gabbros have anomalous
K/Rb and Rb/Sr ratios, but generally comparable Ba/Rb, K/Ba and K/Sr
ratios when compared with unmetamorphosed rocks. This could be accounted
for primarily by a depletion in Rb only. The ultramafics show no such
depletion, probably due to the presence of pargasitic amphibole which is
capable of holding the large Rb ion within its structure.

Although evidence exists for the mobility of K , and to a lesser
extent Ba and Sr during retrogression to amphibolite facies (these
elements increase in retrogressed samples), the general similarity of
other elements and element ratios to unmetamorphosed igneous rocks (Tables
3.3, 3.4) suggests that the bodies remained isochemical during granulite
facies metamorphism with the exception of Rb (and probably U, Th and

Cs) .
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element not determined. Full analyses and sample localities are given

in Appendix B
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The data for the ultramafics and mafic gabbros are plotted on
an AFM (oxide) plot in Fig.3.3. This reveals an alkali-poor tholciitic
trend with a moderate degree of iron enrichment. Some ultramafics
resemble peridotitic komatiites (Table 3.3, number 2) and picritic basalts
(Table 3.3, number 4). This tholeiitic trend is in marked contrast
to the Lewisian intermediate and acid gneisses which are calc-alkaline
(Sheraton et al., 1973; Rollinson and Windley, 1980b). Indeed the

tholeiitic trend contrasts sharply with the calc-alkaline trend of the

ultramafics and gabbros analysed by Bowes et al. (1966) from layered
bodies in the Drumbeg area. It is noticeable that the more retrogressed
samples plot nearer the alkali apex of the AFM diagram. It 1is

important to distinguish this late alkali metasomatism from the original

geochemical characteristics of the rocks.

3.4.1. Variation diagrams

A few plots (Fig.3.4) using Si0® as an index of fractionation
are presented to show the relationship between the ultramafic-gabbro
bodies and the tonalitic gneisses. There 1is a sharp break in slope
for some elements (Ti, P, Na, Ce, Y, and Al) at the boundary between the
gabbros and the tonalités. Rollinson and Windley (1980b) present similar
data which reveals the same features. The plots imply that the ultra-
mafic-gabbro bodies cannot be a crystal residue extracted from the more
silicic gneisses. Ti, Al, Y and Ce all increase with SiO" in the
gabbros and decrease in the tonalité to granodiorite gneisses. If these
elements were removed from the tonalitic liquids by crystal fractionation
the ultramafic-gabbro bodies cannot be the crystal fraction removed as
they are depleted rather than enriched in these elements. The REE
data are also inconsistent with the derivation of the ultramafic-gabbroic

rocks from the tonalités; tlie former have flat to slightly FREE enriched

10 8
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Siig 46.09
TiOg n.53
Al”0O; 5.76
Pe*cy  12.45
FeO -
IdnO 0.21
% 0 25»77
Cao 7.18
Na O 0.48
K30 0.21
h °5 0.02
HgO-

LOI

TOTAL 98.50
v 141
Cr 2755
Ni 1148
Cu 19
Zn 102
Rb 4
Sr 39
Ba 17
Zr 21
Y 7
K/Rb 436
Ba/Rb 4.3
Rb/Sr 0.10
K/Ba 102
K/Sr 45
TABLE 5*5
rocks.
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sio” 47.47 50.60
TiO 0.92 0.36
a1,60 13.52 16.29
Feg0j 13.57 1.87
FeO - 4.12
MnO 0.24 0.09
EgO 9.11 9.59
Cao 12.17 14.33
Na*0 1.82 2.13
KO 0.27 0.07
p~0* 0.08 0.04
H20- - 0.13
LOT 0.32
TOTAL 98.97 100.18
v 273 160
Cr 399 670
Ni 180 240
Gu 182 60
Zn 127
Rb 2
Sr 140 130
Ba 70 10
Zr 36 19
Y 21 10
K/:)b 1121
Ba/Rb 35
Rb/Sr 0.14
K/Ba 32 58
K/or 16 A

TABLE 3.4 Comparison of Lewisian gabbros with other i

3 4
50.67 51.57
1.24 0.80
16.60 13.91
1.33 2.73
7.37 7.04
0.16 0.17
8.02 6.73
11.58 11.74
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0.16 0.44
0.11 0.11
0.43
99.89 100.11
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5
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17 75
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15
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1 is the average Lewisian gabbro

data from this work and Savage,
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and White,1972); 3
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tholeiite,

Skye
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(heIson and Thompson,
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patterns whilst the latter have strongly IIREE depleted patterns

(Weaver and Tarney, 1in press).

Any attempt to establish the phases controlling fractionation is
handicapped by the fact that the granulite facies metamorphism has obliterated
original textures andminerals. It is therefore necessary to establish
using the whole rock data whether the bulk of the ultramafic gabbro bodies
originated as cumulates (Bowes et a 1 1964;Savage,1979) or whether they
represent primitive liquid compositions (Weaver and Tarney in press)
Variation diagrams (Figs.3.5 and 3.6) show the following features:

(a) Si0” content 1is fairly constant, decreasing in only the
most magnesian samples. This implies the fractionating phases had a
combined SiO” content of 45 to 48 wt.% , equivalent to the whole-

rock concentrations.

() The AlgOg , Ca0 and NagO contents all increase smoothly

with fractionation; there are excellent correlations (Table 3.2) between

Al”"0g and CaO , and Na”O and MgO
(c) The Fe”Og (total iron) content is almost constant over the
entire MgO range. The Zn wvariation is similar to iron.

(d) The Ni and Cr contents decrease markedly with
decreasing MgO , implying that the liquid was rapidly depleted in these
elements, presumably into early olivine and pyroxene. The ultramafics
arecharacterised by high Ni (>1000ppm , up to 2500 ppm) and

Cr (> 2500 ppm, up to 4000 ppm) . These values may be greater than

estimated compositions of the Archaean mantle (Sun and Nesbitt, 1977),

implying these samples must have a cumulus component. The very high
Cr contents may reflect a cumulus spinel component. Gabbros have Ni
contents ranging from 500 to 50 ppm . The sulphide horizons found

at the top of the rhythmic units at Camas nam Buth are depleted in Ni ,
further evidence that Ni was removed by an early fractionating phase

(Savage, 1979).
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(e) TiOo" and V Dboth increase with decreasing MgO (Savage,
1979) . Fe, Ti and V are all generally concentrated in ilmenite and
magnetite, and tholeiitic suites typically show an increase in these
elements (Myashiro and Shido, 1975). This 1is taken to indicate a low
ambient oxygen fugacity in the magma chamber (Osborn, 1962, 1969),

suppressing iImenomagnetite fractionation.

(£) The abundance of the relatively immobile incompatible elements
(Ti, P, Y, Zr) increases with decreasing MgO . However the abundance
of the more mobile incompatible elements (K, Rb, Sr and Ba), although
showing the same general trend is much more scattered due to limited
mobility during both granulite facies metamorphism and Inverian retro-
gression. Rocks which show signs of retrogression (e.g. amphibole
fringes around pyroxene) have significantly higher K, Rb, Sr and Ba
contents, e.q. Ba may be up to 300 ppm in retrogressed samples compared
with SO ppm in the granulite facies samples.

A correlation matrix (Table 3.2) has been computed by the method
described by Beach and Tarney (1978) and an R-mode cluster dendogram has
been constructed from the correlation coefficient matrix using the weighted
group mean pair method of Sokal and Sneath (1963) . Four cluster
groupings are apparent from the dendogram (Fig.3.7): a Si-Ca-Al-Na-Sr-Ga-
K-Ba grouping; and Fe/Mg-Ti-P-Zr-Y grouping; a Mg-Cr-Ni grouping and
an Fe-Zn grouping. These groupings are less distinct than those for the
Fiskenaesset complex (Weaver et al., in press). The Mg-Ni-Cr group
clearly reflects a cumulus ferromagnesian component and the Ti-Fe/Mg-Zr-
Y-P group are those elements which are incompatible in all likely fraction-
ating phases. For Fiskenaesset, there is a distinct Si-Ca-Al-.Na-Sr
group which reflects cumuht” plagioclase; this is not found for the
Lewisan bodies. Instead this group contains Ba and K , elements

not found in plagioclase. The general level of correlations for this
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group with the Ti-P-Y-Zr group implies both groups of elements behaved

incompatibly and shows the lack of cumulus plagioclase.

3.4.2. Ti-Zr-Y and Ti-Zr-Sr.

These triangular plots have been constructed by Pearce and
Cann (1973) to discriminate the tectonic setting of basaltic rocks using
incompatible trace element ratios. In Fig.3.8a it can be seen that
most data plot in the low-K tholeiite or ocean floor basalt fields, but
there is considerable scatter with two trends apparent. Serpentinised
ultramafic rocks may have high Zr contents and plot towards the Zr
apex and the gabbroic rocks from Scouriemore (Savage, 1979) tend to have
higher Y contents. In the Ti-Zr-Sr plot (Fig.3.Sa) the majority
of data again plots in the low-K tholeiite and ocean floor basalt fields
with a good deal of scatter. Two trends are again apparent, the Zr
enrichment of the serpentinised ultramafics and Sf enrichment of the

gabbros. There are a few gabbros which have a high Ti content outside

11

any of the fields, implying enrichment of Ti relative to the other elements,

presumably in a Ti-bearing cumulus phase. For most data the ultramafics
and gabbros plot in the same fields. The retrogression of these rocks in
Inverian steep belts will be discussed fully in Chapter 5, but these plots
serve to show that care must be taken in interpreting the petrogenesis of
these rocks using trace elements. However the plots do show that the

unretrogressed granulites have probably retained their initial character-
istics. The diagrams are of no use in determining the original tectonic

setting because of the presence of cumulus phases.

3.4.3. Ti-Zr-P-Y variations

These elements are all regarded as being incompatible in basaltic

liquids, although they may have small but significant K''s in some
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phases e.g. “cpx/lig Q g ”~ and =7.5 (Pearce and Norry, 1979).
Nb is ignored in the following discussion because the X.R.F. values

were very imprecise at these low concentrations (<5 ppm) . From the
correlation matrix (Table 3.2) it can be seen that the correlations for
all these element pairs are greater than 0.75 . In Fig.3.9 all these
elements are plotted against each other with a possible mantle ratio as

a reference line (data from Nesbitt and Sun, 1976). All plots show a
colinear relationship back through the origin, but with a fair degree of
scatter, especially at the mafic end. If these rocks do represent primary
liquid compositions, one would expect them to cluster around a mantle
ratio, and the scatter is greater than for similar plots for komatiitic
liquids (Nesbitt and Sun, 1976). This scatter could have several

causes :

(a) mobilisation and redistribution of elements during granulite
facies metamorphism. However these elements are all thought to be
fairly immobile during metamorphism (Pearce and Cann, 1973; Floyd and

Winchester, 1975),

(b) mantle heterogeneities, meaning that the source for the
komatiites of Nesbitt and Sun (1976) was different to that which produced

the Lewisian rocks,

(c) the presence of cumulus phases, which may contain minor

amounts of these elements.

The correlation between pairs of incompatible elements is best
held in the ultramafic rock types (Fig.3.9) and the TiOg/Zr and Y/Zr
ratios are more or less chondritic (Nesbitt and Sun, 1976). Ti and Zr
will be fractionated very little, relative to each other, by olivine or

pyroxene fractionation, but hornblende significantly takes Ti
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Fractionation vectors for several phases for 50% fractional crystalli-

sation were calculated according to the Rayleigh fractionation equation;

”L

where is the concentration in the remaining liquid, the
concentration in the original 1liquid, F is the fraction of liquid
remaining and is the distribution coefficient, using the distribution
coefficient data of Pearce and Norry (1979). From Fig.510a it is
apparent that neither hornblende or magnetite exerted any control over the
trends. Similarly, for the Y against Zr plot (Fig.5J0b) it is clear
that neitlier hornblende or garnet were involved. This means tliat the
abundant pargasite in the ultramafics and the pargasite and garnet in the
gabbros must be entirely metamorphic and had no control over the original
igneous fractionation.

The very high Ni and Cr of some ultramafics suggests that some
of the ultramafic rocks.are at least partially cumulate with olivine and
pyroxene controlling the trends. However the general level of incom-
patible elements (e.g. Zr of 10-20 ppm and REE levels of S -8
times chondrite) are quite high for cumulates c¢.f. gabbro cumulates in the
modern oceanic crust (Table 5.4, no .6 and Hodges and Papike,1976) and ultramafic
and gabbro cumulates from ophiolite complexes (Suen et al., 1979). This
implies there must have been substantial amounts of intercumulus liquid
in the Lewisian bodies. As none of the likely cumulus phases for the
ultramafics take Ti, Zr or Y , the whole-rock ratios (Ti/Zr etc.) must
equal that of the intercumulus liquid and hence the original liquid from
which the ultramafics formed.Examination of the plots in Fig.5.9 yield
the following ratios: Ti/Zr = 108 , Zr/Y = 2.2 and Zr/P"0" = 550.

In the gabbroic rocks there is a tendency for TiO" and Y to

become enriched relative to the mantle ratio, implying small amounts of a
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Ti and Y Dbearing cumulus phase, presumably clinopyroxene as the
effect is not large enough for it to be caused by hornblende. It is
unlikely to be due to ilmenite as the build up of FeO, Ti and V argue
against ilmenite fractionation (Savage, 1979). The scatter on the
plots 1is largely due to poor analytical precision.

In conclusion, the incompatible elements show the chemistry ofthe
ultramafics to be controlled by olivine and pyroxene fractionation, not by
hornblende as suggested by Bowdidge (1969). The gabbros may have some
cumulus clinopyroxene. The abundant pargasite and garnet are entirely

metamorphic.

3.4.5. Rare-earth element chemistry

5 samples from the Drumbeg body (Weaver and Tarney, in press)
and 9 wultramafics and 11 gabbros from Camas nam Buth (Savage, 1979)
have been analysed for rare-earth elements (REE). Although the analyses
were not performed by the author, the results will be discussed here
because of the importance of REE in understanding the petrogenesis of
rock suites. Analyses are presented in Table 3.5, along with data from
other ultramafic and mafic rock types. Chondrite normalised REE plots
are given in Fig.3.1lla and b and data from other areas are presented in
Fig.3.12.
The REE are generally considered immobile during metamorphism
(Green et al., 1972; Hamilton et al., 1979), although modification of
REE patterns may take place, particularly LREE , if a large quantity of
fluid has passed through the rocks (Menzies et al., 1977). Sample 130,
a retrogressed ultramafic (Fig.3.11lb) shows evidence of REE mobilisation,
during recrystallisation at high RH"O during the Inverian retrogression.
When compared with granulite facies samples from the same Camas nam Buth

body, sample 130 shows lower total REE . Retrogression also causes

12



125

100
We
o W4
w13
o
w2
w11
aC

la)

lafic gabbros

W6

sample 130

05

LaCe Nd SmtuCid Ib Ho TmYb Lu

FIG.5.11 @) RSE pattems fir ultamafic 2, V1) ad for gadaxic
V4, V5, V/I5) rocks. Data fran \Amer ad Tamey (@Gn press),
O REE pattermns & ultramafic (@), gdoaxaic ©) ad
retrogressad ultramafic(c) rodks fmm Scouriamse.

Data fron Savage(1979) ad Sills et al. n gp=p.) -



W2

o

Field for komafiifes

Ce Nd Sm Eu Gd Tb Tm Yb Lu

100

MORB

10 W13

komafiife

W2
Point Snl

Pyxenite

Point Sal
komatiite

© cg

=

Ltierz

10

Bushveld

FIG. 5.12 @ RSE patterms of an ultramafic 2 ad a gaboro(\'/15)
aapared with the field fir kamtiites fran Arth et al,
(1971) fram the ilino Tourship.
®© RSE pattermns fir an ultramafic (2 ad a gaoaro (L))
Data are firom Teble 5.5.



127

(a)

W2 W1l w4 W6 WI3 WI3
Ta 1.50 1.04 3.80 6.10 6.90 33.20
Ce 4.40 3.30 13.70 16.20 21.30 34.10
Nd 14.00
Sm 0.89 0.79 3.10 3.90 3.30 1.27
Eu 0.37 0.31 1.19 1.33 1.14 1.38
Gd 7.10
Tb 0.25 0.17 0.66 1.48 0.62 0.11
Tm 0.19 0.14 0.48 1.39 0.39 0.03
Yo 1.18 1.03 2.94 8.30 2.31 0.24
Eu/a. 07 1.10 1.07 0.90 0.99 4.80
0.98 0.84 1.23 0.31 2.43 39.3
ZrRseE 13.1 10.3 40.2 39.4 51.5 103.2
(o)
1 2 3 4 3 6 7 8
La 0.68 1.27 0.28 0.37 0.32 4.4
Ce 1.40 3.90 0.376 0.83 1.13 1.54 3.38 14.2
Nd 0.70 3.20 0.400 1.34 2.99 13.2
Sm 0.11 1.18 0.130 0.69 0.39 0.48 1.13 4.6
Eu 0.032 0.416 0.063 0.22 0.39 0.21 0.32 1.8
Gd 0.123 1.40 0.320 0.69 1.58 6.6
Dy 0.424 0.84 2.02
To 0.023 0.241 0.15
Er 0.081 0.300 0.33 1.27 4.6
Tm 0.013 0.099
Yo 0.083 0.61 0.300 0.83 0.47 0.33 1.18 3.8
Lu 0.076 0.13 0.11
4:4 1.68 0.33 0.26 0.64 0.74 0.73 0.93
TABLE 5.5

(2) REE analyses from the Drumbeg complex (Weaver and Tarney,in press);

W2 and V11 are ultramafics, WA,W6 and \7/15 are gabbros,and vn5 is from a y
discordant anorthositic "patch" cutting the Drumbeg complex.

(b) REE analyses from the literature for various ultramafic and mafic

rocks: l=Bushveld pyroxenite (Frey et al.,1971)»2=Layered ultramafic

(Potts and Condie,1971); 3= Lherz alpine-peridotite massif (Loubet et

al., 1975 )>=olivine gabbro,Point Sal Ophiolite (ifenzles et al., 1977);

5 = Cumulate pyroxenite,Point Sal Ophiolite (op cit) 6= Peridotitic

komatiite (Sun and Nesbitt,1978); 7= Basaltic komatiite,Belingwe

(Hawkesworth and 0 'Nions,1977); 8= JIORB (Atlantic average,Kay et al. I970)



loss of Ca and Sr from the ultramafics. One sample, W6 (Fig.
5.11a), which has about 60 percent modal garnet has enriched ilREE
abundances (Weaver and Tarney, 1in press) but this is probably due to
metasomatic movement of HREE during metamorphic growth of garnet,
because garnet has a strong affinity for the HREE (Arth, 1976).
With these specific exceptions the regularity of the observed REE
distributions reflects the original igneous patterns.

The ultramafics have slightly LREE enriched to flat REE
patterns with Ce”/Yb" ratios ranging from 0.84 +to S.0 and HREE
values of 3 to 6 times chondrite. Four samples have very slight
negative Eu anomalies, four others slight positive anomalies, but
these are probably insig nificant. These patterns are in strong
contrast to "Alpine-type" ultramafics (Loubet et al., 1975) which are
strongly LREE depleted. The flat patterns resemble those from
stratiform intrusions (Frey et al., 1971) but the Lewisian bodies have
higher total REE abundances.

The gabbroic rocks have flat to slightly LREE enriched patterns,
Ce”/Yb” ranging from 0.6 to 4.8, and La”/Sm” ranging from 0.93 to

1.95 . There are no significant Eu anomalies. There 1is a tendency
for total REE to increase with indices of fractionation such as

FeO/FeO + MgO . These patterns are quite distinct from the LREE
depleted REE patterns typical of MORB (Frey et al., 1974; Schilling,
1975) and ophiolitic pillow lavas and gabbros (Kay and Senechal, 1976;
Menzies et al., 1977). Both ultramafic and gabbroic REE patterns
show some resemblance to komatiitic patterns from the Munro Township

area (Arth et al., 1977).

The low f0% , indicated by suppression of ilmcno-magnetite
fractionation and the iron enrichment trends, means that Eu would have

2+ 3+
been present as Eu as well as Eu (Drake and Weill, 1975).
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Tlic lack of europium anomaly in tlie gabbros suggests that plagioclase
was an insignificant cumulus phase. This is consistent with the lack
of plagioclase layers in the rocks.

The flattish REE patterns, taken together with the Ti-Zr-Y
data presented earlier, imply neither hornblende nor garnet were
residual in the source after partial melting, and were not involved in
any subsequent fractionation. This implies a low pressure regime
controlled the fractionation of these rocks fn contrast to the tonalitic
gneisses which have strongly depleted IIREE patterns, thought to be due

to residual garnet in the source (Weaver and Tarney,in press).

3.5. DISCUSSION

The original suggestion by O'Hara (196la, 1965) that the mafic
rocks formed by metasomatic interchange between homogeneous igneous
peridotite and acid gneiss can be discounted on several grounds. The
flat to slightly TREE enriched rare-earth patterns of the mafic rocks
could not be due to simple mixing of the flat ultramafic patterns and
the strongly HREE depleted patterns of the tonalitic gneisses (Weaver
and Tarney, 1in press). It is also highly unlikely that this scale of
metasomatic movement (i.e. over distances of at least 50m) would have
occurred under granulite facies conditions (or even under an earlier
period of "wefmetamorphism), especially as small scale reaction textures
are preserved (Savage, 1979; Savage and Sills, 1980). Finally ultra-
mafic rocks sometimes occur with no associated mafic rocks amd vice-versa.
The first objection also applies to the model of Bowdidge (1969) according
to which both ultramafic and mafic rocks represent igneous intrusions but
their chemistry has been modified by metasomatic interchange with the acid
gneisses. The resemblance of both ultramafic and mafic rock types to

other igneous rocks and their common association suggests a related igneous
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origin for both rock types. The suggestion (Weaver and Tarney, in
press) that the ultramafics may represent fragments of undepleted mantle
is unlikely as tlieir MgO contents are too low (22-58 wt.% MgO)

The following points indicate a cumulate or partially cumulate

origin :

(a) the rhythmic units at Camas nam Buth, Scouriemore, which
have Ni depleted, sulphide-rich tops with each rhythmic unit showing
decreasing Mg, Ni, Cr and normative An and increasing levels of

incompatible elements with stratigraphie height (Savage, 1979),

(b) the iron-enrichment trends in all the mafic phases in the

Achiltibuie body,

(c) the rapid depletion in Ni and Cr with decreasing MgO

and the veryhigh Ni and Cr contents of some ultramafic rocks,

(d) the mineral layering in the ultramafics.

However the moderately high level of incompatible elements
suggests there must have been a substantial amount of intercumulus liquid.
Incompatible element versus MgO plots for ultramafic composi-
tions can be projected back to intersect the MgO axis at 42 - 44 wt.% MgO.
This is either the combined MgO <content of any fractionating (accumu-
lating) phases if the ultramafics are cumulate or the combined MgO

content of the residual mantle phases with which a possible ultramafic

liquid was in equilibrium. If this 42 -44wt.% represents olivine
alone, it corresponds to a composition of FOg” which is rather low for
mantle olivine. Using similar graphical techniques Nesbitt and Sun

(1976) and Nisbet et al. (1977) obtained wvalues of 50.0 and 47.2 wt.%$ MgO
respectively. If the MgO wvalue is for olivine and orthopyroxene, it

implies that orthopyroxene as well as olivine was a residual phase in the
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source 1f the ultramafics represent liquids. This 1is unlikely for the
large degree of partial melting required to produce ultramafic liquids.
In QMfVS (O'Hara, 1968) the ultramafics plot on an olivine-orthopyroxene
control line.

To try and resolve the problem as to whether these rocks
represent liquids or partial cumulates, attempts have been made to model

the trace element variations in two ways:

(a) to see whether it is possible to produce the range of

ultramafic rock compositions by partial melting alone,

o) to assume the ultramafics are cumulate or partially
cumulate and the gabbros are derivative liquids and to model whether

simple olivine-pyroxene removal will produce the gabbros.

Partial Melting. The mantle was assumed to have the composition
estimated for the Archaean mantle by Sun and Nesbitt (1977) wliich is
similar to pyrolite. Partition coefficient data used are given in
Appendix C; in general those for incompatible trace elements are from
Pearce and Norry (1979) and for REE are from Arth (1976)

Ultramafics have a considerable range in trace elements concen-
trations from samples J21 and J22 with 2500 ppm Ni and 0.08 wt.%
TiO" to samples with 1000 ppm Ni and 0.40 wt.% TiO0"~ . The modelling

of partial melting was done using the batch melting equation of Shaw

(1970) :
h 1
Co D + F(L - P
where is the concentration in the liquid; the concentration in

the source mantle; D the bulk distribution coefficient for mantle
mineralogies, F  is the fraction of melting and P 1is p”"K* + p"K* +

where p” 1s the proportion of phase a in the melt and is the



distribution coefficient for that phase. As the incompatible trace
element ratios are more or less chondritic, one can assume that no phase
containing significant amounts of these elements (garnet, hornblende
and possibly clinopyroxene) were residual. As the s for remaining
phases (olivine and orthopyroxene) are so low one can assume that D

h 1
approaches unity and the batch melting equation reduces to — = —

0
The majority of the ultramafic samples have TiO” contents of

between 0.5 and 0.4wt.% and Zr contents of about 18 ppm ; using
the mantle composition estimated by Sun and Nesbitt (1977), 50 -70%
partial melting 1is required to generate these trace element levels.
However the TiO” content of 0.08 wt.%, Zr of 4 ppm and Y of 1ppm
in samples J21 and J22 are less than that of the estimated mantle
composition (Sun and Nesbitt, 1977) and hence could not have been genera-
ted by partial melting alone. The Ni and Cr contents are higher
than estimated mantle compositions. These harzburgite samples could
not represent fragments of refractory mantle as their MgO content

(56 -58 wt.%) is too low. Arndt (1977) has suggested that it is
improbable that melts could form by as much as 60% Dbatch melting of
pyrolite, as the rate of segregation of magma will be rapid compared
with the rate of uprise of the mantle diapir which provides the heat of
fusion by adiabatic decompression. Alternatively the source could be
a more refractory mantle, where a lower degree of partial melting could
produce the same trace element levels. However, the flat to slightly
LREE enriched rare-earth patterns argue against a previously depleted

source. In conclusion it seems unlikely that the ultramafic rocks

represent ligquid compositions.
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Fractional crystallisation. To establish whether the range in ultramafic
rock compositions could be established by crystal settling from a basaltic
liquid it is necessary to make some estimate of its composition. The

REE patterns suggest the liquid had a flat to slightly LREE enriched
pattern, which is probably also a characteristic of the source. The
Ti/Zr and Zr/Y ratios are approximately chondritic (a feature of many
Archaean magma types, Nesbitt and Sun, 1976; Nesbitt et al., 1979).

Two methods of estimating the initial magma composition have Dbeen
attempted. Firstly the rhythmic units at Camas nam Buth (Savage, 1979),
Drumbeg and Achiltibuie were assumed as a first approximation to repre-
sent one "batch" of magma and the approximate bulk composition obtained
by integration. Where the bodies are best preserved the ratio of
gabbro to ultramafic is about 2:1. The average compositions (Tables
5.3 and 5.4) give an MgO content of 15 -18 wt.% for the primary
magma . Alternatively,consideration of the element versus MgO plots
(Figs. 5.5 and 5.6) reveals a break in slope between 15 and 16 wt.$% MgO
for Ti, Al, Na, Zr, Y and Sr; the more magnesian samples representing
partial cumulates, the less magnesian derived 1liquids. The composition
estimated by both methods is given in Table 5.6 and the similarity is
encouraging (although possibly fortuitous). The liquid composition
used in subsequent modelling thus has 15-18 wt.% MgO , 0.5 wt.% Ti”O ,
25 -50 ppm Zr, and 12 -15ppm Y . This 1liquid could be generated by

50-40 % partial melting mantle of the composition of Sun and Nesbitt
(1977) . As outlined above the mantle had not undergone a previous
partial melting episode. A liquid with this MgO content would probably
have 500 - 600 ppm Ni (Sato, 1977; Cawthorn and Mclver, 1977; Clarke
and O'Hara, 1979) and about 1200 ppm Cr

One must first establish whether it is possible to produce the

range of Ni and MgO contents of the ultramafics by accumulation of
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1 2
Siog 46-48 47
TiOg 0.5 0.72
Aircy 10 10.83
Pezcy 14 13.20
14 15 15
Ca0 9-10 10.5
1 1.38
Kao 0.25
Zr 20-30 31
Y 10-15 16
Sr 50-75 107

TABLE 5.6 Estimates of the initial magma
1 - calculated from MgO versus element plots
2- aggregate of ultramafic and gabbro in the ratio
one to two.

See text for details.
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olivine and possibly pyroxene from this liquid. In the following

discussion Cr is not considered, as tlie values seem too high, due in

part to being Cr + V, and spinel has amarked and unquant ifiable
effect on Cr . The high Cr levels may reflect some cumulus spinel.
Using the Ni data of Hart and Davis (1978) and a Ni of

1.25 , it is possible to develop the range in Ni concentrations

(2500 - 1000 ppm) and MgO variations (38 = 22 wt.%) by mixtures of

varying proportions of olivine, orthopyroxene and liquid. The most
extreme case, samples J21 and J22 , canbe made by amixture of 60%
olivine and 40% liquid. This gives the appropriate MgO,Ni and

incompatible element levels (using the relationship of Roeddcr and
Hmslie , 1970 and data of Pearce and Norry, 1979). As mentioned

above, the MgO plots indicate control by olivine and a less magnesian

phase, either clino- or ortho-pyroxene. At zero wt.% TiOg , CaO
and Al O contents are also very low (in fact Ca0O 1s negative) which
may indicate the lack of clinopyroxene involvement. However some of

the most magnesian samples are serpentinised and have lost Ca, implying
any conclusions based on Ca may be invalid. It is assumed therefore
that some orthopyroxene fractionated.
Production of one third of the body as ultramafic leads to
reasonable Ni concentrations in the derived liquids; for example if
5% of the total magma formed as harzburgite like J21 , this leaves
400 ppm Ni , if the next 10% crystallised as ultramafic with about
1500 ppm Ni , this leaves 275 ppm Ni and if the next 18% crystallised
as ultramafic with about 1000 ppm Ni , this leaves 190 ppm , These
are reasonable liquid trends as the Ni content of the gabbros ranges
from 500 to 50 ppm , most samples having about 200 ppm
The LREE , which are incompatible in all likely phases except

plagioclase (which was not involved in fractionation, see earlier) are



enriched from the most primitive to the most enriched gahhro by a factor
of 4.S , implying 75-80% fractionation. Using a value for F

(tlie fraction of liquid remaining) of 0.22 Dbulk distribution coeffic-
ients (D's) for the fractionating phases can be calculated using the
Rayleigh fractionation equation. This gives = 3.9 , = 0.22

and D, = 0.23 . The D
7r

i is lower than one would exgect if olivine
were the sole liquidus phase ranges from 7.5 to 5.3 for
15 -20 wt.% MgO , Davis and Hart, 1978), again implying the presence of
liquidus orthopyroxene. Precise modelling is difficult as the trace
elements are enriched by differing amounts; this may be due to different
bodies having slightly different magmas or fractionation sequences.
Ce /Yb” does not increase significantly with fractionation implying
clinopyroxene was not fractionating = 0.62, Arth,1976). The
general level of REE 1increases with fractionation as one would expect
with olivine and orthopyroxene removal as both these phases have
insignificant (Arth, 1976).

In conclusion, it is believed that the ultramafics formed by

olivine (and minor orthopyroxene) settling from a tholeiitic magma with

an MgO content between 15 and 20 wt.% and low trace element levels.

The gabbros represent the derived liquids. A similar range in
composition is found in Fred's Flow, a 120m thick komatiitic lava flow
from the Munro Township area, (Whitford and Arndt, 1979) where MgO

ranges from 34-7.5 wt.% and TiO" from 0.1 to 0.7 wt.% indicating

it is possible to produce such a range in compositions in a small thickness

It is envisaged that the following sequence of events took

place ;

(1) Partial melting of undepleted mantle to produce a
tholeiitic liquid with 15-20 wt.% MgO and chondritic incompatible

trace element ratios.
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(2) Fractionation and settling of olivine and orthopyroxene

to produce the ultramafic rock types,

(3) Continuing crystallisation of the derived liquids to

produce the gabbroic rock types, possibly with some culumus clinopyroxene.

(4) Delayed crystallisation of ilmeno-magnetite to increase

FeO, TiO0” and V contents.

(5) Precipitation at Camas nam Buth, of sulphide-rich horizons,

enriched in Cu and Fe , but depleted in Ni (Savage, 1979).

3.6. TECTONIC SETTING

In assessing the regional setting in which the layered bodies
formed, one must set the geochemical evidence presented above against
that derived by other sources concerning the Lewisian complex as a whole.

Isotopic evidence suggests that the Lewisian contains no crustal
material older than 3.0 b.y. and that the Scourian complex, including
the layered bodies, was formed during a relatively short period of
magmatism, deformation and metamorphism (Moorbath et al., 1969; Chapman
and Moorbath, 1977; Hamilton et al., 1979). The field relationships
suggested that some of the layered bodies, in particular those from the
Laxford front region, south of Loch Laxford (Davies, 1974) were intruded
into sediment and were subsequently disrupted by the intrusion of large
volumes of tonalitic magma. An early phase of ductile deformation,

before the peak of granulite facies metamorphism, caused isoclinal folding

of the layered bodies and their enclosing gneisses, and extensive thinning
and boudinage; with high strains being recorded. A flattened
leucogabbro near Badcall (145418) appears to have suffered strains indica-

ting that the original body was at least three times its present thickness
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(J.V. Watson, pers. comm.; Sills et al., in prep.). Elsewhere strains
were generally greater than those recorded at Badcall. The voluminous
tonalitic gneisses which form the bulk of the Lewisian complex probably
represent primary liquid compositions derived by partial melting of
basaltic material with residual garnet in the source, (Weaver and Tarney,
in press) . They also suggest that the Lewisian crust grew by the
underplating of tonalitic plutons in a continental margin environment so
the tonalités originally crystallised at moderate pressures and tempera-
tures. However there is no evidence for any older continental crust
(see isotopic evidence, cited above) so one needs to consider the nature
of pre-existing crust that the tonalités were underplating.

The geochemical evidence concerning the origin of the layered
ultramafic-gabbro bodies presented earlier suggests that olivine and
pyroxene were liquidus phases, implying that fractionation occurred at

moderate pressures when the olivine-orthopyroxene reaction relationship

is no longer operative. The pressure at which this occurs depends on
both temperature and fluid pressure, but is in excess of 5 kb (Kushiro,
1972); equivalent to depths >15 km. This suggestion in conjunction

with the field association with rocks of supracrustal origin, raises

problems. Three possibilities are worth exploring:

(1) The magma was emplaced and fractionated at or near the base
of an already thick continental crust. However this would allow for
the implied pressures of fractionation but does not account for the
presence of metasediment or for the suggestion that the layeredbodies

predate the tonalités (Davies, 1975).

(2) The layered ultramafic-gabbro bodies could represent frag-
ments of Archaean oceanic crust and have been incorporated by lateral

thrusting, along with a thin veneer of sediment, into the accreting
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continental crust in a subduction =zone environment. The high pressure
(12 - 15 kb) recorded by the garnetiferous gabbros (Chapter 2) may
indicate conditions in the downgoing slab. However some acid gneisses
in the Lewisian also indicate similar high P-T conditions (O'Hara, 1977;
O'Hara and Yarwood, 1978) indicating the whole complex probably

experienced these extreme conditions.

(3) The mafic and ultramafic rocks along with the sediment
represent parts of the early oceanic crust on which the Lewisian complex
was founded. Assuming subduction had been initiated, the dehydration of
the downgoing oceanic crust may have led to partial melting in the over-
lying mantle producing a thickened tholeiitic crust, the layered bodies
possibly representing parts of this unit. This would be followed by
melting of the subducting oceanic lithosphere itself to produce tonalitic
liquids, wliich invaded and disrupted this primitive crust. This is

essentially the model proposed for continental growth by Jakes (1973).

The injection of the basic material by tonalitic magma resulted

in at least a four fold increase in volume causing an intimate mixing of

rock types. The high pressures of metamorphism (as cited above) indicate
parts of the crust were depressed to at least 45 km. Subsequent uplift
may be due to further underplating. By 2.7 b.y. the Lewisian complex was

of continental character as regards its composition and thickness.

To examine the feasibility of these proposals it is worth
examining other areas which may have evolved in a similar manner. The
essential features of the Scourian evolution are thus: formation of
layered complexes with a thin veneer of sediment, intrusion of voluminous
quantities of calc-alkaline tonalite-granodiorite making up the greater
part of the terrain followed by deformation and metamorphism to high-

amphibolite or granulite facies in a deep crustal environment.
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Tn general terms the Archaean crust forming events recorded
in the Lewisian resemble those in the Hebrides and other Archaean
terrains where the layered complexes are of the leucogabbro-anorthosite
type. In south-west Greenland for example, the Fiskenaesset complex
is emplaced into tholeiitic metavolcanic and minor sediment (Windley
et al., 1975; Myers, 1976). These volcanics have affinities with
modern oceanic volcanics (Rivalenti, 1976) and the layered complex is
believed to be derived from the same liquid (Weaver et al., in press).
This is followed by phases of injection of vast volumes of tonalitic
magma followed by isoclinal folding and metamorphism leading to a thick-
ening of the crust. It differs from the Lewisian in that lower P-T
conditions and generally lower strains are recorded, the Lewisian being
a deeper crustal level.

Under Phanerozoic regimes, the characteristic cycle of magmatism
evolving from tholeiitic to calc-alkaline in combination with horizontal
compressional stresses is most nearly matched at convergent plate bound-
aries of island arc or Andean type. In this connection the sequence of
events 1is again similar to that recorded in the recently discovered
Cretaceous Kohistran section in the Karakorum range of the Himalayas
believed to be an upended section through the crust (Tahirkheli et al.,
1979) . There is a large cumulate norite body emplaced into oceanic meta-
volcanics succeeded in time by the intrusion of vast quantities of calc-
alkaline diorites-granodiorites, the lower part of the succession being
metamorphosed at granulite grade. The specific relevance of this
Kohistan section to the Lewisian layered bodies lies in the Jijal complex
which forms a tectonic wedge at the base of the section against the Indus
suture (Jan and Howie , 1980; Jan, in press). This contains chromite
layered peridotites and garnetiferous gabbros very like those of the

Scourian. Mineral assemblages suggest pressures of about 15 kb.

14 n
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Further comparison could be made with the layered cumulate
mafic-ultramafic complexes of Palaeozoic age metamorphosed at granulite
facies that occupy lower crustal segments in the Ivrea-Verbano zone
(Rivalenti et al., 1975) and Calabria (Schenck, 1980). In both areas
the mid to upper crust is occupied by calc-alkaline plutonics.

However these analogies can be taken too far as discrepancies
exist between the evolution of the Scourian and these Phanerozoic
examples. In the Kohistan and Ivrea sections calc-alkaline rocks are
concentrated in the middle crust, overlying mafic rocks whilst in the
Lewisian they are intimately mixed. However it 1is believed that the
reason why the sequence of events in the Scourian bears strong resemblance
to the younger crustal sections 1is because one is looking at comparable
examples of the way in which the continental crust has grown.

In summary, it is tentatively suggested that the ultramafic-
gabbro bodies of the Lewisian represent fragments of oceanic crust that
was disrupted by the intrusion of vast volumes of tonalitic magma at a

convergent plate margin.
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CHAPTER 4
DESCRIPTION AND PETROGENESIS OF
MAFIC, ULTRAMAFIC AND METASEDIMENTARY

ROCKS FROM ASSYNT



4.1. INTRODUCTION

In this chapter the field relationships, geochemistry and

petrogenesis of various mafic and ultramafic rocks and possible meta-

sediments will be discussed. In Chapter 3 the origin of layered

ultramafic - gabbro bodies was examined but in the Assynt region there

are many occurrences of mafic rocks which are not clearly related to these

layered bodies. As mafic rocks form a significant proportion of the

Assynt gneisses (as much as 10%), their origin is of some importance.

There are several types of mafic and ultramafic rock which have

been described briefly in Chapter 1. The following t>"pes will be

discussed here:

(1) Large (>25m thick) dominantly amphibolite masses such as
those at Corm Loch in the Laxford front, Reidh Phort in
Clashnessie Bay, Cnoc an Sgriodaich, Loch Ardbhair and
Strathan. . The location of some of these masses 1is shown
in Fig.2.1.

(2) Thin layers and lenses of mafic rock which occur throughout
the region.

(3) Agmatites such as samples J48 and J70, shown in Figs.l.la
and b.

(4) Ultramafic pods and lenses mostly composed of hornblendite.

4.2. DESCRIPTION, GEOCHEMISTRY AND PETROGENESIS OF THE LARGER

MAFIC MASSES

Whole-rock analyses of all samples are given in Appendix B, Table

B4 and a brief description and sample locality in Table B2. Mineral

analyses are given in Appendix A, Table 2 and the mineral chemistry is
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FIG.

FIG.

FIG.

4 .1 (a)

4 .1 (b)

4 .1 (c)

Reidh Phort amphibolite mass sitting
on gently dipping micaceous trondjhemitic
gneiss (057316).

The agmatised base of the Reidh Phort
amphibolite mass (057316)

Agmatite from (124310)






discussed in Chapter S.

Strathan Body: A large mafic mass crops out just to the north of
Strathan (088213; Figs.1.18 and 2.5). It continues along strike from
the Culag body (see Chapter 2, Fig.2.5) and is folded by a southerly
plunging Inverian fold. There is an assemblage of amph-plag-eptqgz.
The texture is fairly coarse with irregular grain boundaries, suggesting
the amphibolite facies mineralogy is pseudomorphing an earlier granulite
facies assemblage. Locally gt-pyx-plag assemblages are preserved.
The only sample analysed from this body (D35) is indistinguishable from
the gabbros from layered bodies so it is suggested that the amphibolite
facies mafic rocks at Strathan are retrogressed gabbros associated with

the ultramafic rocks of the Culag body.

Reidh Phort: The Reidh Phort amphibolite mass crops out on the west
side of Clashnessie Bay (057515). It is fairly massive sitting on
gently dipping micaceous trondjhemitic gneisses (Fig.4.1la). Near the

contact with the gneiss the amphibolite becomes agmatised with lenses of

amphibolite veined by felsic material (Fig.4.1b). The central part of

the mass 1is interfolded with the gneisses in a series of tight EW-trending

folds (Sheraton et al., 1973b; their Fig.2). The rock 1is composed
dominantly of hornblende with minor plagioclase and epidote. The lack
of plagioclase may reflect the reaction cpxt+plag”hb by which granulite
facies assemblages react to form amphibolite facies assemblages (Chapter
5). One more iron-rich sample contains trace amounts of garnet which is
partially replaced by biotite. The analyses are compared with the
layered complex gabbros on an AFM plot (Fig.4.2), various oxide-element
plots (Fig.4.3) and simulated REE plots (Fig.4.4). As can be seen the

Reidh Phort amphibolites are very similar to the gabbros on all diagrams.
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FeO

MgO

Layered complexes from Chapter 5*

X Basic layeres and masses, various localities
+ Reidh Phort amphibolite mass.

O Cnoc a Sgriodaich mafic mass,

B Corm Loch mafic body, Ijaxford front.

o Agmatite.

e Hornblendite.

Ultramafic lenses in gneiss.

FIC. 4.2 AFW (oxide) plot for the mafic rocks discussed in the text

compared with the gabbros and ultramafic rocks from layered complexes.
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It is therefore possible that this amphibolite mass 1is the retrogressed
equivalent of the granulite facies gabbros discussed in Chapter 3.
Similarly samples from the large mafic body south of Loch
Ardbhair have similar mineral chemistry (sample 027) and whole rock
chemistry (samples 019 and 020) to the gabbros. This body also may be

gabbro but with no associated layered ultramafic rock.

Gorm Loch, Laxford front: The samples W40-W54 were collected from

the thickest part of the layered complex described by Oavies (1974) from
the Laxford front region NE of Scourie (215445) , an area greatly

affected by Inverian and Laxfordian deformation. Oavies (1974, 197¢)
interprets this as being part of a more extensive layered complex or
complexes which have been folded and thinned during the evolution of the
Laxford front synform. The layered complexes are bordered by metasedi-

ment. There 1is a concentration of both metasediment and layered

complexes in this region which does not appear to be found elsewhere in
the mainland Lewisian.

Lenses of layered pyroxenite are found which closely resemble
the ultramafic rocks from other localities (Fig.4.3) but the mafic rocks
show several differences from the gabbros from layered bodies elsewhere,

notably :

(1) The levels of incompatible trace elements such as Ti, Zr
and Y are very low, being lower than in the ultramafic sample W49;
e.g. TiO” ranges from 0.22-0.48 wt.% , most samples being between
0.22 and 0.27 , Zr ranges from 9-14 ppm with one sample having
43 ppm and Y ranges from 3-7 ppm with one sample having 19 ppm.
However trace element ratios are still chondritic. This compares with
typical wvalues of 20 ppm Zr , 10 ppm Y and 0.65 wt.% TiO" for

gabbros with a similar MgO content. The La, Ce and Nd 1levels are



below the detection limit of the X.R.F. indicating that the REF content

of the Gorm Loch rocks is also lower than that of gabbros.

(2) The Fe203 content tends to be sl%?htly lower than that of

the layered gabbros.

(5) The Al1"0g content tend to be slightly higher than that of

layered gabbros.

(4) The contents of Na , K , Sr and Ba are fairly high
which can be seen in the AFM plot (Fig.4.2) but this may
simply reflect the movement of these elements during meta-

morphism rather than an original chemical difference.

.411 these points, taken together with the slightly different field
setting of the Gorm Loch mafic body suggests that it may have a different
origin from the gabbros from the layered bodies. The low level of
incompatible elements in some samples suggests that they may be cumulate.
However samples W49 and W47 closely resemble the rocks from the
layered bodies and hence may have formed in the same manner (Chapter 5).
A final conclusion concerning the origin of the Gorm Loch body cannot be
reached as Ni, Cr and REE data are not available.

The Gorm Loch body is cut by granitic sheets (samples W44, W51
and W54) as well as by anorthosites (samples IV43, W48, W52 and W53;
Table 4.1). Davies (1974) considered the anorthosites to be the final
stages in the fractionation of a cumulate body analogous to the
Fiskenaesset complex. West Greenland. Sample W43 is from a discor-
dant vein and W48 from a 12m thick discordant layer, however
samples W52 and W53 come from a thick anorthositic sheet forming the
uppermost unit of the body. This unit appears to be conformable with

the mafic rocks but it grades into granite (sample W54), hence it may be

1180



W43

Siog 55.0
TiOg 0.04
AI20; 24 .4
Fe”O; 3.25
1In0 0.08
L] 2.58
Cao 8.04
Na~oO 6.14
K”~0 1.65

0.00
TOTAL 99.17
Ni
Cr
7Zn 10
Rb 39
or 578
Ba 172
7r 109
Nb
La 2
Ce 7
Nd
Y 1
Ca 50
TABLE 4.1

body in the Laxford front

w48
54.8

0.77

25.3

2.87

6.03

6.90

99.60

36

775
580

46

30
80

43
10

23

W52
51.8

0.15

21.9

3.59

4.01

9.11

4.25

1.31

0.01

98.22

58
26

483
162
16

15

30

w53
53.9

25.5

1.44

9.46

0.08

99.93

492
165
42

12
26

<1

31

W44
74 .7

0.03

15.4

0.32

3.56

5.12

100.81

447
286
28

<1

20

W5I

74 .4

0.10

14.5

0.87

0.15

0.87

5.20

3.65

0.01

99.79

113
205
606

71

10
21

24

w54
74.1

0.08

14.3

1.28

0.08

0.78

4.29

4.85

0.01

100.01

194

83
411

79

24
31

30
24

Anorthositic and granitic rocks from the Gorm loch

(Davies, 1974)*

TTH
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related to the granitic rocks rather than the mafic Dbody. Discordant
anorthositic lenses from layered bodies elsewhere have very steep REh
patterns indicating they could not be derived by crystal fractionation

from the basaltic magma which gave rise to the mafic and ultramafic

rocks. Weaver and Tarney (in press) proposed that they formed as
local small scale partial melts. The anorthosites are composed of
plagioclase (ca An™") , this being much lower than the An content of

plagioclase from large cumulate anorthosite bodies (e.g. Windley and
Smith, 1974). The four anorthosites analysed are rather variable; W48
having high ILa and Ce contents typical of the discordant anorthosites
and trondjhemites found elsewhere (Weaver and Tarney, 1in press) while the
other samples have much lower REE contents (Table 4.1) . The other
incompatible elements are also rather variable, for example sample W43
has very low TiO (0.04 wt.%) low REE (La -2 ppm and Ce -7 ppm)

but the Zr content is very high (109 ppm) . These analyses suggest

that there may be two types of anorthosite, firstly the t>pe with strongly
LREE enriched patterns which are probably partial melts of tlie mafic
rocks or gneisses (Weaver and Tarney, 1in press) and secondly cumulates

with low levels of REE, Ti and Zr . Further information is

needed before this problem can be resolved. The granite and trondj-

hemite sheets are very similar to those described from the Scourie region

(Rollinson and Windley, 1980Db).

Cnoc an Sgriodaich: Mafic material crops out over a wide area near Cnoc
an Sgriodaich (060295) as noted by Peach et al. (1907) . The structure
of this area is complex (Fig. 4.5) with NW-trending open folds being
folded by NNE-trending monoclinal folds in turn cut by ESE-trending
shear =zones. Most of the rocks are amphibolite or hornblendite with

granulite facies assemblages preserved locally. Parts of the body are
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agmcitised, where massive ampin hoi ite grades into agmatite with
amphibolite blocks in a felsic matrix (Fig.l.lal. Discordant anortho-
sitic patches, with hornblendite spots, are common as at Gorm Loch.

The Cnoc an Sgriodaich amphibolites closely resemble those from Gorm
Loch with low levels of incompatible elements (TiO" ranges from 0.3 -

0.45, Zzr from 17 - 27 ppm and Y from 2-11 ppm), and low Fe”O"

(9 - 10 wt.%). The body is bordered in places by gz-gt-bi-plag-hb
gneiss, believed to be metasediment (see later); another similarity with

the Gorm Loch body which is also enclosed in sediment (Davies, 1974,1976)

In conclusion it appears that most of the mafic bodies have a
very similar composition to the layered complexes discussed in Chapter 3
and presumably have a similar origin. However the Gorm Loch and Cnoc
an Sgriodaich bodies are slightly different, having low levels of incom-
patible elements possibly indicating a cumulate origin. However the
Gorm Loch body has very uniform MgO and the Ni content of the Cnoc
an Sgriodaich rocks is quite low (70 - 160 ppm), lower than that of
gabbros with similar MgO contents. More data is needed on the

latter two bodies before any firm conclusion can be reached.

4.3. DESCRIPTION AND PCTROGENESIS OF MAFIC LAYERS AND LENSES

Layers and lenses of mafic material occur throughout Assynt and
they could either be fragmented pieces of layered bodies or have a
different origin such as being metavolcanics. These mafic layers plot
on the same tholeiitic iron-enrichment trend (Fig.4.2) as the gabbros
and have a similar range of trace clement abundances and ratios (Fig.4.3)
with similar LREE enriched rare-earth patterns (Fig.4.4). Occasionally

gabbroic bands can be traced along strike from a layered complex



becoming thin amphibolite facies layers, demonstrating that it is possible
to derive amphibolite from the granulite facies gabbros. The IRFF.
enriched patterns and iron-enrichment trend are t>"pical of many Archaean
basalts (e.g. Arth and Hanson, 1975) and is contrasted with modern MORB
(e.g. Schilling, 1975). The fairly low MgO contents of most samples
(5 -10 wt.%) argues against them being primary mantle liquids and
suggests they have undergone some crystal fractionation. The low level
of incompatible elements in some samples indicates they may be partially
cumulate. The general similarity with the gabbros implies the mafic
lenses may have been tectonically separated from the main gabbroic bodies
during deformation possibly during an early phase of isoclinal folding
which affected the layered complexes. However it is obviously not
certain that all the mafic rocks originated in this way and some variety

of modes of formation is possible.

4.4. AGMATITES

Net-veined rocks (agmatites. Figs.l.lb and 4.1c) occur throughout
the Assynt district and are clearly distinguishable from the ultramafic
pods and balls, as the latter occur enclosed in gneiss whilst the
agmatites comprise ultramafic blocks in a plag-gz matrix; the whole body
being bordered by gneiss. The centres of the masses, which range up
to 100m across, are generally unfoliated although the felsic' veins may
have a quartz-rodding lineation indicating they were in existence before
the end of the early Scourian event which produced the main lineation.
The margins of the bodies are foliated, often merging into banded gneiss
as the ultramafic and felsic layers are flattened. Due to the intense
deformation and metamorphism it is not possible to determine whether

the felsic veins are a partial melt product of an original mafic or

ISS
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ultramafic body or whether the mafic body was invaded and broken up by
veins derived from the surrounding gneisses. However the veins are
fairly evenly distributed throughout the body unlike the Reidh Phort and
Cnoc an Sgriodaich bodies which are partially agmatised near their
contact with the gneisses which can be seen to invade the mafic body
(Fig. 4.1b). This may indicate either a net-veined origin or agmatisa-
tion very early in the history of the Lewisian.

Two samples have been analysed (J48 and J70; Appendix B4, mineral
analyses from J48 are given in Appendix A2) . The ultramafic blocks
comprise pale green actinolitic hornblende wholly or partially replacing
clinopyroxene, with trace amounts of plagioclase and epidote. They have
a fairly high MgO content of 15-17 wt.% and Ni and Cr contents of

725 and 900 ppm respectively, this taken together with the high mg
number of the minerals (0.78 for amphibole and 0.8 for clinopyroxene)
suggests ultramafic affinities. The high CaO content of 15 -16.5 wt.%
reflects the high clinopyroxene content. However the incompatible
trace element contents are fairly high with Zr ranging from 36 -49 ppm ,

Ti0" from 0.36-0.61 wt.% and Y from 11-13 ppm . The La, Ce and

Nd contents are very high for a rock with ultramafic affinities
(Fig.4.4). A possible origin for these agmatites is as a clinopyroxene
cumulate but the incompatible element contents, especially the LREE are
too high. The K for Ti, Zr and Y of 0.3, 0.1 and 0.5
respectively would lead to cumulates with high Ti/Zr and low Zr/Y
ratios while the reverse is found. Alternatively these agmatites
could be parts of layered ultramafic complexes which have been highly
deformed and separated from the main bodies. However this does not
account for the clinopyroxene rich nature of these rocks with a CaO
content about twice that of any of the layered ultramafics. The origin

of these agmatites 1is far from clear and more data is required before any



conclusion can be reached, but it is probable that metamorphic effects,
possibly involving partial melting to produce the felsic veins, have

altered the primary chemistry considerably.

4.5. HORNBLENDITE TODS AND LAYERS

Hornblendite pods and balls occur throughout the Assynt district,
tending to occur in clusters away from any obvious source. They presum-
ably resulted from extreme boudinage and fragmentation of either mafic or
ultramafic masses. In addition to the pods, which range up to 1m in
length, there are larger lenses or layers ofhornblendite.

Tine smaller pods are generally composed of pargasitic hornblende
although pyroxenite and gabbroic pods are found in the extreme east of
the area near Kylesku. Most of the hornblendite pods and lenses are

composed of a dark, coarse pargasitic hornblende but some comprise a

paler, fine grained actinolitic hornblende. The colour of the hornblende

is quite variable, possibly indicating a variety of sources. Both mafic
and ultramafic rocks tend towards monomineralic hornblende with prolonged
metamorphism. Many of the smaller pods havehigh Ni and Cr contents
indicating an ultramafic source but variable Ni/Cr ratios may indicate

a variety of sources (Tarney, 1978).

For this study no small pods have been analysed but a variety of
hornblendite lenses enclosed in tonalitic gneisses from Clashnessie Bay
have been analysed (see Table B4, Appendix B). These lenses are rather
irregular, 1 -5m thick and up to 50m long. The analyses are
plotted on Figs.4.2 -4.4 as hornblendite and ultramafic layersin gneiss.
The composition varies considerably from basaltic (e.g. sample JIG with

104 ppm Ni and 169 ppm Cr ) to ultramafic (e.g. sample J6l1 with
800 ppm Ni and 3000 ppm Cr ). The analyses cannot be compared

directly with ultramafic rocks from layered complexes as tlie development
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FIG. 4.6 (a) Photomicrograph of sample J10,
showing large pargasitic hornblende, clouded
with oxide dust and cut by flakes
of biotite. Field of view 2 .0mm.

FIG. 4 .6 (b) Photomicrograph of a phlogopite grain
from sample D3, showing the exsolution
of tiny brown chromite needles.

Field of view about 1 .0mm.
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of a monomineralic hornblende assemblage has affected the composition,
e.g. the CaO content is consistently about 11 wt.% , this being the
Ca0 content of hornblende and is much higher than the CaO content

typical of ultramafic rocks.

Sample JlO, from a Sm thick layer, 1is composed of coarse
(0.5 cm) crystals of pargasitic hornblende; the centres of grains being
clouded with oxide dust and the edges being clear. Flakes of biotite
occur along grain boundaries as well as cross-cutting the hornblende
cleavage (Fig.4.6a). The biotite (5 modal %) can easily be derived
from an earlier, more potassic hornblende. The whole rock analysis
(Table 4.2) can be recalculated as a ferroan pargasitic hornblende with a

TiO" - K"O - rich composition typical of granulite facies rocks (see
Chapter 2), implying the pargasite was probably stable throughout the
granulite facies event and that the disruption which produced the horn-
blendite layers occurred early in the history of the complex. The TiO"
and Ba contents are higher than for other mafic rocks with similar MgO
content. Both these elements are favoured by the hornblende structure,
demonstrating that the development of a monomineralic hornblende
assemblage influences the composition of the rock. The excess Ti and

Ba were presumably derived from the enclosing gneisses.

The remaining hornblendite lenses are composed of a finer grained
actinolitic hornblende. It is not known whether this formed from the
retrogression of granulite facies pargasite or from pyroxene-plagioclase
assemblages. The Si0” content of the actinolitic-lenses is corres-
pondingly higher with Al 0 being lower. These layers are formed from

2 3
both mafic (J69 and W59) and ultramafic (J15, J23 and J6l) material.
The latter two samples are similar to the ultramafics from layered bodies
except for higher CaO0O and SiO"® and lower MgO . It is not certain

whether these hornblendite lenses are fragmented mafic and ultramafic



J 10 Jlo Jlo Jlo

whole-rock amph- centre amph- edge biotite

3i0c  42.39 Si0g 42.04 43.28 37.59
2.21 TiOA  2.15 0.76 1.21
Aljo 11.16 Al*0j 13.58 13.02 16.22
13.67 . FeO  12.61 12.62 10.77
0 0.14 Lo 0.17 n.22 0.10
10 13.66 12.11 12.45 17.39
ca0  11.08 Ca0  11.35 11.76 0'00
ha O 1.68 Na~O 2.37 2.22 0.15
K,0 1.43 K*0 0.48 0.58 9.66
np  0.03 Crrcy 0.01 0.03 0.02
T0T 97 45 F 0.25 0.25 0.57
TOT  97.14 97.21 94.10

hi 104 si 6.245 6.415 5.598
cr 169 Al*i 1.755 1.585 2.402
2n 92 Al 0.623 0.690 0.515
Rb 14 Ti  0.240 0.085 t.135
3« 209 c' 0.001 0.003 0.002
Ba 968 Fe  1.566 1.564 1.342
Zr 45 In  0.021 0.027 0.012
Ih <1 5 2.681 .2.750 3.861
La 19 ca  1.806 1.868 0,000
Ce 46 Na  0.683 0'639 0.045
lid 26 K 0.091 0.109 1.835
Y 19
Ca 17 mg 0.628 0.633 0.740
Th <3
Pb <4

TABLE 4.2 Whole-rock and mineral analyses from a hornblendite,

sample J10, from the east side of Clashnessie Bay.
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masses or whether they have resulted from metamorphic differentiation;
however the concentration of hornblendite found at the east end of
Clashnessie Bay indicates that they may be derived from the fragmentation
of a mafic body.

An unusual ultramafic pod enclosed in granulite facies gneisses
from Kylesku (230337) is composed of partially serpentinised orthopyroxene
and phlogopite with exsolved chromite needles (Fig.4.6b). The phlogopite
has a fairly high Cr”0” content of 1-1.5 wt.% fairly low TiO" of
about 1.25 wt.% and a fluorine content of 0.6-0.75 wt.% . The
exsolved brown spinel phase is variable with: 17-24 mol.$% spinel,

50 - 61l mol.% chromite and 15-32 mol.% magnetite. This is in strong
contrast to the green hercynite spinels from the layered ultramafics which
have less than 7 mol.% chromite. Before the exsolution of this spinel
the phlogopite would have had about 2 wt.% Cr"0” , this exsolution
presumably occurring during slow cooling of the complex. This pod
is unlike any other ultramafic rock found in the Lewisian and its proven-
ance 1is unknown as no whole rock analysis is available. The Cr
content of the pod must be very high as the orthopyroxene has a Cr”0O"
content of 0.55 wt.% , very much higher than in the pyroxenes from the
layered ultramafics. The Al17”O" content of 2.5-2.75 wt.% is fairly
typical of granulites and its mg value 1is slightly less than that of the
pyroxenes from other ultramafics (0.8 compared to about 0.83). The high
Cr content taken together with the presence of phlogopite tends to
suggest that this pod was not derived by fragmentation of layered pyroxen-
ites. Phlogopite of a similar composition is found in the Finero mantle
peridotite of the Ivrea zone (Brodie, 1980) but it is slightly more
magnesian and the co-existing pyroxenes are far more Mg-rich (mg is about
0.9 for orthopyroxene). The relatively low mg-value of the Kylesku

orthopyroxene suggests that the pod is unlikely to be a mantle fragment.
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The ultramafic pods and lenses are thus rather variable, some
being derived from mafic sources, others from ultramafic. The concen-
tration of hornblendite lenses in one area (the east end of Clashnessie
Bay) tends to suggest they are fragmented mafic bodies rather than the
result of metamorphic differentiation. Their petrogenesis 1is difficult
to determine as the formation of a monomineralic hornblende assemblage
has clearly affected the composition of the pods causing a uniform CaO
content and increased Ti and Ba contents. For this change in
chemistry to take place the disruption of the original mafic bodies must
have occurred before the metamorphic event which produced the hornblendes
as the chemistry of the larger mafic bodies has not been altered in the
same manner.

From the above discussions it can be concluded that there is
probably a variety of mafic and ultramafic rock types in the Lewisian
gneisses but that the majority of them are layered gabbros and ultramafics

or their retrogressed equivalents.

4.6. METASEDIMENTARY GNEISSES FROM THE ASSYNT REGION

Metasedimentary gneisses have been reported from several parts
of the Lewisian; notably from South Harris (Coward et al., 1969), from
the Laxford front area (Davies, 1974, 1976), a meta-ironstone from
Scourie Bay (Barnicoat and O'Hara, 1979) and gt-gz gneisses from
Assynt (Sheraton et al., 1973a).

The vast majority of the acid and intermediate gneisses in Assynt
are at amphibolite facies with the main ferromagnesian minerals being
hornblende and biotite. However, rare intermediate composition gneisses
containing garnet in addition to gz, plag, hb and biotite are found.

These rocks tend to occur bordering mafic bodies and it is possible that



1+3

they have a sedimentary origin as suggested for similar gz-gt gneisses
in the Assynt district (Sheraton et al., 1975a). Possible metasedi-

mentary gneisses have been found at four localities;

(1) Bordering the Cnoc an Sgriodaich body (Fig.4.5). These
gneisses are very iron-rich with about 15 wt.% total iron as FeZO3
(Table 4.3; samples D17 and S4). They have an assemblage of
gt-gz-plag-hb-bi-opqg; with all the ferromagnesian minerals having low
mg numbers (mg-garnet = 0.06, mg-amphibole = 0.15, mg-biotite = 0.21),
much lower than for any other gneisses (see Chapter 5). Ni is below
the minimum detection limit, but the TiO" and Zr contents are fairly

high (1.25 wt.% and 130 ppm respectively). The hornblende and biotite

have higher Al”"" contents than minerals from other gneisses.

(2) Bordering the Loch Poll an Droighinn gabbros (055288;
samples J94, J120, Table 4.3). These samples are composed of gz-plag-gt-bi,
with the biotite wholly or partially replacing the garnet. J9%4 has a
high Al17”0g content (19.4 wt.%) and moderate TiOg, Cr , Ni and Zr
and of the samples analysed for this study most closely resembles the

gz-gt gneisses of Sheraton et al. (1974a; Table 4.3). Sample J120
has gz-layers, high normative quartz, high TiO" (2.7 wt.%) and high

PzOs (1.45 wt.%).

(3) N.E. of Maiden Loch (058274). At this locality there is
an Inverian steep belt containing a variety of rock types ; normal
tonalitic gneiss, gz-gt-plag-hb-bi-gneiss (samples J113, J114 (Table 4.3)
and J98 (Appendix A2)), a trondjhemite sheet and a peculiar brown
weathering gneiss containing pale pink garnet with the following assemb-
lage: gz-plag-gt-bi-hb-chl-anth-opg;sulp-ap. The hornblende from

these samples has a high Al1*" content.
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(4) A lens of biotite-rich gneiss with numerous tiny zircon
crystals (J47) was found near Loch an Lasain (057296). Although it
does not border a mafic body and has no garnet, the composition is
similar to samples D17 and S4 but less iron-rich. It has a very high

Zzr and Ba contents.

In high-grade gneiss terrains it is often difficult to distinguish
between clastic metasediments and tonalitic gneisses, as the sediments
are commonly derived from granitic crustal material and if the sediments
are fairly immature they will have a similar composition. However
differences in composition have been found which may enable ancient
metasedimentary rocks to be recognised. If the original sediment con-
tained a high proportion of clay minerals it 1is 1likely to be corundum-
normative. In some metasedimentary sequences some inter-element corre-
lations are opposite to those expected from an igneous suite; for example
Tarney (1977) found K and Rb correlated with Mg, Cr and Ni
In most calc-alkaline series Zr increases with differentiation until
very siliceous compositions when it falls suddenly; however in sedimentary
rocks Zr may be present replacing Al in clay minerals as well as in
detrital zircon, causing a more erratic variation of Zr contents (Van
der Kamp et al., 1976). Similarly Ni and Cr fall off rapidly
with differentiation in igneous suites whereas in sediments Ni and Cr
are fairly constant over a wide silica range (Van der Kamp et al., 1976).
Hence Zr, Ni , Cr and Ti contents of fairly siliceous sediments are
often higher than for igneous rocks with the same silica content.

All the Assynt gneisses which could be of sedimentary origin,
with the exception of sample J113, are corundum normative, but so are

some of the trondjhemitic gneisses. However all the metasediments have
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less than 64 wt.$ Si0”, therefore this may be significant. Some samples
liave high Zr (especially J47) and TiO but not all of them;

2
similarly the Ni contents are very variable, samples J96 and SIO having

quite high Ni (200 ppm) while D17, 84 and J47 have a nickel content

below the detection limit. These features are shown in Fig.4.7a and b

and Table 4.3, where these metasedimentary gneisses are compared with known

sediments from elsewhere (data from Tarney, 1977), other sedimentary

gneisses from the Lewisian and a range of mafic-acid gneisses (data from

this study), Tarney (1977) devised a plot to discriminate between sedi-

mentary and igneous gneisses based on their TiO content. In Fig.4.7a
it can be seen that some of the possible metasedimentary gneisses plot in

the sedimentary field, while others do not. However the average

Precambrian greywacke of Condie (1967) and the gt-gz gneisses of Sheraton

et al. (1973a) also plot below the line. Similarly in Fig.4.7b, a
Ni-Sr plot devised by Winchester et al. (1980) to discriminate between
the two gneiss t>gres, some samples plot in the sedimentary field, others
in the igneous field. Interestingly the samples plotting in the sedi-
mentary field in the TiO” -Si0O” plot fall in the igneous field in the
Ni-Sr plot. Samples .1113 and J114 plot in the igneous field in both
plots. A similar plot for Zr (not shown) reveals that, most but not
all of the metasedimentary gneisses have a higher Zr content at a given
Si02 level than the igneous-gneisses. Samples .194, J113 and .1114 are
very similar to the gt-gz rocks of Sheraton et al. (1973a) and to the
average Precambrian greywacke of Condie (1967).
Although rather inconclusive, the indication from these plots,

taken together with the fact that these samples have a different minera-
logy to the gneisses suggests that they may be metasediments. Compari-

sons with known sediments suggests they were probably fairly immature

sediments such as greywackes. D17 and S4 are different in that their

16
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iron content is so higli. However an ironstone has been reported from
Scourie (Barnicoat and O'Hara, 1979) so possibly they are related.

The presence of sediments in the Lewisian complex is of
significance and adds a constraint to the models for generating this
section of the crust. It is also significant that these sediments
tend to occur bordering mafic bodies such as the Gorm Loch and Cnoc an
Sgriodaich bodies, suggesting the sediment was incorporated into the
dominantly plutonic complex along with the mafic bodies. In southern
Chile, metasediment is found intercalated with the tonalitic gneisses
and 1is believed to be part of a subducting accretionary prism that has
been incorporated into the tonalitic gneisses (J. Tarney, pers. comm.).
The metasediment could possibly have been incorporated into the Lewisian
complex in a similar manner, but this involves considerable speculation.
However it does provide another analogy between the Lewisian complex and
the continental-margin of South America, as suggested by Windley and

Smith (1976).
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CHAPTER 5

RETROGRESSION OF THE ASSYNT GNEISSES
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5.1. INTRODUCTION

In this chapter, the Inverian and Laxfordian retrogression of
the Assynt gneisses will be examined. The reworking of Scourian
granulites in WNW-trending Inverian steep belts and Laxfordian shear
zones has been discussed in Chapter 1. The close association of meta-
morphism and deformation was emphasised. It is assumed that all the
Assynt gneisses were originally metamorphosed at granulite facies, with
a flat-lying foliation. The reasons for this assumption are that relict
Scourian areas are found between Inverian steep belts and even in the
Stoer-Clashnessie area, where steep belts are very close together and where
retrogression has been extensive, granulite facies assemblages may be
preserved in mafic and ultramafic rocks, e.g. harzburgite near Alltan na
Bradhan (samples J21, J22; 054263) and garnet granulite near Loch Poll an
Droighinn (055288). Outside Laxfordian shear zones the amphiboles are
poorly crystallised and are clearly pseudomorphing an earlier granulite
facies texture. Chemical comparisons would not be valid unless one was
certain that the amphibolite facies rocks were derived from granulite
facies assemblages. The retention of granulite facies assemblages in
mafic rocks, when intermediate and acid gneisses are retrogressed, 1is a
common phenomenon and is due to the fact that a larger amount of water is
required to retrogress a mafic assemblage with 50-70 modal % mafic
minerals than an acid gneiss with only 10% mafic minerals. There are few
mafic rocks in Assynt without some replacement of pyroxene by amphibole.

The region can be divided into metamorphic divisions which are
correlated with the structural divisions in Chapter 1. They are as

follows :

(@) areas with granulite facies assemblages (rare in Assynt),



(b) areas with low amounts of Inverian deformation,
retrogression being concentrated in steep belts. Acid
and intermediate gneisses are retrogressed butmafic and

ultramafic rocks retain their granulite facies assemblages,

(c) areas with a large amount of Inverian deformation and
extensive retrogression. In the latter two cases the
metamorphism is "static" and the amphibolite facies
minerals pseudomorph the granulite facies minerals with

no recrystallisation,

(d) fine grained completely recrystallised assemblages from
Laxfordian shear =zones. There 1is considerable reduction

in grain size and extreme attenuation of the banding.

The detailed mineral chemistry of granulite facies gneisses from

the Scourie area was studied by Muecke (1969) and Rollinson (1978).
Apart frommafic rocks, no study of granulite mineralogy in the Assynt
area can be made. Beach (1974a) discussed the amphibolitisation of
Scourian granulites concluding that there was overall gain of Na and
H*O and loss of Ca and Mg . Beach and Fyfe (1972) and Beach (1973,
1976) examined shear zones in the Scourie area concluding that there was
little overall change in composition during Inverian-type retrogression

but shear zones were enriched in K and H"O , depleted in Ca and Fe

and oxidised relative to undeformed gneisses. The mineralogy of these
shear zones indicates P-T conditions of about 600°C and 6kb (Beach,
1973) during Laxfordian shearing. Drury (1974) studied retrogression of

gneisses from Coll and Tiree concluding that there was an increase in
K, Rb , K/Ba and Rb/Sr in all rock types. Beach and Tarney

(1978) discussed chemical changes that took place during retrogression by
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comparing 39 granulite facies samples, 145 amphibolite facies samples
and 52 samples from shear zones. The process of retrogression was
shown to involve considerable large-scale chemical equilibration, with
retrogressed samples having a more constant Fe/Mg ratio. Tarney
(1973) studied the Inverian metamorphism of picritic Scourie dykes in
the Lochinver area.

In this chapter the mineralogical changes occurring during
retrogression will be discussed along with attempts to estimate the P-T
conditions of retrogression and shearing. Any changes in the overall
composition of the complex will be examined along with the composition of

the fluid phase causing the retrogression.

5.2. PETROGRAPHY

5.2.1. Retrogression of mafic rocks

Mafic rocks without some amphibolitisation are rare in Assynt;
representative mineral assemblages are given in Table 1. The first
sign of retrogression is the alteration of orthopyroxene to a pale green
to colourless, fibrous cummingtonite orientated parallel to the ortho-
pyroxene cleavage. A detailed description of the alteration of Scourian
orthopyroxene 1is given by Kerr (1979). Clinopyroxene begins to alter
to a green actinolite. The cummingtonite is also fringed by actinolite.
As the fringes develop, orthopyroxene and cummingtonite disappear
completely and clinopyroxene is rimmed by blue-green to green hornblende.
The rims range from a few microns thick to the whole grain being replaced
by hornblende. The fringes are best developed between plagioclase and
clinopyroxene, but they occur along all grain boundaries, even when in
contact with other clinopyroxene grains. There is commonly a fringe of
colourless epidote between plagioclase and hornblende. Occasionally

(Fig.5.1la) these fringes are well developed. When the whole clinopyroxene



ULTRAMAFIC ROCKS

MAFIC ROCKS

opx * cpx -parg —-magt * sp - ol
opx - ol -magt

serp - chi -magt

trem - chi +dol +anth £ tc -magt
cpx —actinolite - opgq

opx —-chi -phlog - opg

hb -hi - opg

chi + trem - tc -dol -magt + hem

chi - tc - cummingtonite - opg

plag - cpx topx tgt+t parg + ilmt *tmagt
plag —cpx —gt-hb- opgq

plag - hb - opg

plag -—hb - ep £ gz - opg * sph

plag —hb -bi + gz -opg * sph * ep

plag —~hb-bi-gt- anth -chi -ap -opg
plag —hb +bi * ep - opg

INTERMEDIATE AND ACID GNEISSES

(G)

(R)
(R)
(R)
(R)
(8)
(s)

(G)
(R)
(R)
(R)
(R)
(R)
(S)

gz —-plag —-hb (accessory —opg —ap — zr - sph —-cc- ep)

gz -plag -hb -bi

gz -plag —hb -bi -chi

gz -plag -—bi -hb -gt £ chi
gz -plag —-bi £ chi

gz -plag -bi -muse * chi

gz -plag -bi -muse -micr * chi
gz -plag tmicr +bi + chi * zr
gz -plag -hb -bi -magt

gz -plag -bi tmuse

gz -plag —bi -chi

gz -plag —hb -chi

gz -plag —micr -gtt chi

(R)
(R)
(R)
(R)
(R)
(R)
(R)
(8)
(8)
(8)
(s)
(R)

TABLE 5.1 Representative mineral assemblages from all rock types.

G - granulite facies, R - retrogressed rocks,

assemblages.

S - shear zone
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FIG. 5.1 (a) Epidote rim around hornblende in sample D19,
a mafic rock from near Loch Ardbhair (176326)

Note the quartz inclusions in the hornblende
and the sutured grain boundaries. Field of
view 3.2 mm.

FIG.5.1 (b) Poorly crystallised Inverian hornblendes,
some with centres clouded with oxide dust.
Sample J5, Reidh Phort amphibolite (056315)
Field of view 3 .2mm.

FIG. 5.1 (c) Poorly crystallised Inverian hornblendes
with euhedral recrystallised grains. Quartz
aggregates to form larger grains. Sample
J1 (©057302). Field of view 3.2 mm.
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grain 1is replaced, the hornblende has numerous tiny quartz inclusions
(see also Beach, 1974a). The result 1is a green-yellow to green to
blue-green hornblende sieved with quartz inclusions with an inclusion
free rim sometimes fringed by epidote against plagioclase. The horn-
blende and plagioclase grains have irregular, sutured grain boundaries,
but are clearly replacing a polygonal granulite facies texture. These
Inverian hornblendes are usually poorly crystallised and generally
consist of aggregates of tiny fibrous crystals. In Table 5.2 a range
of hornblende fringe compositions is given. Plagioclase 1is commonly
revers” zoned and may contain needles of epidote.

Several types of amphibole grain are found in completely

retrogressed mafic assemblages:

(@) grains clouded with inclusions of oxide dust (Fig.5.1Db),
but with clear rims, are derived from granulite facies

pargasitic hornblendes by exsolution of opaque oxides,

(b) grains with sutured edges and quartz inclusions developed

from clinopyroxene (as above),

(c) recrystallised grains without inclusions (Fig.5.1c).
The quartz and opaque oxides form discrete grains, but
there 1is no noticeable difference in composition between
these recrystallised grains and their Inverian counter-
parts. In Laxfordian shear zones there are fine-grained
recrystallised amphiboles as well as relict Inverian

grains.

Amphibolitisation of pyroxenes 1is accompanied by the development
of sphene coronas around opaque oxides (presumably ilmenite). Biotite

often overgrows opaque oxides. Biotite is found as discrete grains in
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composition of amphiboles rii.ming pyroxenes

in partially retrogressed mafic gabbros from the

Lrumbeg complex.

(a) cummingtonite rimming orthopyroxene

(b) actinolitic hornblende rimming clinopyroxene

(c,d,e)

hornblende rims around clinopyroxene



a few mafic assemblages especially in or near shear zones, but 1is never
very abundant (lessthan Smodal %). Thebiotite inmaficrocks can

be derived from the K*"0O content of granulite facies hornblendes, and
thus one does not need to invoke potash metasomatism to produce the new
biotite. Locally, near shear zones or dyke margins, scapolite may

replace plagioclase, this being a Cl-CO” variety.

Reactions to produce amphiboles. There 1is a change in amphibole
composition from tremolite-actinolite to hornblende as the fringes

develop reflecting the increasing involvement of plagioclase in the

reaction. The initial stages of replacement simply involve the hydration

of orthopyroxene to cummingtonite, but as retrogression continues
reaction with plagioclase takes place, with the plagioclase becoming less
calcic. Most granulite facies mafic rocks have plagioclase with a
composition between An”* and An"" while retrogressed samples are
between Ane% andAnZ; .

The hydration of orthopyroxene to cummingtonite indicates the
addition of H”O and the loss of (Mg,Fe)”™* . The formation of

actinolite from clinopyroxene with no other reactant involved leads to

excess Ca and Si being produced:

5Ca (Mg, Fe)Si20” + H"O "~Ca2 (Mg, Fe)”*S5ig022 (0H)2 + 3Ca0 + ZSiO" (1)

cpx actinolite

Both actinolite and clinopyroxene contain small amounts of Al"0" and
the excess Ca0O and Si0” may go into epidote. If this reaction took
place it was only on a minor scale. It is possible to write a reaction
involving both clino- and ortho-pyroxene as reactants to produce horn-
blende. This could only take place on a small scale as granulite

facies mafic assemblages generally contain only small amounts of
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orthopyroxene (Chapter 2), and retrogressed assemblages are ortho-
pyroxene free. The mg of the product hornblende is always less

than that of the reactant clinopyroxene; e.g. 1in sample W4 clinopyroxene
has an mg of 0.69, orthopyroxene 0.58, actinolite, which forms thin
fringes, 0.76 and hornblende 0.57 and in sample W13 clinopyroxene has

an mg of 0.62 and the replacing hornblende 0.45. A reaction involving

both pyroxenes could be:

3Ca(Mg,Fe)Si 0 + (Mg,Fe) ,S1 0 + CaAl Si 0 + H O + (2)
Z b Z z b z z o z
Ccpx opx An
Ca, (Hg.Fe), sAl, ;Al, ;Sig . "Fe'+ . 3.5310”. 2CaO
hornblende qz

The hornblende also contains Na which is derived from the albite
component of the plagioclase. The excess Al from this reactant albite
could combine with the Ca + Fe from the above reaction to produce
epidote. Any further excess Ca may form sphene coronas around oxides.
Reaction 2 can only proceed until all the orthopyroxene 1is consumed.

A more general reaction to form hornblende is:

5Ca(M;,Fe)Si’£05§: + CaAl;‘Sa."?" + Na1-\lSi'3‘O"8 +2H"O ”

cpx An Ab
Na”~ ~Ca2 (Mg, Fe)” A"A1"SigO”MMfOHJ” + 4Ca0 + 7\5 Sion* Uy
hornblende qz

This reaction produces a greater amount of excess Ca and Si

This Si forms the tiny quartz inclusions which form in the centre of
hornblende grains. The edges of grains are inclusion free, implying
that the excess silica found it increasingly difficult to diffuse out
of the developing grain. The TiO" content of the hornblende is

presumably derived from opaque oxides. Granulite facies mafic assemblages



have a higher modal oxide content than their equivalent Inverian
assemblages. The TiO"® and FeO thus released could enter hornblende
(which has a lower mg than the reactant pyroxene). The potash content
of these amphiboles is fairly low and could be derived from plagioclase.
During retrogression the plagioclase becomes more sodic and the horn-
blende gains Na , possibly implying addition of Na to the complex
during retrogression as suggested by Beach (1973, 1974a, 1976).

However this is not necessary if the amount of modal plagioclase

TV ?

decreases. Unfortunately this is rather difficult to estimate, although

many retrogressed mafic assemblages do have low plagioclase contents.
Reaction 3 takes two parts anorthite to one part albite which would
reduce the anorthite content of the plagioclase and does not involve
addition of Na to the complex. The Ca released from the reactions
may also account for the reverse zoning commonly observed in plagioclase

from retrogressed samples.

5.2.2. Retrogression of acid and intermediate gneisses

Unfortunately granulite facies acid and intermediate gneisses are
rare in Assynt, so transitional stages of retrogression can rarely be
observed; however retrogression of intermediate gneisses was described
by Beach (1974a). Granulite facies gneisses have bluish quartz and
greasy, dark plagioclase and are fairly coarse grained. They have a

polygonal, granoblastic texture with straight to curved grain boundaries

meeting in triple points. The plagioclase 1is coarse grained, twinned
and often strained with bent twin lamellae. The composition is about
Ango-SS ' Orthopyroxene is partially altered to a yellowish chlorite

or serpentine and biotite overgrows opaque oxides.

’



Amphibolite facies rocks are medium to coarse grained (average
grain size 1is about less than 3 mm, quartz grains 2-3mm, plagioclase
lmm) . Representative assemblages are given in Table 1, the most
common being quartz-plagioclase-amphibole-biotite-magnetite. Accessory
minerals are epidote, apatite, zircon (especially in discordant pegmatitic
sheets cutting the Drumbeg body), opaque oxides, sphene and calcite. As
the SiO” content increases, the amount of biotite increases with a
decrease in the hornblende content. Some assemblages contain muscovite
(hornblende and muscovite are mutually exclusive), chlorite and micro-
cline. Rare granite sheets contain garnet (partially replaced by
chlorite). Hornblende generally has quartz inclusions (Fig.5.2a) and
may be overgrown by biotite (especially in shear zones). Biotite is
often altered to chlorite along cleavage planes. In or near Laxfordian
shear zones biotite may be completely replaced by a pale green fibrous
chlorite containing needles of haematite, but biotite and well developed
chlorite aggregates do occur in the same sample. Epidote grains may
be associated with biotite.

Plagioclase grains recrystallize during retrogression to a fine
to medium grained aggregate of untwinned grains with curved to sutured
grain boundaries (Fig.5.2b). Larger unrecrystallized grains with
relict twinning have very irregular grain boundaries and are usually
seriticised; the composition is generally between An"" ¢ Recrystall-
ized plagioclase grains from shear zones do not have epidote inclusions.
Quartz tends to occur in lenses up to 2cm long, which in acid gneisses
define the foliation and lineation. They have recrystallized to a poly-
gonal aggregate, although grains may have sutured edges (Fig.5.2b).
Occasionally, in some trondjhemite sheets the plagioclase is granulated

to a very fine-grained aggregate.
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FIG.

FIG.

FIG.

5.2a

5.2b

5.2c

Inverian hornblende with quartz inclusions
partially rimmed by biotite in a gneiss of
intermediate composition. Sample J91 (104223)

Field of view 3.2mm.

Recrystallized quartz lens with finer grained
partially altered polygonal plagioclase. Sample
066 (158318). Field of view 3.2mm.

Tonalitic gneiss from the Canisp shear zone;
aligned biotite overgrows hornblende with a
euhedral magnetite grain cutting the fabric.

Sample D37 (054257). Field of view 3.2mm.
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Tn shear =zones, biotite overgrows hornblende and there is a
post-deformational growth of euhedral magnetite (Pig.5.2c). Some
samples particularly from the Strathan 1line , are rich in chlorite,

which may replace hornblende.

5.2.3. Retrogression of ultramafic rocks from layered bodies

The rocks from layered bodies, especially the pyroxenites, are
more competent than the surrounding gneisses. Consequently granulite
facies and partially retrogressed ultramafic assemblages are found when
all other rock t\g)es are completely retrogressed. However, once the
ultramafic rocks are hydrated they become the least competent member
of the complex. This is particularly noticeable in the picrite Scourie
dykes near Clachtoll (Tarney, 1973). In fact, it becomes very difficult
to distinguish between ultramafic dykes and rocks from layered bodies.

Three types of retrogressive metamorphism of ultramafic rocks can be

recognised :
(a) retrogression without accompanying deformation in or near
Inverian steep belts,
(o) recrystallization accompanied by shearing in Laxfordian
shear =zones,
(c) serpentinisation of olivine and orthopyroxene. This occurs

to some extent in all olivine-bearing samples but it seems
to increase eastwards across the Assynt region. Completely
serpentinised rocks (J65, D28) occur away from any Inverian
structures. Relict olivines in metamorphosed picrite

dykes from the Canisp shear zone were serpentinised after

the shearing (Tarney, 1973), implying the serpentinisation
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was a very late stage event in the history of the Assynt
gneisses, perhaps associated with the Caledonian or with

the uplift prior to the deposition of the Torridonian.

Petrography. Cranulite facies assemblages have a polygonal granoblastic
texture (Chapter 2). The first sign of retrogression is the exsolution
of opaque oxides along cleavage planes and grain boundaries (Figs. 2.5,
5.3a). This is due to the exsolution of excess TiO2 from granulite
facies pargasite , associated with a change in colour from brown to green.
Cranulite facies amphiboles always have a higher TiO" content than
their amphibolite facies counterparts. In Table 5.3 the change in
amphibole composition with retrogression is documented.

When ultramafic rocks recrystallize without the development of a

fabric, they have the following assemblage:
tremolite - chlorite tanthophyllite + talc tdolomite -magnetite

In partially retrogressed assemblages (W9,077a) anthophyllite needles
replace orthopyroxene. Pargasite and clinopyroxene are replaced by
tremolite. A170” thus released from pargasite and spinel forms chlorite
Chlorite is colourless and occurs either as fibrous masses or discrete
needles. In completely retrogressed samples euhedral tremolite (some-
times twinned) develops (Fig.5.3b), cutting areas of fibrous tremolite,
chlorite and anthophyllite which pseudomorph the granulite mineralogy.
Chlorite forms fringes around magnetite, perhaps developing from the
composite spinel-magnetite grains. Anthophyllite is only a transitional
phase and is rarely present in completely retrogressed samples. Some
dolomite and talc may be present but they are more abundant in shear

zones. Inverian assemblages are thus dominated by tremolite and chlorite.
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FIG.

FIG.

FIG.

.3a

.3b

.3c

Exsolution of opaque oxide in hornblende
from sample W49, Gorm Loch, Laxford front.

Field of view 1.6 mn.

Retrogressed ultramafic rock from the margin
of a shear zone cutting the Drumbeg complex.
Euhedral tremolite grains cut the trem-chl
intergrowths. Sample D25 (115327).

Field of view 3.2mm.

Ultramafic rock from the Canisp shear zone.
Cummingtonite needles cross-cut a fine grained
talc-chlorite matrix. Sample S2 (054257)

Field of view 3.2mm.
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Changes in amphibole composition with retrogression

in ultramafic rocks, \71 and YILl are granulite facies

assemblages in

the Drumbeg body, V/59 has some

exsolution of opaque grains, W49 is a blue-green

amphibole with extensive exsolution of opaque granules

and D25 is a tremolite from a completely retro-

;-pressed assemblage. Cations are calculated on the basis

of 25 oxygens in the water free formula. The

number in parentheses is the number of point

analyses included in the average.
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In Laxfordian shear zones (e.g. sample D26) a strong fabric develops
with parallel alignment of platy crystals and a segregation into silicate

and carbonate layers. The following tv"pical assemblage is found:

chlorite - talc - dolomite * tremolite + haemotite - magnetite

In the main Canisp shear zone dolomite often aggregates in fold closures
(Tarney, 1973) and post-deformational prismatic amphibole grains cut the
schistose fabric. These amphiboles resemble tremolite but microprobe

determination reveals them to be cummingtonite (Fig.5.3c). This move-

ment of dolomite produces an assemblage with no calcium mineral, leaving

a chlorite - talc - cummingtonite assemblage.
Serpentinisation. All granulite facies samples show some serpentinisation
but occasionally completely serpentinised rocks are found. The serpentine

is a colourless, low birefringence antigorite, but where orthopyroxene
has been altered, it may be a pale yellow. Pale green serpentine 1is also
found. Serpentinites also contain a small amount of chlorite and

abundant opaque oxide.

5.3. MINERAL CHEMISTRY

5.3.1. Amphibole composition

Amphiboles occur in many rock types in the Assynt region - in
mafic and ultramafic granulites, retrogressed rocks of all compositions
except the most acid, and in recrystallized gneisses from Laxfordian shear
zones. The composition ranges from Ca-free amphiboles to tremolite to
pargasite. A wide range of substitutions occur in amphibole and the

composition can depend on the following factors:
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(a) whole-rock composition
(] P-T conditions of formation

(c) the paragenesis

In this section the influence of these factors will be examined.
The majority are Ca-amphiboles with Ca between 1.75 and 2.00
cations per formula unit (based on 23 oxygens). The general formula

of Ca- amphibole can be written;

2+
where A is Na or K ; X 1is Ca or Na ; Y is Mg, Fe , Mn ,
3+
Fe , Al, Ti, Cr ; Z 1is Al or Si ; the hydroxyl ions may be wholly
or partially replaced by Cl or F . The following are the main
substitutions :

MgSi AlAl (tschermakitic)
NaAl ~ Si - (edenitic)
NaNa < Ca (richteritic)

Pargasite is derived by a combination of edenite and tschermakite
substitutions. As demonstrated in Fig.5.4, most of the Assynt amphiboles
lie on a line between tremolite-actinolite and pargasite, with the
richterite substitution being minor. Where actinolitic and tschermakitic
amphiboles occur in the same sample, the former always has the higher mg
number, emphasising the importance of the MgSi ~ AlAl substitutions.

The amphiboles from granulite facies assemblages (only mafic and
ultramafic in Assynt) are very distinctive and have been discussed
briefly in Chapter 2. The amphiboles from ultramafic rocks are olive-
green to colourless pargasite (nomenclature after Leake, 1978), whilst

those from mafic rocks are brown to straw yellow ferroan pargasitic
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hornblende. The degree of brown colouration depends on the TiO
content. When these amphiboles retrogress, they exsolve opaque oxide
(presumably ilmenite) along cleavage planes and grain boundaries
becoming green. Pargasites in the mafic granulites occur both as large
matrix grains and in symplectites after garnet (Savage and Sills, 1980;
Chapter 2). The latter have higher Al"" contents.

In the amphibolite facies Inverian assemblages, nearly all amphi-
boles are between tremolite and pargasite (Fig.5.4) but occasional

calcium-poor amphiboles are found as follows:

(a) anthophyllite replaces orthopyroxene in partially

retrogressed ultramafic rocks,

(o) cummingtonite partially replaces orthopyroxenc in

retrogressed mafic rocks,

(c) samples J96 and SIO, which occur in a steep belt, have
the following assemblage: quartz - plagioclase - garnet -
anthophyllite - chlorite - biotite - hornblende - apatite -

opaque oxides,

(d) in the Canisp shear =zone ultramafic rocks contain post-

deformational laths of cummingtonite (Fig.5.3c).

The most common amphibole is a magnesio-tschermakitic hornblende
or a ferroan-pargasitic hornblende; these will now be referred to simply
as hornblende. Fringes of blue-green amphibole partially replacing
clinopyroxene are actinolitic hornblende.

Various systematic grade-related changes in amphibole composition
have been reported from other metamorphic terrains. These include TiOg ,
Mg/Mg + Fe, Al”" and total alkalis which may increase with temperature,

2+ vi
Mn/Fe , which may decrease with temperature and Al which may
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increase with pressure (Engel and Engel, 1962; Binns, 1965; Leake, 1965;
Bard, 1970; Raase, 1974; Stephenson, 1977). However Al"" and mg
variations may correlate with whole-rock compositions. In Fig.5.5 the
Mg/Mg + Fe ratio of all amphiboles is seen to mirror closely that of

the host rock, whilst the TiO” content is very much greater in granulite
facies amphiboles and this does not correlate with whole rock TiO"
content. This difference in TiO2 is the most striking difference
between amphibolite and granulite facies hornblendes.

Correlation matrices have been computed, firstly using all
amphibole analyses and secondly excluding amphiboles from granulite
facies assemblages (Fig.5.6a). R-mode cluster dendograms were then
constructed (Fig.5.6b; method as in Chapter 3). The general degree of
correlation 1is less when the granulite facies grains are included but
the clusterings are similar, except for a clustering of Ti with K in
the granulite facies grains. Surprisingly, considering the wide range
of substitutions possible, the correlation between Mg and Fe 1is very
high (-0.85).

All the analyses have been plotted using mg of the amphibole as
abscissa and have been divided into three groups; granulite facies,
retrogressive amphiboles in or near Inverian steep belts, and recrystall-
ized grains from Laxfordian shear zones, to see if there is any systematic
difference in composition between the groups which could be related to
P-T conditions. A few analyses which are clearly partially retrogressed
granulite facies grains have been plotted separately. Several of these
plots are given in Fig.5.7.

In several plots the granulite facies hornblendes are clearly
distinguishable from the retrogressive amphiboles. For high mg numbers
the granulite facies grains are pargasite, whilst the amphibolite facies

grains are tremolite. Granulite facies amphiboles have higher K ,
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Na + K , Ti, Cr and than their amphibolite facies counterparts,
while the Al"!' content 1is often lower. Binns (1965) suggests that
Al~' decreases with increasing grade; however the Al1™! is replaced

by Ti in the granulite facies amphiboles and the Al*" + Ti content
is fairly constant. Cr"0” 1is below detection limit in most samples,

but in the pargasites from ultramafic rocks and the hornblende from

the Achiltibuiegabbros (where there is no oxide phase) Cr~0” contents
are up to 0.5 wt.% . The CrZO3 content of amphibole is always
greater than that of coexisting pyroxenes. In one retrogressed sample

(025, Fig.5.3b) the euhedral tremolite has less than 0.05 wt.% Cr2%3 ,
whilst the poorly crystallized tremolite has 0.20 wt.%. Granulite
facies amphiboles have lower (OH) contents (from consideration of the
totals of microprobe analyses) and may have up to 0.85 wt.% F with
less than 0.05 wt.% Cl

Considering now the Inverian amphiboles only. Si  increases witli
decreasing mg , ranging from 6.05 to 7.80 atoms; Al obviously being the
reverse. Ca shows a great deal of scatter but tends to decrease with
mg. The MgO-rich grains are tremolite which have a high Ca content
as there is 1little substitution of Al or Na . The narrow rims
around clinopyroxene also have a high Ca content. Shear zone samples
tend to have a slightly lower Ca-content, which is balanced by higher Na.
Na, K and Na+K all tend to increase with decreasing mg and there
is a slight tendency for Ti to decrease. MnO correlates with FeO ,
but is rather variable; the MnO content of amphibole coexisting with
garnet 1is lower than that in garnet-free samples. MnO content of
shear zone amphiboles is slightly higher; this does not correlate with
the MnO content of the host rock and is thought to be due to the lower
ilmenite content of shear zone assemblages. Stephenson (1977) concluded

from a consideration of the Mn/Fe”™"” ratio that granulite facies
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hornblendes have a lower Mn content than amphibolite facies liornblendes.

The Mn/Fe ratio of tlie Assynt gneisses is very uniform, but tlie ratio
of the hornblendes varies considerably. Shear =zone amphiboles have

the highest ratio, and those from garnetiferous samnles the lowest.
However granulite facies samples with no garnet also have low Mn/Fe”™"
ratios. This suggests that the MnO content may be controlled by meta-
morphic grade as well as paragenesis, but the presence or absence of
garnet has the most significant effect. Al”'"  which is thought to
increase with pressure, increases with decreasing mg , but is generally
between 0.5 and 0.8 atoms per formula unit. In a few samples Al"'
exceeds 1 atom but these samples all have above average Al”0Og contents.
The Al'" content tends to be lower in samples with a significant amount
of epidote.

The Fe203 content has been estimated by char%e balance (Papike
et al., 1974). The estimate 1s only approximate but tends to indicate
that shear zone amphiboles have a higher Fe”0” content than granulite or
Inverian hornblendes. This suggests oxidation during recrystallization
and shearing (Beach and Fyfe, 1972; Beach, 1973). Most grains contain
no fluorine and only minor amounts of chlorine.

In summary, granulite facies samples have high Ti and K when
compared with other samples; this does not depend on host rock composi-
tion or on the paragenesis. Shear zone samples are similar to retro-
gressed Inverian amphiboles except for slightly higher Ca and Mn
contents and higher oxidation state. The shear zone samples all plot
in the middle of the mg range possibly indicating "mixing" of rock

types during shearing, producing rocks of an average composition. Mn

content seems to depend on the mineral assemblage. In amphibolite facies

samples the presence of biotite does not seem to affect the Ti content

of the hornblende. Biotite always has a higher Ti content (Tirn/Tirn
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varies from 3.5 to 4.0). The mg of hornblende clearly depends on
the whole-rock value apart from samples where hornblende and actinolite
coexist where the former has a lower mg value. However this only
occurs when clinopyroxene 1is partially replaced by hornblende and it is
unlikely that equilibrium was reached. Al”~~ , thought by some authors
to depend on pressure, seems to correlate with whole rock Al"0" . So
apart from the Ti and K content, the chemistry of amphiboles,
considered on their own, does not tell us much about tlie P-T conditions
of formation.

Retrogression thus produces in rocks of mafic and intermediate

191

composition a plagioclase - hornblende * quartz assemblage. The uniformity

of the plagioclase and hornblende compositions imparts a homogeneity on
the whole rock compositions which is reflected in increasing inter-element
correlations with retrogression (Reach and Tarney, 1978) . They showed

. . 2+ .
that several element pairs notably Na-Al, Ti-Mg, Fe -Mg and Ca-Ti all

increase markedly from granulites to sheared gneisses. This was interpre-

ted as being caused by the formation of a very uniform plagioclase and
hornblende. Na and Al thus vary according to the modal proportion

of plagioclase. Ti and Ca have uniform concentrations in hornblende,
whilst in the granulite facies Ca 1s concentrated in clinopyroxene

and plagioclase and Ti 1in opaques. The present study confirms the
conclusions of Beach and Tarney (1978) in that plagioclase varies from
An™"Q to An”" in retrogressed rocks of all compositions, whilst in
granulites they range from An”"* to An™" . The . Ti content of retro-
gressed hornblende is fairly constant (0.4 to 0.8 wt.%) and with the
exception of the ultramafic rocks the Mg/ (Mg+Fe) ratio has a similar

constant range (0.45 to 0.75).
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5.3.2. Biotite

Biotite has been analysed from a variety of rock ty*ies - an
unusual ultramafic pod near Kylesku, a hornblendite layer near
Clashnessie, retrogressed mafic, intermediate and acid gneisses, a
granulite facies acid gneiss near Kylesku and garnetiferous, possibly
metasedimentary rocks. Representative analyses are presented in
Table 5.4.

The development of biotite in shear zones is not as widespread
as indicated by Beach (1973, 1976) for the shear zonesnear Scourie, but
biotite is more abundant in shear zones than outside, often overgrowing
liornblende. In the gz-plag-gt-bi-hb rocks biotite overgrows garnet.

A possible reaction to form biotite from hornblende is:

3 Na~.5Ca2(Mg,Fe)” ,Alo ,Si" ;022 (0H) ,+ 3 H"O + 4.25 K+

2.5 K~ 7 (Mg,Fe)s BAT2 + 7.5 Si0" + 6 CaO + 1.5Na*
(4)

This reaction implies addition of potash and water with the production of
quartz and lossof Ca and Na

As withhornblendes, various chemical changes in biotite are
thought to relate to P-T conditions and include, increasing Al"", Ti and
mg and decreasing Fe” / (Fe™" + R and increasing or decreasing
Mn with rising temperature (Butler, 1967; Ramsay, 1973; Stephenson,
1977) . Biotites from high-grade rocks have a deeper brown-red colour
than lower grade biotites. All samples have less than the ideal 6 octa-
hedral atoms but the precise number of vacancies 1is impossible to determine
due to the lackof Fe”* determinations. The mg of biotite corre-
lates with whole-rock mg but 1is always higher than that of coexisting

hornblende (Fig.5.8). As with hornblende the Ti content of Dbiotite
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docs not depend on whole-rock Ti content and increases with temperature

(Figs.S.8b, S.9). All samples have Si Dbetween S.S and 5.75 atoms
per formula unit (based on 22 oxygens). Al""  wvaries from 0.2 in the
granulite facies sample to 0,8 in an Al”0”-rich rock. Unfortunately

there are not enough samples to decide whether Al"" 1is grade-dependent
but it is clearly affected by whole-rock Al (Fig.5.9). Na and Ca
contents are low. The K content 1is rather variable due to incipient

alteration to chlorite along cleavage planes, with lowering of the K

and of the (Mg,Fe) contents. Analyses with K”O less than
8.75 wt.% and totals less than 95% have been rejected. This 1is parti-

cularly noticeable in samples from the Canisp shear =zone; Beach (1980)
states that these may be hydrobiotites with a lower potash and higher
hydroxyl content than normal biotites, but these variations could be due
to incipient chloritisation. The MnO content of biotite in garnet-
free samples increases from 0.03 to 0.25 as mg decreases, but in
garnetiferous samples biotite has a significantly lower MnO content.
As with hornblende, examination of Mn/Fe”™” ratios reveals two trends;
granulite facies and garnetiferous samples have lower MnO content than
other samples. This does not depend on whole-rock Mn/Fe ratios.

The phlogopite from an ultramafic pod and a hornblendite layer have
between 0.5 and 0.75 wt.% F; most samples have trace amounts of Cl
ranging up to 0.20 wt.%

Muscovite occurs locally in a few trondjhemite samples cross-
cutting any fabric in the rock. There is thought to be some variation
in muscovite composition with grade; for example a change from a phengitic
composition to pure muscovite with increasing temperature (Butler, 1967).
Muscovite has been analysed from three samples - two Inverian assemblages
and one shear zone. All have some Fe”0” > MgO and TiO" replacing

Al”i with a corresponding increase in the Si content. F62 0g (total
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iron) ranges from 4.8 to 5.9 wt.T; MgO from 1.14 to 2.0 wt.% and TiO1

from 0.75 to 1.05 wt.%. There 1is only a limited amount of paragonite
solid solution - between 3 and 6%.

5.3.3. Garnet

Only a few Inverian assemblages contain garnet and those which
do are either garnet amphibolite (J6 and W50) or possible metasediment
(017, 54, J36, J9, 510, J94, J98, .1113). In the most iron-rich of
the layered complex gabbros, there are garnet fringes around opaque
oxides (Chapter 2). This garnet growth could be correlated with the
Inverian retrogression, because 1its composition is similar to that from
Inverian garnet amphibolites. All garnet analyses arc presented in

Table 5.5 and plotted in Fig.5.10a where they are compared with granulite

facies garnets. They are all almandine-rich with up to 4 wt.% MnO.
A few grains liave a low Ca content. In Chapter 2 and Savage and

Sills (1980) it was demonstrated that the stability of garnet depended

on P-T conditions and the whole-rock Fe/Mg ratio. As the temperature
was lowered, successively more iron-rich garnets were stabilised and
garnet formed in rocks in which it was previously unstable. Inverian
garnets occur in fairly Fe-rich rocks, e.g. in the Reidh Port amphibolite
mass garnet occurs in sample J6 with a whole-rock mg of 0.4 Dbut not

in the remaining samples with mg Dbetween 0.62 and 0.67. There 1is a
correlation between mg of garnet and that of the host rock (Fig.5.10b)
with garnet always being more iron-rich. Garnet has a strong affinity
for iron and the ratio (Fe/Mg) (Fe/Mg) is always greater than 1
but 1is rather variable depending on the modal percentage of garnet in the
rock. In sample J6, where there is only trace amounts of garnet, this

is 8 , while in sample W6 which has 60 modal % garnet
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N50 J6
SI 02 39.48 37.93
TI 02 .08 16
AL203 21. 62 2Cc.61
FE 0 29.7 3 28.62
MN O .87 4.2b
MG O 3.13 2.L2
cA 0 7 .39 7.81
CR203 .01 G. j
TOTAL 102.36 1:1.471
UNIT FORMULA
SI 6. 091 6. :ic
TI .009 . ul9
AL 3,933 3.850
FE 3.843 3. 793
MN .114 .572
MG .720 . 4717
cA 1.222 1.326
CR .001 0.0:0
0 24.000 24.00:
GARNET MOLECULES (RIC<WGOD (1 Toa))
UVAROVIT .03 U.L
P YROPE 12.2 3 8.26
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ALMA NO IN 65.15 58.88
J9 3 Jo98
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TI 02 .12 .13
AL203 2C .76 2:.8
FE 0 29.70 29.24
MN 0 2778 2.75
MG O 1.82 1.09
Ca 0 7.89 7.61
CR203 .02 w4
TOTAL 1:1.41 1::.6n
UNIT FORMULA
SI 6.0 54 6.063
TI .0 14 .C1l6
AL 3.867 3. 59-
FE 3.924 j.203
MN .372 .37.
MG .429 .4r7
Ca 1.336 1.295
CR .3 02 -.005
0 24.0 Jo 24.0 0.
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approaches unity. The influence of garnet on the whole rock chemistry
of this sample is indicated by tlie high Y and HREH levels (Chapter 3).
The MnO content shows no correlation with rock composition but is
rather variable, again depending on the modal percentage of garnet in
the sample; sample J6 has the highest MnO content (4.2 wt.%) and has
only trace amounts of garnet. Garnet lias a strong affinity for Mn ,
and thus all the Mn in the rock is 1likely to be concentrated in garnet;
if garnet is only a minor phase its Mn content will consequently be
higher. Ca content is fairly uniform apart from two grains and does
not correlate with rock Ca content (Fig,5 .10b)and in fact both Ca-poor

and normal Ca grains occur in the same sample.

5.5.4. Epldote

Epidote occurs in many Inverian mafic and intermediate gneisses

in three textural varieties:

(a) colourless needles in plagioclase. The age of saussw-""t-L
sation 1is uncertain. It occurs 1in plagioclases from
Inverian rocks of all compositions but recrystallized grains

from shear zones are often inclusion free,

(o) fringes of colourless epidote between amphibole and plagio-
clase developed during retrogression of clinopyroxene.
Amphiboles rimmed in this way (e.g. D19, Fig.5. la) are often
zoned. The epidote coronas may have tiny quartz inclusions

. 3+ . . .
and are zoned with respect to Fe , being richer in Fe

towards the amphibole.
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Si 5.149
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1€ 0.002
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TABLE 5»6

5.125
0.002
2.478
0.625
0.007
0.002
2.081
0.001

Epidote

5.155
0.007
2.451

0.655
0.014

0.003

2.073
0.000

analyses,
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0.004
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DI9
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0.006
2.272
0.715
0.018
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0.02
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(c) recrystallized grains of epidote again occurring between
plagioclase and hornblende. These grains probably
developed from the epidote coronas. They are yellow and

have higher Fe contents (Table 5.6).

In Laxfordian shear zones the amphiboles have a more uniform
composition and epidote has almost completely disappeared. It develops
where there is excess Ca due to the breakdown of clinopyroxene and as
the retrogressed rocks recrystal lize and equilibrium is more likely to have
been attained over a larger area, the epidote disappears. This ought to

be correlated with a slight increase in the An content of plagioclase

in shear zone assemblages, but this has not been detected. Epidote
has low Mn and Cr contents with Fe”* (total iron) ranging from 0.5
to 0.8 atoms per formula unit, based on 13 oxygens. Occasionally epidote

grains are associated with biotite, perhaps forming from the excess Ca

released when hornblende reacts to form biotite.

5.3.5. Chlorite

Chlorite occurs in a wide range of rock types forming a major
constituent of retrogressed ultramafic rocks. Chlorite commonly
replaces biotite along cleavage planes. Well formed chlorite aggregates
in mafic and intermediate composition gneisses only occur near shear zones
or dyke margins. Complete replacement of biotite yields a pale green,
pleochroic chlorite with needles of an opaque oxide ¢ (haematite?). This
reflects the higher, mg of the replacing chlorite, the excess iron
forming haematite. In shear zones this type of chlorite pseudomorphing
biotite has disappeared but a few samples contain abundant chlorite
perhaps developed from hornblende. In samples J96 and 510 there are

discrete needles of a colourless chlorite. Analyses are given in Table 5.7.
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0.07 0.09
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0.06 n.oo
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86.07 86.42
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5.620 5.561
0.011 0.014
5.517 5.250
4.149 2.817
0.014 0.000
4.974 6 .566
0.015 0.004
0.010 0.000
0.544 0.700
TABLE 5.7
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21.67
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0.18
18.11

0.00

0.01

87.15

5.516
0.011
5.574
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0.052
5.576
0.002
0.000

0.600

D54 D45
() )
26.72 26.95
0.09 0.06
21.65 22.12
16.97 15.72
0.20 0.14
21.20 21.55
0.01 0.05
0.09 0.01
a d
86.82 86.36
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5.420 5.457
0.014 0.009
5.180 5.2
2.855 2.664
0.055 0.025
6.589 6.445
0.005 0.006
0.014 0.005
0.690 0.706
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0.005
0.071

0.879
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0.016
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0.057
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0.12
17.17
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0.24
21.91

0.04

0.20

85.99

6.008
0.018
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0.042

6.699
0.009

0.052
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0.12
18.44
9.75
0.07
25.85
0.07
0.55

0.25

85.85

6.072
0.018
4.285
1.605
0.012
7.501
0.015
0.005
0.040

0.825
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Using the classification of Deer et al. (1966, their Fig.81)
all chlorites from Inverian mafic and intermediate assemblages are
ripidolite (Fig.5.11), the mg ranging from 0.75 (colourless) to 0.5
(pale green). Chlorite from ultramafic assemblages is clinochlore,
Although difficult to estimate, the amount of Fe®” is probably quite
small as the cation total is within 2% (usually<1l%) of the ideal total
of 20 when calculated on the basis of 28 oxygens. Cr203 content 1is
generally below minimum detection limit but in retrogressed ultramafics
it is up to 0.9 wt.% (Fig.5.l1lib) and NiO is up to 0.25 wt.%. The
Cr and Ni content of chlorite is greater than that of coexisting
tremolite, implying that the Cr and Ni content of the granulite

facies mafic minerals enters chlorite. MnO is low in garnetiferous

samples. Chlorite could form from biotite by the following reaction

9K Mg Fe Al Si Al 0 (CH) + 4H 0 + 5.5 Mg"™* + 3 ™"

2 2-5 2-4 0 -5 5-5 2-5 20 4 2
biotite
" ' ~3 sio, . 18 (5
chlorite qz
This produces excess potassium and quartz.
5.4. PARTITIONING OF ELEMENTS BETWEEN COEXISTING MINERAL PAIRS

As seen in the previous section the composition of individual
hornblende and biotite grains does not give much information as to the
pressure and temperature of formation. The composition was seen to
depend on both the whole-rock composition and the paragenesis. However
many studies have shown that the partitioning of elements between
coexisting mineral pairs is sometimes P-T dependent and thus may be

calibrated as a geothermometer or geobarometer; examples being the two-
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FIG* 5.11 (a) Classification of chlorites; those from Inverian
mafic and intermediate gneisses are ripidolite, those
from sheared mafic and ultramafic rocks are clinochlore.

(b) TIilm0 content of chlorite against mg of chlorite.

(c) CTgO0j content of chlorite against mg of chlorite
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pyroxene and garnet-pyroxene geothermometry discussed in Chapter 2.
However many distribution coefficients are strongly dependent on

compositional variations between the minerals concerned. In this
section partitioning of elements between various mineral pairs will

be examined to see if any could be P-T dependent.

Garnet-Biotite

The Fe-Mg exchange equilibrium between garnet and biotite 1is
considered by many authors to depend on metamorphic grade (Saxena, 1969;
Hietanen, 1969; Perchuk, 1970; Lyons and Morse, 1970; Goldman and Albee,
1977; Ferry and Spear, 1978; Baltatzis, 1979).

A literature study by Lyons and Morse (1970) suggested that

t-bi

K’g increases from an average of 0.13 in the garnet =zone to
(Mg-Fe +)

0.274 in the sillimanite =zone. Hietanen (1969) found the increases

from 0.106 to 0.225 from the garnet to sillimanite-muscovite zones.

In this study, garnet-biotite pairs have been analysed in 5 samples (D17,
K98, J36, J96, 510). They have a fairly wide compositional range with

mg of biotite ranging from 0.205 to 0.76 and that of garnet from 0.10 to
0.36. The has been plotted in Fig.5.12a using the K

(Mg-Fe”*)

values obtained by Lyons and Morse (1970) for comparison; the values
obtained in this study do not fall on a straight line. Samples D17,
J36 and J98 all occur in thin bands bordering retrogressed mafic assemb-
lages and there is no reason to suggest that they formed at different
temperatures. J96 and S10 come from an Inverian steep belt where

there 1is some attenuation. In Fig.5.12b is plotted against the
Ca and Mn content of garnet but there is no clear relationship.

The was calibrated as a geothermometer by Saxena (1969) who

used multivariate statistics to define the dependence on compositional
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variables. Thompson (19761 devised a thermometer based on a direct
correlation of Mg-Fe distribution coefficients between selected mineral
pairs with metamorphic temperatures inferred from their host rock
paragenesis and phase relations. Fffects of non-ideal mixing and com-—
positional factors were ignored. Goldman and Albee (1977) defined the

in terms of compositional factors and equilibrium temperatures
estimated from partitioning between quartz and magnetite.
Perry and Spear (1978) experimentally calibrated between almandine-
pyrope and annite-phlogopite; however this ignores Ti, A1"" and
octahedral vacancies in biotite and the Ca and Mn content of garnet.
The data of Stephenson (1979) indicate that the various thermometers
give widely varying results, commonly much greater than the temperature
range indicated by other thermometric methods and Bohlen and Essene (1980)
advise caution in applying the various thermometers.

The results from this study are presented in Table 5.8. The

for the Ferry and Spear (1978) method has been modified to allow for some
compositional wvariance. As can be seen, temperatures vary widely and it
is concluded that garnet-biotite thermometry as it now stands is not
reliable for non-pelitic rocks, although one can say that the temperature
was probably between 450 and 700°C . This range in temperatures may
be due to re-equilibration of one of the pair with another mineral e.qg.

biotite with opaque oxide.

Mg-Fe partitioning between hornblende, biotite and chlorite

Mg-Fe partitioning between hornblende, biotite and chlorite is

shown in Fig.5.13. There is no difference between shear zone and
retrogressed samples. Tlie mg of chlorite > biotite > hornblende except
for the retrogressed ultramafics where approaches unity.

(Mg-Fc)

13



2 H

InK" Ferry and Ferry and Feng'' and Thompson Saxena
Spear (1978) Spear Spear (1976) (1969)
*A 3 C D E
D17 -1.08 875 879 684 761 505
D17 -1 +48 677 675 455 625 480
Jos -2.15 456 464 555 466 408
-1.33 545 548 459 555 424
J96 -1.6s 606 604 425 582 468
J96 -2.07 476 478 329 477 416
s10 -2.00 495 196 542 500 420
range 419 415 555 295 97

TABLE 5.6 Garnet--biotite temperatures (°C) derived.as follow7S :-

() Ferry and Spear(1978)

(3) Ferry and Spear(1978) modified to account for compositional
differences assuming an ideal nixing on sites model for
both garnet and biotite

(g) Ferry and Spear (1978) v/ith modified assuming and
ideal mixing on sites model for biotite and using the
mixing model of Ganguly and hennedy (1974 ) for Ca-I.%
garnets

(d) Thompson (1976) Fig.l.b

(E) Saxena(l1969).

Kp is Mg/Fe

XFgi

range 1is the range in derived temperatures for each method.
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(c) Mg/Fe chlorite versus Mg/Fe hornblende
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bFe-Mg) fm"' 0.51 to 0.88 but does not vary in r.ny organised

way so It :s concluded that this particular Fe-Mg exchange 1is not

temperature sensitive. It probably depends on compositional factors

such as A1 substitutions in hornblende and brotite. Stephenson (1977)

came to a similar conclusion.

O*rtitioning”of edemmnts between hornblende and biotite

Hornblende and biotite coexist in many Inverian and Laxfordian

assemblages, but unfortunately there are no granulite facies

pairs. A study of the differences between granulite and amphibolite
facies hornblende-biotite pairs has recently beem made by Stephenson (1977)

K,'s for wvarious elements have been calculated and the data and method of

calculation given 1in Table 5.09. It can be seen that the biotite

structure favours Mg and Ti and that the hornblende structure

and . Ti . Each K, should bo

favours Fo/Mg .Mn . A"

constant 1if the mineral pairs behave as ideal mixtures and reached equili-

brium under constant P-T conditions. As can be seen in Table 5.9,

the K"'s are quite variable.

Tetrahedral ions

Al is favoured by biotite and ranges from 1.55 to 1.9

tn a shear zone pair. Gorbatschev (1969) '\showed that the distribution

of Al1“™ and Si between hornblende and biotite is non-ideal and that

variations are systematically related to the aT" content of the

hornblende; this 1is also the case in this study where correlates

in hornblende (Fig. 5.14c). The substitutio/of Si by

Al"''  in hornblende is coupled with increasing Al1l" and odenUe alkalis,
there being a weak correlation between and Al''" v Ti but no

correlation with edenite alkalis (Fig.S.1lfd),



ii-Tib ,Bi-Hb KBiEP

BOCK <pols HRE,,% K ~ri ~Al-

Jos 1.645 0.694 0.868 1.587 0.503 4.099 0.507 0.645
J56 1.655 0.614 .764 1.647 0.202 4.270 0.480 0.622
DI7 1.570 0.664 1.002 1.509 0.352 3.064 0.502 0.718
J96 1.554 0.548 0.768 1.400 0.081 2.887 0.424 0.500
s1o 1.465  0.581  0.790 1.359 3.624 0.448 0.566
J51 1.782 0.758 0.843 1.352 0.355 2.595 0.681 0.828
v/24 1.845 0.704 0.777 1.482 0.392 2.989 0.632 0.722
D54 1.725 0.775 0.884 1.141 0.332 3.666 0.689 0.843
D41 1.658  0.797 0.920 1.154 0.409 3.761 0.580 0.824
J55 1.932 0.807 0.970 1.459 0.447 3.033 0.516 0.684
J67 1.517 0.513 0.735 1.428 0.403 2.417 0.620 0.780
JIO 1.737 0.606 0.671 1.658 0.386 1.215 0.619 0.702

bictite ard homblende, viere:

e -® . xff . 1-X7?

Pe+%

calaulated using the atanic ratio B/ReI.A; fir octahedral catdans is
4/2 octahedral ; X™Miv is 41 /AIMMSE.
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other 's are

explained in Table 5.9.

X~""iv = Al1~"/ (A1~"+S1i) in hornblende

(AL""+T1i) "

25 oxygens

is the sura of tetrahedral Al and Ti based on

in the water free formula.
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OctalK'dral ions

The ratio (Fe/Mg) / (Fc/Mgiranges from 0.51 to 0.88,
being liighest in shear =zone samples. It is not dependent on thehost
rock composition or on XFe or XMg of the hornblende or biotite.
Several studies (e.q. Ste”Micnson, 1977) have concluded that this iron-
magnesium exchange reaction is not P-T dependent, therefore the
variation must be due to other factors such as the failure to reach
equilibrium. This is likely as the biotite commonly partially replaces
hornblende in reactions whicli failed to go to completion, presumably due
to insufficient . There 1is a positive correlation between
and and (Fig.5.14a,b) indicating that replacement

Al1™N Al 4+ Ti

of Si by Al favours increasing substitution of Fe for Mg 1in the
biotite structure. does not vary greatly (except in samples
where tlie Mn content is very low, approaching MDL) and is the most
consistent of the k*'s calculated. The partition of Mn Dbetween
biotite and hornblende may be temperature dependent (Stephenson, 1977) and
this may be reflected in theuniformity of k""" here as all the samples
come either from Inverian or shear zone assemblages which probably formed
at similar temperatures.

There are not enougli data to conclude which, if any, k~'s are
temperature dependent but it is clear that some k*'s depend on the

composition of the minerals.

5.5. RCTROGRFSSION OF ULTRAMAFIC ROCkS

In this section the retrogression of the ultramafic rocks will be
examined in detail. Ultramafic rocks have a fairly simple whole-rock
chemistry when compared with mafic and acid rocks; the Lcwisian ultra-

mafics approximate to the system MgO -Ca0O -Al1"0" -SiO” -CO” -U”O and



several experimental studies have been made on parts of this system,
notably MgO - SiOg - HgO - 00% (Greenwood, 1963, 1967, 1971;

Johannes, 1969). Studies have been made of the progressive metamorphism
of serpentinites (Evans and Trommsdorff, 1970, 1974; Trommsdorff and
Evans, 1972; Frost, 1975) but there are few studies of the retrogressive
metamorphism of high-grade ultramafic rocks. Ultramafic rocks are

more sensitive indicators of changing P-T conditions in the amphibolite
facies than rocks of mafic and intermediate composition.

In Tables 5.10 and 5.11 a series of possible metamorphic
reactions is presented to form the retrogressed and shear zone assemblages
from the granulite facies assemblages. As retrogression in Inverian
steep belts and then shearing proceeded, the following assemblages were

produced ;

opx - cpx - ol - parg - sp - magt (granulite facies);
trem - chlzt anth - magt;

trem - chlz* tec = anth - magt;

chl - tc -dol - £ trem - magt * haem;

chl - tc fttrem - cummingtonite - magt.

The most important reaction is number 4 (Table 5.10) where pargasite,
orthopyroxene and spinel react to form chlorite and tremolite. In
retrogressed samples fibrous intergrowths of chlorite and tremolite are
found pseudomorphing the granulite facies texture (Fig.5.3b).

The granulite facies system can be approximated by CaO -MgO -

Si0” -A170” -H”O and there are 5 main phases, hence 2 degrees of freedom

(according to the phase rule). However as retrogression proceeds, the
number of mineralsdecreases. In the Inverian assemblages (chl - trem-
+ anth = tc) there are 3 degrees of freedom andinshearzone assemblages

CO"~ Dbecomes a significant component but there are no more phases;

22"
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Reaction to produce anthophyllite:-

4(%,Pe)pi20], + II"U— » (r«,Fe)2Sig022 (011)2 + Fe)O0 -1-
opx anth

3(M(T,Fe)2Si20, + 2(1%,PeySi0”~ + K20 + Fe®O0™ -2-
opx ol anth magt

Reaction to produce chlorite:-

2(r«,Fe)2s8i02 + 2(FfT,Fe )Al20 ~ + 2 (kfe, Fe )23i20g + SH"O -3-
ol sp opx
————— > (:.n,Fe) "pAipig02p0H) *g
chl

Reaction to produce chlorite and tremolite:-

Nag "Ca2 (U,Fe) ~ "Alo "Ali g3ig 2022 (0OH)2 + (r.g, Fe )Al,0"" + 5 (G, Fe )23i2°6
pargasite sp opx

+ BHgO— #»(-3,Pe)g _gAl” ~3i,. g020(OH)ig + Ca*{i:r,F.)*Si*O**{OE)*

chl trem -4-

+ i%a + + 2.53102

Reactions to produce tremolite:-

20a(!)j,Fe)3i20g + 2 (i;~ Fe )23i20g + HgO — B Csg ('fe, Fe ) 531g022 (“ “)2 + FeO -5'

cpx opx trem
Uao_pa2(l.fe,Fe)*_5A12 pig 2022(°> h + Zf'U.FejgSIO" ——mm- A g
pargasite ol
Ca2(!.fe,Fe)pig022 (011)2 + ™®3°4 + + 4'Fe™'" + 202
tremolite magt

TARhE 5.10Possible mineral reactions to produce the Liverian trem-
chl- anth-magt assemblage from a granulite facies opx-parg-

cpx-ol-sp-magt assemblage
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A.

Reactions to produce talc from anthophyllite:-

(Ife,Pe).*3ig020(0OH)2 + H"O -—-—-- A 2(l.fe,Pe)jSip”"g(0H)2 + Ofe,Pe)0 -7-

anth talc

(Kg.Fei”SigOggCOH)~ + 2 (ife,Pe )2Si20g + 2II20->m 5 (1fe,Fe)jSg0+g(0U)2 + 2 @ f:

e-iith opx +2 (1.fe,Pe)0 -3-

3. Reactions to produce dolomite in shear =zones:-

Ca2(%,Pe)j3ig022 (0H)2 + 400~ + 0~ — » 2Ca].fe(COp2 + (l.fe,Pe)j3ip~g(0H)2

trem dol talc
+ (%g,Pe)2+ + 4SiOg _g_
CagtKg.Fei”SigOggtOH)* + (PG.Pej*aigOggfOE)~ + 400* + HO -----—-- ~
trem anth
2Cal.fe(COp2 + 3(!'c,Pe)jSip~g(CH)" + + permn -10-
dol talc
TABLE 5 ‘il Reactions to produce shear zone assemblages from Inverian

assemblages in ultramafic rocks.
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hence the variance may now be as much as four. This large variance
means it 1is impossible to uniquely define the pressure and temperature
witliout knowing the composition of the fluid phase, both XH 0 and XCO*
(although XCO® + XH"O =1) as well as the activity of ions in the fluid
phase. As a result it will only be possible to define broad P-T

fields in which the assemblages developed.

Anthophyllite 1is only a transitional phase forming from ortho-
pyroxene, although it may be present in some shear =zone assemblages.

It either disappears by reactions with pargasite or diopside to produce
tremolite or by reactions which produce talc (Table S.11). There may

be a local regrowth of anthophyllite in carbonated shear zones (Tarney,
1975) . Many of the reactions in Tables5.10 and 5.11 produce an excess
of Fe or Mg which probably forms magnetite (which increases in
abundance in retrogressed rocks) with a resulting increase in the Mg/Fe
ratio in the silicate phases. The low temperature breakdown product

of anthophyllite in the experimental systems is olivine + talc (Greenwood,
1965; Johannes, 1969) but no olivine is formed in the Lewisian rocks.

In the retrogressed assemblages the only aluminous mineral is chlorite,
whilst in the granulite facies assemblages there is spinel, pargasite

and aluminous pyroxenes. This implies that Al1"0” need no longer be
considered as a component which affects the phase relationships, but

this makes no difference to the amount of variance in the system discussed
above.

In shear zones dolomite becomes abundant. ,Any possible reaction
to produce dolomite (Table 5.11) produces excess silica; as no quartz is
produced this silica must be removed. However in the Canisp shear =zone,
where retrogressed shear zone assemblages are best developed, there are
abundant quartz veins especially in the vicinity of ultramafic rocks.
These quartz veins are sometimes folded and could well be contemporaneous

with some of the deformation. Finally cummingtonite (and possibly
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Reactions to produce talc from anthophyllite:-

(i;t:,Fe)~sig02Q(0H)2 + 170 ----* 2 (1«, Fe)3j3i~0~g(0H)2 + (% ,Fe)0 -7-
anth talc

(j,ig,Pe)~sig022 OH)2 + 2 Pe )2SigOg + 2iqO0 — » 5 (iTi, Fe) + 2 (175,
anth opx +2(1.,t,Pe)0 -3-

3. Reactions to produce dolomite in shear =zones:-

Ca2 (Hc,Pe)~SigOg2 (OH)2 + 400* + 0*— ~ 2Ca% (COpg + (1.7i,Fe)j3i~Ogg(OH)g

tren dol talc
+ (%S,Fe)2+ + 43102 _g_
Ca2(i7i,Pe) jSig022(OH)2 + (1.fe,Pe)pig022(0H)2 + ACOg + HgO -—-—————-— A
trem anth
GCalfeCCOpg + 3(!45,Fe)jSg0”g(CH)” + 4310,2 + Fe'* -10-
dol talc
TABLE 5.11 Reactions to produce shear zone assemblages from Inverian

assemblages in ultramafic rocks.
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tremolite) laths develop from dolomite and the talc-chlorite matrix
(Fig.5.3c); this reaction presumably releases CO" e

It is possible to make an approximate estimate of the P-T-X
conditions of the retrogression of the ultramafic rocks using the
experimentally determined phase relationships in the pure Mg-system,
although this may not be entirely valid as the reactions believed to have
taken place in the Lewisian rocks are not necessarily the same as those
investigated in the experimental systems.

The first mineral assemblage to form (tremolite-chlorite-
anthophyllite) 1is entirely hydrous, whilst in and near shear zones and
dyke margins dolomite becomes significant in ultramafic rocks and calcite
is locally abundant in mafic and intermediate rocks. This indicates an
evolution of the composition of the retrogressive fluid phase with time.

Anthophyllite, which is one of the first minerals to form, is
only a transitory phase. The stability of anthophyllite has received
a considerable amount of attention (Greenwood, 1963, 1971; Johannes, 1969;
Popp et al., 1977) partly because of its limited stability range. In
the pure MgO0 - Si0® - H”O system it is stable between 667 and 74S°C at

1kb and between about 680 -780°C at 7kb (Greenwood, 1963) but it is
stable down to 510°C if CO" ©becomes the major proportion of the fluid
phase (Johannes, 1969). The presence of up to 10% of the Fe-end
member is not thought to affect the temperatures greatly (Trommsdorff and
Fvans, 1972) as all reactions involve the fluid phase and hence have a
large entropy, so small amounts of Fe-Mg substitution are unlikely to
have much effect. The data of Popp et al. (1977) for (Fe,Mg) amphiboles
indicate that pyroxene and olivine would react to form anthophyllite at

ca 730°C at an oxygen fugacity appropriate to the QFM buffer. As
mentioned above the fluid phase is thought to have been dominated by

1i"0 initially, so the higher temperatures are more likely. Retrogression
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thus began in the temperature range 650 - 750°C . Tlie presence of
Mg-chlorite is unfortunately not diagnostic, as it is stable to pressures
and temperatures in excess of those estimated for the granulite facies
metamorphism (Staudigel and Shreyer, 1977). Tremolite is also stable
over any likely P-T range for tlie retrogression. In the pure

MgO - 8i0g - H20 - CO2 system talc is stable between 400 and 700°C at

2 kb, and to higher temperatures as pressure 1is increased (Johannes, 1969)
There is a limited field (ca 700°C at 2 kb) where talc and anthophyllite
are both stable. The lack of any serpentinisation, except as a late
stage phenomenon, suggests temperatures above 480°C (Scarfe and Wyllie,
1967; Johannes, 1969), although during Laxfordian shearing P"" was high
enough for serpentine to be unstable at any temperature. The carbonate
phase 1s always dolomite rather than magnesite; this again has a wide
stability range and its presence reflects the Ca0O content of the system
rather than temperatures in excess of the magnesite breakdown temperature
(ca 500°C). The possible P-T evolution of the ultramafic rocks is as

follows (Fig. 5.15):

(a) metamorphism at granulite facies at a P-T of 800-900°C

and 10-14 kb (Chapter 2; Savage and Sills, 1980)

(b) beginning of retrogression with a hydrous fluid phase

at 700 t 50°C

(c) gradual cooling and further retrogression with the fluid

phase containing a greater proportion of CO"

(d) shearing and recrystallization in Laxfordian shear zones
with dolomite becoming a major phase. Some shear zone
assemblages (e.g. picrite dykes) contain anthophyllite

(Tarney, 1973) indicating temperatures in excess of 500°C
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(c) regrowth of tremolite and cummingtonite laths implying
either a temperature increase or a reduction in
The pressure during retrogression is difficult to

calculate but is probably in the range 5-8 kb.

Changes in whole-rock composition during retrogression

In order to make an assessment of whether the composition of
the layered ultramafic rocks changed during retrogressive metamorphism,
all analyses have been plotted in a CaO - MgO - SiO”® (molecular)
triangle with FeO added to MgO and Al"0" added to SiO”® (Fig.
5.16). This diagram is not entirely suitable as Al1”0”" 1is not
considered which results in meaningless crossing tie-lines. In Chapter
the whole-rock chemistry of the ultramafics was discussed in detail and
it was shown that the ratios of immobile incompatible trace elements
are more or less chondritic and that these elements retain the original
characteristics of the rocks. Zr may have been increased (or Ti,

Y and Sr lost) from serpentinised samples (Fig.3.10).

In Fig.5.16 the samples cluster around-a line between tremolite
and olivine or enstatite, the most magnesian samples plotting near
serpentine, although two of these samples are serpentinites and two
fairly fresh harzburgites. Three samples (W3, J101, 065, Inverian
tremolite-chlorite assemblages), are slightly enriched in Si0” , but
in general the granulite facies samples plot on a similar trend to the

retrogressed samples.

The dominant minerals, tremolite and chlorite, must be accompanied

by a more Mg-Fe rich mineral as all samples plot below the tremolite-
chlorite join (Fig.5.16). Most samples have trace amounts of dolomite

with magnetite up to 5 modal %. In shear zones dolomite 1is a major

227
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phase, being required to take CO® but also Ca and Mg to retain
the overall composition. Most granulite facies samples plot in
the talc-dolomite-chlorite field, therefore no major changes in whole-
rock chemistry are required to develop these assemblages. However all
retrogressed assemblages have very low Na + K contents when compared
with granulite facies rocks. In the granulite facies, ©Na + K 1is
held in pargasite, whilst the Inverian amphibole, tremolite, has a very
low alkali content. Na + K must therefore be lost from the ultramafic
rocks during retrogression, but they need not have been totally removed
as all other rock types seem to have gained Na during retrogression.
The gabbros which are commonly associated with the ultramafics have often
gained ©Na in hornblende and a more albitic plagioclase. Serpentinised
samples may have lost Ca

In conclusion, apart from the loss of alkalis and the gain of
HgO and CO” , the whole-rock chemistry has not changed significantly

from the granulite facies event to the development of Inverian

retrogressed assemblages. Some silica may be lost during Laxfordian
shearing.
5.6. P -T CONDITIONS DURING RETROGRESSION

One of the aims of this study was to attempt to produce a
P-T-time path for the evolution of the Lewisian complex in the Assynt
region. The process of retrogression took place over a protracted
period, starting prior to the intrusion-of the Scoiirie dykes, through
the metamorphism of the dykes to localised recrystallization in
Laxfordian shear =zones. One of the problems in constructing the P-T-
time path is that similar metamorphic assemblages were formed at all

stages and it 1s not always possible to determine the time tliat any



particular assemblage developed. It is also difficult to obtain
precise temperature and pressure estimates because the variance of most
assemblages is high (>3) and lienee one needs to determine a large number
of variables notably; P, T, P~ Q, P*"* and £* as well as knowing the

2 2 2
composition of the mineral phases (i.e. the Fe/Mg ratio of mafic phases
and the An/Ab ratio of plagioclase). The main components of the
Inverian mineral assemblages are micas, amphiboles and chlorite which
have very poorly defined thermodynamic properties.

The Fe-Mg exchange equilibrium between garnet and biotite
(Section 5.4) suggests temperatures between 475 and 675°C for the
blocking of this exchange reaction. The formation of anthophyllite as
an early phase in the retrogression of ultramafic rocks suggests temper-
atures of 675 - 750°C for the onset of retrogression. From a detailed
study of composite iImenite-magnetite grains, Rollinson (1980) has
suggested that the introduction of a fluid phase, indicated by an increase
in oxygen fugacity, occurred between 660 and 530°C. This range is
compatible with the stability fields of the ultramafic assemblages
(Section 5.5). Various phase equilibrium studies, both experimental and
theoretical, can however place some limits on the P-T conditions. A
diagram of the various relevant equilibria and a possible P-T path is

presented in Fig.5.17.

Coexisting garnet and hornblende

It has been suggested (Saxena, 1968) that the Fe-Mg exchange
equilibrium between garnet and hornblende is temperature dependent and
Wells (197%9a) has extracted the relevant thermodynamic data, from

experimental studies, for the reaction:
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+ i - T "83*1,51,0,, 4ca"Fe”Si~0""(0H)"

garnet amphibole garnet amphibole

Assuming an ideal mixing on-sites model for both garnet and hornblende
(this is reasonable for garnets with less than 30% grossular; Wood, 1977),
all samples with the exception of J96, give temperatures between 600°C
and 650°C. These estimates are best + 50°C because of the large
extrapolation between tremolite-ferroactinolite and tschermakitic-
hornblende. Some garnets have significant Mn (>Mg) which is not
accounted for in the calculations. Sample J96 has garnets of two
compositions, one Ca poor and one with a normal Ca content (20%
grossular), which give temperatures between 650 and 750°C, consistent

with the presence of anthophyllite in this rock.

Feldspar thermometry

A few trendjhemite and granite gneisses contain both sodic and
potassic feldspar, but in the Assynt region there is no development of
the complex perthites described by Rollinson (1978) for discordant
granitic sheets in the Scourie area. Coexisting feldspar pairs have
been analysed from two samples, J8 a trondjhemitic gneiss underlying
the Rheidh Phort amphibolite mass and from J100, a peculiar quartz-free
rock with the assemblage; plag-micr -amph-ep. In sample J100,
analyses were performed by scanning across the grain to obtain an
estimate of the pre-exsolution composition. It was not possible to
analyse the exsolution lamellae as they were too small. In J8 there
are no perthites, Jjust homogeneous microcline and plagioclase grains.
Temperatures and details are given in Table 5.12.

The equation of Stormer (1975) uses margules parameters calculated



Sample Plag

1100 19
Jloo 19
Jloo 5
J100 5
Jloo 17
J1loo 22
(homog)
Jl1o0 . W22
(homog)
Js 16
J3 16
J8 2
TA3LS p.12.

hier 5kb
38 474
92 404
95 569
78 541
95 595
78 581
86 500
95 570
39 _,M79
95 551

T

1

10kb

525

450

415

597

441

640

555

414

551

595

5kb

522

450

417

610

441

645

549

418

528

599

Feldspar temperatures

T-

10kb 5kb
575 459
497 539
462 557

668 525
488 582
706 541
605 479
462 568
580 477
445 549
calculated

using the following methods

equation of
equation of
equation of

equation of

Stormer (1975)
Whitney and Stormer (1977)

Powell and Powell (1977)

'4
10kb 5kb
509 509
454 458
400 407
579 594
427 451
596 606
523 529
412 418
523 528
591 599
at 5 and 10

10kb

560

484

451

651

477

665

531

462

580

445

kb

Powell and Powell (1977) modified by

Rollinson (1973).

Plag and nicr are the jin content of plagioclase and the

KAl1Si*0g content of microcline respectively,

honog -

scan analysis of grain to obtain composition prior to

exsolution.
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for the high-albite-sanidine solvus (T*) , whereas Whitney and Stormer

(1977) use margules parameters based on the low-albite-maximura microcline

solvus (T*) and is therefore more applicable to slow cooling plutonic
complexes, such as the Lewisian. Powell and Powell (1977) make
allowance for the anorthite content of the alkali feldspar (T*) and

their equation has been modified (Rollinson, 1978) incorporating
thermodynamic data for the more ordered feldspars (T*) ; for full
details of the theoretical background to feldspar thermometry see
Rollinson (1978). Temperatures have been calculated for S and 10 kb
(Table S.12); the likely pressure for the retrogression being somewhere
in between. The analysed grains are microcline (with cross-hatch
twinning) so the data for the more ordered feldspars is applicable.
Temperatures for the homogenised grains in sample J100 range from
529-645°C at 5 kb to 581-706°C at 10 kb. If tlie feldspars are disordered
the equilibration temperatures are slightly lower. The uniform
granular feldspars of sample J8 equilibrated down to 400°C.

Although these data are rather sparse, they again indicate temper-

atures of the order of 600°C for the retrogression.

Stability of epidote

During progressive metamorphism, actinolite-albite-epidote
assemblages are replaced by hornblende-labradorite; however in the
Lewisian samples epidote grew at the same time as tschermakitic horn-
blende. In samples with a lot of epidote, there'is a tendency for the
amphiboles to have a lower A1 content than in epidote poor samples
(Si is ca 7 atoms per formula unit compared with 6.4), but the amphibole
is always hornblende rather than actinolite. As demonstrated earlier,
epidote develops when there is excess Ca produced from the breakdown

of clinopyroxene to form hornblende. When there is complete
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recrystallization and equilibrium is reached on a wider scale, epidote
tends to disappear. This may reflect a slight increase in temperature
in shear zones or may be solely due to the disappearance of a dis-
equilibrium assemblage. Experimental studies in the CaO - Si0O" - A1"0" -
H"O system by Perkins et al. (1980) show that zoisite breaks down at 800°C
at 6 kb , and is stable down to 200°C . Liou (1973) showed that the
stability and composition of epidote depends on FO as well as tempera-

3+
ture, the Fe content increasing with f0" . The composition of
the Lewisian epidotes (Ps 15-24) suggests equilibration at or slightly
below the NNO Dbuffer (Liou, 1973) which is consistent with the ilmenite-

magnetite data of Rollinson (1980). Liou (1973) suggests that at this

fO~ , epidote of the composition Ps”* is stable up to 650°C at 5 kb.

Stability of sphene

The formation of amphibole and epidote from clinopyroxene is
accompanied by the development of sphene coronas around ilmenite and more
rarely rutile. Occasionally the sphene is itself rimmed by epidote.
The stability of sphene has recently been studied by Hunt and Kerrick
(1977) who show that the assemblage sphené + tremolite is stable over a

wide T-XCO”™ space. Possible reactions to produce these coronas are:

FeTiO + CaO + SiO ~ CaTiSioO + FeO
3 2 5
ilmenite from cpx sphene to hb
and

CaTisSiO” + SCaAl”Si”Og + H"O ~ 2Ca2Al25i2072(0H) + SiO™ + TiO"

sphene anorthite zoisite

The latter reaction occurs at 500°C at 5kb and 430°C at 3 kb with XCO® <0.2
The assemblage tremolite + sphene breaksdown to diopside + rutile+ quartz

+ H"O at temperatures above 650°C (Hunt and Kerrick, 1977).



Stability of muscovite and quartz

Muscovite occurs locally in a few trondjhemitic and granitic
gneisses, generally replacing feldspar but occasionally biotite. It
occurs as large flakes cross-cutting the foliation defined by biotite
and quartz lenses and the shear zone fabric, indicating that it grew at
a late stage in the evolution of the complex. Several studies have
been made on the upper stability of muscovite and quartz (Kerrick, 1972;
Day, 1975; Thompson, 1974; Chatterjee and Froese, 1975) all giving
similar results.

The reaction
muscovite + albite + quartz microcline + Al _SiO _ + Hg
ss Ss ss 2 5

is located at 705°C at 7 kb and 660°C at 5 kb (Chatterjee and Froese,

1975), which is in agreement with the thermodynamic data of Thompson

(1974) . The presence of significant amounts of CO" in the fluid
phase will lower this temperature; e.g. if XCO = 0.5 the reaction
temperature is lowered by 100°C (Kerrick, 1972). The muscovite compo-

sition (paragonite 2-6%, 20 -25% of the octahedral sites filled with

Mg + Fe™* + Fe”¥*) suggests It formed at temperatures lower than this

K4
maximum. Velde (1967) states that the Si content of muscovite (an

indication of the phengite content) 1is temperature dependent and his data

imply temperatures in the range 550 - 650°C for pressures of 5-7 kb,
indicating that they were still above 500°C at the end of deformation,

when the muscovite developed.

Stability of chlorite

Mg-chlorite is stable to pressures and temperatures in excess of

any likely P-T conditions for the Inverian retrogression (Staudigel and

236



Shreyer, 1977), but the stability of Fe-Mg <chlorite is more restricted.
The assemblage Mg-chlorite + muscovite breaks dowli at ca 6S0°C at
pressures of 5-7 kb (Bird and Fawcett, 1973); Fe-Mg chlorite may break
down at a slightly lower temperature.

Although there 1is no reliable thermochemical method to estimate
the P-T conditions during Inverian retrogression and Laxfordian shearing,
all the evidence suggests that the retrogression took place at temperatures
between 550 and 650°C and that the complex was held at above 500°C for
the whole period. There may have been a slight increase in temperature
after the end of the Inverian during Laxfordian shearing to account for
the reduction in the amount of epidote and for the growth of anthophyllite
in ultramafic Scourie dykes (Tarney, 1973). Pressures were probably
between 5 and 8 kb . There 1is no evidence of partial melting
associated with Inverian events, other than a few intrusive pegmatites
(Evans and Lambert, 1974) which give a variety of ages but are post-
Scourian and pre-dyke.  If P¥ ~ = “TOT temperatures were less than the
minimum granite melting curve, i.e. 660°C at pressures of ca 6 kb (Fig,
5.17). Prior to the intrusion of the Scourie dykes, the fluid phase was
dominantly water, but during Laxfordian shearing high CO” ©pressures
built up locally with the development of dolomite in ultramafic rocks and
calcite in rocks of mafic and intermediate compositions, Scapolite
(CL 0.4 -0.6 wt.%, S below MDL) forms locally, adjacent to shear =zones
and dyke margins, replacing plagioclase showing that the fluid phase
contained Cl1 as well as H"O and CO™ . This scapolite contrasts with
that found in a granulite facies mafic rock near Scourie which has 2.5%
sulphur and no Cl (Rollinson, 1980b). The influx of retrogressing fluids
caused an increase in the oxygen fugacity (Rollinson, 1980), and haematite
may form in some assemblages in or near shear zones. The assemblage

K - fsp - magt - biotite may be used to define P (Wones and Eugster,

2

1965) . This assemblage occurs in sample J8; however the uncertainty in
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fO* and T are too large for meaningful results to be obtained.
Using for from Rollinson (1980) and a temperature of 600°C n
of 3.4 kb is derived, but altering fO0® by 1 log unit causes P *

2
to alter by a factor of 2.

5.7. POSSIBLE CHANGES IN WHOLE-ROCK CHEMISTRY DURING RETROGRESSION

In the Lochinver area retrogression took place in two main stages
first, amphibolitisation of granulites associated with NW trending
Inverian monoclinal folds, and second recrystallization of Inverian
gneisses with extreme attenuation of banding in Laxfordian shear zones.
The development of new mineral assemblages took place during the first
episode. The gneisses were often completely amphibolitised prior to the
intrusion of the Scourie dykes. The time interval between retrogression
and dyke intrusion is unknown but it is probably fairly short, as dyke
intrusion and retrogression in NW trending steep belts are both part of
the Inverian event (see Chapter 1).

Average analyses of 145 retrogressed gneisses and 52 shear zone
gneisses are virtually identical (Sheraton et al.,1973a) but there is a
considerable difference between these and their average granulite;
notably higher Na and Si and lower Fe and Ca in the retrogressed
samples. However this probably reflects a sampling problem rather than
a real chemical change as mafic rocks retain their granulite assemblages
longer than intermediate and acid gneisses, hence the granulite facies
population of Sheraton et al. (1973a) 1is probably biased towards mafic
rock types. Beach (1974a, 1976, 1980) has shown from a study of
mineral reactions and whole rock chemistry that the gneisses from shear
zones near Scourie are enriched in Na, K and H20 and have lost

Ca,Fe and possibly Si during shearing. The Assynt shear zones are
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not greatly enriched in K Dbecause tliere is not the development of
large amounts of biotite as at Scourie. To examine possible changes

in whole-rock chemistry it is necessary to be able to trace a particular
rock unit from the granulite facies into a shear zone. Unfortunately
this is not possible in Assynt as shear zones cut previously retrogressed
rocks that have not suffered notable deformation, and it is not possible
to trace a specific horizon from the granulite facies to a retrogressed
assemblage into a shear zone. However it 1is possible to analyse a
range of compositions from all three metamorphic zones and compare the
trends to see whether there are any systematic changes which could have
been brought about by the retrogression. The considerable increase in
correlation between major element pairs (Beach and Tarney, 1978) clearly
reflects mobility of ions on a scale of a few metres, but it does not
show whether there has been a net loss or a net gain of any elements by
the complex as a whole.

For this study.mafic rocks from the granulite facies, Inverian
retrogressed assemblages and from Laxfordian shear =zones have been
analysed to examine whether there has been a change in composition.

This cannot be achieved for intermediate and acid gneisses due to the
rarity of granulites in the Assynt area. Various elements are plotted

against MgO (Fig.5.18); showing the following:

(6ol TV

(1) The Ca0O and Fe”O0” (contents of granulite facies and
amphibolite facies rocks are indistinguishable; so if Ca has been lost
as suggested by Beach (1974a, 1976, 1980) the amount lost is not
sufficient to show up in the major element analysis. Beach partially
based his conclusion on the fact that all reactions produce excess Ca
and there is no new Ca-bearing phase in the Scourie shear =zones;
however in Ass>Tit there is the development of epidote in mafic and

intermediate rocks.
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(2) Retrogressed mafic rocks tend to have higlier Na, K, Sr,
Ba and Rb contents when compared with granulites, although there is some
overlap. These elements all have higher concentrations in the bordering
tonalitic gneisses so their increase may merely reflect a movement from

high to low concentrations during retrogression.

(3) Similar plots for Zr and TiO" show no difference between

granulite and amphibolite facies rocks.

It is usually more instructive to compare element ratios rather

than absolute abundances. Drury (1974) has shown that retrogressed
mafic rocks on Coll and Tiree show an increase in K, Rb, Pb, K/Ba,

and Rb/Sr with a decrease in K/Rb and Ba/Pb . Rb increases markedly
in retrogressed Assynt samples with a concomitant decrease in K/Rb

K/Rb ratios of ultramafic rocks are fairly constant. The K/Ba ratios
are rather variable and show no systematic change, with most retrogressed
samples having similar ratios to the granulites and a few having higher
ratios. Similarly Rb/Sr ratios are very variable. As K, Rb, Sr

and Ba have all probably moved duringretrogression, the elements which
may have been removed fromor gained by the complex as a whole have been
compared withZr , an element which is relatively immobile during meta-
morphism. Various plots are shown inFig.5.19. There 1is a good deal
of scatter on all plots due in part to the fact that nearly all granulite
facies mafic rocks show some replacement of pyroxenesby hornblende. As

a control it is seen that TiO"/Zr is constant for granulite and amphibolite
facies mafic rocks, whereas Sr/Zr and Na 0/Zr tend to be higher in
retrogressed rocks although there 1is considerable overlap. Some low Zr
samples have high Sr/Zr and Na”0O/Zr ratios, possibly due to

inaccuracies in the Zr value. The Sr/Zr and Na”“0O/Zr ratios
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decrease during retrogression of ultramafic samples indicating the loss
of alkalis already mentioned. The CaO/Zr and Fe”0"/Zr ratios are
similar for both groups.

This discussion shows that the composition of the mafic rocks
has changed slightly during retrogression, mainly an increase in LIL
elements; this may reflect a re-equilibration between different
components of the complex rather than a net gain. However the decrease
in anorthite content of plagioclase from intermediate composition
gneisses, together with the formation of hornblende from pyroxene, implies
a net gain of Na as suggested by Beach (1974a, 1976, 1980). The main
chemical changes are then the gain of H”0O, COg, Na and possibly the
loss of some Ca ; ultramafic rocks liave lost Na, K, Sr, and Ba ,
but there is insufficient ultramafic rock in the Lewisian to provide

enough Na to metasomatise the tonalités.

5.8. DISCUSSION

Granulite facies gneisses were altered to amphibolite facies
gneisses, mostly prior to the intrusion of the Scourie dykes; further
retrogression occurred in which the dykes were involved with final,
localised recrystallization in Laxfordian shear zones. A fairly
uniform horiiblende-plagioclase * quartz assemblage developed, with some
biotite, especially in shear zones, but the introduction of potash was
much less than in shear =zones further north at Scourie (Beach, 1973).

The uniform assemblage caused an increase in correlation of major element

pairs (Beach and Tarney, 1978). The hornblende and biotite compositions

(with the exception of TiO ) depend mainly on whole rock composition and
2

to a lesser extent on paragenesis. The mineral assemblages indicate

retrogression on a falling temperature path from about 750°C with temper-

atures still above S00°C at the end of deformation, indicated by the
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presence of post-tectonic muscovite. Precise estimate of the P-T-X
conditions is impossible because of the high variance of the assemblages.
There were no significant changes in whole rock composition,
apart from the addition of H 0O and locally CO . However most
reactions producing the Inverian mineral assemblages produce excess Ca ,
most of which is accommodated in epidote and sphene, but some may be lost
to the fluid phase as suggested by Beach (1974a, 1976, 1980). There
may also be a net gain of Na , and possibly K in shear zones, with a
redistribution of LIL elements between the various components of the
complex. The mineral data presented here suggest that most of the
changes occurred during the Inverian and that Laxfordian events Jjust
emphasised these changes.
The formation of hornblende from pyroxene with the development
of epidote and sphene coronas indicates that ions diffused on a scale
of a few millimetres. The data of Beach and Tarney (1978) imply
diffusion over much larger distances, perhaps as much as a few metres.

Korzhinskii (1970) distinguished between two types of metasomatic

process :
(1) diffusion metasomatism, where ions and ionic complexes
diffuse through a static pore fluid system, and
(2) infiltration metasomatism, in which an aqueous fluid,
carrying dissolved ions and ionic complexes, moves
through a rock.
The latter process can obviously carry ions over much larger
distances more quickly than diffusion. ¢ The redistribution of Ca in

the formation of hornblende, sphene and epidote from clinopyroxene and
plagioclase may have occurred by diffusion. However, 1f Na was
gained by the complex as a whole, this presumably occurred by infiltra-

tion metasomatism.
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It is interesting to speculate whether the water which was
obviously present existed as a true fluid phase i.e. potentially

mechanically separable from the solid phases, or whether it occurred

as aqueous ions adsorbed onto grain boundaries. The second case
allows to be less than P**" and is likely to be the case during
granulite facies conditions. However during the Inverian the

following factors suggest that water probably existed as a true fluid

phase :

(1) the complete alteration of a mafic granulite to an
amphibolite facies assemblage requires the addition of a large amount
of water; e.g. a rock with 70% hornblende indicates about 2.8 g of
water per 100 g of rock and even in the intermediate gneisses which make
up the bulk of the complex, 0.5 g of water per 100 g of rock is

required (Beach, 1980)

(2) the large area over which the rocks have been retrogressed

e.g. 1in the Drumbeg area intermediate composition rocks are retrogressed

tens of metres from any vertical structure. Diffusion of (OH) and
H ions over this distance would take a long time

(3) if excess water were available, the fluid phase may have
the capacity to buffer the oxidation state of minerals. Beach and

Tarney (1978) show that the retrogressed Assynt gneisses have a uniform

3+, 2+ , . . . L
Fe  /Fe ratio suggesting that this buffering has occurred.

As a result of the above discussion, it is believed that water was
present as a true fluid phase and that P = . During the
early stages of retrogression, when thin actinolite rims developed around

pyroxene, P~ was probably less than



In Inverian assemblages hydrous phases predominate with only
minor carbonate. In Laxfordian shear zones and near dyke margins
carbonate may be locally abundant with minor replacement of plagioclase
by a Cl - CO® - H"O scapolite. This indicates that CO® became a
significant component of the fluid phase in the late shear zones. If
mixed volatile reactions occur (i.e. reactions which involve both H"O
and COg , such as those to produce the tc - trem - chi - dol assemb-
lages) the fluid composition may be buffered so that CO® Dbuilds up
with time (Kerrick, 1974) . This may have happened in Assynt with early
fluids being dominantly water, with a local build up of CO2

In conclusion the retrogression was caused by the influx of
large volumes of water, locally buffered to produce CO”-rich composi-
tions, which enabled ions to be redistributed over large distances.

The influx of this fluid caused an increase in fU02 (Rollinson, 1980).

The retrogression was intimately associated with the formation of NIV-
trending structures which acted as channels for the fluids (Chapter 1).
The source of fluids is uncertain, but the large volumes required are
probably in excess of that which could be generated by the degassing of
lower crystal granulites, so it is presumed that the fluids were mantle
derived. The large scale chemical re-equilibration that took place
during retrogression apparently did not occur during prograde metamorphism
to produce the granulites (apart from the loss of K, Rb, Th and U ;
Sheraton et al., 1973a). As progressive and retrogressive metamorphism
both involve a fluid phase it is thought that the precursors of the
gneisses were originally metamorphosed directly into the granulite facies
and never went through a progressive phase, as suggested by Beach and
Tarney (1978). This 1is consistent with the idea of Spooner and Fairbairn
(1970) that gneissic precursors were intruded into the lower crust and

immediately adopted a granulite facies mineralogy.
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The retrogression of Archaean granulite facies gneisses in the
early Proterozoic has been reported from a number of areas (e.g. Watson,
1973; Bridgewater et al., 1973). It may be related in time to the
intrusion of voluminous tholeiitic dyke swarms such as the Scourie dykes
and the Kangamiut swarm in West Greenland (Escher et al., 1976).

These dykes have primary hydrous phases (Windley, 1969). In the
Lewisian the influx of hydrous fluids slightly predates but overlaps the
period of dyke activity.

A study of the geochemistry of the Scourie dykes (Weaver and
Tarney, 1in prep.) suggests that the source mantle was enriched in LIE
elements, this enrichment occurring either just prior to melting or
during the genesis of the gneisses themselves. The dykes are mainly
quartz-tholeiites and contain primary hydrous phases, both factors
suggesting a role for water in their genesis (Weaver and Tarney, in prep.).
It is interesting that the production of the Scourie dykes was shortly
preceded by the influx of large volumes of hydrous fluids up vertical
structures into the crust. It seems possible that the two processes were
related.

The reason for the development of early Proterozoic dyke swarms
is poorly understood, but these dykes are present in most cratons. In
some cases it appears to be the last stage in the stabilisation of the
Archaean crustal segment and is possibly related to a failed attempt at
continental rifting. They could possibly be feeders to a continental
flood basalt province. The cause of the influx of the fluid which may
have triggered the generation of basaltic magma is uncertain; it could

be :



(1) a hot spot process whereby an upwelling mantle diapir
or convection cell brought up fluids which caused the retrogression
and the lowering of the mantle solidus so that the tholeiitic liquids

were generated,

(2) a subduction process. Fyfe and McBirney (1975) state
that the first fluids formed by dehydration of the downgoing slab will
be enriched in Na and Sr and depleted in Fe . These fluids
would be appropriate to the retrogression of the Assynt gneisses as
suggested by Beach and Tarney (1978). Further dehydration at
greater depths may provide the fluids needed for the production of the
dykes. The retrogression is closely associated with deformation of
the crust. However there is no evidence for subduction in the

Lewisian during the early Proterozoic.

In summary the retrogression was caused by the influx of large
volumes of mantle-derived hydrous fluids but the reason for their genesis
is unclear. However it 1is a widespread phenomenon in the early
Proterozoic and may be related to lower crustal processes in general,
or may be a feature of the stabilisation of continental crust which has

not been repeated since .
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CHAPTER 6
DESCRIPTION AND PETROGENESIS OF AMPHIBOLITE DYKES

FROM CLASHNESSIE BAY
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6.1. INTRODUCTION

Several thin amphibolite dykes crop out in Clashnessie Bay.
The age of these dykes is problematical as they have a different trend
to the Scourie dyke swarm. In this chapter they will be described,

an assessment of their age made and their chemistry discussed.

6.2. DESCRIPTION AND FIELD RELATIONSHIPS

Five thin (up to 2m thick) amphibolite dykes crop out on the
east side of Clashnessie Bay (065316) and one on the west side
(058310) . The dykes are clearly discordant (Fig.6.la) cutting low
deformation, amphibolite facies tonalitic to granodioritic gneiss, which
contains numerous hornblendite lenses (analyses of the gneisses and ultra-
mafic lenses are given in Appendix B) . The dykes trend 082/45S and can
be followed along strike for 150m when they disappear into the sea.
The dyke on the west side of the bay could be a continuation of the
eastern dykes. To the west the gneisses are overlain by the Torridonian
sandstone. Photographs and sketch plans of the dykes are given in
Figs.6.1 and 6.2. The trend of the dykes is cut by a well foliated ultra-
mafic Scourie dyke, striking 117°, which crops out in Clashnessie Bay

and a fairly unmetamorphosed Scourie dolerite dyke is found about 500m

to the east. As shown in Figs.6.1lb and 6.2 there is some evidence that
the dykes are folded. They are moderately well foliated with an
assemblage of plag - hb - gz - bi - ep - opg . They are homogeneous

with no signs of a chilled margin or a decrease in grain size towards the
margins.

There are several differences which serve to distinguish these
dykes from Scourie dykes. Scourie dykes vary considerably in width from

less than a metre wide to up to 50m (occasionally even wider). The
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FIG. 6.1 (a) Photograph showing discordant amphibolite

dykes, E. side of Clashnessie Bay ()65316).

FIG. 6.1 (b) Photograph of amphibolite dyke, E. side of

Clashnessie Bay. This dyke is possibly
folded and contains gneiss inclusions and
small folded quartz veins.
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wide dykes usually have a coarse almost gabbroic centre with a fine

grained margin. The margins are sometimes sheared so that the dykes
develop a foliation. These shear zones are probably contemporaneous
with dyke intrusion. King (1955) thought this deformation was

Laxfordian, however it is Inverian using the terminology as defined

in Chapter 1. The very thin Scourie dykes are sometimes metamorphosed
to amphibolite with a foliation but they always have a NW-SE trend and
a very steep dip (>70°) . The Clashnessie dykes however dip 45°, strike
082. and show evidence of folding.

The structure of the Clashnessie Bay area is rather complicated
as outlined in Chapter 1. A sketch map of the east side of Clashnessie
Bay 1is given in Fig.6.3. The area enclosing the dykes is composed of
very gently-dipping gneisses possibly folded around an early NW-plunging
fold (F* of Fig.6.3). About 100m to the east the gneisses are folded
into a NNE trending steep belt (F* of Fig.6.3). On the western limb
of this fold there is abundant hornblendite, such as sample JIO (Chapter
4) . Lineations consistently plunge to the SSE (Fig.6.3). The steep
belt prevents the amphibolite dykes being followed eastwards as there
was probably considerable vertical displacement across the zone. The
dykes are therefore confined to a very small area and have not been found
anywhere else. This indicates that the dykes may be related to the phase
of deformation that produced the NNE-trending steep belts as these
structures are well developed in this area and only poorly developed

elsewhere. -

6.3. THE AGE OF THE AMPHIBOLITE DYKES

These dykes are interestingly problematical because they cannot
be normal Scourie dykes which are common in the area. No other similar

dykes have been reported on the mainland Lewisian. Major problems
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concern their age relationships to the Scourie dykes, the gneisses and
their structures. The possible relative ages are listed below and

discussed afterwards:

(1) The host gneisses are "older gneisses" (pre-Scourian)
which were intruded by the dykes; the gneisses with dykes were then
invaded by large volumes of tonalitic magma which did not contain dykes,
i.e. the dykes are equivalent to the Ameralik dykes of west Greenland
(McGregor, 1973). Davies (1975) proposed a similar origin for some
gneisses containing small dykelets at Scourie but the isotopic data of
Chapman and Moorbath (1977) could not distinguish between the "older"

and "newer" (Scourian) gneisses,

(2) The dykes were intruded during the Scourian event and

metamorphosed and deformed before the end of the Scourian.

(3) The dykes are Inverian in age, contemporaneous with the NNE
folding.

(4) They belong to a very early phase of Scourie dykes which were
metamorphosed and deformed in the Inverian, before the main dolerite dykes

swarm was intruded.

(5) They are a conjugate set to the main IVNlV-trending dykes.

(6) The dykes are Scourie dykes and there has been localised

Laxfordian deformation which has caused rotation and deformation of the

dykes.

25
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To test the first hypothesis, samples of the host gneisses
were analysed for their lead isotopes and the results are reported in
Chapman (1978) and plotted in Fig.6.4. As can be seen, the Clashnessie
gneisses and the "older" gneisses of Davies (1975) are indistinguishable
from the main Scourian gneisses. The lead isotope data also suggest
that there is no component of significantly older crust (greater than

5.0 b.y.) 1in the Lewisian complex (Chapman and Moorbath, 1977). It

is therefore possible that the Clashnessie dykes were intruded in
Scourian times, but they are not in significantly older crust.

The trend of the Clashnessie dykes 1is clearly cut by that of
Scourie dykes which implies that the region is not a small area of
Laxfordian reworking and that the dykes were intruded before the main
Scourie dyke swarm. Point 5 is unlikely because 1if the Clashnessie
dykes are a conjugate set there is no reason why they should be meta-
morphosed and folded when the Scourie dykes are not. The most likely
answer is that the dykes were intruded early in the Inverian event and
were deformed and metamorphosed to amphibolite facies before the
intrusion of the main dyke swarm. If this is the case they were
probably intruded into fairly hot crust, about 650 + 50°C (Chapter 5),

so they could be metamorphosed fairly quickly.

6.4. CHEMISTRY

Whole-rock analyses and mineral analyses are given in Tables 6.1
and 6.2. The mineral chemistry has been discussed in Chapter 5. The
dykes arc moderately well foliated, fine grained amphibolites. This is
in contrast to the retrogressed granulite facies mafic rocks which are
fairly coarse grained with very irregular grain boundaries. This

probably indicates that the dykes were intruded after the granulite facies

so they could he metamorphosed fairly shortly after intrusion. The ,
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GAJ.'.FIE

SiOg
TiOg
11,0,
Fe*0; 1
LInO
I'lp

Ca0

K,0

TOTAL 100.54 99.99100.

Cr
Ki
Zn
Rb
Sr
Ba
Zr

Ce

Nd

Ga

Th

?b

Table 6.1

W17

57.4

1.15

12.10

15.69

0.20

4.49

8.00

2.58

0.70

0.25

125
79
122
8
564
285
157

20
48

25
28

24

WIO

56.5

1.05

11.80

15.72

0.21

8.15

8.57

2.42

0.57

0.52

110

590
154
157
10
14
59
20
27
20

w20

57.1

12.1

15.54

0.20

4.27

8.29

2.40

0.70

0.26

109
77
116

588
571
158

19
46
25
28

21

56.2

1.61

12.1

15.15

0.22

5.04

8.72

2.65

0.60

0.51

100
62
106
4
402
197
141
9
17
49
25
28

24

W22

55.9

12.1

15.64

0.21

8.07

8.28

2.74

0.70

0.29

110
72
119

882
255
15™
8
18
A3
25
52
20

14

W25

55.17

12.6

15.58

A.44

2.87

0.55

0.29

114
71
114

565
207

150
8
19
47
24
50
22

J67

54.16

12.04

15.50

0.21

5.85

8.41

2.50

0.75

0.52

121
66

125

571
554
150

4
14

59
25
29
17
5
5

J68

84.17

12.04

15.67

5.91

8.24

2.51

0.77

0.52

57100.58100.52 99.48 98.70 98.60

127
65
150
11
542
558
152
5
21
50
28
50
16

average

55.97

12.11

15.51

5.05

8.55

2.56

99.96

115
70

118

571
265
155
9
20
44
22

29
20

Whole-rock analyses of the amphibolite dykes,Total

iron is expressed as Fe”O".
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SAJ.TLE  Y/19 J67 Je7 J67

! :iHEiUL Amph (8 * Amph(6+ Biot(6) Epidote (5

Siog 42.29 41.52 56.26 57.76
T1i0g 0.62 0.70 1.89 0.07
Al*0; 14.66 15.44 16.87 24.10
Pe’cy - - - 11.59
PeO 17.77 18.21 15.11 -
iDi0 0.29 0.55 0.16 0.24
i.% 8.71 8.56 15.85 0.02
Ca0 11.71 10.81 0.00 22.59
1.58 1.56 0.10 -
K20 0.79 0.95 8.84 -
Cr*0; 0.05 0.02 0.05 0.00
TOTAL 98.46 96.10 95.09 96.17
Xmg 0.a61 0.481 0.618 -
no.of 25 25 22 25
oxygens
si 6.508 <.37/ 5.555 6.074
IR 1.692 1.626 2.467 -
PR 0.888 0.805 0.560 4.602
Ti 0.070 0.080 0.217 0.008
Cr 0.006 0.002 0.004 0.000

Pe” + - - - 1.290

Pe*+ 2.218 2.559 1.925 -

Mt 0.057 0.042 0.019 0.055

ig 1.950 1.959 8.159 -

Ca 1.875 1.778 0.000 5.861

Na 0.445 0.476 0.029 -

K 0.150 0.188 I.718 -

TABLE 6.2 : Mineral analyses from amphibolite dykes,
amph - hornblende, biot - biotite, number in parentheses

refers to the number of points included in the average.
Total iron is calculated as PeO except for epidote where

total iron is calculated as Fe”O".
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dykes have a very uniform megascopic appearance which is reflected in
the uniformity of the whole-rock analyses (Table 6.1).
The Clashnessie dykes have an SiO content ranging from
2

54 - 57 wt.%, moderate total iron contents of 13 - 14 wt.%, low MgC

of 4 - Ca0 of about 8 wt.%, fairly low alumina contents of

o
=

&
oe

11.5 to 12.5 wt.% and fairly low alkalis with K 0O contents of 0.5
2

to 0.7 wt.%. They are best described as low-K tholeiitic andésites.
Ti02 - P205 - Ké) relations (after Pearce et al., 1975; Fig,6.5a)
show the dykes plot as continental basalts. The Zr/Y ratios are

consistent with an origin as within-plate basalts (Pearce and Norry,
1979) . Fig.6.5b (Si0" against Na”O + K"O) emphasises the high
S5i02 content of the Clashnessie dykes when compared with other dyke
compositions.

The trace element data for the Clashnessie dykes has been
compared with the early dolerite Scourie dykes (data from Weaver and
Tarney, in prep, and OMiara, 196lb) to determine whether the Clashnessie
dykes could be related to the Scourie dykes. The Si0” content of
the Clashnessie dykes (54 - 57 wt.%) 1s always greater than that of the
Scourie dykes, which ranges from 48 - 54 wt.%. In Fig.6.6, various
elements have been plotted against SiO" and it can be seen that TiO" ,
Ba and Zr (as well as KZO , PZOS, Ko and YY) are all lower in the
Clashnessie dykes than one would expect if the dykes belonged to the
same trend as the Scourie dykes. The only element to plot on the same
trend is Sr . In Fig.6.7, several elements are plotted against Zr to
examine trace element ratios, which may give a better indication of
whether the two dyke types could be derived from the same source.

As shown in Fig.6.6 the Zr content of the Clashnessie dykes (130 -
140 ppm) is lower than that of the more evolved Scourie dolerite dykes

(200 - 230 ppm) . The TiO” content of the Clashnessie dykes is fairly
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low, leading to low Ti/Zr ratios of 45 - 75 , lower than those of
the Scourie dykes which also have low Ti/Zr ratios (65 - 90; Weaver
and Tarney, in prep.)- Both sets of dykes have similar 2Zr/Y ratios
(about 5 for the Clashnessie dykes). Ni and Cr plot on a similar
trend to the Scourie dykes. The Sr content of the Clashnessie
dykes is much higher, Rb slightly lower and Ba similar to the
Scourie dykes; these elements however are those most affected by meta-
morphism so the contents may not reflect the original composition.
The low Rb contents (less than 11 ppm) lead to fairly high K/Rb
ratios with an average of 1000 (Fig.6.8); compared with a K/Rb ratio
of 300 - 500 for the Scourie dykes. The usual explanation of high K/Rb
ratios in granulites involves the preferential removal of Rb over K
either in a melt phase (e.g. Heier, 1973) or by CO”-rich fluids
(Sheraton et al., 1973a; Rollinson and Wind ley, 1980a; Newton et al., 1980).
However the very fine grained nature of these dykes implies they never
went through a granulite facies event (see above), so the high K/Rb
ratios may reflect those of the original 1liquid, and hence the source
region.

These trace element variations, with most incompatible elements
being lower than those of the most evolved Scourie dykes makes it impossible

to relate tlie two dyke types by fractional crystallization.

6.5. PETROGENESIS

As the dykes were completely recrystallized during amphibolite
facies metamorphism, it is not known whether they had any phenocryst
phases or to what extent the analyses represent liquid compositions;
however the dykes are extremely homogeneous suggesting that they may be

liquids. Their petrogenesis is rather difficult to determine as the
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analyses are so similar that there are no trends apparent between
different dykes. As outlined above, the Clashnessie amphibolite dykes
cannot be related to the magma producing the Scourie dykes by fractional
crystallization. They were probably intruded a fairly short time
before the Scourie dykes so they may have been produced by the same
segment of mantle. It is interesting to note that the first phase of
Scourie dyke intrusion was represented by quartz normative tholeiitic
dykes to be followed by olivine gabbro and picritic dykes (Tarney, 1973)
The production of andesitic dykes shortly before the main Scourie dyke
event is a continuation of the same trend of decreasing silica content
of the dykes with time.

Due to the lack of any evidence to the contrary, it will be
assumed that the dykes approximate to liquid compositions, i.e. any
possible cumulus phases are ignored, to see whether it is possible to
derive the dyke compositions as either primary mantle melts or as mantle-
derived liquids modified by fractionation before intrusion. The Ti/Al
and Ti/Cr ratios plot on the liquid trendsof Pearce andFlower (1977).
The element concentrations (with the exception of Sr) aremore consis-
tent with a silica content of 50-34 wt.% SiO* than 54 - 57 wt.% possibly
implying contamination by silica. However the dykes are so uniform
and the contents of fairly mobile lithophileelements such as Rb are
low indicating that these silica contents may be primary.

The following points may help to understand the petrogenesis of

these dykes:

(1) The Ce”/Y* ratio for the Clashnessie dyke ranges from 3.3
to 4.2. Complete REF data are not available but some elements (La, Ce,

Nd and Y to monitor the IIREE) have been analysed by X-ray fluorescence.



Tlie data have been compared with selected patterns for Scourie dolerite
dykes (Weaver and Tarney, in prep.. Fig.6.9). The patterns are very
similar, although the Clashnessie dykes may have slightly lower HREE
contents. This implies the two dyke ty%ies may have had a similar

source.

(2) The amphibolite dykes have low Ti/Zr ratios (average = 56)
compared with a chondritic ratio of about 110 (Sun and Nesbitt, 1977).
A low Ti/Zr ratio could be a feature of the source mantle (Weaver and
Tarney (in prep.) put forward this theory to account for low Ti/Zr
ratios in the Scourie dykes), or due to a Ti-bearing phase remaining in
the source mantle after partial melting, or due to fractionation of a

Ti-bearing phase before intrusion.

(3) The dykes have a Zr/Y ratio of about 4.7 compared with a
chondritic mantle ratio of 2-3 (Sun and Nesbitt, 1977). The Ti/Y ratio
of about 260 is close to the mantle value of Sun and Nesbitt (1977).

This tends to imply that either Ti and Y contents are normal, while

the Zr content is high or Ti and Y contents are low.

(4) There is a moderately high K/Rb ratio which could be:

(1) a feature of the source

(ii) due to a residual mantle phase containing Rb in
preference to K

(iii)due to fractionation of a phase which removes Rb in
preference to K . The only phase which has a higher K“ for Rb
tlian K 1is phlogopite, but this also has a high K“ for Ba (Arth,

1976) . The dykes have fairly high Ba contents, therefore the Rb
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could not be removed by phlogopite as tliis would also cause the removal
of Ba which is not seen. In fact the Ba content (average of 265)

is high compared to the levels of the other incompatible elements.

(iv) due to modification of K/Rb ratios by metamorphic

processes.

The dykes are therefore moderately LREE-enriched and are either
enriched in 2Zr or depleted in Ti and Y relative to chondritic ratios

There are three main ways of generating liquids with a moderate

degree of silica enrichment:

(1) as primary mantle melts resulting from averylow degree

or partial melting of anhydrous mantle

(2) as primary mantle melts resulting from thepartial melting

of hydrous mantle

(3) by fractional crystallization of a tholeiitic liquid leading

towards more silica-rich compositions.

The first proposal is unlikely as the level of incompatible elements is
fairly low, although it is possible that the source mantle was depleted
in these elements. There has been considerable experimental work on
the melting of hydrous mantle (e.g. Kushiro, 1972; Mysen and Boettcher,
1975) and of hydrous basaltic compositions (e.g. Holloway and Burnham,
1972) all of which suggests that it is possible to generate quartz-

normative liquids in the presence of water. However, these liquids are



all calc-alkaline with high Al%0% contents, whilst the Clashnessie
dykes have low alumina contents (ca. 13 wt.$%). The MgO content of
about 5 wt.% is rather low for primary mantle melts, so it is believed
that the third possibility is most likely i.e. the dykes represent
liquids that have undergone fractionation before emplacement. By
fractionating a variety of phases it is possible to lower the Mg0O con-
tent and to alter the incompatible trace element ratios. However with
the data available it is not possible to distinguish between phases
residual in the mantle after melting,and phases which have fractionated
between melting and emplacement.
\ phase (or phases) is needed which will deplete the 1liquid in

Ti and Y relative to Zr , keeping Ti/Y relatively constant, which
will lower Rb , cause moderate TREE enrichment and allow moderate levels
of Sr and Ba . The most suitable mineral is hornblende which has
Kp's for Ti and Y of 1.5 and 1.0 respectively for basaltic
liquids and 3.0 and 2.5 for intermediate liquids (Pearce and Norry,
1979). Removal of hornblende would thus deplete the 1liquid in Ti ,
keep Y ~constant and cause Zr to increase. Calculations assuming
Rayleigh fractionation require 50% fractional crystallization of horn-
blende to change the Ti/Zr ratio from a chondritic ratio of about 100
to a value of 50. It is possible that the source mantle already had a
low Ti/Zr ratio (Weaver and Tarney, in prep.) in which case a smaller
amount of fractionation is required to lower the ratio to about 50.
Hornblende also concentrates the HREE (Arth, 1976) so hornblende fraction-
ation could have caused the moderate LREE enrichment. Cawthorn (1976)
suggests that ol - cpx - amph are likely fractionating phases from a
quartz-normative liquid in the system Ca0O-MgO-Al1“0%-Si0*-Na20-H20 at

5 kb water pressure. Clinopyroxene has a similar pattern of K*'s to

hornblende but fractionation of clinopyroxene has less effect.

270



It is tentatively suggested that the Clashnessie dykes evolved
from a tholeiitic liquid by fractionation of hornblende. Some of the
trace element ratios, such as K/Rb , may be inherited from the source.

A heterogeneous source mantle is proposed by Weaver and Tarney (in

prep.) to account for some of the features of the Scourie dykes and it
is likely that some of the same heterogeneities were present in the
source region of the Clashnessie dykes because the intrusion times of
the two groups of dykes is fairly close. The generation of these
amphibolite dykes may be related to tlie influx of water causing the retro-
gression of the Assynt gneisses and metamorphism of the dykes to amphi-
bolite facies. This presence of water is consistent with the fraction-
ation of hornblende from tlie tholeiitic liquid before emplacement.

The dykes were probably intruded in the early stages of the Inverian
event and were metamorphosed and deformed before the intrusion of the

main Scourie dyke swarm.
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CHAPTER 7

THE CANISP SHEAR ZONE
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7.1. INTRODUCTION

Archaean regions are commonly cut or bounded by major Proterozoic
shear zones such as between the Limpopo mobile belt and the Rapvaal and
Rhodesian cratons (Coward et al., 1973) and the southern margin of the
Nagssugtogidian belt of west Greenland (Bak et al., 1975). There is
often a very large displacement across these 2zones e.g. up to 200km
across the Limpopo belt and up to 100km across the Nagssugtogidian. It
is believed that these ductile shear zones are the deep crustal equiva-
lents of high level brittle faults (Grocott, 1977; Davies, 1978)
Watterson (1978) suggested the shear zones of Scotland and Greenland were
deep seated equivalents of the transcurrent faults of China caused by the
collision of the Indian and Eurasian plates; the Greenland shear zones
being created by the northward collision of the Ketilidian block with the
Archaean craton in early Proterozoic times.

The Scoiirian granulite facies gneisses are bounded in the north
by the Laxford Front shear zone (Sutton and Watson,1951; Beach et al.,
1974; Davies, 1976,1978; Coward et al., 1980). This structure has been
in existence since the early Scourian with a total dextral displacement of
at least 35km (Davies, 1978). However Beach et al. (1974) interpreted
the Laxford Front as a belt with sinistral, north-side-up sense of dis-
placement. Davies (1978) based his interpretation on the rotation of
Scourian fold axes into the shear zone, wliilst Beach et al. (1974) based
theirs on the sense determined from abundant small scale sinistral shear
zones to the south. A dextral sense of shear would produce lineations
rotated in a clockwise sense from the Scourian direction of about 140°
which is not found, while lineations striking between 140° and the shear
direction of about 110° are found (Coward et al., 1980). A sinistral

sense of displacement however does not provide a fully satisfactory



explanation for the rotation of the Scourian fold axes. Davies (19781
considered that the small scale sinistral shears were mechanisms for
accommodating some of the displacement in the narrow part of the shear
zone.

In the Assynt region there are numerous late (Laxfordian) shear
zones which commonly have a similar sinistral sense of movement, these
structures usually being less than Im wide. The largest of tliese is
the Canisp shear zone (Sheraton et al., 1973b; see also Chapter 1) which
is over 0.5km wide at the coast between Achmelvich and Clachtoll.

Peach et al., (1907) discovered, and mapped, this zone of highly deformed
gneiss for several kilometres eastwards until it disappears under the
Torridonian cover. The zone thins eastwards until it is less than 100m
wide. The Laxfordian strain is very heterogeneous with numerous low
strain zones occurring between the narrow shear zones; the Canisp shear
zone is thus composed of many narrow shear zones which have merged. The
zone has a long history of metamorphism and deformation spanning the period
of dyke intrusion (Sheraton et al., 1973b; Chapter 1). It is clear that
much of the amphibolite facies retrogression in NW-trending Inverian steep
belts occurred before the intrusion of the dykes. Further metamorphism
and deformation affecting the dykes was followed by localised recrystal li-
zation in Laxfordian shear zones. The history of the Canisp shear zone

thus falls into two parts:

(1) formation of the Lochinver antiform producing an Inverian
steep belt with associated retrogression. This was followed
by dyke intrusion and further deformation towards the end of

the Inverian event,

(2) recrystallization in Laxfordian shear zones located on the

vertical 1limb of the Lochinver antiform.

<1



The general features of the Canisp shear zone will now he described.
Some of tliese features have already been mentioned in Chapters 1 and 5

but will be repeated here for the sake of clarity.

7.2. MAIN FEATURES OF THE CANISP SHEAR ZONE

The main structural features are shown in Figs. 7.1 and 7.2 and
sketches of minor folds in Figs.1.15 and 1.16. The southern margin of

the shear zone is very sharp, but the northern margin is far more diffuse

(Fig.7.2). To the south of the Canisp shear zone, the gneisses which
dip gently south, extend as far as Achiltibuie. These gneisses have a
lineation plunging S or SSW . Less than 500m to the south of the

shear zone at Achmelvich there is the Lochinver antiform (Figs.7.1 and
7.2; Chapter 1) which is a major Inverian structure that can be correlated
with the NW-trending monocinal folds in the Stoer-Drumbeg region
(Sheraton et al., 1973b). The steeply-dipping northern limb was the focus
for Laxfordian shearing. The Laxfordian shear zone cross-cuts the axial
trace of the Lochinver antiform, which disappears into the shear zone to
the east of Loch Bad na Goibhre (Fig.7.1). The dip of the gneisses
steepens as the shear zone is approached from the south (Fig.7.2). The
northern margin is less well defined with vertical or near-vertical
Inverian gneisses extending 2- 3km northwards with NW or SE plunging
lineations. The shear zone dies out in a series of narrow shears which
decrease in frequency northwards. The shears tend to merge, enclosing
low deformation lenses. Fig.7.3 is a sketch map of the northern margin
of the shear zone near Alltan na Bradhan (057263).

In the Canisp shear zone Scourie dykes commonly have sheared and
metasomatised margins (Tarney, 1973) and may be cut by small centimetre-

scale shear zones which interlock in the manner described by Coward (1976;
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Fig.7.4). Tliin Scourie d\'kcs may be transformed into amphibolite schists
and locally folded e.g. at Port Alltan na Bradhan (050261; Fig.7.5a).
Ultramafic dykes are highly metamorphosed and deformed (Tarney, 1975),
often being more deformed than the bordering gneisses.

There is a strong foliation in the Laxfordian shear zones which
consistently dips 70 - 80° to the SSIV. This contrasts with the foliation
in Inverian steep belts which is vertical. The Laxfordian shear zone
reaches 0.5km wide at the coast near Achmelvich, its gneisses dipping
uniformly to the south (Fig.7.5b). There is a considerable reduction in
grain size but the mineral assemblages are essentially the same as those
developed during the Inverian retrogression (see Chapter 5). There has
been static post-deformational growth of prismatic amphiboles (cummingto-
nite, tremolite and hornblende), muscovite and magnetite which cross-cut
the schistose fabric (Fig.5.5c). These amphiboles are randomly orienta-
ted within the foliation surface often giving the rock a superficially
massive appearance. There is a penetrative lineation plunging 25-50°
to the FSE, parallel to the axes of minor Laxfordian folds. This
lineation serves to distinguish these late shear zones from Inverian
steep belts which have no associated lineation. Minor folds are
ubiquitous, generally having steep axial planes parallel to tiie foliation.
There are several fold generations which give rise to complex interference
patterns (Fig.1.16). Many folds have a similar style developed during
shearing, but some are Inverian or Scourian folds which have been rotated
by the shear zone. The late Laxfordian shears tend to follow pre-
existing vertical structures such as dykes or Inverian monoclinal steep

belts.
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FIG.7.4 (a) Photograph of small shear zone cutting a

Scourie dyke on the southern margin of the

Canisp shear zone,

153215.

near Glencanisp Lodge,

(b) Sketch of the above photograph.
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FIG. 7*5 (a.) Photograph of a thin folded Scourie dyke
from the Canisp shear zone, Port Alltan na

Bradhan (05I26I).

(b) View of the Canisp shear zone in Achmelvich
Bay, showing the well foliated gneisses
dipping to the south (056255).
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7.2.1, Sense of movement across the Canisp shear zone

Many of the late Laxfordian shear zones have a sinistral north-
side-up sense of movement (Sheraton et al., 1973b) determined from the
sense of minor folds. This is in contrast to the Inverian steep belts
which generally have a downthrow to the north (Chapter 1). For example,
just to the west of Imirfada in Clashnessie Bay (061312) there is a
small shear zone with sigmoidal tension gashes exhibiting a sinistral
displacement. However NE-trending fold axes in the Achmelvich-Loch Roe
area appear to have been rotated with a dextral sense of shear into the
Canisp shear zone (Fig.7.1). It is believed that a large amount of the
deformation occurred during the Inverian, possibly with a dextral sense
of movement and that the more brittle Laxfordian shear zones are a fairly
minor effect superimposed on the steep limb of the Lochinver antiform.
This view is consistent with that of Davies (1978) for the Laxford front
area but is in conflict with that of Coward et al. (1980) .

The NE-trending folds occurring in the Achmelvich region could be
equivalent to the F* folds of Coward et al. (1980) in the Scourie area.
These F* fold axes are rotated in the same manner as the Achmelvich folds
by NW-trending F“ folds (late Scourian; Inverian of this study). It is
possible that the outcrop pattern of the Achmelvich folds reflects
refolding by the NW-trending Lochinverantiform rather than a component of
simple shear in the Canisp shear zone. Atpresent it is not really
possible to decide whether the rotation of the NE-trending fold axes does
reflect a dextral sense of movement or not. However it is clear that
there has been a significant amount of vertical movement which has brought
Inverian amphibolite facies gneisses of the northern limb of the Lochinver
antiform down to the same structural 1level as fairly fresh granulites on

the southern limb.
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l-aiilts occurring near the earth's surface are the result of
brittle deformation while deep seated shear zones are the result of ductile
deformation. However the Laxfordian shearing in the Canisp sliear zone
shows evidence of brittle-ductile behaviour (Ramsay, 1980). In a true
ductile shear zone there are no discontinuities across the wall of the
zone. In the Canisp shear zone the sheared gneisses stop abruptly against
the Inverian gneisses at the southern margin. At the contact there are
brecciated gneisses and quartz veining (058252) and a shear zone at
061512 has quartz-filled tension gashes, all features suggesting brittle-
ductile behaviour (Ramsay, 1980) . This implies that the Canisp shear

zone may have formed at a higher crustal level than the Laxford Front.

7.5. COMPARISON BETWEEN THE CANISP AND LAXFORD FRONT SHEAR ZONES

There are several similarities and several differences between the

Canisp and Laxford front shear zones which are summarised below:

(1) The Laxford front forms a boundary between Scourian granulites
and Laxfordian migmatites, whereas the Canisp shear zone forms a boundary
between slightly retrogressed granulites and amphibolite facies Inverian
gneisses. In both cases the sense of vertical movement is the same, 1i.e.
a downthrow to the south but the amount of movement was greater across the

Laxford front.

(2) Late narrow shear zones in both areas have a sinistral, north-
side-up sense of displacement, but there is still some dispute as to the
direction of overall transcurrent displacement. If NE-trending folds
were rotated by the shear zone, the displacement is dextral. Davies (1978)
estimates that about 50% of the movement occurred by the end of the
Scourian. In the Canisp shear zone most of the displacement occurred

during the Inverian.
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(3) The Laxford front appears to have been an anomalous zone
throughout its history with a concentration of layered complexes bordered
by metasediment (Davies, 1974, 1976, 1978). Davies (1978) states
that the structure was in existence before the end of the granulite facies
metamorphism. However there is no evidence to show the existence of
the Canisp shear zone before the Inverian and there is approximately the

same percentage of rock types within and outside the shear zone.

(4) Shear zones in the Scourie region cut granulite facies
gneisses with the development of new mineral assemblages which formed at
an estimated P-T of 6kb and 600°C (Beach, 1973). The Canisp shear
zone cuts already retrogressed gneisses and causes a reduction in grain
size and a new schistosity rather than the development of new mineral
assemblages. The mineral assemblages developed in Inverian steep belts
and Laxfordian shear zones in the Assynt region have been discussed in

Chapter 5 (see Table 5.1); typical assemblages being:

ultramafic rocks - trem-chl-mag tanth * tc (Inverian)

t trem-chi-mag-tc-dol %t anth (Laxfordian)

mafic rocks -hb-plag * gz + bi * ep t sphere-opg

or actinolite

intermediate rocks -plag-qz-bi-hb % chl-opgq

acid rocks -qz-plag-bi t chi % musc-opgq

The Laxford front assemblages have much more biotite (Beach, 1973)

(5) The Canisp shear zone was the locus for the intrusion of
ultramafic Scourie dykes which are rare elsewhere in the Lewisian. This
suggests the dykes preferentially intruded a zone of weakness and implies

the shear zone extends right through the crust.



7.4. ESTIMATE OF DISPLACEMENT

The rotation of marker horizons, such as fold axes, has been
used by several authors (Coward et al., 1973; Bak et al., 1975, Davies,
1978) to obtain an estimate of displacement across shear zones. The

formula, derived by Ramsay and Graham (1970) is:

cot a' = cota-y
where y is the shear strain, a is the initial angle between the
marker horizon and the shear zone margin and a' is the deformed angle.

The NE-trending folds in the Achmelvich-Loch Roe area can be used in

this way, assuming they have been rotated by simple shear. Beach (1974 )
used the displacement of Scourie dykes across Laxfordian shears to
obtain an estimate of displacement but this method cannot be applied to
the Canisp shear zone, because the dykes within the shear are conformable
with the schistosity and there are no dykes which can be followed into
the shear =zone. The foliation south of the shear zone tends to swing
into the shear but at the northern margin the Inverian gneisses already
had a NW trending foliation prior to Laxfordian shearing along almost the
same trend.

Using the above equation for the fold axes near Achmelvich (Fig.

7.1) an average value of y of 6 -10 is obtained. The main component
of Y comes from cot a' which is a small and imprecisely determined
value, partly due to lack of exposureand partly due to the non-perfectly
planar margin of the shear belt. The shear belt varies in width from

0.5 to 1 kilometer which gives a displacement of 5 to 10 kilo-
meters; this being a minimum value of displacement. The vertical face
of a small 5 centimeter wide shear zone (Fig.7.6) gives a vertical

displacement of 30 centimeters. This displacement across such a
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FIG. 7 .6 (a) Small shear zone, just south of Lochinver
088217).

FIG. 7 .6 (b) Diagram of the same shear zone showing
an estimate of the displacement.
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narrow zone indicates that it is possible to obtain large displacements
across shear zones 0.5km wide, such as the Canisp shear zone at
Achmelvich. Unfortunately it is not possible to estimate how much
movement occurred during the Inverian and how much during Laxfordian

shearing.

7.5. RELATIONSHIP BETWEEN DEFORMATION AND METAMORPHISM

It is obvious that deformation and metamorphism during both the
Inverian and Laxfordian were intimately related, but it is very difficult
to decide which came first. Fluids are essential for the Inverian
retrogression and deformation is easier if fluids are present. Fyfe et
al. (1978) suggest that it is metamorphism which triggers deformation,
because the influx of water causes weakening of the rocks. However it
is difficult to envisage how mantle-derived fluids could reach the middle
crust unless deformation was in progress, and the vertical structures
already in existence. This problem, in relation to the Lewisian, has
recently been discussed by Beach (1976, 1980).

There are two main processes by which deformation occurs (Beach,

1980) :

(1) by diffusion along grain boundaries

(2) by the movement of dislocations

Deformation causes an increase in the internal energy of a crystal
resulting in the production of dislocations and recrystallization. This
recrystallization to smaller aggregates of grains particularly the
recrystallization of quartz lenses (Fig.5.2b) occurs during the Inverian.
The resulting reduction in grain size producesa larger grain boundary

area encouraging diffusion thus aiding furtherdeformation, If



metainorphism is occurring with the nucléation of new phases the grain

size 1s obviously going to be reduced; in turn facilitating deformation.
Thus the development of new mineral assemblages with the associated

grain size reduction, clearly enables deformation to proceed more easily.
The catalyst for the metamorphic reactions is the influx of fluids, which
is easier 1if deformation is proceeding. Thus the metamorphism seems to
require deformation to occur first, while the deformation is more likely
to occur 1if metamorphic reactions are taking place. What is clear
however, is that once a zone of metamorphism and deformation with con-
comitant grain size reduction has developed, this will be a permanent zone
of strain softening, explaining why structures are continually reactivated
(Watterson, 1975). The lkm wide Canisp shear zone has suffered
deformation over a protracted period possibly as much as 500 million years.
As the zone was uplifted with time the deformation style changed, becoming
more brittle and confined to narrower zones (as discussed by Grocott,

1977) . Presumably metamorphism and deformation ceased when fluid
pressures fell.

The large amount of displacement that occurs across these zones
suggests these structures are equivalent to faults, and presumably
resulted from a stress system similar to that for faults. As discussed
by Beach (1980) this stress system may enable fluid to migrate to a
dilatent zone , as in the tectonic pumping model of Sibson et al. (1975) .
The influx of fluids then allows both deformation and metamorphism to
proceed. This is consistent with the fact that the retrogression of
Inverian assemblages occurred early in the history of Inverian/Laxfordian

deformation.
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7.6. CONCLUSIONS

The history of the Canisp shear zone falls into two main parts:

(1) formation of the steep limb of the Lochinver antiform with
the associated retrogression of Scourian granulites to a plag-hb + gz +bi
assemblage. This was followed by the intrusion of the Scourie dykes

with the synchronous formation of shear zones

(2) deformation in Laxfordian shear zones with the development
of a new schistosity and lineation and an associated reduction in

grain size.

There was probably fairly continuous deformation from the onset
of the Inverian, through the period of dyke intrusion to the late
shearing. As mentioned in Chapter 1, these late shear zones are
probably best described as the last phase of the Inverian event rather
than Laxfordian. However, the Laxfordian terminology is still used
to conform with the traditional wusage.

The overall sense of vertical movement is south-side-up,
bringing Inverian amphibolite facies rocks on the north side of the
Canisp shear zone down to the same level as granulites to the south.
This 1s the same sense of movement as determined by Davies (1976, 1978)
for the Laxford front but differs from that of Beach et al. (1974) .

It is felt that the south-side-up interpretation is geologically more
reasonable. The movement across these shear =zones 1is given schemati-
cally in Fig.7.8, which shows how the northern mainland Lewisian can be
divided into "faulted" blocks with zones of granulite facies gneisses
between ductile shear =zones. It is possible to consider the whole
Lewisian as being part of a major shear zone with the grnaulite facies

areas being low deformation lenses between areas of ductile deformation.
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rig.7.8 shows a schematic section from south to north, starting in

gently southerly-dipping granulites. The first Inverian structure
reached, as one goes north, is the Strathan 1line (Chapter 1; Evans and
Lambert, 1974) which closely resembles the Canisp shear zone but is
smaller. To the north of the Strathan line the gneisses have more
Inverian structures and are more retrogressed than to the south. The
Canisp shear zone has steeply dipping amphibolite facies gneisses to

the north. Further northwards, one successively goes through
amphibolite facies gneisses, partially retrogressed gneisses and then
granulites (near Scourie) with the amount of Inverian deformation
decreasing. This appears to be an oblique section through the crust.
The Laxford front then brings down Laxfordian migmatites and amphibolite
facies gneisses that appear never to have been through a granulite facies
event (Sheraton et al., 1973a). There 1is probably also a large

amount of horizontal movement across these zones; 35 km in the Laxford
front (Davies, 1978) and possibly 5-10 km in the Canisp shear =zone.

This however depends on the interpretation of the rotation of NE-trending
folds, which is equivocal.

The association of these ductile faults with retrogression by
mantle-derived H”"O and the intrusion of dykes suggests they may extend
down to the Moho.

The initial development of these =zones appears to require the
build up of a regional stress system, the cause of which is uncertain.
Watterson (1978) relates these stresses and resulting transcurrent
structures in the Archaean of Greenland and Scotland to the Proterozoic
northwards collision and indentation of the Ketilidian block into the
Archaean craton, 1in a way which is analogous to the recent transcurrent

faults in S.China which are caused by the collision between the Indian

29



and Eurasian plates (Molnar and Tapponnier, 1977).

Once the =zone of

weakness has been established due to grain size reduction, it will Dbe

continually reactivated (Watterson, 1975).
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CONCLUSIONS

This thesis falls into two main parts; the first looking at
the petrogenesis and metamorphism of mafic rocks in the Assynt region
providing information concerning the development of the continental
crust in its early stages and its subsequent thermal evolution. This
work 1is complementary to that of Weaver and Tarney (in press) who
examined the petrogenesis of the quartzo-feldspathic rocks. The second
part looks at the metamorphic and structural evolution of the Assynt
region during later reworking. A list of the main suggestions made

in this thesis will now be given.

(1) The sequence of events in the early evolution of the complex
appears to be firstly the emplacement of ultramafic-mafic bodies into
metasediment followed by the intrusion of vast volumes of tonalitic

magma causing break up of the early mafic rocks. This was followed by

a period of ductile deformation causing isoclinal folding and metamorphism
to granulite grade. This sequence of events is essentially the same as
that in the Fiskenaesset region of south-west Greenland and in the
Kohistan region of the Karakorum range in Pakistan suggesting it is a

feature of crustal growth in general.

(2) The layered bodies comprise ultramafic rocks (amphibole-spinel-
Therzolites) and mafic rocks (garnetiferous gabbros) believed to be
derived from the same liquid. The rocks fall on a tholeiitic iron-
enrichment trend and have moderate levels of incompatible trace elements
with flat to LREE enriched rare-earth patterns. The ultramafic rocks
are thought to be partial cumulates derived by olivine (and possibly

orthopvT'oxene) settling from a tholeiitic magma with 15-20% MgO; the gabbros
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being the derivative liquids. The magma was formed by 30-40% partial
melting of an undepleted mantle. This liquid is more magnesian than

most modern day oceanic lavas but in the Archaean the higher rate of
heat production is likely to cause a greater degree of partial melting
with the genesis of more magnesian liquids. The genesis of the ultra-
mafic-gabbro bodies is not directly related to the formation of the

tonalitic rocks.

(3) It is tentatively suggested that the mafic rocks in the Scourian
are fragments of an early basaltic crust upon which the Scourian complex
developed. There are many similarities between these Archaean high-grade
gneiss terrains and the deeper levels of Cordilleran batholiths (Tarney
1976; Windley and Smith, 1976; Weaver and Tarney, in press) but in the
Lewisian there 1is one significant difference; there 1is no older crust,

i.e. there are no equivalents of the Amitsdg gneisses of West Greenland.
So, in the initial stages, crustal growth must have taken place on oceanic
crust. The generation of the tonalitic gneisses 1is best accounted for
by the partial melting of the downgoing slab with a garnet residue and

it is suggested that the mafic-ultramafic rocks formed the lower parts of

a thickened oceanic crust at the base of an island arc. As plutonism
continued and the amount of tonalitic rocks increased, the situation may
have more nearly represented a Cordilleran margin, at any rate one can

say that the complex developed at a destructive plate boundary. The
mafic rocks are all tholeiitic but they differ from modern MORB in having
higher LIL elements and LREE enriched patterns, they differ from
island arc tholeiites in having higher Ni contents. However the
depletion of modern MORB , and hence their source mantle, in LIL and
the LREE 1is thought to be due to the fact that these elements reside in

the crust. Before the period of widespread crustal growth that occurred
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in the late Archaean (5.0 - 2.7 b.y.) the mantle would have had higher
concentrations of these elements with the resulting mantle melts being
slightly LREE enriched as 1is found in the Scourian and many other

Archaean areas (e.g. Arth and Hanson, 1975; Condie, 1976).

(4) The ultramafic-gabbro bodies completely recrystallized at
granulite facies, the peak conditions recorded by inferred gt-cpxtamphz
plag assemblages being about 1000°C and 12-15 kb. Uplift and slow
cooling caused complete or partial breakdown to opx+plagtsptamphimagt
symplectites. The Fe-Mg exchange reactions between coexisting gt-cpx
and cpx-opx pairs "closed" at about 800-900°C at pressures of 9-14 kb.
Oxide and spinel grains continued re-equilibrating to much lower temper-
atures. The uniform composition of the large garnets indicates that
temperatures were in excess of 700°C for a considerable period of time

(Yardley, 1977).

(5) The garnet stability was shown to depend on both P-T conditions
and whole-rock composition, garnet becoming unstable in more magnesian
rocks as the temperature fell, however temperatures were never high

enough for garnet peridotite to be stable.

(6) It is possible that the mafic rocks were tectonically inter-
calated with the tonalitic gneisses by being pulled-off the downgoing
slab in a subduction zone (Weaver and Tarney, in press) in which case
the high P-T might reflect conditions in the slab. However calcic-
mesoperthites found in discordant trondjhemitic sheets need very high
temperatures to rehomogenize them; implying that the whole complex
experienced these conditions. It would be interesting to date the for-

mation of the garnet-clinopyroxene assemblages; this theoretically being



possible by the Nd-Sin method. It is believed however that the mafic
rocks represent crust invaded by tonalité rather than the subducting

slab itself. These pressures imply crustal thicknesses of 35-45 km ;
the presence of a crust of 25-30 km thick in NW Scotland today (Bamford
and Prodehl, 1977) either means the crust was at least 60 km thick in

the Archaean or that it has since grown by further underplating.

(7) One of the problems in examining the thermal evolution of an area
is the fact that the precise date of mineral growth is unknown. This
problem is particularly critical in a complex that has cooled very slowly,
such as the Scourian. For example it is not known at what time the

garnet symplectites developed. Tlie granulite facies conditions

recorded here seem to indicate a fairly rapid decline in temperature at

a fairly constant pressure, 1i.e. the geotherm is convex towards the temper-
ature axis as was also suggested by O'Hara (1977) and Rollinson (1978).
This 1s more consistent with a magmatically thickened crust than a
tectonically thickened one (England and Richardson, 1977; Wells, 1980).
This seems reasonable in light of the vast amounts of new tonalitic magma

added to the crust.

(8) Large amphibolite facies mafic masses, and amphibolite facies
layers and lenses which are not obviously related to the layered bodies
have a similar chemistry and are believed to be retrogressed equivalents.
However small hornblendite pods and lenses, which may be derived from
mafic or ultramafic material, have had their composition modified by the
prolonged metamorphism so that their origin is unclear. These pods
result from the extreme fragmentation of mafic material before the peak of
the granulite facies event. Minor amounts of gt-gz-bithb gneisses

commonly bordering mafic bodies are believed to be semi-pelitic metasediment
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(9) After the granulite facies event the complex was reworked
during the Inverian, the style of deformation becoming more brittle as
the Lewisian complex was uplifted. One of the main features of
Inverian and Laxfordian deformation in Assynt 1is its extreme hetero-
geneity. The Inverian event began with the development of NW-trending
open folds followed by NW-trending monoclinal folds associated with the
retrogression of the granulites to amphibolite facies. Most of the
retrogression occurred before the intrusion of the Scourie dykes; both
dykes and gneisses however suffering minor amounts of further Inverian
deformation. The Laxfordian in Assynt 1is represented by the development
of narrow shear zones, no major chemical changes occurring, only
recrystallization of pre-existing amphibolite facies assemblages with

concomitant grain size reduction.

(10) The production of a uniform hb-plagfzgz assemblage caused a
redistribution of elements within the complex resulting in greater inter-
element correlations (Beach and Tarney, 1978). This study demonstrates
the formation of a very uniform plagioclase composition (~"25-30"

gneisses of all compositions and a uniform tschermakitic or pargasitic
hornblende. The hornblende and biotite compositions are shown to depend

on both whole-rock composition and paragenesis.

(11) Granulite facies ultramafic rocks retrogress to a chi-trem-magti
tclanth assemblage with dolomite becoming abundant in Laxfordian shear
zones. The succession of assemblages developed suggest that retrogression
was caused by the addition of water and took place along a falling temper-
ature path. It is impossible to define P-T conditions precisely but they
were probably in the range 700°-500°C and moderate pressures throughout

the Inverian and Laxfordian. Retrogressed ultramafic rocks have lost Na

and Sr and serpentinised samples have lost Ca



(12) Granulite facies mafic rocks retrogress to a piag-hb-cpzgz
assemblage by the reaction cpxt+plag-"lib; the excess Ca forming epidote.
When the rocks recrystallized in Laxfordian shear =zones much of this

epidote disappeared.

(13) The assemblages developed in the Inverian together with gt-bi
and feldspar thermometry suggest temperatures were about 600°C and
remained above 500°C throughout the Inverian and Laxfordian events.
Pressures are not very w'ell constrained but are probably in the range
5-8 kb. The thermal evolution deduced here is essentially the same as
that of O'Hara (1977) except the peak granulite facies temperatures from

this study are lower and the Inverian temperatures higher.

(14) The retrogression was caused by the influx of large volumes of

mantle derived water with CO® pressures building up locally. Although
elements were redistributed, probably on the scale of a few metres, it is
very difficult to establish whether or not elements were gained or lost by

the complex as a whole, but it is possible that there was a net gain of Sr

(15) Small, slightly deformed, amphibolite dykes from the east end of
Clashnessie Bay are tholeiitic andésites and could be derived from a
primary mantle melt by hornblende fractionation. The dykes are probably
a very early phase of the Scourie dykes which were deformed and meta-

morphosed before the intrusion of the main dyke swarm.

(16) The Canisp shear zone, north of Lochinver, has an extended
history of metamorphism and deformation from the beginning of the Inverian
with the development of the Lochinver antiform. The steep limb of this

fold was the focus for the intrusion of ultramafic Scourie dykes and

o©



Laxfordian shearing. If the rotation of NE-trending folds in the
Achmelvich area was caused by a component of simple shear in this zone,
there has been at least 5-10 km of right lateral displacement across
the Canisp shear zone. The Scourian is thus divided into a series of
"faulted" blocks separated by long lived zones of weakness such as the

Canisp and Laxford front shear zones (Davies, 1978).

In summary, therefore, the mafic and ultramafic rocks are thought
to represent parts of the Archaean oceanic crust, possibly thickened under
an island arc, broken up and invaded by the intrusion of large volumes of
tonalitic magma. The thickened crust and the thermal input from the
magmas gave rise to the high P-T conditions recorded for the peak of meta-
morphism. The Assynt region was then reworked in NW-trending vertical
belts, ca 2.4 b.y., with associated retrogression caused by the influx
of mantle derived hydrous-fluids. The reason for the influx of these
fluids is far from clear. The retrogression, dyke emplacement and
shearing took place along a falling temperature scale in the range
700 - 500°cC. The Assynt region thus provides an excellent area for the
examination of the evolution of a gneiss complex as it is uplifted and

cooled over a long period of at least 1.0 b.y.

O
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APPENDIX A

MINERAL ANALYSES

TTT

All analyses were performed on carbon coated polished thin

sections using a Cambridge
probe at the University of Leicester.

15 kV and a specimen current of about 200 n amps on Cu were used.

Instruments Microscan V electron micro-

The beam was focussed to a diameter of approximately 1 micron.

Elements were analysed in pairs and a co-ordinate system v/as used

to relocate points.

A range of natural minerals, synthetic oxides

and pure metals were used as standards.

The following standards were used:-

K_

Na-

Al-

Ca-

Si-

Ti-

Mg-

Fe-

1In-

synthetic microcline

natural jadeite

natural jadeite

natural wollastinite

natural wollastinite

either natural rutile or ilmenite

synthetic MgO

either pure metal or
natural rhodonite
pure metal

pure metal

pure metal

natural scapolite
lithium fluoride
zinc sulphide

zinc sulphide

natural barite

natural magnetite

An accelerating potential of



and on count rate and are therefore variable.

for pyroxene,

332

The minimum detection limits and precision depend on the mineral

Approximate values

amphibole and garnet are given in Table A.I.

All raw counts were corrected for dead time and full Z.A.F.

corrections were applied using the computer programme MAGIC IV

(Colby,1971) modified by R.II.Wilson.

and epidote analyses are given in Chapter 5»

Sion
Tio”
Ai“cy
FeO

MnO

CaO
Na”O
K20
cr’cy

Cl

TABLE A.1

Lists of analyses are given 1in this appendix; biotite,

ABSOLUTE

PRECISION

io PRECISION

- wt.Zoxide

0.

precision

55

.03

.15

.15

.03

.12

.10

.06

.02

.03

.01

.25

Minimum detection limits

(- wt.” oxide)

for silicate minerals.

count rate and hence vary.

(oxide ppm),

MINB'IUM

LIMIT

250

120

150

220

200-300

125

125

250-300

100

320

50

250

absolute

and percentage precision

2 io for major oxides and between 10 and 20/o for trace

components.

chlorite

The actual values depend partially on

The precision is between 1 and



ORrHODYPOXHME
ROCK NO Wl Wl
3102 55.53 55.31
TIO02 .08 , 08
AL203 3 .66 3.57
FLO 10.36 10.08
MNO .26 ;23
MGO 30.17 30.27
CAO .64 .34
NA20 0.00 0.00
K20 0.00 0.00
CK203 .09 .08
TOTAL ICC,8C 99. 96

FROM LAYERED ULTRAMAFIOO

Wi

55.72
.09
3.43
10.29
.25
30.52
.27
0.00
0. 00
.09

ICC.64

Al

55.98
. 07
3.28
10.12
.22
30.50
.34
.01

0. 00
.04

.CL.57

CATIONS RECALCULATED ON THE BASIS OF

ST 1.934 1. 938
WALN . .66 .062
AL6 , 084 . 065
TI . 002 . 002
OR . 002 . 002
FE . 332 .295
MN . 008 . 007
MG 1.566 1.581
CA .024 . 013
NA 0.000 0.000
K 3. 51 U.000
ORTHOPYROXENE
ROCK NO Wl W2
SI02 54.61 54.28
TIO02 .05 . 06
AL203 3.29 . 3.81
FEO 10.09 10.11
MNO .31 .27
MGO 3C.57 30.68
GAO .33 .33
NA20 0.00 .02
K20 0.00 .01
CR203 .11 <10
TOTAL 99.40 99.67

CATIONS RECALCULATED ON

SI 1. 929 1.912
AL (* . 071 . 088
ALo . 066 .071
TI . 001 . 002
CR , 133 .003
FE .298 .298
MN . 0009 , 008
MG 1.609 1.611
CA ., 12 ,012
NA 0. 000 . 001
K 0. 000 . 000

1.940
.CeC
.081
.002

1.948
,C52
. 083
. 002
. 001
.295
. 006
1. 582
.013
. 001
0. 000

Wl

55.47
.11
3.64
10.15
.24
30.12
.43
0.00
.01
.08

ICC.24

Wl

55.52
. 09
3.78
10.34
25

.54

.07

13:.55

6 OXYGENS

1.939
. 61
. 089
. 003
. 002
.297
. 007
1, 569
. 016
0.000
.000

1. 936
.G64
. 092
. 002
.002
.32
. 007
1. 557
. 020
0.000
0. 000

W1l

54.

10.
30.

99.

1.

89
. 08
.64
12

26
.27
.01
. 00
.10

54

932

. 068
. 083
.002
.003
.298
.006

. 587

. 010

1

0.000

FROM ULTRAMAFIC LAYERED COMPLEXES

W2
54.27

3.59
9.

31.

99. 77

AZ

54.1C
« Ob
3. 78
10.35
.27
30.90
.43
.01
.02
.C9

100.03

THE BA3IS OF

1.912
.088
. 061
.002
.::3
.293
.008

1.631
.Cl4
.001
.000

1.904
, 096
. 061
. 002
. 003
.305
. 006

1.621
, 016
. 001
. 001

Wl1l

53.71

100.

W39

54. 39
.06

3. 19
11.48
.27
30.51
.41
3.00
.01
.11

100.42

6 OXYGENS

1.885
. 115
.029
. 001
. 002
. 311
.008

1.675
.C15

0. 000

0. 000

1.915
. 085
.048
. 002
. 003
. 338
. 008

1.601
. 015

0. 000
. 000

W39

11

30.

100.

1.

. 06
. 98
.46
.27
81
. 30
. 00
.01
.11

921

.079
. 045
.002
. 003
.336
. 008

.609

.ull

. 000

. 000

333

Wl

54.80
.ca
3.74
10. 40
.22
30.02
. IS

0. 00
0. 00
.11

99. 56

1.931
. 06C
.086
.0 02
.003
.3 36
.007

1.576
.0 07

.0 00

. 07<
L0*!
.3 3:
.00:
.33»
.0 04

:Jl:
0.001
.001



ROCK NO

5102
TIO2
AL203
FEO
MNO
MGO
CAO
NA20
K20
CR203

TOTAL

CATIONS

ST
UL4
ALG
TI
CR
FE
MN
MG
CA
NA
<

ROCK NO

SI02
TIO02
AL203
FEO
MNO
MGO
CAO
NA20
<20
CR203

TOTAL

CATIONS RECALCULATED ON

ST
AL4
ALG6
TI
CR
FE
MN
MG
CA
NA
K

ORTHOPYROXENE
W32 W32

51.25 51.88

.07 . 05

3,47 2.92

19.04 19.71

.29 .32

24.51 24.53

, 52 .43

.02 .01

, 02 .02

.10 .10

99.29 99.93

RECALCULATED ON

1.896 1.911
.1:4 089
. 048 038
. 002 001
.003 003
.F39 607
. 009 . 010

1. 352 1. 346
. 021 017
.001 001
101 021

ORTHO"YROXENE

W35 W35
51.39 51.23
.03 . 05
2,93 2,97
21.67 21.40
.35 ! .35
23. 16 23.41
.38 .68
0.00 0.00
.02 .01
, 16 .14
100.09 100.24

1.909 1.900
. 091 ,100
.037 .0 30
. 001 . 001
. 005 . 004
.673 .664
.0il .011

1.282 1.2 94
., 15 , 127

0.000 0.000
. 001 . 000

FROM ACHILTIBUIE GAB3POS

W32 432
51 86 51.46
05 .04
3.26 3.62
18. 62 20.02
.26 .30
25 01 23.76
4u .57
02 .03
01 .02
20 .18
99,74 99.99
THE BA) IS OF
1.905 1.896
. .95 .1C 2
.04606 .056
.001 . 001
.006 . 005
, 572 .616
.008 . 009
1.369 1.300
017 .023
001 .002
0 00 . 001

FROM AJHILTIBUIE

W35 W35
5' .74 51.
.04
3.67 2.
20 .98 21
.31
23.41 23
.46 .
.01 0.
.01
, 15
99.79 100.

THE BASIS

1, 886
.114
.047
.00 1
.004
.652
.010

1.297 1.
.J18 .
.001 O.
.000 )

1.

OF

898

. 102
. 028
. 001
. 005
.659
. 009

313
G17
000

001

W32
52.29
.06
3.41
19.75
.29
24.33
.42
.01
.01
.15

1:0.71

W343

52.

19.

11
.09
3.31
41

27

24.43

10:

.51
.02
.02
. 10

.27

6 OXYGE NS

1.909 1.909
. *91 . 091
.056 . 052
.002 . 002
.004 , 003
.6:3 .595
.009 .009

1, 324 1. 334
.016 . 020
. 001 .001
. 000 .001

GABOROS
W36 W36

51.67 51.19
.11 11
2.26 2,21

23.55 24. 02
.35 .57

21.68 21.75
.50 .47
.02 .01
.02 .01
.08 . 08

100.44 100. 12

6 OXYGENS

1. 928
.072
.028
. 3G3
.002
.735
.011

1.217
.02:
. 001
. 001

1

1

.920
. 080
.018
.0:3
. 002
. 755
.012
.218
. 019
. 001
, 000

w343

52.81
.10
3. 12
20. 11
.33
70
. 6:
.02
.02
.06

23.

ij:.87

1.927
.073
. 061
. 003
. 002
.614
. 010
1. 289
.023
.uCl
.001

W36
51.71
.11

23.42
.34
22.53
.46
.01
. 04
. 08

100.58

1.927
.073
.010
. 3C3
. 002
. 730
.011

1.251
. 018
. 001
. 002

334

W35
51.58
.07
3. 08
21. 35

23. 32
.66

0. 00
.01

. 08

ICO.50

1.9 05
.095
.0 35
.0 02
.0 02
.661
.011

1.281
.026

U.C3C
. 00[

W37
51.

100.

1.921
.079
.026
*UG3
.002
.725
.009

1.236
.020
.001

0.000



ROCK NO

SI02
TIO02
AL203
Ft 0
MNO
HbO
CAO
NAZ20
<20
CR203

TOTAL

ORTHOPVROXENE FROM DRUMBEG GABBROS
w4

51.36

.14
3.52

24.74

.14

19.88

.58
.02
.01
0.00

100.38

w4

50. 76
.16
3.68
25.C8
.15
19. 74
.61
.03
.01
0.00

130.20

W5 A5

50.84 51.45
.20 .17
3.67 3.24
23.29 21.61
.20 .18
21. 36 22. 172
*6D .53
.01 t.C:
0.00 0.00
.03 .03

100.25 99.90

CATIONS RECALCULATED ON THE BASIS OF

ST
ALA
ALG6
TI
CR
FE
MN
MG
GA
NA
K

ROCK NO

SI02
TIOZ2
AL203
FED
MNO
MGO
CAO
NA20
<20
CR203

TOTAL

1,910
. 090
,G73
. 005

0.000
.789
. 005

1.107
. 025
. 002
.000

1.898 1. 911

.102 .089
,:16: .052
.006 . 005
.001 . 001
L7127 .671
.006 . 006
1. 189 1.257
.02b . 021

.001 0.000
0.0 00 0.000

ORTHOPYROXENE FROM GABBROS

W37

51,63

, 12
2.28

22,39

26

22.88

.40
.01
.01
.10

100.04

W37

51.53
.12
2.60
22.97
.28
22, 13
.47
.Cl
0.00

,12
100.21

J125 J125
51. 92 51.34
L11 .14
3,66 4.34
19.51 19.95
.36 .35
24. 06 23.45
.20 .38
.C1
.01 .01
, 04 ,05

100.08 99.92

CATIONS RECALCULATED ON THE BASIS OF

ST
AL4
AL6
TI
CR
FE
MN
MG
CA
NA
K

1

1.

, 923
. 077
.223
.003
. 003
. 697
. 008
270
. 016
.001
. 000

1,921
.079
, 036
.003
. 004
.716
. 009
1.230
.019
.001
0.000

1. 908 1.891
. 092 .109
.067 .38:

3 . 004

1 . 001

0 .611

1 ,011

8 1.287

8

1

0

N N o

=
CoowoO@ oo

. 015
. 001
. 000

W5

50.21
.17
3.56
25.3.
.28
19.80
.54
V1
.02
.01

99.90

W14

51.15

2.36

22.33

.66

22. 12

.40
.01
.01

99.0 9

6 OXYGENS

1. 901
. 099
.0 60
. 005
. 000
. 801
.Jj:9

1.117

. 022

.001

. 001

J1l25

51.31
.11
3.89
21.41
.48
22. 70
.38
C.UL
.02
.05

100.31

1. 927

. 073
.032
.003
.0 00
.703
.021
. 242
.016
. 001
.0 00

J1l25

51.22

3.86

21.25

.41

22.65

.44

01
L 07

100.14

b OXYGENS

1.897
. 103
..067
. 003
. 001
.662
.14

1.251
4 015

0.000
, 001

1

1

.898
.102
. 067
. 003
. 002
.659
.C13
.251
. 017
. 001
. 000

w14

51.

99 .

1.

1)

4

0.

W45
51

99.

1.

4

1.

925
075
'49
003
001
667
251
017
002
0 00

, 08
.09
.39
.58
. 33
.89
.33

.01
. 04

74

883
117
374
002
001
6 04

313

. 013

0.

000
o0L

33R

wld

51.

21.
22.

98.

99.

=

(@] =
|

~

OO0OOoONOOHNOCOO - ®©

.13
.08
.34

.28

.36

. 06

.36
. GO
.02
.02

82

OOR~IFRPNOOWOW
P OMSNRFORFRNDN N



CLINOPYROXENE

ROCK NO 05 W4

3102 50.81 50.19
T102 .38 .70
AL203 3.04 5.07
FEU 13. 17 3.62
MNO .27 12
MGO 13,62 12.25
CAO 21.10 20.55
NA20 .61 . P2
K20Q 0.00 0.00
CR203 3»dJ” .C5
TOTAL 100.20 39.67

CATIONS RECALCULATED ON THE BASIS OF

SI 1.928 1. 883
AL4 .072 L 117
ALG . 064 .107
TI .011 . 020
CR
FE 1418 .308
MN 00 9 . 004
MG 612 . 685
CA 85 8 ,826
NA . 045 . 067
K 0.000 0.000
CLINOPYROXENE
ROCK NO Wo W7
SI02 48.69 49.23
TIO2 .70 .81
AL203 5.69 6.27
FEO 11.38 9.63
MNO , 1C .15
MGO 11.22 '11.36
CAO 21, 62 21.07
NA20 .83 .73
K20 .02 3.03
CR203 .02 . 02
TOTAL 100.25 99.23

CATIONS RECALCULATED ON THE BASIS

SI 1.839 1.856
AL4 .16l . 144
ALG6 . 093 . 134
TI .c2cC .023
CR . 001 . 001
FE . 360 .304
MN . 003 . 005
MG . 632 . 638
CA . 875 . 851
NA ..61 . 353
K . 001 0.000

FROM ORJMBEG GABBROS
W4

Al w4 W5
50.27 5C 50.14 49.68
.62 .67 .86 .77
5.12 5.23 5.32 5.41
9. 70 9.90 9.23 9.58
.12 .13 .10 .10
12.3. 12.26 12.34 12.58
21.72 21.45 21.95 21.60
.79 .61 .79 .77
0.00 0.00 0.00 0.00
16 .14 .03 Y
100.7 3 100.75 100.54
O OXYGENS
~o671 0 1. 372 1.863 1.853
129 .128 . 137 .147
096 . 101 . 096 . 091
017 . 019 .024 . 022
L2 ,0.1 .0:1 .J.1
.302 . 307 .287 .299
,004 . 004 .003 . 003
.682 .678 . 683 .699
,866 , 853 , 874 .863
.057 , 058 . 057 .056
0.0 00 0.000 0,000 0. 000
FROM ORJMBEG GABBROS
w13 Al3 Wl4 W14
50 . 95 51. 03 49.42 49.67
.37 .33 .76 .67
3.34 2.79 5.02 4 .97
11. 17 11.78 9,56 8.37
.43 .41 .26 .26
11.50 11.37 12.70 12.47
22.02 22.17 22.53 22.77
.44 .37 .73 .69
L2 .Cc1 0.0C 0.CO
. 06 .06 .09 . 06
100.30 100.32 101.07 99. 86
OF 6 OXYGENS
1.919 1.928 1.842 1. 862
. 081 .072 .158 .138
. 067 . 052 . 063 . 081
.CIO .009 . 021 .019
.002 . 002 .003 .002
. 352 .372 .298 .262
.014 . 013 . 008 .008
.645 . 640 .706 .697
.889 .897 . 900 . 914
.032 . 027 ..053 . 050
.001 . 000 0.000 0.000

W5

48.77
5. 06
9.29
.10
04
84
.74

13.
20.

.02

38.64

1.852
. 148
.079
.022
..G1
.295
.003
.738
. 848
. 054

0.000

Wl4

s
0
™ oo ©

N =
NN o >
wWw I3

o N O ooy 9T

=

NeJ
Nej
Y
(@]

1. 871
.129
. 087
. 019
. 001
.256
. 009
.702
. 900
. 053
0.000

lllc

W6

49. 15
6» 66
9.74

.09
11. 39
21.47

.73

0.00
.C3

99.92

1.843
.157
.138
.017
...Cl
.3 05
.003
.637
.863
.057

0.300

W16
51.52
.26

1cC.
1. 02
12. 16
21.54
.61
.02

, 01

99.45

[@XeiNe)
U1 oy Ww
~J =0

.000
.323
.033
.682
.869
.045
.001



CLINOPYROXENE

ROCK NO Wi Wl

SI02 51.83 51.27
TIOZ2 , 51 .45
AL203 4.89 4.54
FEO 4 ,42 4.51
MNO .11 .19
MGO 14.51 15.30
CAOQ 23.92 24.03
NA2O0 .30 .35
<20 .01 0.00
CR203 .15 .17
TOTAL 100.65 100.86

CATIONS RECALCULATED ON

51 1.899 1.873
AL4 .T11 .127
ALE . .68
TI 1014 . 012

.004 . 305
Fg .135 .138
N .003 . 006
MG .788 .833
CA . 934 . 940
NA . 021 . 025
K .000 0.000

CLINOPYROXENE

ROCK NO W39 J4 3

S102 51.62 52.64
TIO2 .33 .16
AL203 3.56 2.35
FEO 4.26 6. 06
MNO .14 .20
MGO 15.75 14.26
CAO 24,35 22.94
NA20 .09 .73
<20 .02 0. 00
CR203 .12 .26
TOTAL 100.24 99.67

CATIONS RECALCULATED ON

SI 1.894 1.952
ALA4 .106 .048
ALE . 048 . 055
TI . 009 . 004
CR .003 . 008
FE .131 . 188
MN . 004 . 006
MG .861 .788
CA ,957 .912
NA . 006 . 052
K .301  0.000

FROM LAYERED ULTRAMAFIC

, 30

3. on

.21

100.63

TH

1.

E BASIS OF

872

.128
.063
. 012
. 006
.128
.006
.855
. 938

0.

021
0 00

1, 877
, 123
.074
.014
.005
.130
. 005
.832
.938
. 020

0.000

Wl

51.19
.47
4.59
4,40
.20
14.98
23.7%4
.32

0. 00
.18

99.70

wl W2 W39
50 .97 50 .68 51.56
.49 .35 .32
4 .74 4,41 3.51
4 .D2 4.56 4.09
.18 .15 .12

14.63 15. 28 15. 92
23. 76 23.92 24 .40

.36 .37 .07
0.00 .01 .01
.18 .20 .15

100.03 100.07 100.15

6 OXYGENS

1.880
. 120
.=79
.013
. 005
.135
.C06
.820
.934
.023

0.000

1.876 1.370 1.393
.124 . 130 .107
.082 .062 . 545
.014 . 010 . 00C
. 005 .006 . 001
.142 S141 .126
.0:6 .305
. 805 . 940 .873
.937 .946 .96C
.026 .026 .005

0.0 00 . 000 . 00C

FROM ULfRAMA FIC/AGAMTITE /AC1 0 GRANULITE

J48
52

99.

.88
.13
.95
11
.18
.55
.97
.76
. 10
.27

o9C

J48
52.94

N =

W o N
w
(&)

IOC.16

THE BASIS OF

1.955
.C45
. 047
. 005
.008
.191
. 006
.790
. 915
. 054
.C05

02

51.24
.27
2.62
10.41
.18
13.16
21.15
.83
.05
.03

99.94

027 027 05
50.30 50.46 50.22
.20 .16 .41
5.54 5.53 3.25
7.18 7.37 13. 48
.20 .21 .43

13 .09 12.59 10.70
22,68 22 .Cl1 2C. 06

.71 .68 .57
0.00 0. 00 0. 00
. 05 .12 0.00

99. 94 99.14 99.72

6 OXYGENS

1.927
.073
. 043
. 008
. 001
.327
. 006
.738
.852
.. 061
. 002

1. 870 1. 887 1.918
.13C .113 .082
. 112 131 .065
. 006 , 005 012
.001 .004 0.000
.223 .231 .4 31
. 006 .007 .014
, 725 .702 .609
.903 .882 .846
.051 . 049 .042
0.000 0.000 0.000



ROCK NO

SI02
TIG2
AL203
FEO
MNO
MGO
CAO
NA20
K2G
CR203

TOTAL

CATIONS

ST
AL4
AL6
TI
CR
FE
MN
MG
CA
NA
K

ROCK NO

SIO02
TIOZ2
AL203
FEO
MNO
MGO
CAO
NAZ20
K20
CR20 3

TOTAL

CATIONS

ST
AL4
ALb
TI
CR
FE
MN
MG
CA
NA
K

ORTHOPYROXENE FROM GABBROS ANO

W45
50.31
.09
4.26
19.87
.34
39
.33
0.00
.02
.01

23.

98.62

05
50.83
.12
1.74
29.32
.86
48
.55
.05
0.00
0, 00

16.

99.95

027

51.92
. 05
4.54
18.62
.41
23.97
.43
.02

0. 00
.08

ICO. 54

927

51.

4.
18.

23.

99.

RECALCULATED ON THE BASIS

1.882
.118
.069
. 003
.000
.621
.01l

1.304
.013

0.000
. 001

1. 963
. 037

. 042

. 003
0.000
. 947

. 028

. 948

. 023

. 004
0.000

CLINOPYROXENE

N32
54.02
.28
.27
.01
.14
3.67
9.71
.46
12
.16

3

e

99.75

RECALCULATED ON

1.975
.025
. 159

8
. 005
.214
.004
. 745
L7172
. 033
. 001

W34B

51. 19
.35

4.13

7 .31
- .13
. 78
.55
.46
.02
11

100.03

1. 899
.101
. 030
. CIC
. 003
.227
.004
.762
.896
, 033
. 001

1.898
.102
.093
. 001
.002
.569
.013

1.306
.017
.001

0.000

1

67

47
66

96
.49
.03
.00
. 06

76

OF

.895

. 105
.089
. 001
. 002
.572
.012

1.

310

.019
.CC2

0.

000

027

51.96
.05
4.67
18.21
.40
.29
.47
. 04
0. 00

.04

24

1:0.12

03

53. 30
2 .44
12.36
.26
29.48
.90
0.00
0. 00
.55

99 .29

6 OXYGENS

1. 894
.106
. 095
. 001
. 001
.555
.012
1,319
. 018
.C03
0. 000

1.914
. 086
. 017
.001
.016
.371
. 008
1. 578
. 035
Cc.0CO
0.000

FROM ACHILTIBUIE GABBROS

W35

50.18
.25
3.78
8.18
.17
13.57
22. 44
.61
«c?2
.19

99.39

W35

50.

N
N W

99.

THE BASIS

1.888
112
. 055
.00 7
.006
. 257
.005
, 761
.904
.044
. 001

.39

44

OF

1.898
.102
. 064
.0:6
. 006
.231
. 005
. 762
.913
. 045
. 000

W36
51.16
.38
.36
. 80
.20
3.45
2.36
.61
.02
.03

oo W

1
2

100.42

W36

51.00
.35
.24
.84

.19

N
NW W
w
N

.30
.61

14

100.01

6 OXYGENS

1.906
.094
. 053
.0il
. 002
.274
. 006
. 747
.893
«044
. 001

1.909
.091
. 052
. 010
. 004
277
. 006
. 743
.894
.0 44
.001

03

53.

2.
12.

29.

99.

1.

ULTRAMAFIC POOS

75
.07
96
52
.24
51
.35
. 32
. 00
.54

96

914

. 086
. 038
. 002
. 015
. 373
. 007

. 566

.013

0.

w30

. 001
000

00

"3/

99.

. 3F

. 14

. 1o
.59
.66
.61

.13
03

1.893
.107
.047?
.01l
. 004
.289
.006
. 767
. 879
. 045
. 000

33S

D3

53.

12.
29.

99.

2C
. 05
e
51
.25
3f
. 5C
. OoC
. oC
. 5A

13

.913

.087
.027
.001
.0 15
.376
.0 08

.574

.019

W37

50.

Q0 W

99.

.J:u
.000

29
.43
.69

.13

. 49

.33
.59
.02
.07

96
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GARNET FROM DRUMBEG

(4 w4 W5 W5 W6
32 40. 23 40. .4 39.47 39.45 38. 71
02 .11 .13 .10 .1: .13
03 21.72 21.69 22.11 22. 04 21. 73
0 24. 07 23.47 23.57 24.05 24 .51
0 .55 .52 .61 .75 .54
0 8.66 8. 85 8.57 8.07 6. 96
0 6. 65 6.67 6.59 6.55 7.37
03 004 .[3 .03 . 04 .03
AL 102.03 101.40 1G61.065 1G1.G7 99.95
T FORMULA
6.C45 6, 341 5.985 5.997 5.984
. [12 . 015 .311 .011 .015
3.848 3. 858 3. 952 3.95: 3.955
3.c25 2. 961 2. 989 3.059 3.169
L7 066 .378 .098 .071
1.939 1. 99C 1, 937 1. 828 , 1.6C3
1.071 1.078 1.071 1. 067 1.221
.005 .rl4 .0 04 .005 .004
24,00: 24.0:0 24.000 24 .UC: 24.000
NET MOLECULES (RICKWOOD (1968))
407 IT .12 :9 .09 .12 .09
02" 33. 56 34.35 32. 64 3c .82 27. 01
SSART 1.21 1.15 1.32 1.65 1.19
SSUL A 18. 41 18.52 17. 95 17. 83 20.47
ANO IN 46. 70 45. 88 48. CO 49. 54 51.24
ASSIGNED
22 96.46 93.73 98. 77 98.83
W4 LF W4 LF W16 LF
SI 02 37. 79 38.72 37. 92
TI 02 .04 ,03 .32
AL203 21. 74 21.97 23.39
FE 0 28. 73 26,20 23. 91
MN 0 .66 .62 6.13
MG 0 4. 83 6. C8 1.94
cA 0 6.27 7.-3 6.87
CR203 .04 0. 0.00
TOTAL 100.1ID 100.65 99.41
UNIT FORMULA
SI .942 5. 931 6. 072
TI . .oc 3
ad it 4.GC1
FE 3.778 3.385 3. 202
MN .088 .081 . 931
MG 1.132 1.470 . 463
ca 1.056 1. 164 1. 51C
CR .C05 0.0:0 '0.000
0 24 .000 24.0 00 24.000
GARNET MOLECULES (RICKWOOD (1968) )
UVAROVIT .13 G.3j0 c. 00
PYROPE 19.05 23,4cC 8,02
SPESSART 1.48 1.36 14. 40
GROSSIJLA 17.65 19. 45 26.15
ALMANDIN 61.69 55.79 51.43
PERCENTAGE CATIONS ASSIGNED
98.81 99.59 96.43

W6

2

21.
24.

10

o oON U

38. 64

L1
21.67
25.47
.54
.35
.21
.03
99.93

S o

(=l ww u
N
©
()}

4.000

.09
24. 67

20.02
54.02

99.15

Wlé LF
39.

15
.15
03
68
.3:
15
.4,
.02
.9..

.133

.013

. 886
. 235

.704
.505

.411

.002

24 .

12.
24.
55.

97.

00yJg

.05
.65
05
12
11

83

1

W31

39.

21.
24.

101 .

24 .

30.

18

96 .

~40

o
o
N

00.21

ww o
o
(6]
(6]

R
o
©
[+))

28. 62

51.16

.31
43
.79
, 60
. 86



SI 02
TI 02
AL203
FE O
MN O
MG O
GA 0
CR203
TOTAL

UNIT FORMULA

SI
TI
AL
FE
MN
MG
@,
CR
0

GARNET

w32

40.

22.
21.

23
.05

38
.93

.26
.19
.53

.006

.006

.916
.669

. 114

2.
1

285

. Col

.022

24.

GARNET MOLECULES

UVAROVIT
PYROPE

SPESSART
GROSSULA
ALMANDIN

0037

.57

38.68
1.93
16.38

42 .45

PERCENTAGE CATIONS ASSIGNED
98 .34

SI
TI

MG
CA

02
02

0

CR203
TOTAL

UNIT FORMULA

SI
TI
AL
FE
MN
MG
CA
CR

0

GARNET MOLECULES
UVA?0'/IT
PYROPE

SPESSART

GROSSIJLA
ALMANDIN

FROM ACHILTIBUIE
w32 w349 W35
40 .26 43 .03 39.68
.J4 .07 .04
21. 91 22. 09
21,70 21. 58 ﬁ?.iﬁ
.89 . 82 .94
9.93 10. C1 9.9:
6.43 0.36 6. 38
.26 .18 .22
101,42 101.14 101.66
6. 031 6. 0C8 5.95"
.0C5 .008 .0*35
3. 869 3. 9c8 3. 94"
2. 718 2.709 2. 785
. 113 .1c4 .119
2. 217 2.239 2.212
1.C32 1. 323
.031 . 321
24.0CC 24.000 24.00"
(RICKWOOD (1968))
.79 .54 .66
37.69 37.98 37.13
1.93 1.77 2.01
16.85 16. 81 16.57
42.53 42. 90 43.53
97.41 98. 12 98. 77
W36 w30 M37
38.98 38.68 39.16
07 .07 .08
22.16 21. 74
24.%95 25.L3 24. 11
1.05 1.03 78
7. 81 7.78 3. 49
6.44 6.43 6.56
.13 .07 #11
101.51 1Cc1.27 101.03
5. 937 5. 911 5. 966
,.G08 .018 .309
3.970 3. 996 3. 905
3,178 3.199 3.372
.135 .133 .101
1.773 1. 772 1. 928
1.051 1. 253 1. 371
.012 .008 .313
24.00* 24.Go2 24 .00C
(RICKWOOD (1968))
.3 T .21 .34
29.86 29.98 32. 80
2.28 2.26 1.71
17.43 17.60 17. 88
50.16 49.96 47. 27
ONS ASSIGNED
98. 55 98. C2 97.56

H35
39.63
. 05
22 .47
22 .38
.94
9. 76
6. 39
.23
101.65
5.935
.006
3.967
2.803
.119
2.178
1.Cc25
.027
24.000
.69
36. 7]
2.01
16.59
44. 01
98. 54

W37
39.18
.07
22.07
24. 13
.79
8.63
6.55
11
101.53
5. 938
.008
3.943
3.059
.101
1.949
1. 064
.013
24 .D0:
.33
32. 84
1. 71
17. 59
47.52
98.45

341

W36
38. 67
.08
21.44
24.37
.96
8. 27
6.54
.08
100.34
5.953
.009
3. 891
3.138
.125
1. 881
1.0 79
,013
24.003
.25
32.15
2.14
18.19
47.27
97.0]
W37
39.35
.04
21. 90
24. 15
.78
8.53
6. 56
12
Icl.43
5.969
.C 05
3.916
3.0 63
.100
1.928
1.Cc 66
.014
24.000
.37
32. 71
1. 70
17. 72
47.51
97. 89



W50 Jo6
SI 02 39.48 37.93
TI 02 .08 .16
AL2G3 21.62 22.61
FE 0 29.73 28.62
MN 0 .87 4.26
MO O
CA 0 kil
CR203
TOTAL 1D2%36 ici .*41
UNIT FORMULA
SI .091 6,010
TI .009 .019
.933 3. 850
FE .843 3. 793
MN .114 .572
MG .720 L4717
CA .222 1.326
OR .001 c.ccc
0 24 .toe 24 ,co00
GARNET MOLECULES (RICKWOOO (1968) )
UVAROVIT .03 o.c:
PYROPE 12.2: 8.26
SPESSART 1.93 9.90
GROSSULA 20,68 22.96
ALMANDIN 65.15 58.88
PERCENTAGE CATIONS ASSIGNED
98.72 95.97
Jo8 Jos
SI 02 38.32 38.18
TI 02 .12 .13
20.76 2c.8C
29.7" 29 .24
MN 0 2.78 2.75
MG 0 1.89
ca o0 7.61
CR203 .02 .44
TOTAL 1c1.41 ICO.64
UNIT FORMLLA
SI 6.054 6.063
.014 . 016
3,867 3, 894
FE 3.924 3. 683
MN .372 . 370
MG ,.429 ,447
ca 1.336 1. 295
CR .002 .CDS
0 24.COD 24.ccp
GARNET MOLECULES (RICKWOOD (I960))
UVAROVIT .06 .13
PYROPE 7.38 7.65
SPESSART 6.41 6.32
GROSSULA 22.95 22.11
ALMANDIN 63.19 63.89
PERCENTAGE CATIONS ASSIGNED
96.74 97.64

GARNET

J96

6.

’

018
013

.956

3.076
. 114

.826

.953
. 025

24

Jos8

37.
21.

. 00D

.64
.61
.90

'55

. 56

. 311

. 012

.948
. 976

.390
.501

24.

8

6.
19.
65.

98.

. 160

000

.06
.46
58
51
39

77

J95
38.59
.38
21.63
29. 04

.37
103.45

6,005
.009

.146
1.493
.532

.0 46
24.c0j

1.15
25.1"

2,46

7.79
63.51

99.31

017
37.83

. 26
20.01

m 32.71
.78
.62

.01
I0C.79

S

6.0 53
.031
.775
. 377
.106
. 386

.001
24.cc:

=W

.03
.87

22.88

68,4.

94.24

S10
37. 81

22.15
30.28
1. 23
5. 89
2.80

103.16

.934
.Coo
.098
.974
.164
.378
.471

0.000
24 . coo

wbaOw,m

[y

N
NN Y o
<
o

o

017
37. 51

20.17

6.030
.030
.823
.394
.121
.261

L001
24.003

L)

.03

4. 55
2.11
23. 81
69,49

95. 43

J36

38.23
.04
21.52
30.68
3.03
4,87
3,45

101.83

5,967
,005
3,96:
4.805
.401
1.133
.577
.001
24.00]

.33

.74

oo

98.

.65
.48



ROCK NO

SIO?
TIO2
AL203
FEO
MNO
McO
CAO
NA2 O
<20
CR203
CL

F

TOTAL

CATIONS

ROCK NO

SI02
TIO02
AL203
U
MNO
MGO
CAO
NA20
<20
CR203
CL

F

TOTAL
CATIONS

ST
AL4
ALG6
TT
CR
FE
MN
MG
CA
NA
<

IMPHI HOLES FROM LAYEREO ULTPAMAFIG

Wl Wl

42.25 42.27
1.55 1.55
13.55 13.46
6.37 5.20
.09 . 07

16 ,45 15. 81
12.32 12.38
2,50 2.58
J6F .65
.34 132
*04 .03
.02 .02
06.13 95.34

RECALCULATED ON

5.
1.

l4

l4

.039 ’

121 .

17:
329
489
170
037

.757
.0 09
.558
. 937
L7770

121

AMRMI HOL E FROM

025 025

55.61 55,
.06 .
182 1.
5.15 ,
.17 :

21 .47  21.
12.45 12,
,29 )
.02 )
,05 .
0.00 0.
0,00 0.
96.71  96.

72
06
22
50
17
43
50
27
03
02
00
00

97

RECALCULATEO ON

7.799 7.808
.201 .192
. 037 .009
. 006 .006
.006 .002
.604 .645
. 020 . 020
4.487 4. 486
1.871 1.877
.379 .073
.004 . 005

ROCKS
91 2 W2 W2
42.46 42 .72 43.00 42 .96
1.53 1.35 1.37 1.27
13.47 13.45 13.29 13.07
6, 6G 6.22 6.19 6.22
.08 .07 .07 .07
16.68 16.31 16.42 16,48
12.29 12.45 12.54 12,53
2.56 2.71 2,b2 2.78
, 64 .42 .44 .43
.32 .28 .27 .25
.05 0.00 0,00 0.00
.02 0.00 0.00 0.00
95.70 95.98 96.11 96. 06
THE BASIS OF 23 OXYGENS
6.18" 6.243 6.265 6,275
1.816 1.757 1.735 1.725
.497 .560 .549 526
.168 .1"8 . 150 .140
.0 37 , 32 . *31 , 129
.8 04 . 760 1754 760
.0 10 , 009 . 009 .009
3.620 3.552 3.566 3.588
1.113 1. 949 1.958 1.961
.723 .76 8 .740 787
.119 .078 . 082 080
RETROGRESSED ULTRAMAFIC
D25 925 U225 025
55. 71 5%. 48 54.24 55.72
. 05 .09 .11 .06
1.27 1.91 2. 04 .43
~.T75 5.34 4.75 12. 43
.15 .19 .17 .56
21, 55 21,59 21.65 23.79
12.42 11.70 12.18 1.59
.31 4Db .34 , 15
.02 .04 .05 .02
. 05 , 16 .19 .05
0.00 0 .00 0,00 0,00
0,00 0,00 0.0:
95.28 36.98 95.71 94 .82
THE BASIS OF 23 OXYGENS
7.830 7,758 7.0b88 7.983
.170 . 242 .312 .017
. 041 .073 . 029 .0 56
.005 .009 . 012 .006
.006 .Clo .L21 .0Co
.553 . 625 .563 1.489
.013 . 023 . 020 . 068
4, 514 4. 499 4.574 5. 080
1.87 1 1.753 1. 350 .244
, "84 .125 .493 . 142
.0 04 .007 , 005 .004

~ 39
45.
12.

16
78

.10
13
68

17.
12.

.00
.00

[eNe]

97.43

6,753
1.547
, 606
.078
.E46
. 774
.012
3.648
1. 941
, 490
. 035

925

56.89
.05
.31

13.80
.56

25.06
.36

.02
.04
0.on
L,0:

97 .15

oo
= wo
)

.005
,004
1.616
. 066
5.229
. 054
.014
.004

W39

97.

c.+61j
1.540
.606
.078
.146
.785
, 011
3.642
1,937
.437
.035



ROCK NO

SI02
TIO2
AL203
FEO
HNO
MGO
CAO
NA20
K20
CR203
CL

p

TOTAL

GATIONS

ST
ALu
ALG6
1T
GR
FE
MN
4G
CA
MA
<

ROCK NG

5102
TI02
AL 703
PEG
MNO
MGO
GAO
NAZ20

TOTAL

GATIONS

ST
AL4
ALG6
T1
B>
FF
MN
MG
GA
A

K

AMPHIBOLES
m32 W32

42 .74 42 .
1.41 1.
14, 49; 14,
10.49 11.

.05
13.33 13.
11,88 11.
2.57 2.
.35 ,

.57

.02
.05 .
98.34 98.

FROM ACHILIIIUJIE

51
32
59
03
07
76
62
67
23
33

01
04

18

PEGALGULATEO ON

6.18 3
1.811
.741
. 154
.065
1. 270

.006
2.877

1. 843
L1722
.065

.1
.8
.6

6]
20
81

. 144

.0
1.3
.0

38
41

09

2.981
1.81:

.7
.0

AMRMIROLES

935

U:I'. o
1, 69
15 .03
11 .75
11
22

91

17
1122
4 8
03

01

97.26

RECAL:JL ATEH OM

6. 040
1.960
.674
. 189

.056
1.461

."14
.707
. «97
.625
.231

RN

W36

15
12

11
11

97

= o

NO WU ©

53
52

W32

43,

1,
15.
10.
13.

11.
2

17
35
13
26
06
45
78

.56

.33
.44

0.

98 .

THE BASIS

o
. 0~ . .

PN -

O P WVON o I IN
AHEF WowUln O ooN
P U® a5 00 O OO

00
01

514

W32

42.51
1.61
IL.30
11.90
.11
13.20
11.55

2.67
.34

.31

.Cl
.01

98.50

O
ro

= o

N

=
BN N0 oy W N

H
. S0

~40 o O

GO O W ~d > ®

o
o
w

FROM AGbl LTTRUIE

92
92
57
89

8
16
67
.92
. 84
.29
.09
.39

.76

'—‘wl\)l\)\“\)
BN 0N oY

.872

.557
.351

H3r

>

e
N N >

i
el

97

.61
.92
.67
.97
.T4
.71
.78
.93
.27
.08
.40

.56

93b

41 .75
3.03

98.04

THE BASIS OF

b.
1

099

.901

.5 21
.330
.0 32

W U100 g
~ P00 O

.629

4
5
8

6. 166
1.834
.568
. 337
. 040
1.369
.CLb
2.646
1.880
.475
.368

GARBROS.
W34B W3 4R
42 .17 41.81
1.89 1.64
14 .65 15. 13
10.31 10 .80
.04 . 08
13 .45 12. 89
12 .03 11. 84
2 .31 2. 28
.54 . ™9
.33 29
0.I'L 05
.02 .02
97 .74 97 .32
23 OXYGENS
6.152 0. 136
1.846 1. 864
.672 .755
L2737 .181
. 038 . 034
1.258 1. 326
.005 . 010
2. 924 2.819
1.830 1. 862
.653 . 649
.101 . 092
GAB9RO5 .
W37 W3 7
41.23 40 .79
3.43 3.11
13.67 14,01
12.62 12.58
.36 .*9
11.32 11 .46
11,92 11 84
2.03 2 03
1.38 1 49
.32 21
.12 07
.06 07
97.76 97.67
23 OXYGENS
6. 124 6.068
1.876 1.932
.+.518 .523
.333 . 348
.038 . 025
1.568 1.567
.:c8 .011
2.506 2.543
1.333 1. 889
.585 .586
.262 , 275

w341
41. 39
1.91
14. Ib
11 .68
a 11
13. 06
11. 65
2. 3"
60
+ 26
25
. 02
97 .27
6. 122
1.87b
.591
212
.030
1. 445
.014
2.879
1.846
.683
.113
~ 36
42 01
2 99
13 48
11 8+
c9
11 65
11 79
1 63
2 03
3/\
07
36
98.25
6.210
1.79%u
.560
. 332
. 041
1.464
. 006
2.567
1. 867
.4-67
.383

344

W3 5

40
1

14

12

12
11

2.

97.

= o

N

.71
. 99
.20
. 34

12
. 67
.72
48
98

C3
.01

59

.048



ROCK NO

SI02
rl02
AL2U3
fEO
MNO
MGO
CAO
NA20
<20
CRzni
CL

TOTAL

IMS APOJNM PVK.JXSMr.

4

42.0 3
.17
16.18
14,21
«13
.46
.53
2.16
.16
0.00
0.Dr
00

p7.03

94

41.73
, 17

04
65
.12
10.38
11.57
1.66
.16
.02

« <ww
0.00

17,
13.

9U. 50

CATIONS RECALCULATEO ON

SI
AL?
ALG6

ROCK NO

SI02
TIO2
AL203
FEO
MNO
MGO
CAO
MA2 0
<20
CR20 3
CL

F

TOTAL

CATIONS

ST
AL4
ALb
TI
CR
FE
MN
MG
CA
NA
<

.234
.766
1. 064
.CIO
.oon
.763

= o

>0

= Q
o]
w
N

PARTIALLY ALTEREO

w31l

42, 36
32
7
04
lo
9. Ml
12, 10
1. 175

51

93

70

11.
17,

.50

RECALCULATED ON

6.446
I1.G54
.546
. 037
, 112
2. 169
.021
2.248
1.973
.516
.099

o~

00

=
ogw

W s O N0

O OO UI wN o U W

031

52.73
.10
3.19

11.

16 .
12.

97.61

7.5%9
.411
.130
.011
. 003

1.397
.021

3. 522

1.966
.103
.011

WH—

44
rg.73 49.50
,2J .2 -
6.20 6.69
14, 23 14,93
.08 .05
13.65 13.39
11.53 11.89
.72 . 86
. 10 .11
.04 .06
:. 0L
0.00 A. 00
97 .48 97.67
THc HAS IS OF
7.375 7.236
625 .764
43% .389
22 .[22
005 . 007
1,7 30 1.825
.010 . 006
2 ,MU 8 2.917
1.796 1.862
,203 .244
.019 .021
GAB8RO03
w3l n3l
63.34 48.609
.06 .20
2.7 9 M.1l6
11.7 3 14.60
.16 .14
lu. 57 13.35
12.71 12 .5
.40 1.08
.06 , 20
.06 .11
. 06 .34
0.00
97.95 96.f1

THE BASIS OF

7.646
.354

=
=
~J

OOV O RNoO
PO L Ooco
RPERENO oo Jdo

7.283
L7177
.194
.022
. 013

1.627
. 018

2.976

2.014
.313
.046

W4

IN PARTIALLY ALTERED
W4
52.57 53.66
.12 , 19
3.+7 3.01
20. 16 20.79
0.00 .26
17.66 19.42
3.17 .50
.41 .45
.10 0.00
0.00 .01
.0
0.00 0.00
97.67 98,19
3 OXYGENS
7.629 7.699
.371 .301
. 222 .208
.013 . 310
0.000 .0 01
2.447 2. 4P5
0.000 .0 32
3.019 4.152
493 .077
115 ,125
019 0,000
43 Mi3
49.61 40 .27
.18 99
4.8: 14.%6
13.98 18. 74
15 .25
14.12 7.10
12, 4L 12.c4
.93 1 20
,18 1 07
.12 47
29 00
0.00 00
96.67 96.59
23 OXYGENS
7.352 6.2 01
. 648 1.799
. 191 .826
.,020 . 115
014 . 057
1.720 2.413
. 019 033
3.118 1.629
1.969 1.986
.267 358
.034 210

GABIROS

w13
41.87

13.
19.

94
04
.30

105
.78
.01

97 .04

6.380
1. 020
.885
. 044
.001
2.427
.039
1.726
1.968
.316
. 152

X16

4 3 .74
.29
1L .65
16.7%
.73
10.27
11 . 9M
1. 11
, 97

Cc .00
0. 00
0.00

96, 50

.652
.348
.562
.333
. 000
.131
.094
.328
.954
.327
.138

= O

N o

(YN

345

6.607
1.333
,7 00
.365
.3 05
2.155
.032
2.126
1.Mol
,28 1
.127

Wle

11 .

17

= O)
w
N 0O

N
R woONoNoouTs U
O WUTO O WO »®
O OUIN Oy =



ROCK NO

SI02
TIO2
AL203
FEU
MNO
MGO
CAO
NA20
<20
CR203
CL

F

TOTAL

GATIONS

CI
AL 4
AL6
TI
CR
FE
MN
MG
CA
NA
K;

ROCK NO

SI02
TIC?
AL 20 3
FEO
MNO
MGO
CAO
NA20
<20
CpP203
CL

F

TOTAL

CATIONS

ST
AL%
ALO
TI
CR
P/
MN
Mu
CA
NA
<

AMPHIBOLES FROM

Jl J1l Jo6
47 ,SB 49.79 4G.27
.36 .31 .62
8,82 8. 71 15. 74
12.36 12.006 20.55
.19 .19 .25
13.84 14.009 6,56
12,20 11,96 11. 44
1.13 1, 10 1.64
.30 .32 . 85
c.CcC G.00 L1
#03 .03 .13
0.00 0.00 0. 00
96 .89 97.55 98. 06

RECALCULATED ON

6.934
1.016
.5:9
. 040
.000
.515
. 224
.023
.916
, 321
.056

= w — o

1100

52.01
.08
3.74
11.35
.22
16.01
12.48
, 17
;35
.02

, 05
.12

97 .21

PECALC'JLATED ON

7.540
, 6.
.179
.009
. 002

1, 375
. 027

3.459

1.939
.216
. 065

7.068
.932
. 555
. 034
.000
.460
.323
.042
.856
.309
. 059

— O

— W

J100

52. 08
, 16
4.95
11.41
.25
-15.90
12. 46
1.02
.53
.01

. 04
.10

98.92

7.426
.574
.259
. 017
. 001

1.361
. 030

3.379

1.904
.282
. 096

BASIC ROCKS

»6

0.39
.61
5.58
0.40
.23
6,73
11.38
1.66
.82
-.00
.13
0.00

97.93

THE BASIS OF

6.138 6,158
1.862 1, 842
. 907 .958
.071 , 070
.001 0,000
2,620 2.601
1332 U3
1.490 1.529
1,868 1.859
.485 .491
165 .159
3100 J100
43. 76 45.71
.59 .32
10.69 9.58
16.41 15.64
.27 .24
11.57 12.01
11.71 12.04
1.68 1. 54
1.4i 1..°
.03 ;01
.19 .12
.21 .16
98.49 97.9C
TH- BASIS OF
6.552 6. 779
1.440 1.221
, 439 . 4514
,0 66 . 036
.004 . 001
2.055 1, 940
. 034 . 030
2, 582 2,654
1,879 1.913
.488 . 443
.267 .197

019

44.21
.46
.44

.86

.00
12,22

11.99

1,27
L 41
Q. 00
,03
0, 00

1
1

[@ RO

95.95

019

48.98
.33
8.08
11.70
.o» Lo
14.90
12. 12
, 76

, 17
i.00
0.00
0.00

97. 04

23 OXYGENS

6.025
1,375
«646

.052
0,000
1. 737
2.
1

4

wwwo
NN
0 © U1©

7.104

23 OXYG ENS

H
JWo
oy
w N

. 046

. 003
1.375
. 025
. 859
.913
. 353
. 077

N

= o
oo
S5O
N oo N

, 040
. 002
1.313
, 029
3,048
1.917
.331
.062

027

H1.7
1. 02
15,55
9.23
*1.
13.95
12. 01
2,20
1.61
.12
.03
.85

98.42

7, 031
.969
, 615
,036
, 006
1. 265
, 02c
3. 126
1.913
. 254
. 052

34G

027

41,66
1. 01
15.37
9,45
e T L
13, 86
11. 96
2,27
1.6:

. 1C

, 06
.85

98.36

6,107

=
3
o O

>

=
RO R
oo Ulne o0 0

=W
w
w

R

NN CoOoHFO R

gl

96. 0J



AMPHIBOLES

FROM AGMATITE

JIO

41.09

1,60
13. 14
12.64
.20
.22
.30

I
N = N

.53
.01
.03
.19

95 .31

ROCK NO J48 J4 3 J*8 J48 J48
SI102 51.00 45.13 52.11 51.31 52.95
TIO2 L1 .56 .13 .16 .13
UL203 6.40 10.52 4.60 5.05 4.40
FEO 9.73 11.67 8. 54 8.89 8.66
HNO .15 .18 .17 .17 .15
MGO 16 .19 13.68 17. 45 17. 14 17.25
CAO 12.59 12.24 12.70 12.59 12.81
MA2 0 , 89 1.57 .73 , 87 .75
<20 .41 1.11 .33 .37 .29
CR203 ,43 .44 .23 .28 .28
CL .02 .04 .01 .G1 .01
F 0.00 0.00 0.00 0.00 0.00
TOTAL 97.71 97,14 97. 10 97 .14 97.68
caT IONS RECALCULATE! ON THE BAS IS OF 23 OXY
SI 7.28: 6.659 7.457 7.364 7.52:
AL4 . 720 1.341 .543 2616 L479
AL6 .357 .489 .233 . 241 .258
TI . 019 .062 .014 . 017 .014
CR . 049 . 051 .026 r 032 .051
CF 1. 162 1.440 1.034 1. 070 1.029
MN . 022 . 023 .0 21 - 021 .018
MG 3.444 3.006 3.721 3. 676 3.652
CA 1.326 1.935 1.947 1. 9("1 1.950
MA .276 L4409 .2:3 . 243 . 207
K . 075 .209 . 060 .068 . 053
AMPb1HOLES FROM nORNBLENOIT
ROCK NO *10 JIO JIG JIG JIO
SI02 42 .11 42 .04 41.20 43.09 s2.56
TIO 2 1.31 2.15 1.55 .30 , 75
AL203 13.73 13.58 13.49 13 .61 13.48
FEO 12.79 12.61 12.57 12. 03 12,70
MNO .17 .17 .20 .20 .1b
ICO 12.05 12.11 12. 07 12.57 12.3c
GAO 11.62 11, 35 11.30 11.58 11.76
NA20 2.33 2.37 2.32 2. 34 2.25
<20 .67 .48 .53 .53 ,63
CR203 .03 .01 . 04 .03 .02
CL .03 .03 .03 ,03 .03
F .22 .25 .35 .25 .30
TOT AL 97.C6 97,1s. 95,63 96.56 97. C2
CATIONS RECALCULATEO ON THE BASIS OF 23 OXYGENS
SI 6.271 6.244 6.234 6,406 6.336
AL4 1.729 1,756 1.766 1.594 1.664
ALG6 .682 .623 .641 . 791 .702
TI . 147 , 240 , 176 034 , 084
CR + 504 . 001 .005 , 004 . 002
FE 1.593 1.566 1.591 1.496 1.531
MN 021 . 021 . 026 . 025 .023
MG 2. 674 2.681 2,722 2. 785 2,742
CA 1.854 1.806 1,832 1.845 1. 876
MA 673 .683 , 681 .674 ,04 9
< . 127 . 091 .102 . 101 120

6.237
1.763
.589
,183
, 001
1,6,5
.026
2.764
1,833
.695
.103

3*f"i

97.

34

.414
.586

.690

. 085
. 004

.564

.028

= N

.750
.868

.638

110
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INVEPIAM TONAL ITIC GNEISSES

FROM

AMPHIBOLES

Jrl Jg51 J51 W26 R4 J55 J55 034

ROCK NO

oYormoasmmnonH
0O N ONocwWwOwMOOH
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™M N >
< A

Ox <p~r~00r~ S0~ ..
HommNO Mo ooy,
Y - . s e .o
m M. O« o
<t — I

41iU101:6331:30
Q, 931:028R:U00

314 o o
— —

41.

oo ana~oomo
Oo¥YNnNoMrTa~NoCo
N ™Moo o o o
< i —

O~ HID NN D
82233847500
— 47
A < —

AN NN P OO A0 o
766437675000
— 47 811 o

< —

VIS~ O ANONYS
OR:JI21:465nYLO

o~ 3d 81;1 o
= —H —

™ ™
N NO © o
cocoNCO—~OoOnNOWN
HHA SO NMg
0 He WMCNKCCh

96. 57

.16 96.61 98.08 37.69 96.62 96.23

37

96.33

TOTAL

ON THE BASIS OF 23 OXYGENS

RECALCULATE!

CATIONS

~mnooTdoowmomina
N~ ommamo
Mor~-o 300851

o iqoun'e
611:30640f199
mwToon® 1ﬁ640

' Corno o !
NaogoNOCOoOTOoONn | ©
3690020 0851

61 N 21

ComordinN~Nn <
PoaomnmooIT~INAHO
ooy o®ind

[Tol o] N I

SI
4L 6
AL6
TI
CPp
FT
MM
MG

vNz ISSES

INVERT AN TONALITIC
029

041

FROM

AXPMI11OLES

034

030

030

132 9

D*1 329

POCK NO

otoanvInNnH~YVS
152327545000

NN HITm oY R A~
NIy No~Min—oo
M N A g
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NN PN INMCC o
< N0 e o
L e
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™ AN © O v o
<« v —
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™ 24..111 o
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™ ™
aNNO o o
coNoOOOONON
HHHEARZ O g N g
NEHRARS S0 ZNMOUOK

94.26 96.79 96,75 96,83 95,84

.14

97

97.26

97.22

TOT AL

ECALCJLATEO ON TnE BASIS OF 23 OXYGENS

CATIONS

©) + OO i CO [~ 00 LN v LN O
AN~TYWoOmAaN~ANS
4700904840
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61 — N
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96.61
PECALCULATEO ON THE BASIS OF 23 OXYGENS

TOTAL
CATIONS
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96.59
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AITEIOIX B.
MIOUGC ROCK_DATA
Samples were analysed by X-ray fluorescence for 25 elements using
a Philips P\y 1450 automatic spectrometer with a P'V I466 sixty-position
sample changer at the University of Birmingham. Count data from the
spectrometer were processed using a Digital PDP 11-03 computer. Four
internal reference samples per batch were used to monitor long term

precision.

Sample preparation: Approximately 500g (where possible) of each sample
were crushed to millimetre size using a fly press. About 100g of each
sample v/as then coarse crushed in a TE.I4, swing-mill, mostly using a
tungsten carbide barrel although a few samples were crushed using
agate. About half of the resulting powder was further crushed in the
"TE!iA" to a powder of -240 3.S. mesh. Pressed powder briquettes were
made using 15g of powder and about 30 drops of hOIVAL resin as a binder,
and then compressed at I5 tons against the polished steel faces of the
die, producing briquettes of diameter.

Trace element analysis; Samples were excited using molybdenum, tung-
sten and rhodium tubes. The fluorescent radiation was dispersed using '
a LiF**Q analysing crystal to achieve maximum peak separation.
Instrumental conditions were essentially as in Leake et al. (19691.
Vavelengths and choice of tube v/ere as follows :-

I tarcet! X(K ), Sr(K ,), Rb(Kj, Th(L )), GafKj, 2Zn(K ),

Corrections were made for the overlao of RbKb on YK , CelL on BalL .
and YKi on the IloKx Compton peak. Background profiles and contamination

were determined using ultrapure samples of SiO”*, hgO and Al~O*.
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W or Rh target :ITi (K.), Cr (K.), Zr (K ), I (K*)

V/ target: La(L , Ce * , Nd( ).

Corrections were made for the overlap, of SrK** * on ZrK.%and the target
contamination on Ni and Cr. Because of the lackofprecision inlierent
in the correction of CrK , for VK,” from the overlappingTiK” , there-
sults for Cr are presented uncorrected.

Calibration: 1Initial calibrations were prepared from a wide range of
rock types spiked with the appropriate pure element compound (Leake

et al.,196g). These values were then related using either the WL*, or
I.IK X Compton peaks scattered by the sample to provide correction 'for
total mass absorption for all emission lines shorter than the iron
absorption edge. The slightly inferior method of correction using the
Vi Rayleigh peak was adopted in automatic analysis to give immediate
results.

minimum detection limits: The following table gives estimated iJ)L for

the trace elements concerned.

Ni 1 ppr: TABLS B.1l.

Cr 2 I'inimum detection limits
Zr 1 for trace elements
Ga 1

Rb 1

Sr 1

Y 2

Zn 1

Nb 1

3a 4

La 2

Ce 5

Nd 3

Pb 4

Th



liaior element analysis; host samples were analysed on pressed powder
briquettes but there are potential errors caused by mineralogical
effects inlierent in this method. To minimise these effects some fused
glass discs were prepared using a mixture of lithium metraborate and
lithium tetraborate as a flux. Short range calibrations were then pre-
pared and used to correct the powder briquette analyses. Residual errors
are to be expected, particularly for Al and Pe.

A few samples were analysed using a Philips 1212 spectrometer
at Bedford College, University of London, 1llijor element analyses were
performed on glass discs prepared as above and trace element analyses

were performed on pressed powder briquettes.



SAJ.TLE GRID LOCATION
NO. REF.
\n 114334
W2 114334
117333
w9 117333
"\11 117333
J84 113328
\v4 117333
wb 117333
V7 117333
W8 117333
W12 117333
Y713 117333
J73 110331
J74 110331
J?6 110331
J78 110331
J79 110331
J82 113328
1
J86 1113328
033079
valia 033079
W34b 033079
Y/35 033079
033079
Vo7 033079
TABIOE B,2

references

(allNC)

nr Drunbeg

o

Drumbeg

o

It

It

ROCK TYPE

Layered u/in

I

Retrogressed
u/m
Layered u/m

I

Gt gabbro

o

Retrogressed
gabbro

a

Gt gabbro

o

Retrogressed
gabbro

o

Gt gabbro

Achiltibuie Kafic garnet

gabbro
Hb rich u/m

Gt-Iib gabbro
Gt gabbro

It

Garnet rich
gabbro

List of all samples analysed by X.R.F.

and brief details.

35.R

FIELD RELATIONSHIPS

Northern part of complex

x
From basal unit of complex
From central u/m unit
5m above W9
From southern part of complex
5@ above

Base of main gabbro,

60cm garnetite layer,l6m above
W4

10m above W6
9m above W7

Upper gabbro unit

5m above V712

Top of a 10m thick gabbro band
5m below J73

very garnetiferous

8m above J76

Below J78

Part of southern Drumbeg com-
plex

It

2m from base of garnet gabbro

3m above \V32

3m above Y/32

Tm above V/34
Tm above W35

12m above \V36

giving grid
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GAVILII GRID FIELD RELATIONSHIPS

NO. REF.

073 108307 Loch Poll T*ayered u/m Im from base of main 100m thick
body u/m unit

074 108307 Coarse pyroxene rich layer

10m above 073

076 108309 Retrogressed Above 077
gabbro
077a 108309 Tjayered u/m Olivine rich layer
077b 108309
W29 097210 culag body Layered u/m From main cliffs
038 097210
039 097210
W31 097210 Retrogressed From N.W. side of Lochan
gabbro
Ja21 034263 nr Port Layered u/m Fairly massive lens in low def-
Alltan na ormation lens in northern margin
Jg22 034263 Bradhan of Canisp shear zone
Je3 135301 nr Gorm ry . .
Loch tor Retrogressed Westerly continuation of u/m

layered u/m band that crops out on Gorm Loch

vad 131323 E.of Drumbeg Gabbro Layered unit up to 30ci thick
folded in with' the gneisses

W16 131323 " Gt gabbro
J 64 132326 " Retrogressed From same band as WI4 but now
gabbro only 2m thick
J9b 036288 Loch Poll Gt gabbro From gabbro band about 30m thick
an Droighinn conformable with the fairly
steeply dipping gneisses
JI23 036288

JI24 036288

TABLE B.2 ( con



SAJ.TLE GRID LOCATION ROCK TYPE FIELD RELATIONSHIPS

NO. REF.
Jlol 056245 Achnielvich Retrogressed From main u/m unit to W of fold
ultramafic
065 057244 I I From u/m unit to E of fold
007 056244 r Gt gabbro Gabbro unit to E of fold axis
retrogressed
063 056244 I I I
JIO3 056244 I I Gabbro 10m below 007
J103a 056244 I I Adjacent to J103
J1 G57302 nr Clash- Amphibolite From a conformable lens 6m
nessie thick
J16 068307 I I From a conformable lens
069 167314 E.of Nedd Retrogressed From a continuous basic band
gabbro up to 50m thick
J33 067259 Loch an Basic rock Lens in gneiss from N. margin
Ordain with Kfsp of Glen Canisp shear zone
J49 059261 Alltan na Amphibolite Conformable band up to 20m
Bradhan thick
J30 059261 I Scapolite I
amphibolite
J36 075257 Rhicarn llafic I.lafic rock from shear zone
J92 048282 cCclachtoll Amphibolite Lens in steeply dinping gneisses
J108 097312 V/.I-och Poll Retrogressed Continuation V/.of Loch Poll body
gabbro
Jl10 128304 Torr nam Kafic Sizable area of mafic material
Uidhean in region with retrogressed
Jill 128304 I I gneisses. The mafic material
is uniform cut by thin felsic
J112 128304 veins.
044 133322 W.of L.Nedd. Amphibolite i.afic conformable lens
046 135315 I I I
D33 088213 Srathan Amphibolite Continuation of the Culag Body
s14 08023I BaddidarochL liafic part of small agmatite
825 062264 Alltan na Retrogressed Layered body, northern margin
Bradhan gt gabbro of Canisp shear zone

TABLE B.2 (cont.)



LOCATION

Cnoc a
Sgiorodaich

”

I

3M

ROCK TYPE FIELD RELATIONSHIPS

Basic(actinolite) Large area of mafic
material, mostly actinolite rich,
” cut by numerous felsic veins
and patches in a structur-
” ally very complex area. There
are a few garnetiferous hori-

I ons #

Rheidh Phort Hornblendite Lens of hornblendite cut by

Clashnessie

Gorm Loch

thin felsic veins, above low
deformation gneisses.

Gt amphibolite "

Hornblendite "

Hornblendite u/m, 3m from base of crags

Laxford Front

”

E.of
Clashnessie

129308 L.Braighe

L.Ardbhair

SAI.PJIE GRID
NO. REF.
DIB 063293
35 063293
520 068293
521 068293
J4 056315
J5 056315
Jé 056315
J7 056315
w40 218448
™1 218448
v/42 218448
w45 218448
W46 218448
v/47 218448
W49 218448
\Y50 218448
J48 070309
J70

DI9 178325
D20 178325
TABLE B.2 (cont.)

" Lens in W40
" Here basic,14m above W4I

Gabbro In parts garnetiferous,
30m above Y/42

Amphibolite From Loch shore
" Lore leucocratic
Layered u/m 15m thick layer in gabbro

Garnet horn 10m thick layer in leucocratic
blendite gabbro

Hornblendite u/m part of agmatite
(+ some cpx)

Llafic Conformable lens up to 30m
thick,continues along strike
for about 1.5km.
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SAJ>PIE GRID IX)CATION ROCK TYPE FIELD RELATIONSHIPS
NO. REF.
JI0 067318 E.end of Hornblendite 10m thick conformable lens
Clashnessie Bay of coarse dark hornblendite
J7 141303 E. of Gorm
Loch Lbr Hornblendite Conformable lens in gneiss
J15 111340 Cnlkein Hornblendite Finer grained conformable lens
Drumbeg
J23 058)10 Clashnessie " -
J61 066516 T E T
J69 066516 I I I
Y759 066516 T I I
J4T 055295 E.of Stoer Biotite rich thick conformable lens
Gneiss
J9% 055289 Loch Poll Gt-Qz-Bi 3-4% thick band at base of gar-
an Droighinn gneiss net gabbro unit
J96 058275 nr I.Iaiden Gt-Eb-Bi-Qz I-2m thick bands in vertically
Loch -Pyx-Sulph dipping gneisses
SIO 058275 . = I
J113 058275 T Gt-Qz-Bi-Hb 15m thick lens adjacent to
Gneiss shear zone
J114* 058275 I = I
D17 062293 Cnoc a Gt-Qz-Bi Thin (up to 5ni) band at base of
Sgiorodaich gneiss Cnoc a Sgiorodaich mafic complex
s4 062293 T T T
w43 218448 Gorm Loch Anorthosite 10cm vein cutting W42
Laxford Front
Y744 218448 I Granite 55m thick sheet cutting W42
W40 218448 I Anorthosite 12m thick sheet cutting W47
v/51 218448 I Granite Homogenous sheet cutting V/47
Y,52 218448 E Anorthosite Hb spotted anorthositic sheet
w53 218448 I I 25m above Y/52
Y/54 218448 I Granite 15m above Y55

Table 8.2 (cont.)



SHTLE GHID
NO. REF.
JIO4 057242
JIO5 057242
J106 057242
vab 131325
vao 097210
v58 033079
J28 06I3II
J29 097312
JIO7 097312
JII5 058273
J77 110331
J85 113328
J120 056288
W24 065316
J24 058310
078 058310
J27 060311
J59 065316
J60 065316
J116 065316
JII7 065316
J118 065316
JITIO 065316
TABLE b.2

IDCATION

Achnelvich

E.of
Drumbeg

Culag
Achiltibuie

Clashnessie
Bay

W.side of
Loch Poll

I

ROCK TYPE

3"3

FIELD RELATIONSHIPS

Trondjhemite Discordant sheet cutting Ach

melvich layered complex

I

I

Anorthosite Discordant pegmatitic patch

I

I
Trondj-

hemite

Granite

I

cutting mafic complex

I

s

Conformable lens in fold core

3m thick sheet cutting mafic
complex

I

Maiden Iioch Trondjhemitel 5m thick sheet in vertically

Drumbeg

Drumbeg

M

Loch Poll an Tonalité

Droighinn

Clashnessie

I

I

Irmfada

Clashnessie

I

I

(cont.)

Tonalité

dipping gneisses

10m thick,discordant sheet
cutting J76

Pegmatitic gneiss cutting J86

5m thick layer conformably
above the gt-gabbro horizon

Low-deformation gneiss ad-
jacent to the amphibolite dyk«

Well banded gneiss in area

with many minor folds
I

I

Gneiss adjacent to dykes

I

I

Sheared,very near to dyke

Gneiss near to dykes

I



SA?2 PLE GRID
NO. REF.
D34 073244
D37 05/257
D40 057256
D42 058254
D46 100235
D47 100235
081 054242
080 054244
079 054246
J11 067318
J12 1115/0
JI4 111340
J18 067263
J20 059258
J39 I733I8
J42 096247
J51 059261
J52 087193
J53 085191
TABLE B.2

LOCATION ROCK TYPE
Loch Roe Tonalité
Alltan na "
Bradhan

” Trondjhemite

" Tonalité
Lochinver "

1 I

Achmelrich Tonalité

1 I

1 I
Clashnessie "
Culkein Trondjhemite
Drnmheg

1 I

Port Alltan Tonalité
na Bradhan

Alltan na "
Bradhan

E. of L.
Nedd

Trondjhemite

lianse Loch "

Alltan na
Bradhan

Tonalité

Inverkirkaig I.Iafic

”

Trondjhemite

(cont.)

3**4

FIELD RELATIONSHIPS

Ordinary amphibolite facies
gneiss in N.Limb of Lochinver
antiform

Fine grained shear zone gneiss

More mafic gneiss from S.
margin of shear zone

Vertically dipping gneisses

in shear zone, medium grain

size (Not recrystallized)

From area with numerous
hornblendite balls.

Massive,steeply dipping gneiss

Well banded steeply dipping
gneiss

Banded gneiss adjacent to JIO

Lnssive 20m thick sheet

Low-deformation gneiss

Low deformation lens in shear
zZone

From margin of Canisp.

shear 2zone

Low-deformation gently
dipping gneiss

Gneiss between two dykes

Adjacent to J49,350 ;Northern
margin of shear zone

Greasy looking gneiss

I
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SAMPLE GRID 10CAT ION ROCK TYPE FIELD RELATIONSHIPS

NO. REF.

J3 056315 Rheidh PhortTrondjhemite Micaceous gneiss underlying
Clashnessie amphibolites.

J8 056315 = = =

J9 056315 " " *

J55 075257 Rhicam Tonalité Shear zone,vertically dipping

gneisses.
J91 104225 nr Lochinver " S. limb of Lochinver antiform
J121 056288 Loch Poll Gneiss overlying J120

an Droighinn "

J62 135332 Duart Tonalité Pegmatitic gneiss,conformable
J63 135332 = . .

w17 065316 Clashnessie Amphibolite Discordant amphibolite dyke

Bay

w19 065316 = - =

w20 065316 I I =

\721 065316 = * =

w22 065316 = = =

W23 065316 " - o

J67 065316 ™ = .

J68 065316 I = I

W55 057314 = " =

060 097210 Culag " From a shear zone cutting the

layered complex
061 133326 E. of Drumbeg " From a shear zone

062 155326 E. of Nedd From a shear zone marginal
to a mafic band

W56 057314 Clashnessie Hornblendite! 15cm thick,possibly discordant
band.

J58 065316 * o Foliated ultramafic Scourie %$ke

w57 065316 = o :

TABLE B.2 (cont)
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ORUMBEG ULTRAi'lAFICS.

COCK NO wil W2 W3 A9 Wil J84
102 44 ,9 -», 1 47, 1 45 .4 45,2 43,1
TIO02 .17 .37 , 31 ,50 ,3b .34
AL20J 4,1 5.0 4.4 5,5 4.9 3. ¢C
FCZCj 10 .4L 11.14 12.06 10.43 11.05 12,76
FED G.0 r- 1.cc V,c 0,10 0,00
MNO 0.cI- G,00 0. cc ,21
MGO EC .40 28.44 28.01 29.19 2719C 32,63
CAO 7.19 7.33 9.17 7.11 7,85 7.08
r,A20 .27 .53 .12 .17 .49 , 32
co .c7 .C8 ,04 , L6 .14 . 05
PZ05 .02 .04 c.bc .01 .ub , C2
TOTAL 97.79 97.63 101,00 98.13 97 ,39 99.54
TAACE LEMENTS IM pPM

NI 1715 1523 G u v 15 81
cP 2869 3820 1793 2674 2899 2550
ZN 73 68 78 92 69 75
GA 9 7 7 7 7 11
RO 1 + 1 g 3 1
SR 33 38 12 29 39 56
Y 6 4 8 9 5 6
ZR 18 18 35 21 16 12
NB 2 -1 c -1 -1
bA 1b 15 14 16 18 24
LA -3 2 3 5 1 -1
CE -3 4 - -3 3 -1
Win -3 ] G -3 -3 -1
PB -u -3 -3 -3 -3 -3
TH -3 -3 -3 -3 -b -3
cLEME NT RATIOS

K/Pp 581. 664 . 332 . 243, 387, 415,
uA/E3 lo .: 15.1 14 ,G 8, : 6, C 24,0
K/BA 3b.3 44 .3 23.7 31.1 64.6 17.3
</s2 17.c 17.5 27.1 17,2 29,8 7.4
Av/SP 030 .026 ..83 ,069 .0 77 ,018
3A/SR .48 .39 1,17 .55 , 46 ,43
CE /IM 0.c 2.4 i.0 0.C 1,5 @.0
FE*/MG .40 , 45 ,5C 41 .4Db .45
Zk/NB 9.0] U.u 0, @ 13.50 0,Gi 0,00
11/2ZR 123" 1237, '53 1.3 . 124, 170,
SR/ZR 1,8 2.1 3 1. 4 2,4 4,7
ZR/Y 3. ] 4,5 4,4 2.3 3.2 23
CIPW NORMS .

n 0,u 0,0 c,o0 G.0 0,C 0.0
cop c.. j.L J,0 j*G C»J 0.6
OR 4.2 .b , 2 4 8 ;3
AB 2,3 4 .b 1,0 1,5 4.2 2,1
AN 8.1 11.4 11.3 14,4 17,9 6,8
NE WiG Geu i.6 J.c 0,G 0,u
or 21.2 20.2 26,8 17. G 22.5 22.6
HY 14,4 13,8 24,4 24.4 19.7 7,2
oL 43.0 37,1 27,0 37.8 34.3 64.0
NT 5.4 6,5 8,1 3.8 6,6 5.6
IL1 .1 )7 , 6 1 . b .7
MM L.I 0.7 0.cC J,c i,0 G.0
AP .5 1 *G ‘i # X .0

TABLE p.4 Lists of analyses of all samples analysed. Details
localities etc.are given in Table B.2. Negative numbers mean the
element concerned is less than the value indicated, 0 for trace
elements means that element was not determined. Norms for basic rocks

were calculated assuming an Pe?0~/Pe0O ratio of about 0.3.

\alal lIron is, Us. A YbO iloL I VI (Nfd
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ROCK NO W32 W3'iA
SI12 47 .2 43.7
TIOZ2 .63 . 6b
AL203 1c .1 11. e
FE2: 3 1 .15 13.63
FEO .C-
XNO .21
100 .39 J4 e<J
CAO 13 .37 11.13
NA20 1.30
K20 .24
P205 01 .09
TOTAL 99 .47
TFACL ELEMENTS IN PPM
NI r+94 352
CR 1207 u
ZN 78 0
GA 14 0
20 2 3
SR. 09 65
Y 10 4
7.R 17 33
NO 2 3
BA 12 u
LA Q 0
Ct c
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TH -3
ELEMENT RATIOS 6
788. 564.
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CIRW NORMS
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OR 1.1 1.4
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AN 21.8 23.5
NE J.G i.u
01 36.4 24 .8
NY 10 .9 24.5
oL 12.2 7.8
MT 5.3 5.9
ILM 1.2 1.3
HM G.0 J.0
AP .0 .2
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EAST OF OR'JMBEG

ROCK NO

3102
TIO2
AL203
Fr 20 3
FcO
EIND
MoO
CAO
NA20
<20
P20 5

TOTAL

Wl4 41c

46.0 51.2
.61 1.71

16.1 14.5

1Cc .41 11 . 44
0. c:

LeJU 3.J14
7 .67 m. o1
14.19 11.62
1.91 3.39
.38 .47
.C4 .16

99.26 99. 44

TRACE CLEMENTS IN PPM
NI

CR
ZN
GA
R8
SF
y

ZR
N3
BA
LA
Cc
NO
PB
TH

ELEMENT Ra
</RG
£5A/PQ
X/-3a
K/SR
+-3/SR.
3§/SR
CE/A'N
Fc*/MG
ZR/NS
TI/ZR
SP/ZP
ZR/Y

CIPW NORMS
0
COR
OR
AB
AN
NE
01
HY
OL
MT
ILM
HM
AP

TABLE B.4

51IpP 231
76 145
18 23

2 2

90 162

16 45

27 1:0

1 5

85 171

11

2 2G

5 15

4 7

-3 -3
TIOS

1577. 1953.

42.5 35.5

37.1 22. 8

35.0 24.1

. j22 .12
.94 1.c0o
.3 1.1

1.57 2.71
27.00 20.GO

135. 103.
3.3 1.6
1.5 2.2
c.v 2.5

0.u

2,3 2.8

16.3 28.8

34.5 23.J0

0.0

29.2 28.1
4.3 4.1
7.2 :. 0
3.9 7.0
1.2 3.3
0.0 0.0

.1 «4

(cont.)
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oagwoNuuanae Jr0o
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1c.
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Qo

BN WN
[N

[
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.62
6
32
.oC
.15
.51
.47
.13
.12
.C5

.78

LeNouaYg WA

J.23

49 .2
.69

-9
.69
.GO

.19

.79
. 29
.94

.16
.04

10 3.

31

Moo took,

[N LN

Jl24

47 .

16.

9.
0.

4
40
5
47
00

.17

9
14.
1

.47

17

.72

.18
.03

99.

51

rooNpwHFoNdaHFa o
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ACHMELVICA,

J103 J143a

065 007 063

Jl'Jl

ROCK NO

.....

0 o MNogrn~:D
2208C342031

8123J 632
- i —

o 0 .. 9O00ONON
73460373101

~—aNmo 622

<« o —
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NP OUNoInUV oo
©w <4 o o
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— OUVoHon—O
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NEHCHR S SO MM

97. 170 97.92 97.36 97. 19
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98.50

TOTAL
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MHuZgAr KON oo
HZONUN>HNSMAdOZ A
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O T g
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~ =m0
1723046...I
- - AN m™m n AN
~— voo ‘N .o

MNOvr— v AN
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o ™
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wn ™ ‘0D .o N
O ®wo o b o
H o
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<
~
2]
= (3]
B ™ MMZZMee
SR KU NN
23 I A I B R e
AN~~~ MR EM AN
HENMAOAMMEMO RN EHONN

CIPW NORMS

2C736017U1903

U3330140620
NN N

936 SN uu1U05G4

2J273J58U730
L G R

4ﬁ363396u25u

10273OSUU62U
—AN

005540C231603

00582039262J
N ™M

3UU73u7234ogL

00J 1J1555 E]
— N

733760u

9564 i
— <t

COP
OR
AB
AN
Nh
01
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oL
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ILM
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AP

(cont.)

TABLE B.4



069

47 .7

.88
12 .1
13. 13

"33

8.62
11, v8
2.

N BN
oru' BouONuUvo

H
qusow ;-l°°.c::\°q)b1'o w

OTHER BASIC ROCKS.
ROCK NO J Jleé
SI02 49.6 52.6
T10 2 .51 .75
AL203 11.3 11.8
FE2: 3 10 .27 11.17
FEO 0,uC 8.00
MNO .15 .27
MGO 9. 81 5. 63
CAO 12. 64 13.26
NA20 2.45 2. 50
<20 .51 .77
P205 S 1U0
TOTAL 97.78 96.83
TRACE FLEMENTS IN ppM
NI 51 102
CR 15 269
ZN 49 111
GA 19 19
RB 8 11
SR 285 249
Y 13 2]
ZR 28 6G
NB -1 N1
3A 91 278
LA 21 13
CE 53 28
NO 26 14
PC 4 o)
TH 6 -3
ELEMENT RATI os
K/RB . 529, 581.
8A/PB Iv.1l 25.3
K/0A 52.3 23.0
</3Pp 1u. 9 25. 7
RB/SR .028 044
9A/SR .28 1.12
CE/YN 1:." 3.4
FE» /NG I.22 1. 96
ZR/N8 0.00
TI/ZR 1c'9. 73.
SR/ZR 1 .2 4.2
ZR/Y 2.2 3. a
CIPW NOR1S
0 .G 5.6
CoP c.3 0.u
OR 3.1 £.7
Aa 21.4 21.9
AN 26 .3 19.3
NE 0.+ U.C
01 35.4 26.17
HY u. 3 15.1
OL 7.9 3.C
MT 4 .6 b.u
ILM 1.0 1.4
HM 0.c J. U
AP ,1 .2
TABLE B.4 (cont.)
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OTHER BASIC ROCKS.

ROCK NO Jica Jllc Jill J1l12 44 046 035 s14 s25
ST02 55, 2 46. 6 52.6 49 .5 46.3 50 .2 48.2 48. J 52.5
TIO02 1.34 1.71 .63 1.iL 1.11 .36 1.0- .70 .92
AL203 13 .5 17.4 12.6 11.4 13.5 14.9 12.7 18.9
FE2C3 11, .75 9.5C 13.06 14.59 3.2d 13.08 12. 58 9.49
FLO U. J*b U 0.1lu 0. L, J.3d L.CL 0.JG d.. -
MNO 19 28 .14 .25 .19 .15 .22 .23 .17
MGO 4133 0.43 5.55 6 .42 9.69 13,99 6. 91 9, 22 5.15
CAO _ a. 61 9. 38 9.5p 13 .34 10.63 12.49 13.31 12.38 8.33
NA2G 3. J9 1. 84 3.77 2.b9 1.49 2. 26 1.82 1.51 3.86
<20 79 1.59 1.36 1.54 1.13 .53 .24 .63 .43
P205 13 16 .14 .10 .38 .05 .11 .13 .31
TOTAL 97.60 96.66 98.70 99.79 98.75 1C0.0C
TRACE ELEMENTS 1IN ppM

NX 59 53 25 73 82 71 127 175 149
CR 72 110 30 163 171 121 J

ZN 16 162 89 111 306 123 0 0

GA 19 17 18 19 28 19 0

RB 11 49 20 17 30 11 1 4 -1
SR 199 151 526 216 458 376 155 155 724
Y 3 A/ ik 24 7% 22 11 25
ZP 37 86 62 58 55 53 55 37 112
NB 1 4 -1 -1 -1 1 1 8
BA 268 971 456 465 36 110 r 0 0
1A 1Cc 15 14 12 13 5 0 3 3
CE 26 31 35 26 24 18 [ 0 0
NO 15 17 16 15 15 c 0 0
PR 4 0 6 7 7 16 r 0 0
TH 3 J 6 -3 6 5 _3 -3

ELEMENT RATIOS

</RB 596. 269. 564 751. 326 377 . 1992 1722 .

3Aé]1§B 24.4 19.8 22. 8 27.4 12. d 10 .C 3 J. 24. u
K/ 24.5 13.6 24 .8 27.5 27.2 37.7

K/SR 33, : 87.4 21.5 59,2 21.4 11 .cC 12.9 44 .5 4.9
RB/SR .055 .325 .038 079 . .'66 .V29 .j06 .0 26

BA/SR 1.35 6.43 .37 2.15 .79 .29 c.0- j.od Lo
CE/YN 1.8 r. 9 c.0 2 \.R 4-5 5.2 .7

FE* /MG 3.15 2.76 1.99 2 .36 1.75 .87 2. 2d 1.58 2.1U
ZR/NB 37. 0 21.5- 0.00 34.67 51.00 d.3. 55.L: 37.3. 1 .0
TI/ZR 217. 119. 61 . 114 . 13';. ui. 109. 113, 49.
SR/ZR 5.4 1.3 8.5 3.7 9.0 7.1 2.8 4.2 6.5
ZR/Y 1eZ 2.1 3 M 2 2 1e? 5-9 2.5 3.4 u.5
CIPW NORMS

9 .9 W.O c.c gl.Q . 3.7 %.g JL

; 3.4 . Jeu W . .

&QR 14 10.1 8.2 9.4 7.3 3.0 lg.g 2,¥
AB 26.7 16.7 51.5 23.5 13.2 19.5 15 . 32.
AN 21. : 21.2 27. 1 18.3 21.9 25.7 32 25 .9 33 ¢
NE 0'8 0.G .6 D,C 0.0 0.0 3 J.0

01 17. 22.8 16. 8 27.8 20.6 29.6 27 31.1

HY 11.2 18.4 0.c 9.u 15.1 9.6 14 13.0

OL 0.G 0.c 10.1 3.3 7.u 8.2 0 4.66

MT 5.2 7.1 4.2 5.9 6.6 3.6 5 ?.4 u.I
IIM 2.6 3.5 1.2 2.2 2.2 .7 1 . ‘2
rM G.1 0.G d.o c.c 0.G 0.0 d J.0 9.5
AP .3 .4 .3 .2 .2 -3 .7

TABLE B.4 (cont.)
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ROCK NO

SI02
rl02
AL203
FE203
FEO
MNO
MGO
CAQ
NA20
K20
P205

TOTAL

NI
CR
ZN
JA
R8
SR
Y
ZR
NB
BA
LA
CE
NO
P8
TH

ELEMENT
K/PB
BA/RB
</BA
K/SR
FB/SP
BA/SR
CE/YN
Fc» /MG
ZK/NB
TI/ZR
SP/ZR
ZP/Y

SIPW NORMS
88R

AB

AN

NE

0l

HY

OL

MT

ILM

HM
AP

TABLE B.4
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1.50

99.64

173

g
)
2
122
4

N
o

wWod oo

=N g
DU RNwY—-

o
. LI . . . .
NQORRrYol ©ONwr o

32G

HNOWw oV
o0
©

98.

R WwR

[
o sWwarQNounn

~ .

NAwsBOYouN o Gy,

1
W aae

H @Q. N o

Q. oo™

. b o, B

c No~ E.ownﬂ-
W~

BN WR
, PO
g RNPWO RWWED sk o

MabRooQE hooa®

J4

. R >
HNB aNvo ©

11 .
15 .

o

N

96.

Jé6

-

Ulo o

47 .
10 .
13.

11.

97.

374

RHEIOH PHORT AHPHI3OLITES.

©
it
©o

A
.. 0O
O aWaoe. ®WROO e

[ « oo
o. N. oNO

W

0O v .
CTwg ok oW

oRuRroWaUF®OR



375

GORM LQCn LAXFOR3

PQCK NO w4l w42 W45 H-.0 W47 W49 W5G
SIO02 48 .3 48.1 47.6 48.2 47.3 51.5 42 .6 43. 9
TI02 22 .23 .23 .26 .27 ,43 .35 3. 15
01203 1319 1% : 1H.J 17 .9 14.3 14.2 8.4 8.3
Ft2C3 7 .81 8.1c 7.82 8 .55 8 .6: 9.27 15.32 20.093
FEO 3L '8 c. 3: c.uc 3.0: G, 30 c.C: J.00
MNO 1b F#iB .15 .15 .16 "19 122 31
[el] 13 ,b1 13.69 12.31 7.73 11 .58 9.44 24.35 7. 07
CAO 13 .62 172.98 13.31 12. :3 13.48 10. :i 6.64 12.09
NA20 16 1. G5 .72 1°.23 .33 2.73 .96 .61
K20 24 .45 1.35 1. 9C 1.09 1,02 ,15 .26
P205 Gi J.uc a.cc C.CcG 0.0' .04 01 13
TOTAL 99.02 99.J 93.93 99. 0: 96. 79
TRACE ELEMENTS IN OPM

NI 0 G 0 0 c 0 g 0
CR c 0 0 0

N 42 45 43 48 43 119 10 3 128
GA 15 12 14 17 16 19 12 16
RB 5 9 35 44 29 13 4 4
SR 164 175 231 167 243 327 52 42
Y 5 4 3 19 6 43
ZR 9 9 14 I 8 43 33 76
NB 2 5 3 4 -1 4 -1 20
3a 24 37 73 349 121 195 24 64
1A c 0 0 c c 9 -1 -1
CE c 0 G c 1 23 3 19
NO c ¢ c -1 10 -1 17
PB -3 8 -3 -3 -3 8 3 -3
TH -3 -3 -3 -3 -3 -3 -3 -3
ELEMENT RATIOS

</R8 393. 415. 32 3. 353, 312. 651. 311 . 539.
BA/RB 4.8 4.1 2.1 7.9 4.2 15 .G 6.w 16.0
</BA 83.0 131.0 153.5 35.2 74.8 13.4 51.9 35 .7
</SR 12.1 21.3 48.5 4 u 36. 5 25.9 23.9 51. 4
RB/SR .C3i .151 .152 .263 .117 . 040 .u77 . 595
BA/SR .15 .21 52 2.09 .49 .60 .46 1752
CE/YN 0.0 0.0 3 o.c .3 3.0 1.2 1.1
FE'~/MG .67 .69 23 . 86 1.14 .73 3. 44
ZR/NB 4.50 i.8: 4 .67 2. 50 J.GO 10 .75 0.cd 3.80
TI/ZR 146. 153 . 98 156 . 202 67, 64 . 248.
SR/ZR 18 .2 19.4 16.5 16. 7 31.0 7.6 1.6 .0
ZR/Y 1.8 2.3 4.7 1.7 1.1 2.3 5.5 1.8
CIPW NORMS _

0 9.0 Q.G 0.0 G.L 3.0 3.0 G.w 0.3
COR G.0 J.G J.0 U.G G«U 0.0 i.0 U.0
OR 1.4 2.7 8.2 11.5 6.6 6.1 9 1.6
A3 9.9 9.0 6.2 11.1 7.2 23.8 B,2 5.3
AN 32.3 33.5 31.8 38.2 34.1 23.5 18.4 19 .8
ME G.C 3.0 i.G G.C :.G 5.0 J.C 4.0
01 28.6 31,2 28,5 18.4 27.4 203 118 344
BY 12.1 13.8 10.9 7.7 8.4 14.7 9.8 27 .8
OL 11.5 10.1 9.1 9.4 12.2 4.8 41.9 .6
MT 3.7 5.2 4.9 3.2 3.6 4.9 8.4 4.
IL8 4 4 .4 .5 .5 9 .7 6.2
-iM g.G 0.Q g.G GaU 0.G J.d J.o 0.0
AP c.u 0.G Gec G.0 0.0 1 *o .4

TABLE B*4 (cont*)



AGMATICTES .
ROCK NO J43 J70
3io: 52.5 5: .6
T102 .36 .61
AL2U3 3.7 4.3
FE2C3 1C .47 13.48
FEO .01 0.GO
MNO .IP .19
MGO 17.14 15. 72
CAO 15 .11 16. 37
NA2 0 .71 .63
K20 .28 .31
P205 .C4 .07
TOTAL ICC.52 99. 28
TRACE ELEMENTS IN PPM
NT 257 163
CP 937 25
ZN 144 125
GA 11 12
RB 3
SR 127 247
Y 12 13
ZR 36 49
NB -1 -1
BA 21 gg
LA
CE W 3
NO 15 19
PB -3 -3
TH -3 -3
ELEMENT RATIOS
K/R3 774 . 2573.
BA/RB 6.7 49.0
K/BA 116.2 52.5
K/SR 13.3 10.4
RB/SR .:24 .004
BA/SR .16 .21
CE/YN 6.3 6. 3
FE'’ /MG .71 .77
ZR/NB ;2. 0Q u.u
TI/ZR 6:. 75.
SR/ZR 3.5 5. -
ZR/Y 3,d 3.8
CIPW NORMS
0 .2 0.4
COR G.» 3.4
OR 1.7 1.9
AB 6 .- 5.4
AN 6.1 3.2
NE i.d .
01 54,6 58.;
HY 20 .1 17.5
OL i.C 2 B
MT H.6 4.6
TIM . 1.2
HM 0% ala
AP ti .2

TABLE B .4 (cont.)

ROCK NO

3102
TIO02
AL 203
Ft 203
FEO
MNO
MGO
CAQ
NA20
<20
P205

TOTAL

TRACE ELEMENTS IN PPM
NI 26

CR
ZN
GA
RO
SR

Fc* /MG
ZR/NB
TI/ZR
SR/ZR
ZR/Y

LOCH AROBHAIR.

1C .12 24
17 .15
5. 83 6. 72
11.29 11.41
2.75 3.07
.39 .52
.39 10

ICC. 17 1U3.78

44

0

0 0

] 0

2 2

182 147

1C 11

45 45

2 2

0

r 0

g G

D g

-3 -3
RATIOS

1513. 2153.

Q.0

'c B.Q

17.8 29.4

Jl1 .314

00 0.GO

CIPW NORMS

Q
COR

RE WN
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ULT PAHA FI

NO JIG

SIO02 A2 .4
TIO2 2.21
JL207;

- o7

0.

MNO 14
MGO 13%66
CAO 11 .:s
MA20 1»63
K20 43
P205

TOTAL 97 .5¢C
TRACE ELEMENTS
NI 99
CN 166
ZN 92
GA 17
RB 14
SR 20 9
Y 19
ZP 42
NB

BA 629
LA 19
CE 46
NO 26
P8

TH -3
ELEMENT RATIOS
</2B 8u7 .
BA/RB 37.7
K/BA 22.5
K/SR 56.6
RP/SR .-67
BA/SR 2.53
CE/YN 5.9
FE» /MG 1.16
ZP/NB

TI/ZR 3
SR/ZR 5
ZR/Y 2.
CIPW iNuRMS
1
OCR J e
QP
AB
Af 19.
NE 5.
IT 29.
HY
oL
MT 6 e
ILM 4,
HM G.
AP

TABLE B.4

(cont.)

LEFNSFS
J71i J1l5
4:.2 47 .1
1.22 1. 36
15.1 6.5
d 1 I4 .64
.. I'L
.22 .26
11.22 15.19
10.:7 11.46
1. 6C .81
2.00 ,28
.67 .13
96.41 93.33
IN PPM
21 738
171 110 4
91 2c:
22 15
40 6
531 136
19 16
PS5 83
-1 9
1420 94
19 17
45 48
26 23
11 5
-3 -3
415, 38 2.
35 .0 15 .7
11.9 24, 17
31.3 17.1
. 375 .0 44
2,6'+ , 69
5,8 7,5
1.46 1.12
j.L: 9,22
# 133 . 98
u 9.7 1,6
2 2,9 5.2
J.U i, ¢
0.u 0.u
12.3 1.7
»6 7.C
29.2 13.6
7.3 0.0
15,0 35.2
J,0 3:. 4
25.3 2.5
6, 4 6.5
2.4 2.7
0.0 3.0
1.b .3

J23

53.1
.24
3.9
11.14
..LJ
.24
18.59
17 .79
79
.13
»UU
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METASE3IMFNTS *?

ROCK NO J96 J4z
SI 02 58 .9 63.6
TIO 2 .78 1.14
AL203 13.3 14.8
FL2C3 11.74 6.99
FEO c.oi 0.0U
MNO .19 .05
MGO 8. 2.7i
CAO 4.62 3.18
NA20 2.24 4.08
K20 .85 2.34
P205 .12 .39
TOTAL ICO.37 99.23
TRACE CLEMENTS IN PPM
NX 2'31 -1
CR 689 11
ZN 210 62
GA 19 19
RB 21 20
SR 181 604
Y -3 39
ZR 86 958
NB 2 13
3A 194 4298
LA 19 83
CE , 38 175
NO 19 92
PB 7 16
Th 4 3
ELEMENT RATIOS
K/RB 355. 971.
BA/RB 9.2 214.9
K/BA 36. & 4.5
K/SR 39.0 32.2
RB/SR .116 . 033
BA/SR 1.07 7.12
CE/YN 3-Tr 11.C
FE* /MG 1.73 2,99
ZR/NB 43. OC 73 .D9
TI/ZR 54. 7.
SP/7TR 2.1 5
ZR/Y 3-0 24.6
CIW NORMS
8 16.7 18.8
OR .2 .3
OR 5.G 14. G
AO 19. u 34.9
AN 22.3 14.5
NE 0.3 4.u
01 0. : 0.G
HY 29.7 11.4
OL V#L 1.0
NT 5.1 3.1
IIM 1.5 2.2
HM d.o c.0
AP .3 .9
TABLE B.4 (cont,)
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R NW
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017

64.G
1. 18
13.1
14.59
o,cc
.21
1.09
3.23
2,02
1.54
.25

131.01

-1

0
0
0

31
162
58
127
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DR

sS4 SIG
.2 51.6
26 1.43
.8 13.7
53 13.28
.u. u.co
.22 .24
.07 6 .46
.68 5.05
79 3.04
43 1.09
.25 .20
.24 101.08
-1 231
(o] 0
: 0
0 0
33 26
142 295
62 23
139 96
15 4
t 0
- 0
0 0
(o] 0
8 -3
G G
346.
.0
g.: G.4a
6 30.7
232 .063
*uw d.si
j.0
2.39
.27 2H .G
54 . 89
1. L 3.
2.2 4
8 5.a
.1 u. 7
.5 6.+
3 25.5
7 23.5
.G 0.a
: 3.0
J 26. 2
. 0.G
7 5.7
4 2.4
- a.G
c .5
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FUNNY AMPH1iiOULI 1 ULTKAMAFIC SCUU" IF DYKE CLAUHNESS Ir

ROCK NO CGC 061 062 ROCK NO W56 J53 W57
SI0? 54.3 54. 54, 1 SI02 44 .8 47.5 48 .2
TI02 R . 88 .o T102 .67 .49 .56
AL20Q3 12.7 12.7 12.1 AL203 9 .4 7.0 7.3
FE2C 3 id | 7 '1.'2 14.37 FE2C3 14 .33 13.42 13.2j5
FLO c.Jd ~G.C- D.J' FE U.cr J.0d J.JJ:
MN 0 .17 .17 .17 '-ND .29 .2L .22
MGO 7.74 7.09 6. 87 MGO 12.89 21.27 2:.60
CAO 8.32 7.52 3.51 CAQ 11 .34 9.30 9.35
NA2 0 2 .EC 2 .61 2.42 NA20 1.18 .8G .77
K20 .83 1.17 1. :i <20 .95 .18 .38
P205 .14 .15 .15 P205 .04 .:5 .35
TOTAL 98 .26 97.41 97. j4 TOTAL 96 .42 99.21 99.73
TRACF L LuKENTS IN1 OPM TRACE ELEMENTS IN PPM

NX 41 37 34 NI 302 724 75C
CR 218 97 88 cp 1C28 2339 24 9C
™ 83 83 89 ZN 226 127 13p
GA 18 16 13 GA 24 10 9
RO 11 13 13 RB 6 4 -1
sk 3:6 413 35: SR 99 46 4 4
Y 18 '9 /4 Y 5 11 16
ZR d5 IGH 1:1 ZR 33 40 50
NB 4 H 3 2 NO 1 -1 2
3A 392 335 3¢7 BA 175 31 19
La 16 19 14 A 4 3
CE 36 36 56 CE 11 3 -3
NO 18 17 17 NO 5 2 -3
PO 8 10 12 PB -3 -3 -3
Th 5 9 S Tp -3 -3 -3

ELEMENT RATIOS
13?4

K/RB 747. 465 . K/RB . 373.
BA/RB 35.6 25.3 17. 1 3A/RO 29.2 7.8 i G
K/ 3A 17.6 29.u 27.3 K/9A 45.1 48.2 35.3
K 22.5 23.4 24 K/SR 79.7 32.5 15 .1
R97/SR -3c ikl -51 RB/SR 161 . .87
BA/SR 1.28 .81 .88 BA/SR 1.77 67 .43
CE/YN 4 s 4K 4 Cc/¥YM 5.4 .7 .
FE*~-— 1.61 1.82 1.34 FE*éMG 1.34 73 .74
ZR/NB 26.25 34.07 53.y: 24/N1 sr.m J.:. 25
TI/ZR 45 51, 5%  TI/ZR 2122 73, 67
Z=> 2.9 . 3.5 SR/ZR 3. C 1.2
ZR/Y 5 s 5 S c'3 ZR/Y 6.6 3.6 3.
CIW NORMS r.I''W NORMS
0 a.u 7.9 9.2 9 G.G 'egJ
COR G.C .0 w.J COR G.C G. d -.G
OR 5.0 7.2 6.2 OR 5.9 1.1 .5
2B 21.7 229 21.3 2B 10.5 6.9 6.6
AN 21.5 2: .2 19,9 2J 18.4 15.2 15.6
NE .L d.u Mz G.0
01 16.2 14.3 18.7 TI 32.5 2G.9 23. 5
LY 21.¢ 2G.o 17.8 HY 6.6 51.3 33.2
oL c.c G.g oS OL 17.9 17.5 13.6
MT 4.8 5.0 4.9 MT 6.8 5.9 5.3
ILM 1.3 1.7 1.7 In" 1.3 -9 "1
HM 0.G d.u o.y M v UeU G.1i
AP .3 .4 .4 AP .1 «i .1

TABLE B.4 (cont.)



CLA3nN£S3IE DYKES.

POCK NO W17
SIO2 57.4

no 2 1.13
AL203 12.1

Fz2:.3 13.69
FEO c.J;
MNO .20
MGO 4.49
R £ ¢
K20 “Tu
P205 25
TOTAL ICC.34

TPACE ELEMENTS IN PPM
NI 79

OR 125
ZN 122
GA 24
PO 8
SR 364
Y 28
ZR 137
NB 8
BA 283
1A 2:
CE 48
NO 25
P8 6
T 4
ELEMENT RATIOS
K/RB 726.
BA/RB 35.4
K/BA 2: .5
K/SP 16. :
MB/SR . .22
BA/SR .73
CE/YN 4.2
FE* /MG 3.54
.NB 17.13
TI/ZR 49,
S /> 2.7
ZR/Y 4.9
9IPW NORMS
9 16.7
COR H.C
OR 4.2
AB 2d .3
AN 23.4
NE 0.0
01 14.9
HY 14 .9
OL
MT 6.0
ILM 2.2
HM 0.0
AP .6
TABLE B*4
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TABLE B»4 (cont.

&8

]

o

X Q
Ax 2

Re

.rV
LB\ ,—r,#l <o 4>Do«’ *tDfm e 100
e -1 X AdAJ-:d X # . #,4X ex H-J
DX XDD . .4«
QAV +Ini *—t
W,-D3D:0 X fi 4l ,4'X(DU a:A-X) o eidcyxXLEf.-4a;i-jrv ¢ «
I,1AJATrlno I - NJ ¢ o «Ajx em ¢ 4X
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ACin fiNO iNTERMeJIATE GNFISSES SHEAR ZONE

POJK NO 354 037
SI02 65.4 67.6
T102 .42 .5
AL203 14.1 14.3
FE2I 3 5.89 5.38
Ft 0 G.uG 0.3C
MxI3 .:9 . =7
! 3,93 2.59
CAO b.37 .42
NA20 3.76 4.19
<:3 .3F .85
P205 11 .12
TOTAL 1Cj .47 99.25
TPACE cLEMENTS IN RPM
NI 67 23
3P (e} o}
ZN c i
GA c G
RB -1 6
SR 40 : 495
Y 15 8
z8 114 175
3 1 2
iA V] u
LA 0 3
CF G u
NO c U
PB 0 0
Tn c J
ELEMENT RATIOS
K/R3 189.
HA/R3 L.~ 3.0
K/ BA 0.3
:</SR 7.3 14.4
RB/SR . Gl2
BA/SR 0. to 3.¢cu
CE/YN : 3.0
FE- /MG 1.74 2 .52
ZP/£i9 114. -4 87.5
TI/ZP 22. 2u
SP/ZR 3.5 2.3
ZR/Y 7.6 21.9
CIPW NORMS
o) 25.1 29.1
COR 0.D .5
OR 2.1 5.1
A9 31.7 35.7
AN 2:.5 16.5
NE j.c 0.0
0l 7.2 3.0
HY B4 6.7
OL .. 0 U.c
MT J . 0.3
ILM .2 2
HM 5.9 5.4
AP .3 .3
TABLE B.4 (cont.)
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ACIJ ANO INTERMr OIATc GNEISSES GLAS.iNESSIc BAY

ROCK NO W24 J24 J27 J59 Jec Jllo J117 Jill
SI02 66.1 59. G 70 .5 6C .6 68.4 61.6 63 .7 70.6
TIO02 .37 .74 .45 .75 .31 .53 ,50 .19
UL203 16 .3 15.3 15.7 14. 4 16 .4 16.8 17 .2 16.1
FE2C3 2.22 3.13 2.33 7.55 2.57 5.74 5.13 1.81
FEO 0. : G.dO -.CO 0.CG G .do C.3u oJ. CQ
MNO . 4 "lie .10 .11 .03 .06 .05 .02
MGO 2.41 .83 .30 4 .25 1.03 3.04 3.02 .67
GAO 4.11 5. 71 3. 1C 5.83 3.92 5.67 4. 49 3.78
NA2C 5.61 4.71 5. 97 4.29 6.05 5. 02 5.71 6.07
K20 .bé .8b 1.02 .93 .60 90 .8d 47
P205 .18 .29 10 .22 lu 4U .19 07
TOTAL 99. 2C Id: .55 99. 93 98.93 99.39 99.86 IOC.79 99.78
TRACE ELEMENTS IN PPM

NI a 54 2 59 10 18 16 2
CR 24 127 3 134 5 54 31 3
ZN 35 74 16 62 28 50 35 16
GA 18 13 20 19 21 19 19 20
RB 7 7 6 10 9 6 11 6
SR 910 632 635 5bC 740 837 967 635
Y 2 15 -1 8 -1 6 3 -1
Zp 98 161 21 88 41 82 104 21
NB -1 3 -1 -1 -1 -1 -1 -1
BA 550 453 384 587 6C5 555 490 384
LA 2: 23 11 2L 15 23 20 11
CE 32 43 17 5b 22 40 31 17
NO 11 22 5 18 7 17 11 5
PB 5 7 9 5 8 4 10 8
TH -3 -3 -3 -3 -3 -3 -3 -3
ELEMENT RAT 10S

K/RP 8.6. 13 19. 1411. 771. 553 . 1245. 603. 65C ,
BA/RB 78.6 04.7 64. G 58.7 b7. 2 92 .5 44.5 64.0
K/BA 1C.3 15.8 22. C 13.2 8.2 13.5 13.6 13.2
K/SR 6. 2 11.3 13.3 15.8 6.7 8.9 6.9 6.1
T-B/SR .008 .0il .009 .CIS ulkE 0 7 .ull .J£9
BA/SR .6: .72 .60 1.15 81 .66 .51 .60
CE/YN 39.1 7. 0.£ 11.G d 6.3 25.3 3.0
Fe » /MG 1.55 1.95 3.38 2.06 2.9:» 2.19 1.97 3.14
ZR/NB c.C0O 53.67 0.00 3.6C J.Gu 0.0J Cc .00 J.Gd
TI/ZR 23. 28 . 128 51 . 45 39. 29 . 54
SR/ZR 9.3 3.9 33.2 b.4 18. 1 10 .2 9.3 3C.2
ZR/Y 49.0 10.7 0.7 11. § Uu.u 13.7 34.7 0.G
CIPW NORMS

1 18.5 10.2 24.6 16.2 22. L 14.4 14.1 25.2
COR L#L 3.0 3.G d.c 0.C U.G wid G.4a
OK 4.1 5.1 6.0 5.6 3.6 5,5 4.7 2.8
A3 49. b 39.6 50.5 36.7 51.5 42.5 47. 9 51 .5
AN 16.5 18.0 13.0 17.5 15.9 23.7 18.8 15.3
NE 0.c 0.3 d.c UeC 1 «C Jec U.J 0.0
31 1.6 9.3 .6 0 5 1.9 2.8 N 2.1
HY 5.3 7.7 1.7 7.7 1.7 6.3 7.1, .7
OL . Q.J 0.0 weU 3.8 0.0 JeU 0.4d
MT 6 g Uu.U V.0 G.0 u.U 0.0 G.C 4.4
IIM ’ .2 .2 .2 .1 .1 .1 .4
HM 3.2 8.1 2.3 7.6 2.6 3.7 5.1 1.8
AP 4 .5 .2 .5 .2 .9 .4 .2

TABLE B.4 (cont.)
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OThxR LATE SHEETS

ROCK NO J28 J29 J107 J115 J77 J35 Jl2c
SM2 75,8 73.8 74.4 69 .7 bl .9 62.2 59.1
TIO2 .J3 J.LG .G9 .08 .06 2.68
AL202 14.4 1b .2 15.1 17.6 21.7 22 .4 15.1
Fy20 3 .24 .20 .29 .62 1.07 1.47 5.38
FEO c.c: ]1.GG J.JgC L.uG g.o0o0 B. :c c.cC
MNO .1 .03 .G4 .ul 0.G; .G1 .08
MGO .11 &L4 .93 vit .90 1.00 2.17
CAO 2.19 57 .58 H *2c 2 .44 1.63 7. 14
IIA20 6 .ul 4,1b 3. 95 b .65 7.02 7.35 4 .16
<20 .71 5.83 5. 76 .45 4.15 4.71 .82
P20r .Ul .01 .01 .01 .c1 1.45
TOTAL 99 .3C 99.92 1:J.14 99.65 99. 84 1lu-.84 98.57
TRACE FLEMENTS IN1 PPM

NI -1 -1 -1 19 13 -1 14
dR 3 -1 -1 -1 25
ZN 3 2 2 95 5 3 97
GA 19 19 17 16 28 27 2C
RB 7 103 104 5 39 50 IG
SR ibl 124 146 118 874 1017 354
Y -1 6 9 -1 -1 22
ZR 39 19 37 29 44 20 37
NB -1 -1 -1 -1 -1 -1 32
BA 482 731 733 28 3328 3352 481
1A 13 6 6 2u 45 44 32
Cc 19 9 11 28 52 53 63
NO 4 2 3 7 13 12 153
PB (o] 23 31 6 28 30 10
Tr. -3 -3 5 8 3 -3 -3
ELEMENT RATIOS

</RB 84 1. 469. 459. 747. 885 . 781 . 680 .
EBA/RB 68.9 7.1 7. C 5.6 85.3 67.0 43.1
</BA 12.2 66.2 65 .2 133.4 Id .4 11.7 14.2
</sSM 1y . 393.3 327.5 31.7 39.4 38.4 19.2
rB/SR .dl .831 .712 .C42 .045 .049 . 028
BA/SR 1.34 6.9G 5,d2 .24 5.81 3.30 1.3b
CE/YN aAr 3.7 3.0 0.G .G.L c.a

F-n/MG 2 .53 7.55 11.22 2.32 2.15 .71 3.15
ZR/NB U.LG J.al u.uJ 0.UL 0. CO 0.09 1.16
T1/1R 5. a 0. 19 11 . 18 434
SP/ZP 9.3 6.5 3.9 4.1 19 .9 50.9 9.6
ZR/Y d.o 3.2 4.1 u.d G.J c.0 1.7
CIPW NORMS

0 33.6 2b .3 28 .0 20.8 G.C G.0 18.9
COR i.U 1.2 9.0 .9 i.9 J,G
OP 4 .2 34.5 54 .0 2.7 24 .6 27.6 4.9
AB 51.2 35.2 33.4 56.5 57. | 54.8 35.7
AN 10.2 3.0 3.C 16.9 13.0 6.9 20.3
NE J.; 0.0 i.c 1.3 3.7 j.G
01 £6 Q. 0.c¢c 1.7 u.C 0.0 0.J
HY G.C .1 /1 w.0 1.0 5.5
OL J.G u.o0 G.C 1.6 1.7 u.G
MT G.0 .1 .1 G.C G.G .0 0.G
IIM .0 d.0 B.4 0.0 .0 .2
HM .2 .2 2 .6 1.7 1.5 6. G
AP «0 .u .0 1 .0 3.5

TABLE.B.4 ( cont.)
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SHEETS CJTTING ACHMELVICH COMPLEX. SHEETS C'JTTING OTrtR
PQCK NO J1lc4 Jlt5 J1G6 W15 W3U N38
SI02 74.7 7G.8 7:. G 57 .4 58.6 55.2
TIO02 G.CC .G4 .04 .36 . .1
41203 14 .6 15 .v 15. 7 22.2 24.G 24, 8
FE2d3 .23 2.-2 2. G8 ¥.36 -.18 2. 43
FEO C.:G Q.0 .CL O.n G.CC
4NO ou .:3 C.G: .03 .02
MOG .Id 1.u0d 1. 42 1.33 l.4g 2. 05
CAO 3.7F 3.64 3,39 5 .37 4.04 8.17
NA20 5.G4 6.-1 6.34 8 .11 7 .64 6.29
<20 .32 .36 .47 .22 2.13 .55
P20 5 .Gl .G2 .01 .03 .38 .02
TOTAL 98 .77 99.7G 99. 16 97.74 10].23 99.68
TRACE ELEMENTS IN PPM
NI -1 1 3 G 36 54
CR -1 23 5 0 4 18
ZN 7 10 11 q 16 16
GA 13 14 15 30 25 3G
RB U [§ 8 1 29 !
SR 287 438 419 975 591 535
Y -1 -1 -1 2 3 -1
ZR 3G 173 153 49 18 73
NB -1 -1 -1 1 -1 1
BA 18u 222 206 255 814 344
IA 2 5 4 33 -1
CE 2 4 6 54 18 28
NO -1 -1 -1 14 5 7
PB g 12 16 12 16 8
Tn -3 -3 -3 -3 -3
ELEMENT RATIOS
</PB 664, 525 487 18 26. 60 9. 4565 .
BA/RB 40 .G 37.0 25,8 255. : 28.1 344 »1
</3A 14.4 14.2 18.9 7.7 21.7 13. 3
</SF T.3 7.2 9.3 1.9 29.9 8.5
<B/SR . C-14 .1 14 .d19 ;G1 . j49 ;02
BA/SR . 64 .51 .49 2 1.38 64
CE/YN G.0 7.0 L.G 6o 14.7
Fc* /MC 2.67 B 1. 65 1.70 2.67 1.73 1.38
Z-VN3 G.Cua G.G: G. 30 49. ': R 73.00
TI/ZP . 1 2 7. "EK 12
SP/ZR 3.6 2.5 2.7 19.9 32. 8 7.3
ZR/Y u. G G. s 0.0 24.b 6.d 0.G
CIPW NORMS
0 36.9 25.5 24 .4 G.G 3.1 0.1
COR U.C G. 0 G.a 0, L 1.8 i. 0
OR i.g 2.3 2.8 1.3 12.6 3.3
A3 43. 3L.1 51 .5 64.1 56.5 48. 8
AN 16.5 13.8 14.5 24.1 19.6 37.9
NE G.C J. u 0.1a 3.3 4.3 2.5
01 .5 3.4 2.C 2.4 0.1 1.9
HY G. v 19 2.6 3.u G. G
OL G.G G. U G.C 1.6 2.5 3.1
MT .u 0*0 G.C Uu.c Q.0 Cc,g
ILM 0.4 oC .1
nM 2 2.0 2.1 313 2.72 2[4
AP .C *G .0 .1 2 .U

TABLE B.4 (cont¥)
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(cont.)

TABLE B.4



Element 01 op x Gp x Flag H b Gt T.Tagt Phlog

K 0 00 7 0 01 4 0 011 0 17 0 96 0 015 2 65
R b 0 010 0 022 0.015 o.o07 1 o 29 o . o042 5 06
s x 4 00 4 0 017 o 12 1 8 3 0 .46 0.o012 0 .061
B a 0.010 0 013 o .o01I3 0 23 0 42 0 023 1 09
ce 0 00 7 o 024 0 070 0. 12 0.20 0.o028 0. 034
M 0 007 o 033 0.12 0o.o081 0 33 o 068 0.032
s m 0 00 7 0 05 4 o 18 0 06 7 0 5 2 0 2 9 0 031
Eu n 00 7 0 05 4 0.18 0 34 0 5 9 0 49 0 030
M 0 00 8 0 091 0 19 0.063 0 6 3 0 9 0 030
Y b C 001 4 ) 34 0.16 0 06 3 0 49 11 5 C 04 2
T i 0.02 o .1 0.3 0 04 1 5 0.3 7 .5 0 9
zr 0 01 0 03 0 1 0. 01 0 5 0.3 0.6
Y 0 0 1 0 2 0 5 0 03 1 0 2.0 0 03

Apnendix C Partition coefficient data used in calculations described
in the text. REE, K, Rb, Sr and Ba data are from Arth

(1976,, Ti, 2r and Y data is from Pearce and Norry. s ,.



J.D. SILLS Geochemical studies of the Lewisian complex of the
Western Assynt region, N.W. Scotland.

ABSTRACT

This work examines the petrogenesis of layered ultramafic-
gabbro bodies from the Scourian and the metamorphic evolution of the
Assynt district of Sutherland. About 150 new rock analyses and 200
new mineral analyses are presented.

The layered bodies comprise ultramafic rocks (amphibole-spinel-
lherzolites) and garnetiferous gabbros derived from the same tholeiitic
magma which had about 15-20% MgO. The ultramafic rocks are partial
cumulates formed by olivine and orthopyroxene settling; with the
gabbros being derived liquids. The flat to LREE enriched patterns
and trace element levels suggest the magma formed by 30-40% partial
melting of undepleted mantle. The bodies may be fragments of
Archaean oceanic crust invaded by tonalitic magma generated at a
convergent plate boundary followed by ductile deformation and
metamorphism to granulite facies. The gabbros show evidence of
two periods of granulite facies mineral growth, the first producing
a clinopyroxene~garnetiplagioclase assemblage at about 12-15 kb and
1000° C. Uplift caused partial breakdown of the garnet to
orthopyroxene-plagioclasetspineltamphibole symplectites at about
800-900° C and 9-14 kb. Garnet stability depends on both P-T conditions
and whole rock Fe/Mg ratio.

The Lewisian complex in Assynt suffered widespread retrogression
during the Inverian caused by the influx of large volumes of mantle-
derived hydrous fluids associated with the development of NW-trending
monoclinal folds. During retrogression the development of a uniform
hornblende~-plagioclasetquartz assemblage in mafic and intermediate
gneisses caused a redistribution of elements. Hornblendeand biotite
compositions depend on whole-rock composition and paragenesis. The
assemblages developed suggest retrogression occurred with falling
temperatures in the range 700-500° C remaining above 500° C for the
duration of the Inverian and Laxfordian events. The style of deform-
ation became more brittle with time as the complex was uplifted.
Amphibolite dykes from Clashnessie Bay are tholeiitic andesites
formed from a tholeiitic magma by hornblende fractionation. They
were deformed and metamorphosed before the intrusion of the main
Scourie dyke swarm. The Canisp shear zone was the site of deformation
over a protracted period and there may have been 5-10 km of right-
lateral displacement.



