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ABSTRACT

The 'Scourie Dyke' Suite of the North-West mainland
Lewisian of Scotland - with particular reference to
the structural geology and geochemistry.

The 'Scourie Dykes' were intruded into Scourian gneisses about 1,900
million years ago and were subsequently deformed and metamorphosed
about 1,750 million years ago during the Laxfordian orogeny.

The intrusive relationships of the dykes and the deformation
styles they show in reworked areas are described for a number of
areas between Durness and Loch Torridon. An attempt is made to
correlate the deformational and metamorphic episodes that have affected
the dykes. The igneous and metamorphic petrology and geochemistry of
the different dyke types are described and used to propose a scheme
for their evolution.

The density of dyke outcrop in the Lewisian has been measured
and the results plotted as contour maps. These maps show that dyke
material is concentrated in parallel, NW-SE trending belts perpendicular
to the crustal extension. The spacing of the belts is thought to give
an indication of the variationin thickness of the crust 1,900 million
years ago.
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Chapter I  INTRODUCTION



Approximately 13%50 square kilometres of Lewisian autochthon
crop out on the mainland of Scotlana between Cape Wrath and Loch

Torridon, a aistance of 150 kilometres.

These hara, ice-scoured rocks are very well exposed along the

whole extent of their outcrop.

The mainland Lewisian was mapped on a scale of 6 inches to
1 mile by the Geological Survey of Great Britain between 1883% and 1897.
In 1907 the memoir by Peach, Horne, Gunn, Clough and linxman was
published and it describes with great detail and accuracy the basic
petrography, structures and daeformations of the Lewisian. They constructed
the fundamental chronclory of eventis which was based on the differences
in @neiss types and their relationships to a series of basic dykes and
sills. The authors concluded that, prior to these minor intrusions,
metamorphism and deformation on rocks of unknown origin had produced
grey pyroxene gneisses. These collectively were called the 'Fundamental

Complex"',

Arter the intrusion of the basic rocks, a reworking affected
the rocks producing biotite and biotite~hornblende gneisses and

transforming the dykes and sills into hornblende schists.

Using this bipartite chronology the mainland was subdivided
into three zones (see Fig., I.1):-
i) The Central Zone - of mainly 'Fundamental Complex' and unaltered
intrusives,
ii)  The Northern Zone (North of a line from Tarbet to Ben Dreavie)
iii)  The Southern Zone (South of Loch Broom), both made up of rocks

showing post intrusive alteration.
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Sutton and .atson (1951 a,b) continueu the ealo.dical Survey's

work by a more detailed investisation of the Lewisian around Loch
Laxford and loch TYorridon, Theyr named the two metamorphic episodes

. . ¢ . N ) , . N .
the Sconrian (prodveins the 'sundamental Complex') anu Laxfordian

(post intrugion).

"he avikes were nacd aa ghraticravhical markers to separate the
Laxfordian ana scourian events, all post w«yke events being defined as
Laxfordian. Sutton and Watson stated that the two metamorphic episoues
were separated by a great interval of time, suring which a series of
uniform dolerite dykes were intruded after uplift and cooling of the
Scourian complex. ‘The environment of intrusion was thought to be
comparatively near to the surface in a rigid block under tension, and

cool enough to chiill the dolerite magma.,

Their work resolved the Laxfordian metamorphism of the dolerites
into stages, and using these stawes they sub-divided the Laxfordian

fronts of the Loch Laxford and Loch "orridon areas.

The fronts of the Laxfordian reworking were then seen to have
a north-west trend and the reworking to have produced amphibolite facies

rocks with a general north~west foliation.

Another immediately pre-dyke metamorphism was postulated by
Evans (1963,65), ivans and Tarney (1964),&Evans and Lambert (1974).
The type area of this metamorphism, of almandine-amphibolite facies
producing conditions, is defined by Evans (1965) as the lower three
kilometres of the River Inver (Sutherland), the name Inverian being

used to describe this metamorphism,

'Absolute! Apes.

Radiometric studies of the Lewisian by Giletti (1959),
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Giletti ot al (1961), Hvans and Tarney (1964), Evans and Park (1964), Evans
(1965), lioorbath, Vielke and Cale (190¢9), loorbath and Park (1972),
Lambert and Holland (1972) and Pidgeon and Bowes (1972) have given ages

for rocks related to ecach metamorphism and for cooling of the dykes.

4 summary of the radiometric ages is as follows:
the Laxfordian 1.85 to 1l.15 x 109 years, intrusion of the '‘Scourie Dykes'
some time between 2,20 and 1.85 x lO9 years,
the Tnverian (Iate Scourian) c. 2.25 x 10° years,

the Early Scourian c. 2.65 x 10° years, and

9

the 'pre-Scourian' c. 2.9 x 107 years.

lost ages for the Lewisian events have been calculated from

4OK - 40Ar data. Only a few Rb-Sr isotope concentrations for Lewisian

rocks have been measured. Lambert and Holland (1972) gave an age of

1l.85 x 109 years from an Rb/Sr isochron congstructed from twelve snecimens

9

of Laxfordian gneiss trom north of Loch Laxford and 1.55 x 10” years from

three similar svecimens from Durness.

Two sets of analyses from one rock sample (the whole rock and

separated biotites) of dyke by Evans and Tarney (1964) give an age of
9

2.19 x 107 years, assuming an initial 86Sr/888r ratio of 0.1194.

Pidgeon and Bowes (1972) using (207Pb/235U);(2O6Pb/258U)

data from a total of seven zircon fractions from two samples of Scourian
fmeiss give an age of 2,70 x 109 years for the granulite metamorrhism.

loorbath and Park (1972) suggested, from seventeen (207Pb/204Pb) -

(206Pb/204Pb) data points, that the basement gneisses of the southern

9

zone was in existence 2,89 x 107 yearsago.



The 'Scourie Dvkes!

The term 'Scourie Dyvkes' has been used for all dykes of nost-
Scourian, pre-Laxfordian zge. The name was originally used by Teall
(1885) in his description of the petrosraphy of the dyke which crops out

on the north side of Scouri~ Bay.

O'Fara (1961) nublished four new chemical analyses from members
of the 'Scourie Dyke! suite and nine analyses of minerals found in them.
From this and observations from dykes scattered between Loch Laxford and
south of Lochinver (of which one tenth showed sheared margins with garnets)
O'hara surgested that the dykes were intruded into hot (300 to BOCOC) and
deeply buried gneiss. An intervretation which differed from that of Sutton
and Watson (1951a). O'Hara (1962) described four tvpes of basic dykes from
a small area near Badcall, Sutherland, (described by Sutton and Vatson,
195la, p 265). He pave their relative ages, outlined their petrocraphy and
geochemistry and used these results to reinforce his contention of intrusion

of the dykes into a hot but rigid country rock.

Burns (1966) carried out an extensive geochemical and mineralogical
investigation of the 'Scourie Dykes;about the northern Laxfordian front in
an attempt to quantify the zones with which Sutton and Vatson had subdivided
the front. Aluminium was found to have been increased at the margins and

magnesium decreased across the width of the dvkes on metamorphism.

Worlt on the central zone with its high concentration of dykes

resulted in papers by Tarney (1963b) and Evans and Tarney (1964).

Tarney (1963b) established a relative chronology five out of eight
distinctive dyke types in the Assynt-Lochinver area. Their varying contact
morvhology and states of metamorphism were attributed to their intrusion
into a hot, but cooling, environment. As the alteration of the picrites

did not form scrpentine, a temperature of 500°C was invoked for the



alteration. The fact that the nicrites show coexisting ortho-pyroxene and
olivine not reacting was uscd to fix a pressure of 5 to 6 kilobars. Tarney
concludes: "Hence these values serve to confirm the view that the Assynt
dykes (excent perhavs "the three of uncertain age") were intruded at
considerable denth into hot country rock, and that their intrusion does

not marl: a period of great unlift of the basement rocks."

4OK--4OAr radiometric dates for the dykes of Assynt (Evans and
Tarney 1964) range from 3,86 to 1.39 x 109 years. The very old dates were
considered to be spurious by these authors. The fresh picrite dykes
have ages which all fall around 2,2 X 109 years, fresh dolerites range

9

from 2.05 to 185 x 107 years and altered dolerites range from 1.80 to

°©
1.40 x 107 years.

Park (1964), Bowes and Ghaly (1964), Bowes and Khoury (1965),
Khoury (1968) and Bowes (1968) have all described dykes which they consider
not to be part of the "Scourie Dyke" suite, i.e. not post-Scourian, pre-
Laxfordian. Park (1970a) subsequently argued that all the dykes should be

included within the 'Scourie Dykes' suite.

The deformation and intrusion patterns of the dykes of the Tollie
antiform was discussed by Park (1970b) who suggested that the intrusion
path of the dykes was greatly controlled by a strong Inverian foliation.
The presence of this Inverian foliation resulted in the change of trend
of intrusions, and the change from dykes to sills upon entering a strong

sub-horizontal Inverian foliation.

Park and Cresswell (1972, 1973) discussed the control of intrusion
as shown in areas near the main Laxfordian fronts and pointed out the
similarity of structures shown}ggrtain of the 'Scourie Dykes' to the
syn-kinematic dykes found in Greenland by Allaart (1967) and Watterson (1968),

and suggested that some of the 'Scourie Dykes' were syn~kinematic with the

Inverian deformation.



Adme of Presont Study

The aim of this study was to survey the dykes throughout the
mainland outcron in order to cstablish:
(a) the possible conditions of the country rock on intrusion of the
dykes and any variations in these durins time and snace,
(b) the relative ages of the different dyke sets to each other and to
deformational and metamorvhic events,
(¢c) the variations in the marner of deformation of the dykes in response
to the Laxfordian metamorphic events.
(a) the possible origin and path of evolution of the magma that was intruded

to forn the 'Scourie Dykes'.

Iethods of Research

Field manping was carried out on Ordnance Survey 1:10560 maps

and enlargements.,

Standard iechniques of structural, petrograrhic and petrofabric
analysis were used. A five-axis universal stage was used for the determination

of optic orientation and extinction angles of minerals.

Xwray diffraction photograrhy was used for accurate mineral

identification when optical methods were unsatisfactory.

Chemical analyses were carried out on solutions of rock powders

and on powders by emission spectrogravh and X-ray fluoresence methods.

A census of dykes shown on the Geological Survey 1:10560 maps

was carried out to produce dyke density and trend maps.

Other technicues used and greater details of those mentioned

will be found in the relevant chapters.



Chapter IT  FIELD RELATIONSHIPS



The field geologzy of the 'Scourie dykes' is described for

seven areas from within the area under study. They ares

a) Cape Wrath to Loch Laxford
b)  Loch Laxford to Scourie

c) Scourie to Loch Poll

d) Loch Poll to Strathan

e) Gruinard Bay

f) Loch Maree to Gairloch

_ g) Loch Torridon

Within each area the pre-dyke history, the dyke types

present and the deformation of the dykes are described, althoush for

any one topic, or topics, they may be subdivided so that intra-area

variations can be described.

For each area the intrusion of the dykes is considered to

represent the deformation phase Dd, the pre-dyke deformations are

coded D¢, Db and Da, and the post-dyke deformations are coded De, Df,

etc. The coding of events only describes the relative age of the’

events for the area under discussion.

Tor each area particular facets of geology may be discussed

and conclusions drawn. Conclusions for the whole of the region are

made at the end of the thesis.




Cane Wrath to Loch Laxford

rmegs

On the east side of the Kyle of Durness there are scattered, poorly
exvosced outcrops of Lewisian., One such outcrop on Beinn an Amair reveals a
nunber of dykes. These were considered by Peach et al (1908) to be a part
of the 'Scourie Dyke' suite. Three epidiorite (meta-gabbro) dykes and one

hornblendeite dyke have been found.

Two episodes of pre-dyke deformation are recornized. These have
produced:

(a) isoclinical and intrafolial folds (Fb) of a previously banded
systen (Sa)’ which form a sharp continuous bandin- (Sb) that often includes
ultra-basic boudins, and

(b) the folding of S, into small to large scale folds, (Fc).

b

Epidiorite dyke emplacement was discordant to all pre-dyke
structures althourh the extreme weatherine out of the hornblendite dyke

has obscured its intrusive contacts.

Although they are a great distance within the northern Laxfordian
zone, very little Laxfordian deformation has affected the dykes. This is
typically inhomogeneous, the deformation beinc more widesvread towards the
Kyle. The regional effect has been to rotate the dykes and the pre-dyke
structures into parallelism about a plane of ESE strike with a steep dip
to the SSW. (See Fig. II.1). Deformation of the dykes also varies greatly

over this small area.

As elsewhere the sirain within the dykes has been concentrated
at the margins to produce a parallel foliation in the dyke and the contact
gneiss. From the translation of the gneiss foliations the movement of the

Laxfordian shearing is seen to have been downwards to the south with a



slicht dextral comnonent. ¥Within the areas of low Laxfordian deformations
a fa'nt foli~ntion may be found in the dykes. This jic anproximately parallel

to the sheor znes.

Only the stronrect foliations in the dvkes tend to remain
mmobgcured by 2 ront - shearing granulitic mineral prowth. The resulting
coarse gra‘nnd texture in hornblente, oliroclase-andesine, svhene and
anatite (j auartz, biotite) nrrvades both gneisses and dvkes and is not
associnted with deformation. Minor retrorrecssion of this asscmblage is

linked with the small scale plication of foliations, F}.

Richonich to Lioen [axford

Few intrusive sheets of post-Scourian age have been recognized
north of Loch Laxford. This is considered to be due to their absence
rather than to their misidentification as basic bodies of Scourian age.
The country rocks of this area are banded hornblende, biotite and
biotite~hornblende srancblastic gneisses which often contain ultra mafic

boudins.

A small number of thin amphibolites have been described by
Desh (1969) from Creag Gharbh Mhor. Such bodies are generally concordant
but sometimes are discordant(dvkes)and have exvmerienced a similar history
to those foun? between the Rhiconich River and the Laxford River. Both
areas have suffered the Laxfordian metamornhism, the members of the
Scourie Dyke Suite are now granoblastic hornblende-oligoclase-epidote-sphene
(i biotite) rocks. Vithin the Rhiconich River-Laxford River area they have been
folded and cut by many granite and pegmatite sheets. Because of this, their
outcrop is patchy with a W-SE (Laxfordian) trend in the south which swings

to a NE-SW trend further Horth (see Fig. II1.2).

The intrusions show a variety of styles of intrusion and
deformation with the well banded amphibolite facies gneisses. Three bodies

of 'Scourie Dyke' suite origin are exposed at Creag a Bhaid Choill (0.7 ¥m
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Horth East of the Quarry on the River Laxford). Two of these bodiecs must
be congidered as sills. They are concordant to the bandine of the gneiss

over nearly all of the oulcron, and follow the bandins faithfully.

Ircentions to this are uncommon but their anpearance reinforces
the contention of originally concordant intrusion. The most relevant
exposures occur at the end of the intrusions. In one such exposure
(HC 2310-4812) a sill ends suddenly with an almost vertical and highly
disco~dant contact, the upner contact being transgressive so that the
sheet reaches its maximum thickness here. (See Fig. II 3%a), To the
east (NC 2365=4820) a sheet thins out by division into short lived tongues,
which here have a concordant base and a stepred upper contact (Fig. II.3c).
In addition to the widesvread banding of the gneisses a more fissile
foliation is locally present. This foliation (see Fig. II.Bb), a transposed
early banding, is clearly seen to be pre-sill, The sill follows both
foliations but does not show deformation associated with the shearing of
transposition. This, a late-Scourian deformation, is equated with the
Gualin phase of Chowdhary and Bowes (1972), and with the Inverian
which is considered by Holland and Lambert (1972) and Park and Cresswell
(1972) to have been operative in this area. To the south at NC 2336-4785
a sheet has a vertical contact (trend 150°N) with horizontally banded
gneisses. This undoubtedly indicates an intrusive dyke contact. However,
this contact is deformed hya steen Laxfordian deformation (Fe) on its south

contact towards concordancy and a Laxfordian trend (here c.llOoN).

Three elongate outcrops of ‘'dykes' to the south and west of
Cnoc a Garbh-bhaid Mhoir (WC 26-48) (see Fig II.2) also show many examples
showing the control of bandin~ on intrusion (see Fig. I1.3f). Observed
discordant contacts are confined to the middle of these three outcrops in an
area where a pre-dyke deformation has rotated the generally sub-horizontal

gneisses to a steep NNW-SSE attitude. Thicker bodies (>2m) are generally
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discordant but adjacent thin bodies (c. 30 cm) are concordant.

Discordant contacts are invariably E-Y and near vertical.

These are congidered tc be joints that have been filled by the dyke magma.

These cheets, now amphibolites, show igneous banding and
xenoliths and are weakly foliated. This foliation is formed by the oblate
nature of feldspars and is found at and parallel to the contacts. Iiore
commonly a subtle mineral lineation is found and is related to the

Laxfordian folding.

A strong foliation (Se) is found at the dyke contacts at Creag a
Bhaid Choill, This foliaztion is asymptotic to the margin and suggests a

dextral sense of movement along the dyke contact.

This first deformation of the dykes is due to a strong belt of
shearing that trends IW-SE and has its full effect from south of Badcall
Quay (IIC 227 478) to Badnabay ( HC 220 467) (the Badnaby Zone of Sutton

and Watson 195la and 1962).

It is this deformation that has deformed the discordant sheets
towards concordance and folfed the dykes, sills and gneisses into asymmetrical

and symmetrical open folds, Fe, on the northern flank of the shearing zone.

The schistose fabric at the margins, mentioned above, is associated
with rotation of consistent sense, of ipneous bands and pegmatite veins.
The movement has a dextral sense looking eastwards, about a S.W.—dipping
plane. The same movement is given by the folding of the sills. All the
information gathered from this area indicates a simple shear strain on a

south-west dipping plane with top moving down and to the west.

It may be that the initial stages of this movement caused the

marginal schistosity by flexural slip and was followed by folding.
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A mineral lineation is found in amnhibolites and gmeisses which is
parallel to the hinge of the folds. This lineation plunges at a low
angle to the south cast and is at right angles to the direction of

movenent on the shear nlane.

Here, as at Durness, metamornhism continued after these first
and main deformations and gave all the rocks a granoblastic texture which

obscures most of the previous textures in the amphibolites.

After this metamornhism a later quartz foliation, Sf, was produced.
This is seen esvecially well in the amphibolites and post dates the
granoblastic mineral growti. Folds whose axial planes are marked by the
foliation fold dvke contacts and vary from close to tight. This foliation
is steen (generally vertical) and strikes from SE-ITW (to B-W). BEvidence of
this deformation has not been seen at Craig a Phaid Choill. It is often
found around Cnoc a Garbh Bhaid lMhoir where the folding and/or the quartz
foliation of this deformation occur along most exposed stretches of the

amphibolite contacts.

Between Craig a Bhaid Choill and Druim na h'-Aimhue, areas of
similar position to the Laxfordian Shear zone, the dyke outcrops trend
in different directions due to the chanse in the attitude of the
gneissosity. HNot only does gneissosity change from sub-horizontal to
dip to the south-east goins from west to east but the lineation steepens
from horizontal to c 450 to the south-east. S, foliation swings throuch

£

c 500 and the deformation producine this foliation is found more often.

Fig. 1T1.2 shows that the discordance of dyke intrusion coincides
with an area of gneisses which are not sub-horizontal. The gneisses
are steep and have a general NNW-SSE trend and are of pre-dyke origin.
This orientation is due to tight folding which has not been recognised

elsewhere in this area and cannot be linked with either of the two pre
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dyle Told rheses found. This deformation in considered to be post

horizontal folding and %o have an immediately pre-dyke age of origin.

This belt of tight folds has had little controlling effect on
the intrusion of marma. Thus in this area the presence of a sub-
horizontal and pre—dyke attitude of the gneisses and vertical joints in
vertical gneisces are the only factors which have controlled the intrusion

of the magma.
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Loch Laxford to Scourie

Vatson (in Sutton and Watson 195la) divides the gneisses of the
Scourie district into charnockitic and and non-charnoclitic types, the
non~charnockitic (hornblcndo-biotitc—sphene) suite being produced after
the charnockitic suite. Lambert and Holland (1972) indicate that between
Rubha Ruadh (IIC 163 513) and Geodh nan Caluman (NC 157 477) there exists
an area of 'Inver Assemblage' "amphibolized pyroxene-granulites" which
they believe to be an assemblage resulting from two successive metamorphisms

(Inverian and Laxfordian).

The a~e of formation of structures within the gneisses is not
readily avparent in the field, as both the Inver and Laxford assemblages
are in amphibolite facies and the tectonic trends are of similar strike,
see Beach et al (1973). By definition the Laxfordian is post-dyke and
the Inverian (Fvans 1965) is pre-dvke and therefore the best way to
distinguish between the two phases is to decide whether or not the

deformation has affected the 'Scourie Dykes!'.

Pre-dvke deformation between Loch Gobloch and Pollan Innein SBadnabaZ zonez.

Since the dykes as well as the gneisses of this area are now in

the amphibolite facies it can be concluded that the Laxfordian metamorphism

has had a pervasive effect,

The pre-dyke structures in the gneisses of this area belong to
three sces. An older, poorly preserved, (Sa) banding, found in outerops of
massive 'flecky'! acid gneisses, is folded by isoclinal folds (Fb). These
folded bands have been refolded and the second generation of folds (Fe),
have sub-horizontal envelcpine surfaces, and contain an axial plane quartz

foliation (Sc). Cutcrops of this type of gneiss are not found greater
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than 5 m wiae, and they sive way shainly to the well banded acid
sneisses with a strongly developed foliation (Sc} produced by the

intense shearing of the earlier bandins (See Fig. 11.4).

Intrafolial folds within the sheared gneisses near to the
contacts between Sc and Sb gneisses are not found. This suggests that
the deformation was by simple shear. “‘he sense of movement is anti-
clockwise, looking from the east. A strong guartz lineation is found
within the remnants of the old banding but is present to a much lesser
degree in the new bandings, Large areas of this older grieiss type have
been found where the old rock fabric has been almost totally destroyed
by the extreme growth of quartz rods. This lineation is parallel to the
fold axes of i'c tolds and has a variable orientation. towever, within
one area it consistently has a higher plunge in a more southerly direction
compared witn the lineation founc in the aykes., Uykes cut across such
areas and show no signs of a related deformation. ‘he lineation is

therefore considered to be pre-dyke and related to Fc folding and shearing.

The dvkes
Three major dykes have been investigated from this area (See
FMig. 1I1.5). All have been metamorphosed and exhibit a schistosity to
varying degrees and all are in rocks that have an Inverian history
(Lambert and liolland 1972). The age relationship of these dvkes iss-
l) 'Hyperite' dyke (coarse grained mafic hornblende-biotite rock
possibly related to the 'green dykes'! of the Geological Survey
maps. ‘The 'Fanagmore dyke' of Clough, p 140 in Peach et al 1907).
2) 'Meta-gabbro' (coarse grained, coarse textured rock - 'epidiorite'
of Survey ).
3) 'Meta-dolerite! (fine grained, showing no relict textures and of

melanocratic appearance).
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The meta-rabbro- and the meta-dolerite both generally show
discordant intrusive contacts, althoush the meta-zabbro is often
concordant. ''he contacts of the 'hyperites' are poorly exposed due to
the relatively easily eroded nature of this rock type, but where seen

they are concordant to the gneissese banding of the country rock.

The meta-gabhro fro~ Loch Gobloch shows concordant contacts to
the sc foliation (See ¥ig., 11.5) for much of its path but can be seen to
cut it by stepwise transgression showing irregular but parallel contacts.

"he intrusions are always discordant to the earlier (Sb) foliations,

The influence of the later (Sc) foliation increases northwards,
as aoes the Laxfordian deformation of the dykes, for the dykes acquire
a WiNW-#35E trend by intrusion vmarallel to 3¢ and spread laterally into a
number of branches. The dvkes within this area may be
i) discordant and vertical with a W trend or
ii) discordant and vertical with a WNW trend or
iii) concordant to Sc with a WNW trend (see Fie, 11.6)
The occurrence of (ii) is considered to be due to the small scale, to
microscopic, interaction of the use of the Sc foliation and the waning

stress control acting to nreserve the WW trend (i).

The north-eastern-most branch of the meta-gabbro dyke is
exposed on a vertical rock face at NC 1675~5065 where it widens from
c.15 m at the bottom to ¢.25 m at the fop, where the horizontal section
shows short stubby off-shonts to the bulbous stock-like mass., This
probably reflects {as does the inlrusion at Creag a Bhaid Choill
(Fig. Il.ia))aterminal swellins effect at, or near to, the vertical

limit of its intrusion path.

The Lexfordian metamorphism, as stated before, has affected

the rocks of this area. The amount of Laxfordian recrystallization of
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the intmsion varies sreatly.

‘througiiout the area the ophitic nature of the meta-gabbro is

preserved to varrine Jecrees, as is, albeit to a lesser extent, the
ophitic nature of the 'Hyperite'. Hefowration of the dyke textures also
varies. A1t Loch Gobloch short and ot'tern curved chear gones cutting
otherwise undeformad roclis are found but northwards less distirct shears
and a patchy but move vervasive schistosity have been produced in the
cykes, the latter parallel to the contacts and especially well developed
wvhere concordant. 1In the area west of Cnoc an thir Bhreige crystallization
of hornblende in the dykes has occasionally given a lineation (plunge of

o

20" to 55@), ‘ihe foliation in the dykes is also very patchy and poorly

develoned. -<here Touna, it is parallel to the contacts of the body.

Foliations seem to have been produced by recrvstallization
and/or deformation of feldspar 'blebs' to an oblate shape., 4 lineation

is not always developed,

The extreme effect of metamorphism is to produce a granoblastic
texture which tends to obscure the foliation or lineated fabric. It
would appear that metamorphism continued well after deformation had

been completed, which may have been initiated on the onset of metamorphism,

Scourie and Claisfearn Zones)

Loch Gobloch to Scourie Bay

Pre-dvke liistory

Soutn of a line from Kubh' an Tiompain (NC 159 498) - (Claisfearn
( NC 196 461) to Scourie Hay ( L 150 450) the rocks change from the

Inver Assemblage to the Scourie Assemblage (Lambert and Holland 1972).
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‘i‘he northern 1limit of this area falls within a belt of highly
deformed rmeisses. ‘There 'melisgses are isoclinally foldea and dip steeply
to the oW with fola amplitudes of two metres to many tens of metres.
thig folding: (Fc) has folded and boudinaged largse masses ol basgic
material (hozmblondite). he Tol¢ belt dies out southwards on changing
from isoclinal to more open folds (see I'ig., II.7). Where less intense
these folds are asymmetrical over-folds, overturned to the i, and tend
to be intrafolial (see Plate 11.1). Such folds are commonly found
throughout the area of Inver Assemblage. “The highly deformed gneisses
generally show a mineral lineation which is parallel to the lineation
{ound in the aykes. (the lineation is considered to be due to the interac-
tion of the pre-dyke structure and the Laxfordian deformation.) ‘ihe FC
folds die out by Poll an Turrabain (iC161 496) where a banded picrite
is seen to cut a largze folded basic mass in amphiocolite facies. I'rom
here to Port For (LC 162 484) the ¢neisces dip steeply to the SW and
contain many interfolial overfolds and represent the continuation of

the Fc fold belt.

Along the Sound of Handa to ¢.200 m south of Port Mor the south
westerly dipping gneisses are suddenlv replaced by sub-horizontal,
massive, coarse 'flecky' gneisses which are sometimes poorly banded and
contain opalescent quartz. ‘These rocks are gently folded and locally
have been sheared into steep SW=dipping belts (?Fc). Barly (?Fb)
structures are recosmised within the flat-lying rocks which produce
interference structures with the later (Fc) folding. These earlier
folds (Fb) are tight to isoclinal and have an associated axial planar

foliation,
The contact between the flat lying and steep gneisses is synformal.

Along the strike of this contact at Loch Laicheard (NC 180 460)

and Breac Leathad (NC 18% 456), large masses of basic material (picrites
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and amphibolites) swing from a s trend (througn LW) to a Si trend, lose
their 'original' mineralory and become schistose, hornblende~rich rocks.
This deformation folds earlier isoclinally folded gneisses (Ib) into
moderately oper folds that become tighter and asymetrical and whose axial

planes dip to the 35W.

From Creas a Bhadaidh Daraich (NC 165 450) a thin dyke (2-3 m)
can be traced, despite poor exposure, into the zone of Fc folding. ‘This
avke, referred to on the 1907 Survey maps as a 'rather pale dyke (biotite
hornblende dolerite)'! is discordant to the generally western-dipping
rmeisses and is not foliated at Creas a shadaidh Daraich. The outcrop
of this dyke trends Hu~s5W and swings throush bW to a 3¥~-NW trend as the
intensity of the ¢ folding increases and acquires a foliation. The dyke
is cut by a typical 'Scouric Dyke' at Creag a Bradaich Daraich and is
consiaered to be much earlier than the 'Scourie Dyke' suite, and pre~ic
folding. This is avparertlv the only dyke found on the mainland that

is not a part of the 'Seourie livke! suite.

The area arounc Sithean For (NC 148 459) north of Scourie Bay,
requires some discussion. Teall (1885) described the effect of shears
(Laxfordian) on the dvke of Creag a 'Mhail and Sutton and Watson (1962)
discuss shear zones which they rerard as Laxfordian, which affect the
rneisses. All the published work consider the shears found within the
dykes and the shear-fold belts,which deform the gneisses of similar
orientation, to have a common origin and therefore to be Laxfordian in
age. However, field evidence suggests a more complex relationship

between the deformation of the gneisses and that of the dykes.

Sutton and Watson (1962) suggest that the shears vary in
complexity, the simplest being monoclinal flexures, and conclude that

shear folding and the development of an axial plane foliation succeeded
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flexural folding. The deformation within the dykes is confined to
shears, produced by simple shear, that indicate that the movement was
gsinistral in the horizontal plane., These shears are asymptotic to
the dyke margins and have a strike sub-parallel to the shear belts

in the gneisses.

- Fig. II.8 shows how shears in the gneisses are replaced by two
or more shear zones which cut the dykes, strike in a different direction
‘ and are asymptotic to the dyke contacts.

However, similar shear zones in the gneisses do not affect the
dyke in the same way, for very intense shear belts (c. 15 m wide) can
be traced up to a dyke where the deformation of the dyke is represented
by a small number of narrow shears (10 em wide) that cannot conceivably
have accommodated the strain shown by the gneiss shears (see Fig. II.9).
In such céses shears are found at regular inter&als along the dyke
whether or not a shear belt is present in the country rock. Thus
dyke shear belts are found which, though unrelated directly to

pre-dyke shears in the greisses,may be controlled by their presence.

It is concluded that the shear belts were in existence
prior to the emplacement of the dykés, as simple flexures, and that
post-dyke (Laxfordian) strecses ha&e reactivated them.causing further
deformation (the 'shear folding' of Sutton and Watson), and controlling
the deformation of the dykes by the transverse shears. This is also
found to be the case to the south of Lochinver whém;ﬁéreisreactivation

of Inverian structures by Laxfordian movements (Evans 1963).

The dykes

Three main dyke lithologies are found in this area. The
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'normal ! gabbroic-textured rocts, meta-eabbros (epiciorites), the
melanocratic meta-dolerites(whic: may or mav not contain feldspar
phenocrysts and picrites. The meto-uolerites have marginal zones
witnout feldspar vhenorrysts but the content of these increases

towards the dykc centres, and may couse these dykes to resemble the
meta-gabbros if the dykc is wide ernough (c. 30m). The meta-dolerites
are younger than the meta-gabbros. The relative age of the picrites is
untmown, but by comparison with other areas they are earlier than the

gabbroic dykes.

The NW-SE outcrop trend of the gabbroic dykes of the central
block is maintainea in this area, often by the alternative use of Sc
foliation planes ana perpendicular vertical joints in the gneisses.

The meta-mabhros show this at microscopic to manpable scales.

To the south of Cnoc Tigh Adhamh (NC 171 488) there are two
dykes which have a folded outcrop vattern. The section where the two
dykes trend WNW-ESE is highly sheared by Laxfordian movement which has
modified to near obliteration the original contact morphology. On the
H=-5 to NW-8E trending sections the dykes are discordant at a high angle
to the gneisses, but local concordance does exist. The N-S trend
continues over Cnoc Tish Adhamh to beachlach Tharbait (NC 170 490)
where the meta-gabbro cuts the steep SW dipping gneisses. The same
dyke probably continues to Cnoc Cuthaige (NC 168 493) where it is still
discordant but is cut oftf by a Laxfordian shear with hich finite strain.
This shear displaces the dyke dextrally and the dyke is found again
at Rubh' a Tiompain. Here, although rotated by Laxfordian movements,
the discordant nature of the intrusion to isoclinally folded (Fc)
gneisses is obvious. (See Plate 1I.2). The southern contact has a
number of thin offshcots which can be followed for many metres sub-

parallel to the main dyke. These are concordant on their north contacts
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and discordnnt by the seme arount as the main intrusion (¢.20 ) on
their southern contacts. "To the rorth of the dyke there are discordant

of'fshoots, (see Fir, I1-10).

(n closer ingpection in the field and microscopically, the
overall attitude of the margins of these intrusiohs is found to be
due to concordant/hishlv discordant stevwise transgression of the
foliationsg ol the gneisses. 3teps in the order of 14 mm along the
banains and fmm across the banding to give an overall angle of
discordance of 0.260 hsove been measured from thin sections of the

contacts. Intrusion is believed to have been dilatational.

Where contacts of the meta-gabbros are exvosed and not
sheared, there exists a marked hit narrow fine esrained marsinal
zone which rrades slowly into the more normal gaburoic textured material,
of a grain size of 1-%mm which can reach 4mm in the centre of the
wider dykes. ‘These dykes contain xenoliths of basic and acid gneiss
(Plate II.B). Acid gneiss blocks are more obvious in the field and
are rectangular or rhomboical in outline. Banding of isneous origin

has been found but is not comion (see Plate I1I1.3).

The meta-dolerite dykes have a similar trend, and are seen to
intrude into the meta-gabbros, often forming composite dykes. A
meta-gabbro dyke to the south of Clar Loch (NC 18% 472) has a meta-
dolerite runnine alone the south margin that eventually cuts through
it and out at the northern contact, from where it continues as a

separate dyke trending parallel to the meta-gabbro. Fig, II.12,

The dyke at Rubh' a Tiompain shows extremely well the
relationship of the two phases of intrusion of basic material, which

are also found at Cnoc Tigh Adhamh in the Tarbet dyke. The meta-

dolerite has been intruded into the meta-gabbro and forms the central
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zone ano one thira of the width of the composite dyke., Iracing the
meta-dolerite south eastwards, the dyvke svlits into two (see Plate 11.4)
and continually subdivides until it finally aamixes with the meta-
sabbro (Plate 11.5). ''ne contacts between the two dyke types are
sharp and it is consicered that the meta-dolerite magma was intruded
when the central vpart of the meta-sabbro was semi-consolidstea, thus
allowine the admixin~, Yhis view is strengthencd by the occurrence of
gneiss xenoliths (which: remained solid) that form briuges between areas

ol meta-zabbro across the intervening meta-dolerite.

As there has been no increase in width of the dyke here due
to the added material, the semi-consolidated meta-gabbro must have
been forced out by the meta-dolerite magma possibly with a filter press
action on the crystal mush. Such filter press action may also have
proauced feluspar-rich zones in the meta-snbbro at the dvke-dyke

contacts, especially in the areas of admixinz (see Plate 11.5).

'"he above interpretation has been based on the conception of
a separate meta-dolerite marma intruded into the meta-gabbro. The
relationships described could just as well be satisfied by the production
of a doleritic magma from the filter pressing of the semi-consolidated
gaobroic magma, the 'dolerite' magma intruding through and out of the

gaboro,

Not more than 4 metres from the northern contact.of the
composite section of the dyke, another mass of meta-dolerite crops
out. 1lts boundaries are controlled by joints in three orthogonal
planes (see Fig, I1,11). The set nearest to parallelism with the
foliation of the gneiss is often ignored as the dyke tends, in
preference, to be concordant to that foliation, It is obvious that
intrusion is non—dilaﬁgonal and that the removed gneiss blocks must

have sunk to a lower level, This outerop is typical of most of these

dykes. The use of stoping and forceful intrusion along roliation



planes varies vetwenn anc witnin aykes to -~dve the outcrop pattern of

WAy o

t Loch new drac (LC1TT 4#0) and the vosa-like structure of

the meta-colerite at Tarnet (HC 169 480 (Seﬁ Moo 11.12).

A wenlk stress syvster 10 inferves to have acted during the
intrusion oif the metau-colerite set of dvkes. ror the meta-dolerites

at
have a woinly hon—dflaR5OWaW orizin, do not vigorously maintain their

at
trend, ano vary in width havnacardly. Dbespite beinj'non—dilaXional
they do not contain xenoliths, wrereas tne ..eta-gabbros, which appear

to be dilational, do contain rmimerous gneiss xeroliths, vossibly

inticating non-dilatational intvusion at another (hicher?) level.

This possibly rerlects a chance in the state of deviatoric
stress from mooerate to low between the two phases of intrusion.
Because of the proximity in time of tne intrusion of the two dyke
types, this change was probaoly caused by the intrusion of the earlier
dykes reducing the devi~toic stress, since an intrusion will tend
to increase the stress normal to tho rlane of the intrusion, (i.e.

CT3 the lowest nrincinal stress).

Dykes from Fort lor to Scourie bay (Scourie Zone)

Thege dykes are onlyv mildlv metamornhosed and deformed,
include members of the dolerite and ~abbro seits (referred to as meta-
dolerites and meta--abbros in the precedin; section) ana are
indistin;uishable from ¢vkss of these sets outside this area. They
show unaltered i:meous mineralosies and textures where theyv are not
cut by shears. Both sets are discordant to the gneissose banding,
the dolerites often having rectangular irregularities on their
contacts, the gabbros having flat planar contacts with a few minor

irregularities aue to the dvke following the banding for short

distances and crossing back to its normal trend. irregularities in



ovpogite contacts can be moteneo ance the cisplacement of conspicuous
basic massen across the cabbros Tit with a ailatational intrusion
mecnanism, Hoth sets show distinet enillines., As to the north, the

gabbro contain xenolilhs anc the dolevites contain felasvar phenocrysts,

elormation of Lvkes

e deformation of the dykes in these two sub-areas between
Scourie and nubh a Tiompain is completely heterogersus in all aspects.
Rerionally, there is a discontinuity of deformation which alon:s a
line Port rior to Claisfrarr coincides with the limit of the effects

of the pre-dyke daformation be.

Dykes north of Claisfearn - Port lor

Dykes within this area, whether originally concordant or not
and regardless of orientation, show the production of a foliation
(i.e. become an amphibolite schist) parallel to their contacts.
This foliation is variable in intensitr and extent (i.e. width of
foliated zone). It increases northwards and directly indicates the

amount of Laxfordian deformation.

The deformation (and metamorvhism) that nffects the contacts
is the result of simple shear of the dyke rock in contact with gneiss
which often does not show any deformation that can be linked with the

shearing.

The deformation is considered to be dependent on the presence
of commetence differences between amphibolite gneisses and the dykes

of igneous mineralogy at the onset of the Laxfordian deformation.

Shears at the contacts of the dykes to the south of this small

area affect only a limited zone to produce amphibolite schists (often
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onlv 5 en wide; ang lesve the central oart of the dykes with their
Timecue textnres anc wineralosv unatiected, indicating that the
terveroture slone, at tre times of anearine, was insnfficient fto cause
recrratailization.  Yhe loliation 1o generallyv well developed and

shows a i{ine hornolenve lineation. voing northwards, the aegree of the

margzinal foliation increases and the deformation of marginal gmeisses,

winere they are aiscordant, becowes apparent.

1t is only at rubh' a Tiowovain that the Laxfordian deformation
of a dyke awproaches homowencous strain. lilere a dyke shows an almost
honogreneous foliation narallel to its contactes,wrich appears across
the whole width, The infengity of this foliation decreases into the
centre and also on fracing the dvke in a north-westwards direction.
Yhe schists are often quite fissile and show a digtinet mineral
ali-nment of hornhlende needles. 7The plane of schistosity strikes
11571 anc dips 0.650 to southwest and the mineral lineation plunzes to
1450H at about 30—400, parallel to the mineral lineation found in the
enejsres. Fasgine into the coarser gabbroic textured parts of the
dvke this well develored schistosity is lost and a pronounced oblate

shave of the feldspar blebs defines the foliation which contains the

hormblernie 1linestion,

The numeroun smeisn xenoliths present in the meta-gabbro have
a parallelocram shape (se~ Flate 11.%) and show a consistent sense of
deformation, assuming an orimiral rectanrular cross-section. Their
L . . . . . >} 2
shape irdicates a dextral sense of plane strair which gives 2 />\
range from 4.8 to 6.4 and gives values of x/max of 0.87 to 1.54.
These values are taken from central paris of the dyke, tne lower

values being calculated from xenoliths nearer to the middle. Values



27

for deflorration nt the = roirrc are much hirher., The deformation
Fee dactroyed the orisinal shace to suech an evient +thatl ealculations

~annot he mnade,

Ie effert of this deforvztion on differins “ryke types is
showvm well 7+ km sontn of wnoe W Adnamb where a2 late dyke, a meta-
doleri‘r, cuts a member of the meta-rabbro set. (Ber sketeh map
i, }1.1ﬂ). 1he ecarliocr dv're chows arn i:neous texture and
mineralosy 2nd 1o ordlyr occngionally affected by internal shear gones,
The ~entact hetwern tue two cvices (see insert to iie, T1.14) shows
the deformation of the .:mbhro over a narrow zone in a dextral sense,
but the meta-dolerite hng been gheared across its width intoan
amorvhous hornblende sciigt., Joints asymptotic to the contact

mive the only aevidennn of movement direction of the srnist,

The difference in reaction to differential stresses at
the temperatures and pressures of the Laxfordian episode must be
related to the fine 'rain sige and texture and/or to the mineralogy
@hich is relate. to ites bulk chemistry )of the dolerite causing

its extreme instability compared to the ganvro.

At hubh' a Tiomnain the marginal homozeneous foliation
is cut by well defined narrow she=r zones which are confined to
the dvie. (See Plate 11.6). Whevre tiris relationship can be seen,
the foliations are labelled Se (earlier) and Sp (later). The

later, 9 foliation does not necessarily correlate chronologically

f!
with Sf of north of Loch Laxford altrnougn both are the result of
heteroseneous deformation post—dsting a more homogeneous phase,

tere, as to the north of wvaxford,the characteristic quartz foliation
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i prowuced ana ig vigible in thin sectiong,

The first cdelormation can and hna nrooneed ianlrted gsheors

in the rdykes.

The well~deiired shear zones do not have a unique orientation
or serse of movement. "Yhey are senerally near vertical and dip to the
south (none have been [found dippins to the north). ‘They can be

divided into a conjusate set rom the bhimiodal aistribution of
]

orientation anu sense. (Fis, 11.15).

The major sot has an avera~e strike of ¢.145 N and dins to

L O o) . . s \
the .. from 907 to 65 and bas a conegistent sinistral sense. 'The
minor set, witn aextral sense ol moverent, has a strike mean at

O o o . ;
Ce 457N 2nd dips up to 657, hevre to the south east. A small but
significant number of shears between the two modes have been recorded,
and occur where the zones of shearine change from one set to the other,

This would appear to reflect the ductility of the rocks on shearing.

Some of these shears have been traced out of the dyvkes and cut
the rmeisses. However, most are seen to be confined to the dvkes and
where they aunnrosch the dyke marcing they gradually chasnse direction

and run asyvmptotically into the margin,

The deflection anc thinninge of the aykes south of Cnoc Tigh
Adanh and the rupturing and thinning of the dvke at Cnoc na Carthaige
are both in » ciniet»o] sernse. The meta-cvabbro dyke at Cnoc na Cathaige
h#s not only been disrupted, for isolated boundinage masses of dyke
material nave bren fnlded alone the new gneiss foliation (Sf) planes

and have their own foliation (Sp?) folded. The deformation of the
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avkes in this macner reilects Toe comnetence aifference of dyke and

medgs durin gceformation.

The widmsnreﬁdlsinistral,secnnd-phase,Laxfordian movements

of hish strain alon 7planes siriking WW-sws,with an associated minor
set striking ho-Sv indicate a recicnal stress system where the maximum
stress (CTI) was acting in an east-wesl direction. The earlier phase,of
dextral and rore ductile deformatiorn anpears to have been completed
hefore the oncet of the second phase because slresses needed to

produce second phase are oi & aifferrnt orientation., The stresses

that controlled the first phase cammot be accurately determined but

the oblate form of feldspar blebs, the mineral lineation plunging at
mocderate angles (400) and tne sarne moveuent shown by deflected bands

in the :meiss at the dvke contacts give an anticlockwise sense on &
steep plane (strike c.lZOO dip 60 to sw) lookinsg east, and a cextral
sense on the horizontal plane. The variation in the amount of
deformation seems to increase .oing into the Laxfordian belt and is
greater where a strong Sc foliation is present. 1t is likely that
reactivation of Sc foliation was responsible, in which case stresses
were acting at a moderate angle to the Sc foliation., To give the

sense of movements observed, the maximum compressive stress (Cfi)

need to act at an angle to the Sc planes in an approximately North-

south direction.

Deformation of the Dyvkes south ot Fort lior,

Deformation ol dykes south of Port ior is extremely
inhomogeneous, affecting the margins of the dyvkes and producing
vertical shear zones within the dykes (striking SOON) on which
sinistral movement¥* has taken place. "Yhey show a dextrally
* The sensge of movement quoted are deduced from the relationships

between the foliations produced by the shear zones and the limits
of the shear zone and refer to the horizontal plane only.




30

asymptotic relationship to the ocyke marsing. “hese shear zones may
forim in line with rolds in the -meisses (e.o, at Creag a' Mhail whrre
one or more shears are concentrated in the area where a sinsle sneiss
fold is in contact with the dyk@ or alternatively, shears may be
ecually svaced alon. the lenstn of a dyke unrelated to the late
Scourien shears in the gmeisses. 411 dyke margins seen show a

marginal zone of foliation.

An unretamorihosea dolerite south or Sithean Mor shows
deformation and metamorphism ol its contact to produce a homogeneous
dextrally asymptotic foliation zone about 25 cm wide. The contacts
¢hovw the common relationstin of asvmptotic foliation to the contact
and the use of aneular chon—es in orientation of the contact to

initiate shears (sinistral) which extend into the dyke.

"he dextral movenent of the marsins and the sinistral SOO -
trendin, diascrete shears are consicered to be contemporonecus. Both
'sets' show a degree of vertical movement and their combined effect
is to cause a stortenings in a N(W)-3(E) direction., Because of this
and ob~cause of the relationship between the shears and the late

Scourian deformation belts (Se?), these deformations are considered

to be related to De an¢ not Df.

A sub~horironial shear has besn seen which indicates a thrust
rovement to the north west and must represent the effect of the De

deformation where thers has heen no control by Sc.

A vertical shear zone in = dyke south of Sithean lMor is exposed
in all three dimensions and the vertical sens of movement is shown.
The lincntion produced bv the aliemment of hornblende crystals on
the foliation (schistositv) planes, is parallel to the direction of

relative movement, which is the direction of principal extension



(fameay ant Cracan 19700, rovever, ar 'anparent' feldsvar lineation

is
the intergcction ol schistos

shape of the feldavar blebs,

N

ig ofien foarnd nornal to the movement direction and this ig due to

try or fracture, vlanes with the oblate

31
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Scourie to Loch Poll

1his area makes un the northern vart of the central zone tnt
exclndeg the Asaoynt resion where dyvkes are found unaffected by the
Laxfordian events. Lot of the dykes of this area have been
metamornhosed ana deformed, but they can be found with remnants of

their icneous mineralogy vrescrved,

The gneisses of this area are granoblastic, banded to
varyin: degrees and pen rally amphibole bearing,but patchy outecrops

of pyroxene granulites ave present. (See hhoury, 196:3,)

The gmeisses are generally tlat lyinge, especially around
Loch Glencoul (iC 25—)2},and ave often massive with poorly developed
bandiny, but range to {inely banaed types that often show isoclinal
folds. South or Glencoul, at Loch Nedd (NC 140 320) and Unapool
(e 238 325), massive sub-horizontal gneisses show possible cross-

bedding,

Bowes and Fhoury (1968) and Sheraton (1970) on geo~-chemical

grounds suggest a sedimentary origin for the gneisses of this area.

At any one nosition witnin this area, three styles of pre-dyke
deformation can be recognised. Where they are found together, one is
always isoclinal and inirafolial to the overall flat-lying gneiss
bandines., This is seen to be folded by the second phase of close to
tight asymmetrical folds which are often overfolds, and tend to be
intrafolial where deformation of this, by a later phase, is extreme.
The third style of folding is a large scale concentric open warping

that affects these earlier phases and accounts for the changes in dip

of the flat lying bands.

N
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¢nly at rarhead ro nt (NG 149 -410) and Cnoc Garoh (I\‘C 220-357
can all three phases be reco Tiised logether and be seen to arfect

eaciy other,

Because of the siiilarity in folu style and relative ages, the

fold rnhases are coded as in the area directly to the north:
5, original bandin~ (¢ often of sedimentary origin)
Fb early isoclinal, intrafolial similar folds especially

well snown by basic bands. These folds characteristically
show rounded outer surfaces anu angular inner surfaces at
their closures, Acid bandg take up a new, axial planar,

foliation. eofter o such an cxtent that folding is

obscured,

FC monoclinal to asymmetrical overiolds that are similar
in style and overturn generally, but not exclusively,
to the north west, This folding is associated with the
boudinage of basic boaies.

Fw gentle warping with S.W.-N.E. axial trace.

All dykes within this area cut across these structures.

Six main dyke types are distinguished in the field:
Picrite
Gabbro
Dolerite (Possibly two types, one producing on metamorphism a
black rock, the other a green rock. )
Actinolite-chlorite schist, 'green' dykes, (only found
metamorphosed)
Noritic dolerite (only found fresh)

Microcline~mica schist.



'"he orcer of intrusion is as shown on previous pase, except that

the aze of the 'sreen' dyikes relative to the dolerites is not known,
Dykes of both dolerite types cut the sabbros. lio evidence on the age
of the noritic dolerites or of the nmicrocline-mica schist dykes has

been found.

The picrites are of limited occurrence and have only bcen
seen near Unapool, ‘“They are thin, usually not more than two metres
wide, impersistent and generally camnnot be mapped for any distance
because their relntive ease of weathering causes poor exposure. They

[

have an L.5.kH, - W.N.W. ovtecron trend.

The gabbros make up the main dyke type, They are generally
very wide, sometimes sreater than fitty metres, consistantly - follow
a N.W. - 3.E. trend and individuals can be traced across the whole
width of the lLewisian outcrop. Their contacts with the gneisses are
discordant and vertical, or nearly so. The contact surfaces are smooth
and planar and represent vre-dyke major joint planes. The dykes also
follow a minor joirt set to give rectangular contacts and narrow
(10em to 70cm) offshoots at right angles to the main dykes. Detached
imeiss blocks are not seen, but large blocky protrusions of gneiss are
often present. 'the most probable mechanism of intrusion is by dilatati
of the major joint set with subordinate use of a near orthogonal minor

set.

These dykes show fine~grained margins and may have a narrow,
extremely fine-grained zone adjacent to the gneiss. The grain size

increases slowly towards the centre after an initial rapid increase.

Many of the gabbros contain non-gneissic xenoliths (average
side length c.40cm), often prismatic in shape, but with a gabbroic

texture. These are generally more felsic than the gabbro, but more
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mafic blocks are also founa. “These are interpreted as cognate
xenoliths, rlate 11,7 snows one such block wit srnarp contacts to its
host ane contrinin - A felogvar-poor material cutting througn the block,
This pre-savoro material may well represent the agent that dislodeed
the xenolit: and mayv thereiore ne equivalent to the chilled gabbro,

i.2. to the ipnitial intrusion material.

Similar fine grained —abbroic material is found at Cnoc a'
Phollain an Beithe (IiC 092 322) where it forms thin dykes up to 15 cm
wide that lie parallel an: at an an-le to the main dyke (Plate 11.8).
Thege are cut hv an offchoot to the main avke but also form an
anastomosin: network at the "enu" of the outcrop of a normal gabbro
dyke. (Bee piec. 11.,17). It is now considercd that these dykelets
invaded along a front to prowuce a xenolith rich dyke at the limit of
the intrusion. for the movement of dyke walls on the intrusion of
material has not been perpendicular but centred on some point within

at
the area cross-cut by these dykelets. Intrusion was by dilation, as
contacts can be matched. The material which makes up these intrusions
is not found unmetamorphosed but, even so, it is possible to see that
they had a narrow, fine-grained, chilled margin, now characterised by

biotite and pyrite porpnyroblasts, that has a sharp contact with a

gecond intrusive material which increases in «rain into the centre.

Close inspection of the contact between the gneiss and the
first intrusive shows that the initial injection of material, which

opened the Jjoints eroded the gneisues.

The gneiss blocks enclosed by the dyke material are often
rounded and appear to be losing their gneissosity. This process has
presumably taken place by metasomation where there has been enough
energy to destroy the shield provided by the chill, It should be

noted that almost totally enclosed blocks, found 100m south in the
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wall of the cylke, are unchan-ea and that the zlteration is confined

to the limit of the intrusion.

Hecause of the sze of thegse dykelots, their geometry,
meochemistry and aifferent injection rhases, it is believed that thev
are the vesnlt of the prirarvy stages of intrusion of pabbroic material
and are associated with a high energy mazma state,possibly due to high

fluiu content,

The dolerite dykes have an undulating east-west trend, are
narrow (often less than 4m wide), and are found within gabbro dykes.
They are not common and individuals cannot be traced far but have been
recornised from many places within this area, notably north of Kylesku
Their contacts are parallel anu stepped. The steps can be matched,
indicating dilatational intrusion. Dyke-gneiss interfaces are sharp
and planar, but are often irresular on a millimetre scale as if the
magma had eroded into the planar Jjoint surface. The marginal zones are
very fine-grained, the centres are slichtlv coarser, but still fine=-
grained, and contain a few plagioclase phenocrysts (1 to 2 mm in

diameter). Lo xenoliths have been found in these dolerites.

A one metre wide green,actinolite-chlorite dyke has been noted
from farhead Point, where it clearly intrudes into a gabbro dyke,
follows the margin and bifurcates, sending an apophysis into the
centre of this body. (See Fig. I1I1.18). The texture and mineralogy of
this dyke are comnletely different from anv other dyke type of this

area, but are identical to those of dykes found in other areas.

Although only seen folded, the angular relationship of this
dyke and the gabbro indicates that the dyke had a nearly N.-S5. trend

before folding.

The fine grained norites (See O'Hara 1962) are narrow, only



37

S ometren wiae, ove concletely clscordant and have ver. straicht,
niannr vertics? contoois to the oreisses, 4T Cnoc an Fhir Bhreige
(HC 1700 418605, two onberops of this ‘ivke tvre have an en-echelon

relationsnip to ench other, poth trending parallel to the adjacent

cabbro, i.e., M.W.-5S.50.

The mierasTine, micz dykes (Peach et al, 1907 p98) are of
very restricted occurrence, beins found only around Lylestrome
(NC 220 345) in small isolated outcrops. Width measurements quoted
on the 6" Geolowical Survey map are 2 to ¢ inches and, in one case

4 feet.

The ar= of these dykes is unknovm bwt they nossess a

catacla~tic foliation =2nt are therefore thouvht to be pre-Laxfordian.

All dyke sets are discordant, with near vertical contacts
which are sharp and generallyv plarar. Concordant intrusion along
gneiss banding has only been recorded at one locality. This is at
Loch an Obain (NC 168 400) where a dolerite dyke bifurcates, one
limb continuins along i*%s normal itrend and the othor intruding up
into the gneiss, which is di»pings at about 450 to the N.W. No
indismtable evidence has been found indicating that dyke intrusion

has been controlled by pre-dvke folds as kKhoury (1968) states.

Fig. I1.19, takern from the 6" Geolosical Survey map, shows
clearly the dilatational nature of the intrusion into the gneisses.

However, branchinzg and change in thickness of dykes in this area is

not common.

The whole series of dykes represents the infill of pre-dyke
fissures (joints) of differinc strike that were successively rendered

liable to opening by a varying stress system. All the intruded
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natericl shows marked finer grained marginc. Field relations therefore

indicate that intrusion was into a risid and relatively cool enviromment.

Deformation of Dvkes

Deformation of dvkes has taken place in three main ways;
(a) large scale shearing of dvkes and countrv rocks, (b) the overturning
of the vertical dvkes to the north and (¢) the refolding of the structures

of (a) and (b),

Th~ least noticeable vhase ia the overturning of the dykes to
lie sub-horizontally. Thin is seen at Cnoc a' Phollain Bheithe (NC 092 322),
Cnoc Garbh (1IC 220 357, Cnoc an Fhir Bhreire and possibly at Farhead
Point, it each of these four places, overturnine has been to the north,
or north-east, on a gently south to south-west divping surface. There
is no evidence for the sub-horizontal orientation to have been intrusive

as features of discordant intrusion can be found.

Horth-Yestwards from Loch Poll, where the contacts are vertical and flat,
to a point 250 metres due south of the summit of Cnoc Phollain a' Bheithe

where the contacts have become sheared and are dipring at 16° to the S.W..

The overturned section of this dyke can be traced for 750 metres in a northe-

east direction, the outcrop being repeated by later folding.

lfovement has not been exclusively to the north east as a small
flat-lying limb at the south west margin indicates a minor amount of
south-westerly movement, nossibly on a conjusate shear dipping to the

north.

The shearing of the gneiss and dyke here appears to have been

confined to a zone outside which little or no shearing has taken place.




Thr weaction of the meisses and dyke rocl: to deformation has
been that of two roc's of slishtly differing competence. For deformation
has been greatest at their mutual contacts. ‘The dyke material shows a
well-develovned foliation parallel to the contacts that decreases into
the centre. In a similar fashion, the deformation of the gneiss banding
decreases away from the dvke contact and has produced a tight similar

1.

fold betweeen two intrusive sheets, (nes fic, 11.20b),

The style of deformation is a direct result of the competence
difference between the two rock types involved but direct evidence as to }
which was more ririd is not shown. IFrom other areas, evidence suggests
that the thick dyvke sheets as a whole acted in a more competent manner,

atleast a2t the onset of deformation.

As already mentioned, this phase produced a good foliation

parallel to the margin forming amphibolite schist.

An asymvtotic foliation was produced in the dykelets (See Fig. II.17a)

and the differing senses shown on the different limbs of this now folded ﬁ
structure is consistent with their production at the time of overturning.

It is important to note that there is no associated deformation shown in

the gneisses and this indicates that narrow impersistent sheets of dyke

material, isolated in large areas of gneiss, acted as a plene of weakness

and have taken all the strain. g

At Cnoc Garbh (See Fig. II1.21) the gabbroic dyke has had a
similar history of overturning and repetition of outcrop through folding.
Here, as at Cnoc a' Phollain Bheithe, shearing on vertical planes has
taken vlace, but is seen to affect the overturned sections and the
foliation produced by the overturning. The horizontal shearing has i
produced a conmon foliation of strike 105°N, dip 30° to the South in both r

gneiss~dyke contact zones.
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Lt Pmo~ o Thir Bhrei-e, the cabtroic dylze hos been folded
over to the north by a number of flot lyin~, ticht, asymmetrical
R , . e s \ o, .

folds that often shov axi~l planar foliation (strike 016 H, div

o,

c.25 ), vhirk enrresrvonia to the nlane of shearine. The shallow
olunging fold axes strike 62%. Tolded parts of the dyke show that
folding of the contacts has bren associated with the »nroduction of a
narrow zone (c. 10 ca) of amrhibolite schist from the normally
fine-grained chill. The schictogity nlane on the lower limb of the
folds tvpically strikes 1300N, din 20° to the north east, and contain
a mineral (hovnblende) lineation that plunges almost North-South

(174°W). This hornblende lineation is narallel to the direction of

movenent.

For rmost of its lensth the dvke contacts are extremely planar,
smooth, ve~tical and are undeformed and the whole drke has retained

its irmeous texture and mineralogy.

The dykes described above and the one at Farhead Point, all
from within the northern nart of the Central Zone, show structures
that overturn to the north on shallow, south dipping planes and
produce amphibolife schists at the dvke-gneiss contacts. The schistosity

is dominantly planar and may show a hornblende lineation.

Because of the flat-lying attitude of the foliation produced
by this deformation, its occurrence has been limited and its complete
three-dimensional geometry can only be described by using minor structures
produced adjacent to these zones. These indicate that deformatipn has
been confined to isolated zones about which simple translation has taken
place, where an upper block has moved to the north relative to a lower

block.

The horizontal shearing pre-dates the vertical shearing and is

the first deformation that has affected the dykes; itvis coded De,.




L1

This defcmation has occurred after, or during, the metamorrhisnm that
converted the dv:eg into a hornblende-~plagioclase rock, Plagioclase
laths have been converted to masces of small, normally zoned,

recrystallised plagioclase crystals (4 which may indicate

n 50-20)’

that deformation and recrystallisation has occurred during cooling.

The other major Laxfordian effect (Df) is the disvlacement
of dykes by lorcse transverse shear belts. VHithin this area deformation
is by sinistral shear on near vertical planes and has transformed dykes
into amvhibolite schists. The shears have high strain values and
gradients, i.e. deformation becomes intense very quickly across these

isolated zones.

Fi~. 11,22 shows the distribution of these shear belts across
the Lewisian outcrop. The major shears deflect and disrupt dykes and
this is used to find the magnituic and sense of movement in the horizontal §
plane of outecrop. Iinor shears show the sense of movement by the
asymptotic relation of banding (in the sgneisses) and schistosity (in

the dyles) to the shears.

The effect on gneisses and dykes is generally confined to the
shear belts, for only verv rarely is deforaation found in the areas
between majior shears. Vhere Df has been weak, strain has been more ;
homogeneously distributed and is shown in the folding of gneiss-dyke
contacts (where these are at a high angle to the shear movement,) or

by the flexure of the geisses at the contact in accordance with the

shear movement of sinistral, down to the north. The flexures in the
gneisses are considered by Khoury (1968) to have been pre-dyke and to :

have controlled dvke intrusion. However where ever a dyke is in contact ¢

with such flexures (and this is not always the case) the dyke is

foliated and metamorphosed at the margins, the central portions retain
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their igneocus mineralosy and texture. MNorcover deformation increases
in intensity until the wvhole width of a dyke is metamorrhosed and
foliated. For those reasons the flexurine is considered to be

Laxfordian.

411 the major shears are sinistral and strike in a general
east-west direction. There is, however, a consistent change in
their strike fro= 0750N to 1500N from the northern to southern limits
of the area, where their offect decreases. Thev all dip between

75° - 80°

to the south. A subordinate set of smaller isoclated shears
are found that strike around north-south and div at 0.40O to the west.
Toether they form a conjusate set with a dihedral angle of c.118O ahout
Oé, which is typical of rocl's deforming under britile conditions, see
Fig. I1.23. The intersection of this set plunges at 50° to the east.
The direction of movement, as given by the intersection of the OiGé
plane and the movement plane, is 400 to 25OON on the major shears, which
corresronds to the field evidence showine a sinistral, down to the north

movement and almost horizontal in a due north south direction (i.e. with

no vertical component) on the subordinate set.

lovement along the larger shears, in the horizontal plane, can be
as great as l. km within a zone only 70m wide. Displacement values
decrease away from the Laxford front to Loch Glendhu (NC 240 344) where

deformation is less intense but more widesvread.

The rocks produced during these deformations vary from fissile
schists to rocks with isolated narrow planes of slight modification to
the igneous original or relic texture of the dvke (i.e, "ot shears"),
The schists are not generally lineated but, where they are, the lineation
is parallel to the intersection of the two planes making the conjugate

set and is not parallel to the movement direction.

Z
!
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iscocinted with the D, shearing is the production of quartz.
{uartz in not associrted with De’ excent as inclusions, but does form
a cross cutting foliation in roclks containing Se, vhere 1t is showm by
the alirnment ocelli. fuartz cryst:ls and agaregates also help to

define Sf schigstosities.

The very intense shears which characterize the Laxfordianr
deformation fron 3Scrurie Bay to Kvlesku are belts of schistose rocks
developed from gneisses and dykes and marl: nlanes of duetile deformation,
although their peometry and distribution are characteristic of brittle
deformation. WWithin these belts of duectile deformation, e.c., at Loch
an Obain (1IC 168 AOG), the dyke roclis have deformed in a competent manner
since thev hrve runtured ant produced boudins vhereas the gneisses

(especially the basic sneiss) have strain~d without runture.

Dyke deforration i< homogeneous within the shear belts but at
the margins of these belts innumerable minor shears may dissect the dyke.
The orientation of these shears is not consistent and they undulate
leavins "eyes" of undeformed rock in a matrix of amvhibolite schist.
Such an arrangement well develonrd at Rubh 'a 'Bhad Choill (NC 1550 4130)
(to the South of Badca]l) where the shear belt passes throngh Farhead
Poin*. Here a number of small dextral shears snlav out in an BEast-VWest
direction from the 1lin~ of shrarins in a manner comparable to that described
by Chinnery (1966) and ascribrd to fracture by axial compression at hich

shear stress.

At Loch a' Mhuillin (NC 1630 3970) the Laxfordian deformation
has been very brittle. The southern contact of the dyke has in places
been sheared into an amphibolite schist zone about 10 cm wide indicating
a downward movement to the south west on the NNW-SSE vertical contact.
Within 50 m from this contact the marginal shearing is renlaced by a

breccia of rounded pebbles of metamornhosed chilled gabbro in a fine
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crained matriv of tal., idaingsite anc o ~orhonate, tne typical
metaro nhic accembla-e or the picritic nykes., both the shearing

(onuetile: one brecciation (brittle veformation,. are considerec to be

the difrerent results ot the sune procse o movement (durin@ Df).

These outerous show how heteroseneous deformation can be and
how near this zrea was to the congitions tnat would .dive brittle
aeforimation. rewsascopically the sccond Laxtordian deformation appears

to be brittle but mesosconically deforna+ion seems to be ductile.

zoth 56 anc .. nlanes are irounu containin;: auartvy veins which
2 I

nave been folded hy a third vhase of deformation (D“). 1t anpears,

Possibly err-oneonslv, thof toe wresmea of 1 at anv ene ooint is
denendent on there baving brev a tissile rock vresent vrior to Dn.
Fw folds are concentric or chevron in style sugrestings a bovmdary
slip mechanism of develorment. 'T'hereiore a well foliated rock may

well be a pre-requisite for the development of F tolds.
(%}

Unlike the southern Laxfordian Zone, the third phase of post-~

dvke deformation here is not associated with mineral growth.

The axial planes of these folds strike east-west, dip steeply

to the south ance the fold axes generally vlunge to the west.

Pgseudotachylite veins have been found cutting foliated dyke }

rocks at kylesku. “he veins are irregular in shape, impersistent, §
!

. 3

have not been metamorphosed and apnear to have been formed in situ. 'The @
age of the pseudotachylites has been placed as late Pre-Cambrian for the L

southern mainland Lewisian by Park (1961) and as Caledonian for the
Outer Hebridges by trancis and Sibson (1973). The proximity to the

VMoine Thrust at Kylesku, and ~t other loczlities where they have been

found suggest a Caledonian age for these veins.

|
i
g
!
?
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Within this aren, from scourie to Loch Poll, and irom Loch
Poll to strathnun, jointins of the dykes is conspicuous in undeformed

or unmetamorphosed dykes.

The Joint patterns in such uykes are consistent with those
cue to coolin, "here is one set narallel to the margins which is well
developed and a suborainate set which lies ortho;onally to these. This
system 1s characteristic of the outer zones of the dyke and may be
replaced in the centre by a conjugate set whose acute bisectrix lies

rarallel to the marsin.

Joints are almost absent in metamorphosed dvke rocks of this
area and this is explained by low strain energy levels of these rocks
as all the strain of deformation was absorbed in the recrystallization

and the coeval production of a foliation.

At [och an Obain the joint system of the undeformed dykes
has been filled with quartz which in this area has invaded the shear
belt before tersination of Laxfordian stresses. 1t may therefore be
concluded that these coolin:; joints were in existence before this
shearins., oartz veining is very uncommon throughout the northern
Lewisian outcron and its post-dyke procuction here can only be linked

with Df shearing.

Other exzmples of joints having been in existence before
metamorphism have been feound at Cnoc a'Pheollain Bheith. For here
joints have been found fiiled with green hornblende which cut through
unmetamorphosed gabbro and nave a one centimetre wide zone of alteration
to amphibolite facies. wven more spectacular is the relation of
metamorphosed and unmetamorphosed rocks found at the top of Cnoc a'
Phollain Bheith, where alternate parallel bands of brown gabbro and

green meta-gabbro crop out. The metamorphosed bands are up to 30U cm
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wide nnd lie hetweon c.40 cam wide bhands of gabbhro. Both dip to k.S.E.
at 350. The thick bands are considered to be wide zones of alteration
around joints. As metamorvnism to amvhibolite faecies takes place only
aronnd these Jjoints, the awent that produced the change must nave
~pmanated from the joints. 1t is considered that fluia transport along
the joints from nearby (less than 5m) metamorphosed and deformed areas
which show both Se and S, foliztiona, must be responsible.

f

Loch Foll to Strathan

1t is wit din this area that are found the greatest variety

of dvke tvpes and the tvpe area of the Irverian.

“rans (1963, 65) defined the Inverian as a metamorvhism that
nroduced a series of amphibolite~facies rocks from a pre-existing
rranulite~facies asserblace; that was synchronous with or post-dated
the intrusion of a set of pesmatites (Type 1) and that predated the
intrusion of the dykes. The Ynverian folding, which is cut by the dykes,

occupies the same position in time and space.

Evans states : "isotopic dating of these intrusions (Type 1
pegmatities and the dvkes) show that they were separated by a time gap
barely detectable by prezent day tecimiques". The isotoric sges obtained
from the pegmatities are 2,20 x 109 years and from the dykes 2.15 x 109
years, which leaves o time gap in the order of 100 million years in which

the Inverian metamorphism could have taken place. However this time

difference of 0.05 x 109 years is insignificant in relation to the

exverimental error and to the spread of the dates (+ 0.04 x 10 years)

for each event.

The Inverian metamorphism converted the pyroxene and hornblende-

granulite gneisses into amphibolite gneisses with the production of

}
H
;
g




2 new tevture, ‘the moat marind orance in mineralosr and the tewture
coincides with the most intense Inverian deformation which has formed
steep belts which strike across the outcron in a WiW-iSE airection.

These are tvpilieu by the Canisp Shear Belt and the Strathan lLine.

Gneisses of this zrea range from nassive pegmatoid masses
and voorly banded massive gneisses to well banded foloed gneisses in
areas of Inverizn assemblageg. The massive gneisses contain largce
lenticulate bodies of ultrabasic material (pyroxenites in Scourie,
hornblendites in Inverian and Laxfordian areas) and meta-gabbros, and

smaller bouding of these materials. “hese bodies have been folded and

the boudins flattened from an originally blocky or near-spherical shape

in areas of Irnverian ceformation.

Pre-Inverian structures are rare but are found to be isoclinal {
folds in Inverian refolded areas. Large scale lnverian siructures,open
MW plunuing folds, are cut off by the Canisv Shear belt. These folds
can be seen to fold shallowly dipping banded rocks at Badnaban (NC 081 209),
and at Port na Alltan Bradhan (NC 054 260) where they, (Fb), fold early
isoclinal closures (Fa) and are associated with cuspate folds. (See

Plate 1I1.9).

Inverian folds are characteristically tight and have a NW-SE

striking axial planesthat are steeply dipping to the north-east. These

folds are cut by dykes,

The Canisp Shear Belt, the type Inverian, that has been modified

by Laxfordian deformation deserves detailed description.

Because of the Laxfordian deformation unmodified Inverian

structures are difficult to find in the centre of the belt. The belt

is bounded to the south by the Lochinver anticline and marks the position
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of" a synfor.al structure, as rocks to the south and north dip into the
belt and sraduslly increase in din (See iie, 11,24). ‘'he rate of change
oi dip with aistance is hisher in tne north., The southern margin is
characterised by an increasin: number of :eniculate folds, that step

dovm to the north, until the rmeisses dip sub-parallel to the steep limbs
of these folds., The folds chanse in style and become tight to isoclinal
anc have steep (0.800) south-westerly dippin: axial planes with shallowly
eastwara pluneing axes. The fabric of thene intensely deformed Inverian
enelsses is planar without a distinct mineral lineation. Randomly
oriented hornblende needles lying on the gneissossity planes often
characterize the Inverian deforwed rocks. & schistosity, rather than a
meigsosaity. e often develoned in the hornblendites and in black
biotite schists. A coarse pre-inverian gabbro on the northern edge

of the belt has been deforicd to give a mild foliation.

tiinor folds are rare and where seen are parasitic to large

Inverian folds on the edses of the belt.,

The chronolog- of dyke intrusion given by Tarney (1963)
is in general agreement with relations shown on the 6" Geological
Survey maps. However, inspection of critical areas found dyke/dyke
contact exposure poor or non existent. The relationships of the
picritic and epidiorite (meta-gabbroic) dykes on these maps show the
picrites to be both pre-gabbro (NC 175-225), and post-gabbro
(NC 151-225), see Fig., 11.25. Relationships similar to those reported
by Bridewater and Coe  (1970), where one dyke protrudes into, but does
not cut, another, sugsests that the gabbros were stoped into by the
picrites. However, there is no evidence that the picrite intrusion
was by stoping and it is therefore sucgested that the gabbros were

intruded after the picrites, but before total consolidation. If



%9

this was so the picritic rmoema wonld be able to move into the space

mads b +ha evrtercion due to cabhbro intrusion.

Major roct twoes found as dykes incluce picrites, sabbros

(and meta-abbras, norites ( metamorvhic equivalent not recognised),

N

Y

olivine -abbros and dolerites (meta~dolerites) with or without

plazioeclase rhenocrvats.,

The comrlete intrusion :istory, as far as can be determined

is ~s followsi-

1) Felr-diorite (ondesine dolerite) trend ENE-WSW

2) Picrites‘(includiﬁg n@rjdotites) trend nSE-WNW and olivine
sabbro of Badnaban.

3)  Gabbros (trend NW-SE)

4) tereen' actinolite - chlorite dyke trerd SE-NW (unmetamorphosed
equivalent not recognised)

5) Dolerites, with or without phenocrysts (trend NW-SE or B-W) and

the norites (trend NwW=SH) - thrse have an uncertain age.

The outcrop *t~ands given for the various dyke sets are their
average, for their trenus are variable but the mutual relationships of
one area are the same, e.~., the vicrites always lie nearer o due

east-west than the ganbros,

The gabbros and norites show a decrease in ¢rain size to the
contacts and extreme chilling at the contacts. 1In the centre of a
norite veins of pegmatoic norite have been found. The dolerites also
have finer grained margins and their contacts are glassy, show flow
banding and contain rounded gneiss and gabbro xenoliths under a
microscope. The 'green' actinolite dvke has only been seen with its

metamorphic mineralogy but shows remnants of a coarse igneous texture.
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Any change in grain size has not been observea becouse of itgs

metamorphic mineralozy.

The contacts of the picrites are invariably not exposed but
there is a variation in irain size which is characterised by the
increase in size of pyroxene crystals to the centre, but all picritic

rocks are coarse grained.

A1l dykes, excent the dolerites and the meta-dolerites which
are about 10 metres wide, are of a similar width, i.e. 20-50 metres.
liost dykes can be traced across the wiath of the Lewisian outcrop and

only a few are seen to end.

The thin dykes are rare and of the thicker oykes the 'green!
dvkes and the norites are the least abundant followed by the picrites,

the gabbros being the commonest,

All of the dyke types are more abundant just to the north of

the Canisp Shear Belt.

Poor exposure of the mela-diorite, picrites , norites and 'green!
dykes excludes detailed description of their intrusive morphologies. All
that can be said is that they are large bodies that have parallel sides,
do not contain xenoliths, maintain their intrusive widths and have

probably been intruded by a dilatational mechanism.

The abundant gabbros (and meta-gaboros) provide enough outcrop
for a more detailed discussion of their intrusion. They, as a set,
have a well defined consistent NW-SE trend. They sometimes branch,

but the branches quickly return to the NW-SE trend.

Dyke contacts are planar, straight, and discordant, cut
across Inverian folds and other earlier structures, and follow

orthogonal (i.e. NE-SW) joints for short (c.50 cm) distances.
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lowever, where nre-dyke foliations are well ueveloped the
intrugion mav follow them for short distances. A section of
unmetamorrhosed and undeformed dyke at Leathad an Lochain (NG 076 206)
is concordant to a zone of fissile schists (sheared fneisses) striking
1OOON (lnverian),whoreas the rest of the dvke has a MW-SE trend which
ents throngsh Nk-35W folds and NE-striking rmeisses. A similar example
of local control is shown at roll nam suc (NC 152 254) where an

undeformed gabbroic dyke runs east-west and still shows many discordant

and irre;mlar blocky contacts. 'The reason for this abnormal trend is

again the nresence of stron. w-w pre-dyke shearing which has been

faulted after dvke intrusion.

The best developed control of intrusion by pre-dyke foliations
ig found within the Canis) Shear Belt on the north side of Achmelvich
Bay (NC 05 25) where the steev ESE-WLW striking isoclinally folded
gneisses are concordantly intruded by gabbroic dykes. The northern
contact of one dvke faithfully follows the banding of the gneisses.

The southern contact is also concordant to the gneissosity but steps

across it using vertical joints which are perpendicular to the

Inverian foliation., The result is that the dyke thins going westwards

until it dies out. The stenpine across the foliation is interpreted
as an attempt to keep the intrusion parallel to the trend of dykes

outside the shear belt, and would therefore produce an en-echelon

outerop of dvkes around the Canisp Shear Belt.

The gabbros contain many cognate xencliths which are more

felsic, or in some cases more mafic, than their host. Their sides are

smooth and sharp and suggest that they were rigid and fully consolidated

when they were prised off. At the contact of a large (9m x 3m x 4m +)

xenolith the minerals of the gabbro alone are aligned to show a faint

foliation which runs asymptotically upto the xenolith. This sense

of movement indicated is of the felsic xenolith moving downward



roelative to the hnat., This is the result of the last sinking movement
of thi«s large bloeck in the crystal mush of the gabbro ivst prior to
total consolidation. Another xerolith, with a flat lying oblate shape,
has scenrrlated feldsvar crystals on its uvper svrface in exceas of
the normal centent of th~ ~ebbro, This noints to feldsvar settlingy

Avrin~ the early stases of crystalliszation.

T™e nolerite dvkes show extreme irre-ml-rity of their contacts.
‘these dykes have 2 generally Ni-Sk trend but mar have a near cast-

westerly trena which only locally show control by pre-dyke shear zones.

At Bealach Lochan lFhic Leoid (NC 1510 2525) parallel minor
dykes combine to form the main dyke and are connected by thinner
dykelets (See Fic. 11.26). This shows well the use of the major
NUW-SE joint set and the minor N-5 set which are also intruded by the
gabhro dykes. On tracing this ayke into the area of E-W shearing, the
minor set becomes more irvortant ~nd the dvke outcrop swings to become
north-south before entering the shear. The contacis of this section
are very irregulsr, blocky and eroded because of the almost equal use
of two joint sets before the ii-5 set became dominant. Xenoliths are

not found, except for the small rounded gneiss masses in the glassy

chill.

These dolerites contain feldspar phenocrysts that are few

in number and are widely scattered throughout their matrix.

The dolerites, like the gabbros, have a dilatational origin
using the same Joint sets and the E-W foliations but as elsewhere the

stress controls on the resultant trends are much weaker,

Deformation of Dvkes

The deformation of the dykes is generally associated with
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metamorvhisn.  However, at Cnoc o bhuilin (NC 086 20%) a system of
joints has been formed in ummetanorphosed «abbro. ‘hese joints

7 and rlate 11.10) are short, have an open '%' form

[ae]

(See i, ol
and are closely spacea, ‘They lie in bands that vary in trend from
Eiib=-wWSW to BSW-kE but renerally lie N=3S. The sense of kinkins is

sinistral.

These joints may have been caused by the release of strain
energy imposed in these roces during the phase of deformation that

produced obligue shear zones in metamorrhosed dykes.

A1l other deformation of dyke material has been accompanied
by mineralogical changes. In many cases metamorphism is only confined
to gzones oi deformation, the undeformed material retaining its igneous
mineralos, in others it is pervasive, altering dykes whether deformed
or not. Alteration proauces amphibolite schists or epidiorite from

the gabbros and dolerites and talc scnists from the picrite dykes.

Ixtreme taxfordian deformation occurs in areas that have
undergone intense Inverian deformation. Dleformation is generally weak
but is present over the whole of the north of the area., The limit of
metamorphism of the dykes is poorly defined but appears to run east-west
through Lodge Assynt to Clashnessie, the dykes south of this line being

unmetamorphosed if undeformed.

Production of a foliation may be best developed in the picritic
dykes that produce a "soit" talc,actinolite schist from the whole
width of the intrusion. Metamorphism again appears to be closely
related to deformation since a picrite dyke that has retained its
igneous features has joints that have been altered in a zonal manner
with talc, actinolite and quartz (Plate II,11)., This mineralogy is

the same that is developed in the sheared picrites but here must have



been nroduced by fluids emanating from the shear belt.

Thin section insvection of altered picrites suggests that
the growth of new minerals beran before shearing, with olivine being

the last to recrrstallize, and continued for some time after shearing

had stonned.

Deformation features can be best studied in the gabbros
because of their abundance, good exposure and distinctive coarse

texture.

Qutside the Canisp bhear Belt, deformation is confined to
narrow marginal zones (c. 50cm wide) of asymptotic foliation that
indicated a north side down and dextral sense of movement that is
mirrored in the deformation of the contact gneisses. The zone of
affected gneisses ig roughly as wide as the zone in which the dykes
are foliated. Occasionally shear zones cut across the trend of the

dykes and have a sinistral sense of movement.

The gabbro dykes on the north side of Achmelvich Bay shows
well how deformation varies trom witiin to ocutsice areas of Inverian

deformed rocks,

Here, to the south of the Canisp sShear Belt, a gabbro dyke
shows how a sin:le dyke can react diiferently to a single stress
system in a small area. %he intrision ig 16 to 20 metres wide and the
contacts are straight and planar, although rectangular deviations are
cnaracteristic which result from the use of the minor joint set. The
dyke contains meny feldspar rich cosnate xenoliths and shows a gradual
increase in crain size away from the contacts, the majority of the
increase being realized in the first 2 metres. The dyke was intruded
through shallowly dipping, centlv warped gneisses that show intrafolial

isoclinal folds.
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Zones of strons shearins of the gneisses flank the dyke
see i, 11.28, These zones, which are about 13 metres wide, are of
recrvstallizad schistose gneigsr~ that have been deflected into
rarallelism to the contacts of the dyle., The deflection of the
smeissose pandine . whien is not destroyed, indicates a dextral move-
ment in the horizontal ant a north side up~south side down movement
in the vertical. The dextral disvlacerent in the horizontal plane
is the rreater. The lineation produced in the schistose gneiss is

rormzl to the movement oirection ana is parallel to the axis of folding.

he deformation of the gneiss is confired to the dyke contacts

and is not found in areas outside the centre of the Canisp Shear Belt.

The control of the dvke/gneiss contact as an initistor of
strain is shown well at the north contact of this dyke (see Fig. 11.29).
Hexe the dvke contoet atens hr absrt 3 metres to leave a number of
'hangzing' xenoliths. ''his abnormal intrusion path has provided a
number of near verticel coniacts whizsh are parallel to the major
contacts. All these planes are sheared and deformation passes from

them following the major contacts into the dyke.

‘The deformation of the dyke along its length shows a great
variation in =~tyle, whilst the style and degree of deformation of the
eneisses does not. ror most of the length of the dyke strain has been
taken up in the formation of a mild foliation shown by the modification
of the ophitic texture, This foliation is present for about 3.5 metres

from both contacts, but the exact limit is difficult to locate.

The foliation has a dextrally asymptotic relationship to the
contacts. The foliation furthest from the contact is at about 26° to
the contact (shear strain X of ¢.1.0) and is about 10° - 150 near to

the contacts (shear strain § of c. 3,5-4.5) which represents a shear




cradient of’ just over 1 per metre. 'These values show that the centre
of the dyxe has moved, relative to the point on the contact by about
10 nmetres. Yherefore taking both contacts and assuming that the
contacts were at the exact centre of the marsinal shears, then the
fmeiss to the north of the dyke has been moved to the east by about

40 metres relative to the gneiss to the south.

Alongz the length of the dyke the style of deformation changes.
The marginal foliation zone decreases in width and the strain is taken
un in narrow, hirh strain, sinigstral shears that cut across the width
of the dyke. Very few shears are present in the centre and individual
shears cannot be traced across the whole width but occur on both
gides of the centre., ''he number of shear zones increases towards the
contact but individual shears do not show any change in amount of
displacement along their length. 4s the shears approach the contact
they slowly change in trend and merge to form a zone of highly deformed
amphibolite schist, approximately 30 cm wide, adjacent to the gneiss.
Due to the increase in number of the shears and to their change of
attitude, the area of undeformed dyke between them rapidly decreases
and individual shears wander, merge and cross each other to leave

elonzate eves of undeformed dvke rock.

The gneiss in contact with the dyke shows the same amount of
dextral deflection and the shears, like the 'mild' foliation, approach
the contact dextrally, but the isolated transverse shears have a clear

and constant sinistral sense of movement.

Since these shears replace the more homogeneous deformation
they are considered to be coeval and to indicate optional deformational
styles which are not dependent on the orientation, composition, or

texture of the dvke nor ¢n the structural position as these do not vary.
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In the centre of the Canisp Shear Relt, where Laxfordian
deforrztion hag been much ~reater, the dykes continue to show both
stvles of deformation, where n dvke has deformed to oive a homogeneous
foliation, tire foliatior is more intense and pervades the width of the
dyke. Sections of dvkes that are deformed by shear zones now zhow
doytral sheers that are sub-parallel to the dvke contacts, and are
alishtl agvmntotic to the contacts in a d-xtral sense. 'The orientation
that thev tale un is the natural one of maximum shear stress and arain

thay show mar~inal detlectior,

Thare ahenrs a-~e cenerally dextral but conjugate sinistral
shears are occasionally found. They are vhiguitous and intersent
(even when all are dextrs1).to leave large eves (co 4m x 0.7m) of
vndeformed dyke rock, Thelr strike is about llSON (15SH=-NNW) which ig
sub parallel to the drke contacts and they show low-plunsing hornblende

lireation (14° to 115°NW).

Both stvles of deformation are accompanied by the deflection
and shearins of the contact gneisses. It is important to note that
where dykes are not present in the centres of the Canisp Shear Belt

the eneisses have been intensely sheared in belts 2-10 metres wide,

Tharefore it would anpear that the Laxfordian shearing has
been concentrated in zones of strong Inverian folding where the pre-dyke |
attitude of the sneisses was near to that of the final lLaxfordian

foliation. Within this area, i.e. the Canisp Shear Belt, the

deformation has beren focussed on the gneisg/dyke surfaces and only ;

if these are not present bas deformation been confined to the gneisses.

In contrast to the gabbro dykes the picrites have been deformed

to very soft and fissile actinolite-chlorite-carbonate schist across

theivr widtha., The difference in desree of foliation and pervasion
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mist be due to differences in chemigstry and therefore mineralo.v.
The occurrence of corbonites may roint to the resence of a fluid
phase during metamornhism which would wealken the rock and tend to
Jubricate' deformation. Hecause of the mobility of such fluids
they would move from areas of deformation and possibly weaken
undeformine picrite areas and thus cause the wholesale alteration of

the picrite dykes.

1t is within the metamorphosed picrites that a second phase
of Laxfordian deformation is shown as the i1o0ldiny of the schistosity
in an almost chevron style. This folding is with coded Dg as it folds

an earlier Laxfordian foliation.

As the sheavine is dextral (with a minor sinistral conjugate)
and not associated with a feliation that contains quartz it does not
appear to be linked with the Df deforiation found to the north, Its
movement direction (dextral with north side down vertical movement ) is
gsimilar to the movement associated with De deformation foind to the
north of Scourie Bay, where there has also been the development of
strong pre-dyke vertical structures (? Inverian). Deformation of the
dvkes of this area is therefore assigned to the first Laxfordian

deformation, De.

Area around Gruinard Bay

The area investigated lies to the south of the Gruinard River
and includes the northernmost 1limit of the Laxfordian effects on the

rocks of the Southern Zone. 1t has been recently described by Crane

(1973).

Pre-Dyke History

The country rock to the dykes is rarely banded nor does it



show a ~oon penetrative foliation. 'Aenoliths' of banded imelsses

are occasionally found in the host smeiswes which are generally
sranitic, or granodioritic rocks. A pre-ayke metamorphism has
produced agmatities from these rocks and masses of basic rock (now
hornblende-plasioclase-biotite schi~ts) to produce a coarse two- feldspar,
biotite guartz neosome ana an amphibole (hornblende) rich palaeosome,
This process has led to tne proauction of large tracts of outcrop of
rock wnicn is mainly feldsvar and quartz in wnich there are innumerable
rounded pods of basic (hornblende) material. Crane (197%) shows that

this rock has a folded outcrop nattern.

Within the area investigated, besides the locally preserved
banded gneis-es, foliations in the gneisses are almost non-existent
except for a sparselv developed penetrative foliation which postdates
their asmatization ori;in., This area provides a "control" in asgsessing

the extent to which the pre-dyke foliations controlled intrusion,

Little or none of the rocks of this area have escaped
metamorvhism during the Laxfordisn episodes, as all the dykes now
possess a metamorphic mineralogy and texture. In this respect they
clogsely resemble the dykes found in the central zone, and especially
in the area from Loch Poll to Scourie and around Lochinver,

bespite their metamorphosed nature relict
textures in some cases are well enough preserved to compare the dyke
types with those of the central zone. Three dyke types have been
recognised.,

1) Meta-rabbros (coarse grained relict textures, green in colour)

2)  lieta-dolerites (fine grained relict textures, black to greenish

black in colour, often with phenochrysts)

3)  Actinolite-chlorite rocks(seldom foliated)



60

The zoe velationghins botween dyke types are as tfollows:

1) Actinolite-chlorite rock (the 'Green! dvkes of the GGeolorical
Survey) trend Ni-SE to bNW-iSE,

2) (Or pre~1) 'arls' meta~abbro. Wha'ﬁq*]v‘mefa—gabhro is
indistinwighable in tne field from the later meta-gsabbro but
ig seen to be cut by it.

3) heta-dolerite, trend in two gets NW~SB and N =SSk, (Cuts Tearly!
rabbro)

4) 'Late'-meta sabbro strike NW-Sk, (Cutu dolerite)

The actinclite-chlorite dykes are noorly exposed due to their
sof't nature. HMapping shovs that ther are variable in width, ranging
2 metres to over 50 metres, and in trend, althouch individual intrusions
maintain their width and trend. Variations in grain size, i.e. chilling,
or mineralogy have not been seen due to their poor exposure and intensive

recrystallization,

The fine grained dolerite dykes vary greatly in width from 1
metre to over 50 metres and outcron in a conjusonte set, which apparently
are not mutually cross-cutting. Those which trend NW-SE (parallel to
the outcrop of the meta-gabbros) are wider than those which trend
NNW-SS&, ‘They may or mav not contain rhenocrysts, 1n many cases they
form the outermost part of a multiple or composite dyke, the inner

part being formed by the later meta-gabbros,

At Torr Norr (NG 9565 9130), Can Na Criche (NG 9555 9047) and
at NG 9770 8757 members of the dolerite set of dykes are found in
contact with gneisses on only one side of a gabbro intrusion. The
contact between the meta-dolerite and the later meta-gabbro are often

transitional whereas these dvkes have chilles margins against the

earlier meta-gabbros.
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AT Can Ha Criche a 1Zm wide intrusion of meta-dolerite
(phenoewystic) i1 in contaet with the south side ol a 40 metre meta-
gabvro. Ihe contact is grausational, tne dolerite beconing richer in
feldsovar phenocryvsts, but can be deferminea to fall within a metre
wide zone. Becauge of this asvrmairical relationship, it is congidered
that dolevité intrusion was much wider and that the gsabbroic material
has 'divested' a provortion of the dolerite intrusion, i.e., at least
the northern contact. Fi:o. 11.5!,(NG Q770 8757% shows a meta-dolerite
oceunnving the eastern marcinal zorne to a mmltinle dyke, of earlyv and
late eabbro, and its contact relationshin shows that it has intruded
into the 'early' gabbro and that a second intrusion of gabbroic material
("late! @abbro) has stoped off dolerite and cabbro to leave such a
complex outcrop. 1t must be i1ointed out that the dolerite chills
asymmetrically asainst the enclosing gneiss and early meta-gabbro,
being coarser against the gabbro. Thus the gabbro was still a heat

gource at the time of intrusion of the dolerite,.

These dolerite dykes are fine grained containing only few
smzll phenocrysts of feldspar, if any, at their margins and show a
slicht increase in crain gize and in phé%cryst content to their centres.,
Only at Can lNa Criche has their grain size and appearance approached

that of the meta-gabbros.

Xenoliths have not been found and this together with other
evidence sugrests thet intrusion was dilatational into a conjugate
set of fractures, the NNE-SSW set being more numerous but the NW-SE
set containing the greater volume per dyke of doleritic material,
This suggests that the availability of previously formed fracture
planes was balanced against the prevailing stress system acting on

intrusion, i.e. NW-SE vertical tractures lying nearer to the OiOé

plane although being less common. The meta-dolerite~gneiss contacts
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wvere used for the infrusion of the later gabbroic moterial and the
outcron nattern at Can la Criche suggests that this was not long

after consolidation of the margins of the larger dolerite dykes.

Once zgain the larger and more common gabbroir dykes offer
more inform~tion for study,al housh the 'early' and 'late' meta-gabbros

cannot be distinruiched in the field.

They are very wide, often 85 metres or more, have straisht parallel
contacts that are steep (vertical or dippin~ 700 - 80O to the SV or NE)
and may be in contact with meta-dolerites to form multiple dykes. The
'1ate! meta-gabbros cut across meta-dolerites and the 'early! meta-

zakbror.

Pew irreqularities of contacts have been observed. One dyke,
at NG 9760 8785 divides into thrce branches to leave two lenses of
enclosed gneiss. One of these lenses is cut by innumerable small
dyldets that trend llAON’and are made up of fine grained gabhbroic
materizl. Their average width is anproximately 5 cm and thirty have
boen counted cutting an outcrop only 3 metres wide. Their 114°N trend
is parallel to the wider mefa-dolerites suggesting that between the
time of intrusion of the meta-dolerites and the 'late'’ meta-gabbros,
the priority between the two intrusion planes, i.e. NW-SE and NNE-3SW,

has been reversed.

100 metres south of this outcron, see Pig. II.31 the gneiss/
meta—dolerite/gabbro (later) relationships show that a degree of stoping
of the meta-dolerite must have taken place by the late gabbroic intrusion.
Perhans a degree of stoning may be characteristic of the late gabbroic

intrusions.
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bandins could have been produced.

All the dykes of the Gruinard River area have been completely
recrystallized durin~ metamorrhism but also they all consnpicuously
lack any degree of foliation. Thus it can be assumed that the
Laxfordian episode was escentially a metamorphic, non deformational

event in near hydrostatic vressure conditions.



Yrom Loc! Maree to Gairloch

Pre-Twke History.

Areas investicated in this region of the mainland ave those

around Loch Tollie (IIG 840 785), Creag Fhor Thollaid (NG 86 77) ana

Sithean Hor (NG 812 71¢)., The pre-dvke historv of each of these arcas

is far from obvious.

Loch Tollie

The structure of the Loch Tollie areu has been described by

Clourh (190?9 and Park (1970b). 4% Loch Tollie the gneiss banding

and the dykes form a non-cylindrical antiform which dies out to the

south east. Tark considers two models to exnlain the geometry of the
o) Ve . Lt

dykes. In the first, the gently dipring dykes of the central part of

the antiform a»e interpreted as having been partly dra~ged and partly
flattened into their present position.
is envisaged as taking place when the banding was already in a sub-
horizontal orientation and that magma followed low lying bands and cut
acrosg them vertically to climb the south in a step-wise fashion.

fubsequently (Par: & Creswell, 1972, 1973) the sccond model was
nreferred.

Pre-dyke deformations of the gneirses of the Tollie Antiform
are those to produce intrafolial isoclines (Db) and the tight folding

of bandin~ and Fb folds (Dec). Both ¥c and Fb axial planes are now
shallowvly dipping to the North East. These correspond to D2 and D3

of Parl: (opcit.)

Creag Mhor Thollaidh (NG 86 77)
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In the second the dyke intrusion

/This area is described by Clouth (1907), Park (1970b) and referreq

to by Park and Cresswell (1972, 1973) as showing special dyke intrusion
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relationshine to vre-drke deformation structures.

It consicts of an inolated fault bounded block of hirh ground to
the north east of Loch Tollie. Becausze of this and its complex history

it cannot be directly related to the surrounding areas.

The gneisses are generally acid and show varying degrees of
banding vith their main mineral constituents being quartz, vlagioclase
and hornblende. Large masses of basic material, now hornblende rich
with minor vlagioclase, biotite and aquartz, are also found. These
large masses form part of the pre-dvke gneiss complex, some are nmassive
and ammatized by quartz-plagioclase veins, whilst others have been
foliated, folded and boundinnged. The orisin of these bodies is not
obvious, but in all cases they are diacordant to the gneiss banding and

revresent a phase of Scourian basic intrusion that was at latest pre-Dc.

The dominant structure of this area prior to the intrusion of the
'Scourie Dykes! appears to have been a NNW-SSE strikines foliation in the
gneisces divping steeply to the east. This foliation containsg isoclines,
(Fb), that refold earlier isoclines (Fa?). Vhere the later folding, Fb,
has not affected the rocks relict areas of gneisses with Sa foliation

are seen. The present orientation of Sa is E-V and steerly dippins.

The E-/ striking Sa and the NNW-SSE striking Sb déscribe large geniculate

folds.
Fa corresponds to ¥, and Fb to F, of Park (1970b).

Superimposed on these folded gneisses is a fold phase of high
intensity folds, (Fc), that is locally developed. This folding produces
areas of intensely plicated rocks with a penetrative foliation that

strikes WNW-ESE and dips to the south.
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Da, v have only foluee an earlier  neissosity but De ha-o
~rorneed n new foliation, Se. fe provably corresponds to D5 of Park
(1970}. Similar stroctures were described by Crane (1973) in the area
adirectly north weut of Creas rhor Trollaidh and are assirmea to the

Inverian,

Sithean Mor (NG 812 71P) M™ia nrez rompriges folded acid smeisses
and amthibolite schists that strike NwW-Si anu dip steeply to the north
east, The gschists are considered by Frark (1964) to nave been basic
lavas or intmmsives. Both rock tyves are ticht to isoclinally folded,
and with fold amplitudes of c. 15m. The acid rocks are poorly banded

and contain few basic bands.

Tnese folds that are cut by members of the 'Scourie Dyke!
suite and are considered by Park (19700, 1973) to be of Inverian (Tﬂl)
age, ‘The stvle of folding and the local development of a new foliation
of this deformation is gimilar to the De structures of Creag Mhor

Thollaidh and the Tollie antiform.

he dykes and their deformetion in the area from Loch Maree to Sithean Mor

Within this area the main dyke lithologies known from other

areas can be recommised, but ecrosu cutting relationships between the

dvke types have not been found,

The types distingiished are 'normal' (meta) gabbro which are

biotite rich at Loch Pollie, banded (meta) sabbro, 'sreern' actinolite .
- 9 2 o

dvkes, (meta) dolerite and banded ultra-basic dykes which are similar
to the banded picrites. The dolerites are black, fine grained and

include the scapclite rich dyvkes at Creag Fhor Thollaidh.
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Mries o1 Crear ho~ Thollaiohk

The ¢y g of Crear lhor "hollaidh (see Pir. 11.329 are gererally
digcordunt to t.e gm~oiscosity or schistosity but minor control of
intmgior hy pre-existine foliaztions evists, ec.r., Mg, 11,3%2b  The
intrusion fissuwer apprer to have been mostly joints, e.gz., Mo 11.3%32h, 4,
and teults, for the dykes ofter rar heundaries between areas of dirfer'rg

structnrnl historics Intrusion is tnought to have been dilatational,

‘t'he ~mn11 intrusions that a:c found in the N.w.-3.W. zone
do not aimmiticontly differ in their relationships with the gneisses.
L. 0 . . . . .
They a-e dizcordant by 207 ond show only minor use of vneisrosity

rlanes for intrusion, sec Fig., 11.32c.
: ? o

The rmeigges within thic belt are not noticeably diiferent
to those nearby, excent that metamorphic cryntallization has been
grammlitic  in nature and post-dates a vhase of deformation thet has
deformed and hovdins med the nre—cyvke aomatized hogic bodies. Roth the
pasites and the dykes have been recrystallized anu now possess granulitic

textures that may describe a faint foliation. As this phase has affected

the dykes it must be of Laxfordian ave. "The foliation produced in

the d kes ig parallel to the dyke-gneiss contacts but the already foliated

hagic bodies have become hishly plicated, 7The folds are chevron in

stvle ard have vertical axiel surfaces that strike N.&.-S.W. The dyke

foliations are parallel to the contacts which lie in the unusual N.h.-S5.W.

trend.

Park (1970) consgideraed that the N.h.-S.W. zone existed prior

to dyke intrusion since there was no evidence of rotation of the
pre-dyke foliation. FHowever the writer believes that the presence of

anomalous W.K.-S.W. trending dykes and dyke foliation, together with

the gradual loss of this foliation as the trend changes to N.W.-S.E.,
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indicates that the change in trend is due to vost-dyke deformation.

The ovtcron nathern of the dvkes, cneisses and basic bodies
can be exunlained by Laxfordian simple shear along a N.E.-5.W,
trending zone, The sense of movement is dextral, which is shown by
the deflection of trend going tfrom N.W.-S.E. at Tollie Farm to
N.ke—5.W. and back to W.W.-S.li. on Creasr knor Thollaidh. This zone
is assi mned to the first post-dvke deformction of this area, De and

ante-dztes two other deformations.

The movement direction (a) of this shear has been calculated
to plunge by 700 to O7OON in a plane striking OZBON dipping 770 to
S.1. using the variation of LC in this zone (ﬁamsay 1966). There
in a laree vertical commonert, as shovm by the rluncse being steep in
the shear, snl the sense of movement of down to the south-east is
shown by the change in the south plunging antiform between Sc and Sb
which has been 'opened' vy the movement within the shear zone.
Metamorphism continued after the De deformation to produce the

metamorrhic ascemblarses found in all the dyke rocks and the recrystalli-

zaotion of the gneisses of the N.w.-5.W. shear zone,

Later metamorphism and deformation occurred together. The
fold phase ¥g characteristically produced a cuartz lineation parallel
to fold axeg and is esvecially noticeable in the De deformation zone,
The folds are concentric in astyle and often cuspate at dyke-gneiss
contact indicating that the dyke was more competent. Occasionally an
axial planar foliation has been develoved., These Fg folds are found
on a1l scale<e, nlunge to the HK.S.BE. by 600 and have near vertical axial

planes. They correspond to ¥, of Park 1970b, i.e., the second

4
Laxfordian deformation, LD2 (Park 1973).

earip o




Jhe shallow rorih—ezst dinping orientation of the gneisses
and dykes, due to Df, seen in the gouth-westi corner of Mig. 11.3%2
provide a link between Creag PFhor Tnollaidh and the Tollie Antiform
across the 4111t an Leth-chraico (ush Belt (between NG 860 776 and

NG 862 771).

Twvkea of the ‘Y'ollie Antiform

&

#ithin the "ollie Antiform the dykes commonly possess a strong

foliztion. The smeisses record at least two pre-uvke phases of

foldain~ {(#h & Fe) and now the dykes,?p folds and Sc in the gsneisses

92

now lie with a ghallow north-easterly din 2+ lochk '"ollie,

Lykes are venerally seen to be discordant to the flat lying

fnei eaes (Rec M-, 11,32), Thov are thin, their width beine now less

than 10m and are less frequent in the south-west part of the fold,

70

The ovrrall parallelism of the dykes to S3 (Sc), thickness and branching

was interpreted by Fark and Cresswell (1972, 1975) to be due to
struetural control by the pre-existing foliation., Although a degree
of control has been exercised by Sc foliation on the intrusion of the
dykes, the mechanism of intmmgion was sirilar to that proposed for
other areas discussed, i.e., dilatational emplacement along fractures

that are not necessarily narallel fo the SC foliation,

The dykes now possess a granulitic metamorphic texture that
is typicelly rich in biotite grains that lie parallel to any foliation
pregent. ''he dyke rorks are not alway: foliated but where found the
foliation is generally found at and parallel to the contacts. However,
the foliation may run asymptotically to the contact from further in

in the dyke where it is nearly horizontal. See Fig. 11.34 A,B,C.

Both marginal and central foliations contain a lineation that
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plunses at low an les to the south east,

“his sub-horizontal feliation is thousht to take up the ;
orientation of maximum shear vhile the marcinal foliation showse the
efect of flexural glip alons the plane of compcotence difference of
the meiss dyke intersurface, The foli=ation 1s vot Associsted with
ary deflection of +he eraigacsite, svecaatine that, at the pressure

and temverature conditions prevailine during deformation, the grneisses

were relatively risid,.

The deflection of the ovke foliation up to the dyke-gneiss
contact (Fig. 11.54> sug.cests that flexural slip was due to the upper

surfaces of the dykes movine to the south or west relative to the

lowver surfaces.

1t is this deformation that may have led to the limited
formation of early Laxfordian folds, for minor recumbent folding of
dyire--neiass contacts are seen. 1t is believed tuat the deformation

associated with the develonment of thig foliation had the overall

effect of deforming vertical dykes and cmeiss foliations into a é
general moderately north-east dippine attitude (see Fig. 11.35) and
causing attenuation. This is as proposed in the first model of

Park 1970b.

If this interpretation is correct, this phase of low angle
gshearing is comparanle with the De phase of the northern part of the

central zone, but is geometrically the mirror image of it. For here

deformation has been 'up and over' to the south on northerly dipping

planes compared to 'up and over' to the north on southerly dipping |
planes in the central zone. By reference to Park (1970b - plate 20) t
the area affected by the deformation Df is shown in Pig. Ii.35. ’E

(Df corresponus to D, of Park (1970v)).

5
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A later vhase of foldin, affects the dykes and gneisses
prooucing the structure of the Tollie Antiform. These F  folds are
noncentric, see Wis, 14,34d, and have axes and an associated quartz
lineation that plunze to the south east. The intensity of this
foldins increases in a sonth west direction until the cneisses and
dvikea are deformed into a steenlv dipping attitude that strikes

N.,We-S.E. and forms the southwest limb of the Tollie Antiform.

The dvkes here are lineated to such an extent that the new
foliation nmarked by rotated biotites and recrystallized quartz occelli
ig suborainate., This excellent lineation is aue to the intersection

between Sf and 3¢ ana is of variable intensity over the whole of the

Tollie Antiform.

It is nossible that the change in Lg lineation (L4 of Park)
plunge value ana direction of the grieisses at Meal Airich Mhic Criadh
(nc 832 774), (Prrk 1970b, ¥is. 8) maris the limit of the effect of

Dg on Df deformed gneisses.

Fig. 11,35 shows 2 structural interpretation of the Creag
hor Thollaidh and Loch Tollie areas in terms of a gently dipping
Laxfordian shear zone affecting orisrinally steep dykes and pre-dyke
sneisses. his interpretation is similar to that of the first model

of Park 1970b ani is preferred to Fark's second model of his 1970

paper and the papers of Park and Crecswell (1972, 1973).

The Dz deformation is concentrated in the south west limb
of the antiform. The structurally lowest part of the antiform near
the shore of Loch Tollie shows a steep pre-dyke foliation which has
not been so severelw affected by the sub-horizontal foliation as the

structurally hicher zones. This sugpests that the zone of D deformation
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is limited downards as shown in ¥ir, 17,45, The vpver 1imit of the

zon~ io geer in the sovth of Oren:s Vhor Thollaidh, i

Port D everts incluce the intrasion of sranite sheets and
perme tites ant theilr boudinaze, The retrorression of netamorphic

agsemblaces of e and 10 toolr mnlace durine D,

Yikes of Sithesn “or (@7 810 716)

This ares has been previouslr described by Cloust 1907 and
Park 1964. ‘the ovkes of this are are very closely spaced and occur
in the %i:h@st concentration gren on the moinland. Within the 250m
gection inves*izated ei~ht sera-2te bodies were found which represented %
about 50. of the outcror. 4All the dykes are vertical, strike N.W.-S.E.
are discordant and possess metamorvhic mineral assemblares. They
have been intruded by dilatation into highly shrared and folded gneisses

ard basic bodies that dip to the north east anc are now in amphibolite

facies. The 3*vle of foldin:~ sugrests that the imeisses have passed

throush deiormation DC.

Althoush all the dykes now have metamorphic asserblages,

deformation has only been pervanive in the southernmost intrusions,
The northernmost dyke has a milo contact parallel folisation and contains
a few isolated narrow, dextral shears of low X;distance profiles. The

boundaries of these shears have a north easterly trend and contain

gchistose rock, the schistosity strikins north south. The schistosity

possesses a lineation that plunges to the south by 700. Going south-

westwards the effect of the mar~inal, more homozeneous shearing increases

and affects more of the width of the dykes so at a position south-west

of Sithean lior the dyvkes are foliated across their whole width.

in one of thesge intrusions that still shows its sharp and

blocky discordant contacts, the homoreneous deformation of the gabbroic
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material bhas teren place in two different wavs., At the north contoct
deforration hag nroduced a foliztiorn that is parallel to the contact
and decreaces in intensity towsris the couth. This foliation affects
about three quarters of the dvxe width, However the foliation at the
sonthern contact is 2lgo narallel to thet contact but slowly changes
ita orientation until it sfrikes north south and dips to the east,

The gvin+ of thiz folistion is thus sinistral to the contact. 'Ihis
ralationship is sirilar to that found at Achmelvich Bay, but there the
different tyres of aeformation were iound ardjacent to one another on
both sides of the intrusior, and the asymptotic foliation was confined
to geparate wones of gimple shear. Fartly because of this and the
micraaronic anpearance of the asvmntotic penetrative foliations from
other areas, the folizations on the south side of this dyke at Sithean

Fohr probably had 2 strain-slip mechanism of origin.

The general increase in deformation going south across this
small area begins to aifect the gneisses anu tends to leave both the
dvke margins and the meissosity dipping to the north-east. 'The relative
amounts of vertical and howrizontial movements associatea with the
reorientation of the dykes and ‘meisses cannot be estimated, but the
horizonital sense was sinistral while the variation in dip values for
the ¢neissosity sugcest that the north eant side may have moved down

relative to the south west side,

Evidence for more than one phase of post dyke deformation is

not seen.

The metamorrhism of the dykes appears to be contemporaneous
with the deformation but may have continued after the deformation had

ceased, causing slight plagioclase blastesis.

«H<
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The aron aroun. Loch Torricon

Lliembers ol the "Sconrie dyke" suite have been studied between
in Puadh Mheallan (NG 8%6 615, and Loch Torridon and south of Loch
Porridon at snieldais (3G 820 540). 'the reolovy of the whole of
this arca was described by Clousti (in Peach et al 1907) sutton
(in sutton and Watson (1951)) and more recently the northern part, from

An Ruadh lieallan to Loch Worridon, by Cresswell (1969, 1972, 1973).

The Fre-Lyvke listorv

Cresswel] (1972) distincuishes five episodes of pre-dyke

deformotion which affected massive quartzo-feldspathic gneisses,

basic and ultra basic gneisses. Large areas of the gneisses are made
up of agmatized basic and acidic bodies that still show an oripginal
banding. The rocks oi shieldai.: are very similar, but may be very
pink in colour due to potassic feldspar phenoblasts of Laxfordian

origin.

The most extensive deformation took place immediately prior
to dayke intrusion, end produced steep n.5.E.-W.N.W. zones of shearing
that refold isoclinal folds and produce belts of strongly foliated
and banded gneisses. This deformation phase is referred to here as
DC and corresponds to 'D4 of Cresswell. Ths SC foliations strike

E.S.E.~W.N.W. and dip to the E.N.H. by about 60°. They are often cut

by dykes that are not deformed. The prece ding deformation Db
(D3 of Cresswell) produced folds with an associated axial planar
foliation that now has a M.H.-3.W. trend. This folding affected rocks

that now trend N.W.-S.i. and contain intrafolial folds produced during

D_ (D2 of Cresswell).

At Shieldaic the pre-dyke structures arefar from obvionus
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hreonier of the strons laviordian roworkine, However evidence does
point to this aren havin: been made up of homorencous acid rmeisses
and a mwatites which onlyv vossess a faint foliation., ‘The ettitude of
thig toliation is mocerately steeplv dinnine~ to the W.He, similar to

5 mnorth of lLoch “orridon, or near vertical and strikins kK-W, similar

+o S‘ nortih of the loch.
5l

o evidence for rost-Dg »re-dvkr~ dnformation have been
reco nized in the areas investigatea, Howcver Cresswell (1972)
describes a phanse of foldirg late in the pre-dyke historv (D5) at

ieall nan'airde (G 790 590), which throws rmeis

>

9]

es into a moderately

shellowly M. I dipping attitude.

Dyker Helations

Due to the intense Laxfordian motamorphism of this area very
1ittle s known of the original mincralogyv of the dykes. However, they
can be subdivided into the following groups which are listed in their
order of intrusion: i)  eabbroic dvkes

ii) doleritic dykes
and iii) 'oreen' dvkes.
(A number of ultrabasic dykes (meta-picrite) and late dykes, (probably

Tertiary) have been found.)

The order of intrusion is the same as set up by Cresswell
(1969) who coded the dykes TD (rabbroic types), TB (doleritic types)

and TU ('green' types).

The Gabbrd.c Dvkes

The Gabbros are found over all the area and have a N.W.-S.E.

trend irrespective of how much Laxfordian deformation they have
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sufferer, “hey arc found urnto about Tum wide, but dykes of this
thickness are coniined to areas of low Laxfordian deformation,
suocagting that deforration was involved in shortering in a N.E.-S.W.
direction., "The outcrop tiickness of most dykes is about 20m, but

at Shieldais where they are hi M1y deformed, the majority are onlv abont
2m wide, Also 2t Shieldaig there is a larce fault bounded block of
metamornhosed and foliated sabbro that if it was derived from a
NeWo=5S.w. trending body, must have been over 150m wide. The complex

nature of the intrusion of the rabbros can be seen in all marts of

the area, althoush locallv relationships may be mocified or obliterated,

Where undeformed, or only mildly deformed, cabbro/;meiss
contacts are sharp, planar and often blocky (see Figs. 1I1.36 and 11.37)
and may show strong evidence of dilational intrusion along brittle

fractures, fanlts and jointe (see Fig. 11.36).

Where ipmeous textures are preserved they show an ophitic
texture. However, completely undeformed contacts are only rarely
exposed but show a narrow (c.lem) extremely fine grained chilled margin
that grades almost instantly inte 'normal', albeit fine grained,
gabbroic rock. Within the gabbroic dykes, rapid variation in grain
gize or composition is not common., ‘he grain size, after a rapid
increase, [rom the margin shows only a slow increase to the centre

which only becomes obvious when hand specimens are compared.

Tn one section of the dyke at Loch na Beiste (NG 812 584) a
variation in the feldspar content describes a faint vertical banding,
but this is impersistent. 1n the same intrusion at NG 8138 5832 there
is a 12cm wide band devoid of feldspar that can be traced for a distance
of over 2m parallel to the contact. This band does not have sharp
contacts with the surrounding gabbroic material and may indicate a

temporary change in magma composition rather than a later intrusion phase,
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1t is obvious from the insvrection of the geological map of
the area north of Loch Yorridon that there is a concentration of the

number of dykes nrecent in areas where the smeisses have suffered

b, deform+inn, "hege areas ilank blocks that show only earlier

deforration and wheve the rumber of dykes present are fewer. Park and

Cresswell (1972 and 1975) sugoest that the well developed N.W.-S.i.

foliation produced during 34 (here called Do) took a controlling role

over the intrusion of the suite of dykes to cause the formation of sills,

Detailed examination of a number ol uykes at the edges of belts of De

deformation coniirms Park and Cresswell's observatior that the dvkes
N

outerop parallel to the H,W.=5.1. SC foliation and can invariably be

seen to cut end tnerefore post date it. 'The brancrning dyke at Loch na
h'limhais (MG 826 61c) is describea by Fark and Cresswell (1973, fig. 4).

This dyke complex shows branches broadly parsllel in strike to

the Sc gneisses but dip in the ovpesite direction, see Fig., 11,36.
This example and that at Loch na Beiste (Fig. TI.37) sugrests that

althoush the zones of DC deformntion aprear to have controlled the

availability of maema, the intrusions have filled a set of joints or

faults that cut the Sp foliatioi,

-

The Dolerite Dyvkes

Many of the gabbroic .dykes have been intruded by firer crained

dolerite dvkes. These are found with sharp contacts against the gabbros

and show signs of having chilled against them., Their contacts are often
straizht but may show irrecularities that can be matched from one side

to the other. Althou=: often =een less than a metre wide they may be

upto 30m across.

At NG 829 603 dolerite magma has cut into a gabbro dyke to form

a multiple intrusion end has cut out -part of the gabbro in order to use

the gabbro/gneiss contact. Such multiple dvkes have the dolerites

trending in the same direction as the gabbros. However, where found



irodated, Thar par hove & movs WOV WL~ WS trend And apnear to be

mueh arroern,  Irntricion of the delerites wo s nrobadly dilatational,
ety 0o e, 56,

v'vi].h}?» .'_";_71("9"?_ ke avo nnt common it ave acen et ine membors of
the cabros snd o menpor Al the dol erites ot Loch a'libullaich

(NG 8090 5985) and wenl} Cenm nn Creirze (G 8040 5955) resvectively,
AneTe exposed the confacts to thesn aykes are sirad cht and flat and
ave conere]lv ciscorcant to the meicsnaitr,  Aenin the countrv ro-~kn
on opnoaite sides mav show different stmiectural nistories, indicating
intrusion alons faults. “he crometrical velationsihip between a 'oreen!
dvke and the dolerite dvke at leall Ceann na Cveise, Fir, 171,38

camnt he evralpined by dilototional intmsion alone but miet he due
to intrusion alone a fonlt thot diasvlaced the dolerite and sneisses
nriomw to the dintrosion of fthe 'ereen' dvke., This shows thet faultine
continued during the emplacement of the 'Secourie et muite.  (hean

dykes are fovnd nn to o, 50m wide ana have NotloWam3.5.1. outerov

rend and are only found to the sonth~west of Loeh Diabaic
" i iHe

Deformation of iykes

the dvkes that ocenr to the canthevest of a line from Meall
Ceann nn Creice o Loch n» Beiste show relationships between the gneiss
foliation and intrusion contacts that are onen to two interrretations,
The exnosnres from Shielani to kerll alChoive Bmidhe (KG 819 548)
show thr vroblem well, 1In 600 meotres twenty thin dvkes cron out and all
strike M.W-3.5. "hev ore Teas +hon fm wide, are strongly sheared
narallel to their maraing and have near concordant conteetn with
gtronely shearal ohallowlw (3()0‘; north-east dinmine meisses.

However, where the rmeisses are not sheared the dvkes are relatively

undeforred and much wider (15m to 30m). Thev are also discordant.
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The rsrount of defowmation shown in the meisses is variable, and
where the (meisses are stronlv sheared a thin dvke is sure to be
foun: and for wost of the 600 metres no uvke:s have beern found in

undeforned rmeigsaes.

Inhomo~eneity is shown not only by some areas having been
unaffected but also by the strains havinge been concentrated in areas
that contained lithological inhomogeneities, i.e. areas containing
dykes. .cl the Laxfordian in the Canisp Shear Belt)., Uhis exnlains
why the zones o the stroncest foliations are found around well

foliated thin dykes.

It could be arqued that the bulk of the deformation (of the
eneisses) was vre-dyke (54, folded by Py after Cresswell) and that
the intrusion of basic magma vroduced sills parallel to the well
developed foliation Sc’ where the fissility of the foliation would
channel the magma into many thin sheets. NMaterial intruded into areas
of low Dc would therefore be discordant, wider and steeper. Following
this the effect of the Laxfordian reworkine would be concentrated in
the sills and would have little effect on the gneisses, c.f.Cresswell

1972, Park and Cresswell 1972, 1973,

The second possible interpretation is that near vertical

dykes with a N.W.-S.E. trend and of similar width (15~30m) were
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intruded into areas that may or may not have had a steep Sc orientation.

Since the lLaxfordian deformation was inhomogeneous it might have
foliated the dykes and gneisses alike with the deformation being
initiated at the dykes. During the shearing’or afterwards, the rocks
that had been foliated were then rotated to dip to the north east.

This is essentially the model used by Sutton & Watson 1951,

If the second interpretation is correct the strong shallowly
dipping foliations would be of essentially Laxfordian age and the

present concordance, or near concordance, would be due to Laxfordian
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deformation.

some suidance may bhe had from comparing the two sets of
strain indicators in this section, the dykes % basgic poas found in
the gneisses. 'The dykes, where nearlv concordant with the shallowly
dippin:« smeisses, are hiehlv sheared and have planar non-blocky
contacts that div at low ancles to the north east, Outside the
zone of sheared shallowly dippings smeisses the contacts are near

verticnl, discordrnt and blocky and +he dyvkes are hnrdlv foliated,

Within the sneisses the basic pods vary in shape. In the
relatively vndeformed -meisces they are near spherical but in the
sheared ghallowly dinnins meicnea thew gpe flattened, By assuming a
perfenrt spherical shane to these nods and no volume change, an
eastimate of the amount of shorterins in the hovizontal plane in a
N.it.=5.W. direction may be calculated and compared to the thicknesses
of adjacent dykes. This showa that, if the shearing of the rmeisces
post-dated the dvke intrusion and if the strain was ol equal magnitude

for the dykes and pod containing ‘meisses, the ori~inal widths of the

dykes would have been comparable.

The pod shaves are oblate ellipsoids that have their long
axes plunging to 060°H bv c.AOO, which is parallel to the lineation

on the scnistosity planes of the dykes.

There would therefore seem to be a ca~e for regarding those
intrusive sheefs that have a shallow dip to the north east as being
rotated and thinned by a Laxfordian deformation. Furthermore, the
variation in gneiss and dvke orientation between Shieldaig and Loch
nam Beiste could be explained by shallow north east dipping zones of

Laxfordian shearing.
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The deforration of the avkes has been extremely heteroceneous
over the whole of the area under consideration, but as a genersl rule
the amount of dvke deformation and the extent to which a schistosity

has heen formed in the dvkes increaces to the sonth,

As elgewhere. th~ moat-dvie deformations can be subdivided
into the phases, De, Df, Dﬁ ctceey, by their effect on previecils strmetures.
T™e first rhase, ﬁe, that affects the dvkes is characterized by the
production of & contact parallel foliation. The width of dyke that
shows this foliation varies within a given small area from zero to
two metres or more in areas of 'low' deformation to the north of Loch

Diabaig. As a zeneral rule the width affected increases southwards

and is esvecially wide in areas of strong D, (pre-dyke) deformation.

The foliation trends are NeW=5.h. and dip steenly, generally
to the north east. The orientation of the contacts has had great
control on the production of these foliations, for in many areas
they faithfully follow irresular and rectangular contacts. This is
shown well in the dykes at Loch nam Beiste where an isolated (although
possibly attached) rectangular block of gneiss has a contact parallel

foliation on all sides.

In areas of strong De deformation and in wide dykes thisg
foliation may run asymptotically to the margin from a more BE..E.-W.S.W,
direction and this indicates that the foliation was probably produced
by a dextral movement., This is shown well in the tgreen' dyke to the
south of Loch Diabaig at NG 8090 5963, where a foliation has been

produced across the whole width of this 'soft' body.

The production of this contact foliation may or may not be
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asgocisted with an equivalent deformation in the gneisses, In some
areas, e.o. Shieldris, the rmeisses mav have suffered deformation
equivalent to that shown in the aykes, but in other areas, e.g. Meall
Ceann na Creive, the foliation in the oykes may be widespread while
the gneisses at the contacts of the dvkes are unaffected. The
reagons for this are not obvious but may be related to the total
strain experienced in one area, tor areas showing low total strain

the defo:mation seems to be concentrated in the dykes,

in many relatively undeformed dykes a contact foliation mav
be vreaent torether with parallel narrow shear zones. These have a
N.W.-5.8. strike and have a steeply north-east dipping or vertical
orientation showing dextral or vertical movement., 1n such cases the
contact foliation zone is narrowand has not developed sufficiently to

be asvmptotic.

the boundary between the gneisses and the dyke rocks has
initiated the production of foliations but dyke/dyke, Celey

gabbro/dolerite, contacts have remained passive.

As already stated the produvction of this foliation has been
variable throughout the area. Within smaller areas the deformation
has also been extremely variable. For instance the north-western-
most branch of the dvke complex shown in Fig, 1T.36 is highly foliated,

£

whereas the southern branches are not.

Zones of Do shearing, which produce rocks having foliations
that strike N.W-S.HE. and dip at high angles to the N.E. are often
found in, although not exclusivelw confined to, areas that have
undergone the pre-dyke deformation Dc. Dc deformation also produced
sheared gneisses of a similar orientation. It would therefore

appear that the D, deformation phase was primarily concerned with
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either the nctivation oi the divke naroins or the reactivation of SC
foliations. However where deformation forces were strong, belts of
sherrine were develoned thot nvec net eonfired to such pre-existing
plares and cut across man~ive rmoisces and dykes alike. T"his
reletionahin in similar to that found in *ihe centre of the Canisp

Shear #elt in the laxfordian deformatinn enigsode, De, of *that area.

The reletive compononts of vertical and dextral movement
cennot be ascertnined, but individnal outcrops snerest that vertical

moverients, mossibly with north side down, have been more imnortant,

Two outcromns, at NG 8120 5841 (Fir, 11.39a) and at
NG 8270 6050 (Fig. 11.59b), show Ff folding of discordant dyke contacts,
These folds have a sub~horizontal axial surfaces and fol%?:ontact
parallel foliations, Se.fMC iolds of Fig, 1T.39b, have been folded
by a later deformatior, Do, Because of the derree that the Se foliation
follows irresularities in the dvke contacts it cannot be confidently
stnted that the folded nature of the contacts are the resilt of a

post-dyke deformation. These folds ave therefore only tentatively

assigned to a post"'Dp deform=tion vha-e, Df.

The third phase of Laxfordian deformetion, Dg’ increases
quite markedly to the south. 7he most northern position where it has
been found is just to the north of Ioentr Diabais at the locality for
Fie, I1.39h. This deformation characteristically deforms the Se
dyke foliations, the dykes and gneisses into a moderately shallowly
(0.300) north easterly dipping orientation. Where its effects are
least obvious, narrow low-lying shear zones are formed that may affect
previously undeformed dyke rock. The curving of the Ff fold shown
in Fig. 11.39b shows that the movement couprle around the Dg planes of

shearing was 'up and over' to the south.
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Goins south the effeect of Um beconmes croater and is shown

Lo

to be so in both the smeissegs and the dyvkes.

At Lieall Ceann na Creice dvkes that show a strone Se foliation
are folded br this ceformation D&, Their marsins and contact-parallel
foliationa have loc~llv been broucht into a shallowly north-east
divpins attitude to produce a set of similar folds that have axes that
plunme by 300 to O&OUN, an amplitude of ¢,30 cm and a wavelength of
c¢.40 cm. In vertical secuion the 'new' sub-horizontal and the 'old'
vertical orientation of the Se foliation describe o set of 'steps!
that climb to the south weat. 1In vertical plan they describe an 'S’

shave.

This therefore indicates a general movement of the upper

"plocs™ moving up and over towards the south (south west),

On the soutn shore ot Locn Torridon, north of Shieldaig,
ithe effect of Dy has been to foliate gneisces and dykes together to
produce a locally homogeneous shallowly dipping set of rocks. The
amount of rotation of early post dyke foliation (Se) cannot be
determined. The area between the summit of lMeall a' Choire Bhuidhe
and the road (i.e. NG 8195 5420) is thoucht to represent one zone of
intense Dg ghearins that waxes and wanes. 8y the road, dykes show
possible remnznts of De foliation that has remained in its original
orientation (strike 1200N, dip 70 to N.E.) but is cut by zones of Dg
shearing of variable width that are spaced at c.25 cm intervals. These
zones deflect, and in some cases cut off, the Se foliation to produce
asymmetrical folds that where seen are overturned to the south.

Their axes plunge by 310 to 106ON.

The sense of movement shown on this S.E.-N.W. trending
vertical outcrop, that is almost parallel to the strike of Sg’ indicates
that there was a slight component of movement displacing rocks above

the zone of Dg shearing to the north-west. All through the sequence



sinilar Tole. are seen in the (meisses ana in plan they all describe
g '/Z' shooe Wwith their loriest 1imb lyins sub-pars=1lel to 5. Tt
therefore annears that the overnll sente or horizontal movement has
been sinictral. Fola awxes ana elon;ation direction of the basic
pods in tie ;neisses all plunze to the eawt or north east. 1n some
places a well veveloped mineral elon:ation tnat resembles slicken
glideas is pressnt on tne Sz schistosity planes of tne dvkes. This
plunces down the dip oi 5o (i.e. at 30° to 40%) to the northeast

or more to the east. 1 this indicates the movement direction then

the movement has been 'up' the dip ol vg.

1

In the aykes 2Tt shieldois the Sg foliation formation is
agssocisted with the growth oi microcline and metamorphic segregation
to sive a banding. Microcline pegmatites and epidote veins are seen

cutting across rocks tnat possess a Sg foliation.

tmartz veins and folieelving parallel to the Se foliation of
a 'creen' dyke and a nearby meta-gabbro at leall Ceann na Creige,
south of Loch Diabaig, are affected by folds which are assigned to
Fh' S%, Se and the trend of the dvkes are folded by tnis phase of
deformation which appears to have taker: place under less ductile
conditions than previous phases. "The stractures produced are found

scattered over all tne area, cut across dvke/omeiss contacts and include

small scale shear zones, kink bands, concentric and chevron folds.

LEink bands have been found in a conjugate set. 'The banas of
. . . 0., 4 20 . ..
kinking strike 164 "W and 044 N, showing a sinistral and a dextral sense
of movement respectively. Ther indicate an overall extension in a
north-south direction due to east-west compression. The folding of Se
foliations, found at the same exposure as the kink bands is associated
with the folding of the dyke into an 'S' shape. The axial planes of

these folds strike 046ON and are almost vertical. Elsewhere axial
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plenes o the {olds are forna striking irom OBOON to 062°N in the
dykes and rmeisses. Thn Nh folde have wavelensoths ranging from 4 cm
to 80 cm and amvlitudes that rerce from c.l3cr to %0cm. Their fold
axes ~ercrally plungze to the north east suscerting that their axial
vlancs aip to the south eest. 7This agrees with the few cases where

the folds are exnocec well enouriy for their awyial planes to bhe measured,

These folds (#h) are best developed in highly schistose rocks,
a3 in the case elsevhere for the last folding phase of the Laxfordian
events, seem to be depencent on a boundary slip mechanism for formation,

thus exolainings why the best develoument is confined to schistose rocks.

A mile to the west, south of Baley (NG 846 545) (see Sutton and
Watson 1951 12A0) hoth smeisses and dvkas have been folded and describe
and 'S' shape, but Sutton and Watson consider these fold to post-date
the microcline blastesis and the thrusting and are therefore

thought to belong to the Dh deformation.

Cresswell (1969) sub-divided the Laxfordian into three main

-y was Tound only in a few dykes and was

phases. The first phase, Db

associated with the initial stages of metamorphism of the dykes that
proauced hornblende rims to pyroxenes and the foliation of garnets,
This deformation produced a contact parallel foliation. D7, the
second Laxfordian deformation again produced a foliation parallel to

the dyke margins, and co-axial to S but was associated with meta-

4
morphism that transformed the dykes into amphibolite schists and
caused exsolution in hornblendes. D7 occurred with the stages of
metamorphism 2, 3, 4 and 5 of Sutton and Watson (1951a). DB deformation
produced buckle folds in areas of high D7 deformation and was associated

with the retrogression of biotite to chlorite.

Subsequently Cresswell (1972) inserted an extra phase before



that was responsible for the formation of 'hot shears' oblioue or

D6
parallel to the marmoin of the dvkes in the north of the area. In

Cresswell and Parw (1973) LDl, LD2 and LD5 are used instead of D6’ D7

and D8 respectively.

From the description of the deformations mentioned above the
following observations are made. fhe 'hot shears' and S6 foliation
are thourht to have oricinated at the same time and to correspond to
Se foliations. BSBiructures similar to Df folds are not recoxrded by

Cregsswell. 1D, corresponds to Dp and D8 to D _, although some of the

7 r h

folde attributed to F% by Cresswell could be Ff folds.

that rotated S, into

5° 4

The pre-dyke folding of Cresswell, F

a shallowly Wit dioping orientation prior to concordant 'dyke' intrusion

is considered to have been post-dyke in origin (D@) and to have
[

transposed 84 and the dvke contacts into narallelism with the Sa

t

foliation produced in the dykes.
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The netrorranhic characteristics of the members of the 'Scourie
rl-et auite heve heen degeribed by Ter11l (1875), Peach ot al (1907),
suttor and datson (1957 and 1951), Bailey (1951), O'Hara (1961, 1962

- Y N - . N . Ay
Parney (1964), Dearnlew (1973), Fark and Cresswell (1975) and others,
Pive main distinet rock tynes have been recopnised and these
ere ~anobro, dolemite, norite, a 'green' actinolitic roec't and ultrabasic

picrite.
Gebbrono
S

This rock tyre is the moet common of the rock types which
together are called the 'Scovrie bykes'., The term gabbro is used to
indicate a coarse grained basie irneous rock ard to separate it from

+tre easilv distirenisghable dolerite which is of a much finer grain

gize.

When uvnmetamorpnosed these rocks may be grev, brown or green
and have an even texture where the mafic mineral grain areas may be
up to c.) mm in diameter and the areas felsic minerals may be up to

c.4 wmm in diameter (see rlate 111.1).

In hand specimen the texture is hypidiomorpnic, or more
commonly allotriomorphic. This esives the rock a characteristic

mottled ammearance which is esnecially preminent in the metamorphosed

specimens.

Since very few dykes are found unaffected by metamorphism

1ittle can be said about the variations in the petrography of these

rocks.

The minerals which form these rocks include plagioclase (of
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variable comnosition), pvroxene (both orthorhombic and monoclinic),
grcen hornblende, biotite, ore, anatite and quartz. Olivine and
kaersutite are only verv occasionally found in these rocks and the
ortro-pyvroxcene content is extremely variable. ‘'he average model
provortions of the main mineral phases are anproximatelys; nlasioclase
AOﬁ pyroxenes 455, hornblende 87, ove 5%, biotite Zf. The placioclase
and pvroxene content is extremely variable and both may range from

200 to 605,

Plarioclase Croraetals are found as isolated laths in the samples

of finer rrained marsins of the gabbroic dykes. However the laths
generally lie towether witihh random orientation to form the felsic
areas of the roc: (platelll.l). Individual crystals have a length
to breadth ratio of about 5:1, occur up to about 3.5 mm long and are
allotriomornhic or hypidiomorvhic., The smaller grains (< 0.2 mm )
show a tendency to be wore allotriomorvhic, or even idiomorphic, and
when found in the fine grained contact material they are isolated in

a mafic 'matrix' (pyroxenes and hornblende) to give an ophitic or

subophitic texture.

The plagioclase compositions generally fall between An34 to
Ank5 (andesjne-labrndorjte). The maiority are andesine. The
plagioclase invariably shows 'normal' compositional zoning of within
the range mentioned above. The centres of some of the larger crystals

have a bytownite composition. Albite, Carlsbad and pericline twinning

is ubiquitous.

Inclusions of small laths in larger plagioclase laths are
rare, Clouding of the feldspars due to thermal metamorphism has been
described by lMacGregor (1951) for members of this set of rocks.
Clouding of unmetamorphosed plagioclase crystals may occur to different

degrees within one crystal and may be concentric to any zoning present.



Inclusion of minvte pale ~reen acicular crveta s of what way be
hormblende, similar to that which grows in the last staces off
crystallization, are common ana the loncer crvstals may be alimed

rarallel to the [Uld cleavage planes.,

Yhe rimsg, whicn are of a more sodic plagioclase, are often
free of inclusiong. UThis mayv be because they are the result of
orthocumulztive growth or, alternatively, the result of late stawe
alteration which occurred at the same time as the hornblendc

crystallization.

Pvroxene sraing are generally anhedral and are found grouped together
e ———————— -

forming 2mn diameter patches. 1In the finer grained gabbros of the

mar~ine of these bodies the pyroxenes may be euhedral.

The freshest pyroxenes are augites with faint brown
pleochroic colour that are generally clouded by minute brown crystals

that z2re often aliemerd marallel to (]OU). #lsdon (1971) has recently

ascribed giwilar inclusions in pyroxeres lo iron-titanium oxides.

O'Hara (196]) sugoests that the zonins that is often found
in the nvrovenaes ig of niceonite cores to ferroaugite rims and that
+he clouding is due to the exsolution of ferropigseonite and ferro-
auszite (see Plate 111.2). Some dylkes show these pyroxene mantled by
fibrous pale greer nyro¥ene and in nther dvkes this is the only

pyroxene. ‘he lanellae (fibren) are well ordered parallel to and
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twinned on (100) but may be chaotic to rive =~ 'symplectitic' appearance,

(see Plate ]1.5). The clouding due to the brown inclusions is not
found in these »vroxenes. O'Hnro (1961) describes the same features
and shows that these are intercorowths of a host clinovvroxene with

composition 0339 Mg32 Fez9, and an orthonyroxene, that have been



nroduead by oxnlutior,

Gnrasiorallr leochroie (pale red tn male ~reen) enstatite
may be nresent as individncl euhedral cryvstals that may also crrtain
+he browm inclusion=.  tThe mocal comtert of orthorvroxene is extremely
varictle but rarels exceeds one tertin of the mafic ohases vresent. 'the
cryatals ave enhedral and of similar «ize to the other pyroxeres in the

same roc's. Clinonyroxene rims mnr gurround orthonvroxene,

Hornblende this mineral occurs in two forms:

——————

(1) an interatitial nlateg and rimg to rvroxenes, see Plate 11,2,
and (2) as rlates forming ar orhitic relationshin with nlagioclase

laths (sometimes laevsutitic-see Tarney 1975). See Plate 111.4.

The poikilohlantic diates are associrsted with the finer
marrinal facies of dvkes and are uncormon, Those hornblendes have a
pleochroic deep green colour. ‘The interstitial hornblende is pleochoic
green to olive green and occurs in the interstices between earlier
formed grains (pla@ioclnsns and myroxgnes) or mantling opague ores
(magnetite with minor ilm@nite) or associated with biotite. It also
occurs avound the pyroxenes. In rocks where the clinopyroxenes have
wide hornblende rims the hornblende rims on the orthopyroxenes are
very narrow or absent. 1t has also been noticed that the exsolved

pyroxenes have evtremely wide rims,

This hornblende is considered to have been formed during
the last stages of crystallization during or after the final stages
of plagioclase (andesine) prowth, after nyroxene growth had ceased
and before the growth of the ores and biotite. Samples which show

this primary development of hornblende may also:have hornblende crystal
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inclusions in the centres of plagioclase grains. These are considered
as p 5 =
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to heve iorm~d ot the same late stase as the interstitial hornblende.

Ovague ores, biotite and marnet | Trne ore minecrals, wenerally masnetite

with ilmenite intcergrowths, found in the sabbroic dykes occur exclusively
in the interstices between plasioclase and pyroxene crystalg, where

they are ~enerally surrounded by hornblende (see Flate 111,2),

sometimes by biotite and occasionally by sarnet, Their form is often

euhedral.

"he occurence of garnet as coronas to the ores, or as
interstial clusters, is confined to dykes rich in biotite, laciking
in primery hornblende and vossess pvroxenes without exsolution textures.
The garnet coronas are nade u: of minutle colourless grains that slichtly

overgrow the plagicclase with which they are generally in contact.

small guantities of euhedral apatite (upto 0.5 mm long) are
present in some rocks and intersitial quartz mar represent upto 5%
of the mode; this is often associated with micro-graphic quartz-

alkali feldsvar intergrowths.

The order of crystallization of the mincral phases in the
gabbros relative to plagioclase are summarized in Fig. 111.1 (c.f.
Park and Cresswell, 1973). TBecause of the relative aze of growth of
the hornblende and plagioclase it is suggested that crystallization

took place under low (less than 2 kbar) water pressure (Yoder and

milley 1962).

The presence of pyroxene exsolution, hornblende, garnét,
biotite and anorthitic plagioclase points to an interesting cooling
history of these rocks. The formation of all these phases appears
to be confined to the last stages of crystallization and reflects

the temperature conditions of the country rocks, (see O'Hara 1961).



e cvsolution of nyroyvernes suoeeots Lnat Lthe rocke cooled
glovly ot the inversion te.nerature.  wltoough the jaboro bodies
are wide, and troresore coolin. woula be relatively slow, lhe mar:inal
coboroic rocws show the same chncvacterictics as the centres,
fherefore it 5 assuvmed 1rot the net 1low from these bodieg was
not entirely resnonaible for the slow ceoling rate. 'Whe amphinolite
facies minerrlo v was corcicered to indicnte n towperature rgoee for
the country rocic of hetween 300 and 500° b O'vara (1961 anc to be
due to avtometmporniiam,  Sutton and Wotson (1951) and Tarnewv (1963)

alao entertiines this vossibilily.

The presence of the exsolved nyroxenes incicates a slow
coolinm rate tnt wiether or not biotite or hornblcnde ere formed

seers to be denencent on tre chemistry of the intevstitial liruids,

NDolerites fresh, nnmetamorvhosed, specinens ol colerite are more
#-

e thnn fregh cohhroga,

Grain size varies from below O.lmm to 1.,Umm. “The rocks are
even-textures but may cont-in pligioclase xenocrysts up to 4mm in
diareter. The xenocryvsts are invariably so higily sericitized that
estimation of their comnosition is impossihle. Howover some show
svridonce of occillation goning, Theae pla doclase may well have

oriminate? from ~ hbroic bodies similar to those already described.

Plagiociase _unlike those in the r~abbros, the crystals produce an
m—————————————————
ovhitic texture. ‘ney occur up to c. 0.8m long anu show extreme

zoning from An5? (low labradorite) cores to An,, (low andesine) rims

52

ag found in the gabbros. Up to (5" of the rock may be plagioclase.

Pyroxere , subhedral augites of c.U,5m diametexr, show simple twinning

about (100) and polvsymtretic twinnins to give a herringbone structure,
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Conecentric zonin. may ho nregent in which case the ederc are deen
brovn in ~olony (Hitorsnite),  As foung dirn the wabbros, iheae
ansites contoin hrom inclusion~.  suhedral orthoryroxene ~rirstals

are somotimes vresent, he pyrovenes can cenresent between 2594 to

45 of +thoe roels,

R

tdlormblende thia mineral may oceunr as thin 0,05mm rims or as

RS AMATENE S E D

naikilitic plates associater with the srowth of the ore minerals
(magn@tate}. porie samnles ehow no hornblende, in which case biotite

orenrs inastend.

The ores Tound ir the dolerites are moatly gbalotal sy hove
ey evelngively with hormblenae or biotite in interstices. Hiotite
with inclusions of ore is also found as partial wrims to clinonyraxenes,
This sneests that trnege biotites are the result of tie reaction

petween the clinovyroxenes and the magma.,

Small quantities of garnet rim the interstitial ores or occur
on their own between plavioclase laths. The gamets have only been

found in biotite rich rocks.

tuartz is generally found as a late stage growth phase but is
apparently not agsociated with oraphic intergrowths. Fseudomorphs,
upto O.3mm in diameter, after olivine of chlorite and opaaue ores,

are found.

The dolerites, althouch separable from the gabbros in grain
size, texture and intrusion width show the majority of the features
that characterize the gabbroic rocks with the exception that they
have not been found to contain exsolved pyroxenes. 1n view of this
and of their similar geochemistry, their origin and history is

considered not to have been significantly different from that of
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the cabbros. Their snecial features can be acceribed to the general
narrowneass of the intrusions allowine ravid freezins and possibly

rapid intrusion,

The intrusion of the colerite dvkes is therefore considered
to he dne to crustal tengion, after initial intrusion of the ¢zbbros,

«1lowing further intrusion of basic material from magme chamvers that

were fractionating nlasioclase (suc .ested by the plarioclase Xenocrysts).

These magma sources were probably those that ~uvvlied the gaonroic

dvke material.

Tt ig morgible thot the dolerite dvkes were intruded into

a cooler crust. However, the occurrence of rabbros that post date
the dolerites at Gruinard nav, the close association in time of
dolerite and gabbro at wubh a Tionain and the presence of garnet
coronas in the dolerites gugrest that the crustal tewperatures were

S

not significantly different during the intrusion of the dolerites.

Noxites only two {resh dykes have been sampled, one uescribed
by O'hara (1961) at adcall and the other found to the east of
Tumore Lndge (Looh Aésynt) degceribed by Peach et al (1907) as a

hynerite or enstatite diabase.

These dykes show a rapid increase in grain size and texture
from margin to centre. '"he margins contain ophitic plagioclases
(An45) that are small (less than 0.5mm long), may be flow aligmed
and surround euhedral, prigmatic phenocrysits of enstatite (1~-2mm
1ong). See Plates 11l1.5 and 111.6. Both tihe plagioclase and the
enstatite are strongly zoned with the outer rims of the orthopyroxene

being verv brown in colour. Towards tnhe centre, the grain size

increases and plagioclases may reach 0.8mm in length and the
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Tho teviure is the seame as at the very

adce.  Interstitial phases are enetotite, clinopyroxann, nintite,
area, and in pore cases cuartz and hornblende.  In botit dykes
investimated there is 2 winor amount of clinepyvroxene which cccurs
interatit ally o7 as ajscrete oraing that show evtreme ovsolution as
in the ~abhrocs. Hhe nlamioclese and vyroxenes occur in abhout eqnal
volumes., 1n the cyvie ot Tumore the amount of clinopvrrovene increases
towards the cenltre and is £ untt ag thiclk (U.jmm) mantles to the

enatatite,

he orthonrroxerns of tne centre of the Hadeall dyke have
had their evheoural ghrne dnctroved by alteration ot their edces to
verv pale sreen hornblende and nhiotite. “here is only a faint susvestion

Af thic hayine horpomed dn the hrore norite.,

In the centre of the ‘umore norite, which i« much wider
than the radeall dvie, the plasicclase becomes more sodic (c.sn30)
and¢ occurs o5 lar e (Lem) poililitic pletes enveloring the mafic
phascr, apctite, biotite and ovartz, The prroxenes are wmuch lzrerer.
Mogt imvortant, however, is that bands vp to Scr wide are found almost
entirely composed of poikilitic rlagioclase nlates showing a symplectitic
relationship with brown enstatite or exsolved clinopyroxene, (see
Flate 111.7). This irdicates that the growth of the plagioclase and

the brown enstatite were syn~hronous, but also that enstatite continund

+o rrov with the elinopyroxene until verr late.

Since the reaction rims to the orthoprrovenes of the pabbros
and dolerites ars very narrow, Ttheir restricted occurrence in these
norites is not thought to indicatr a signiticantly different cooling
history. 'he merked differeonce is that norites show a gradual increase

in erain size from margin to centre, unlike the gabbros and dolerites
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vhere the increase in grain size ie ovielldy realized. This mny
reflect thrir width, the temmerature of the gneisses at the time
of intrusion or ar inherent difference in the cooling rates of

garbroic ard noritic masmas.

Picrites The nicritic dykes hnve been described in great detail

by Tarney (1964, . 1973 ) and in Peach et al (1907). Once again
occur-ences of these dykes in an unaltered state are rare and only
found in the central area. There is great variation between dykes

and within dvkes. These variations are due to variation in the
pronortions of the main conmtituent minerals oliviney orthopyroxene

and plogioclase. Clivine content rances from 5-50% and pyroxene content
from 50 - 75%. Plagioclase, biotite and ore (chromite and picotite)

may rerrescnt up to 10 of the rocks.

.

Olivines Olivine grains (Fa 12% - Tarney 1964, 1973) occur in all
the rocks and mayv be rounded to evhedral. They often occur as small
inclusions (0.3mm) in large orthopyroxene crystals (see Plate II1I.8).
Tn this vosition they are very well rounded and cracked but do not
show any reaction across their interface. The olivines of the areas
petween the orthopyroxenes are larger (c. lmm) and may be euhedral
and are found here surrounded by poikilitic plagioclase (An 55).
These crystals are crowded into the interstitial areas and surrounded
by the late stage, possibly intercumulus, growth of plagioclase,

piotite and ores.

Orthopyroxenes (rystals are generally large (up to 8 mm) phenocrysts

that contain the small rounded olivines. They typieally have a pale
pink to pale green pleochroism and are reported by Tarney (1964, 1973)

to be bronzite (c. Fsl2) with their edges being more iron rich (c. Fs 16)
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and of a darker colour. The larpe nale-coloured plates have near
circular cross-sections. Some samples that show small amounts of
olivine also contain smaller euhedral and browner (iron rich)

orthonyroxene crystals in the matrix,

Clinopvroxenes —these are rare and occur in isolation, or as

exsolution lamellae in orthovyroxenes or growing cnitaxially with
orthooyroxenes (Tarney 1969). Tarney (1973) gives the composition
of the pyroxenes as Casligetie=42:462:12 (augite) and the exsolution

lamellae as beins diopsidic augites.

Some olivines have bren completely renlaced (probably on
coolin~) by ore and chlorite. This is not a metamorphic feature,

for on metanorphism the olivines are the last phase to recrvstallize.

Olivine Gabbros - these occur immediately to the south of Lochinver and

have been described by Tarney (1964, 1973). There is a great variation
between the margins and the centres of these bodies. The constituent
mincrals are euhedral clinopyroxene, augite (c. O.8mm); rounded
prismatic orthopyroxene (0.3 x 2.0 mm), olivine, chlorite pseudomorphs
after olivine, noikilitic plates (up to lem in diameter) of plagioclase
(c. An35) and interstitial kaersutite, biotite and ore (titanomagnetite)
(see Tarne~ 1973). Plate III.9 shows a tynical texture. Pyrrhotite

ig found as the renlacement product of the olivines. The orthopyroxene,
bronzite, has the same form and optical properties as those found in
the norites, and the clinopyroxenes are as found in many gabbros and
dolerites. The overall anpearance of the mafic phases, except for

the quantity of olivine present, is similar to some of the dolerites.

Tarney (1973) describes these dykes as having augite-rich
margins and (Tarney 1964) states that the composition of the minerals

is olivine (Fa25), augite (Ca:llg:Fe=40:37:23) and orthonyroxene (Fs25),
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it the edres of these dykers, the clinovyroxene occurs ¢enerally
ag sevarate or touching grains but in the centre they are larger and
tond to fomm vatches of hypidiomornphic crystals. Unaltered olivines
do not exist in the centre. The euhedral to rounded olivines of the
cdpes, whewe they form unte 305 of the rock show un to three coronas
of a2 fibrous anvhibole, but in the centre they hrve been comnletely
replaced by actinclite-tremolite and pyvrrhotite., In the centre
olivine pseudonorrhs remnresent 1055 of the rock. The recrystallization
of olivine to amphibolr is considered to reflect an increase in water
vavour vressurc. Other variations in mineral content from the margin
to the centre are that of biotite an’ kaersutite which increase and

orthovnyroxene which decreases.

Tt would anprar that olivine and orthonyroxene were the two
original megmatic phases and that the olivine was renlaced by amphibole

and ore after the crvstallization of the »nlagioclase.

is the recrystallization of olivine has occurred in situ and
has completely removed the olivine in the centre but not at the edge,
it could be that water varour pressure increased with the prosressive

consolidation of the dvke from the margin to the centre.

Petrorenesis of the dyke typnes

Study of the set of rocl's that have bren found in a non-altered
state showing similar, but variable, texture surgests that they form
a differentiation senuence:

PICRITES - OLIVINE GABBROS AND NORITES -~ DOLERITES AND GABBROS.

Differentintion processes that have caused this avnear to have
been initiated by olivine and orthopyroxene fractionation as indicated

by the earliest phases of the nicrites. It is belicved that this
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differentiation was revlaced by series differentiation to give the
rance of rocks which eventually proiuced the gabbros and dolerites.

A mossible scheme is given in Fig. T1I.2.

The fractionation of carly orthopyroxenecs is favoured at
higher vressures, when the orthopyroxenes are likely to be rich in
alumina (Green and Rinrwood 1967). This wonld cause the series
differentiated rocls to be aluminia poor. Olivine fractionation,
poasibly with minor low=-altmina orthopyroxenes, would lead to hich-
alumina rocks. There are common external relationships between the
norites and those gabbros and dolerites which have garnet and biotite
coronas. These may be the rocks that have resulted from early olivine

fractiohation.

These two trends, assuming a common parent, could have
developed either due to differences in crustal level where fractionation
began, following the ideas of Grecn and Ringwood (1967), or due to the
mechanical sennration of the two earliest phases, olivine and
orthopyroxene, leaving the magma portions rich in either orthopyroxene
or olivine. Further differentiation would give either opx picrites~-
norites-two pyroxene gabbros or olivine picrites~-olivine gabbros-one

pyroxene gabbros - two pyroxene cabbros.

Autometamorvhism of the Scourie Dykes

Sutton and Watson (1951) and O'Hara (1961) sugrested that the
garnet and hornblende coronas around ores were due to autometamorphism. The
rocks in which these occur with rerlaced olivines show no sign of other
reactions that micht be exmected to occur as a result of metamorphism.

This strongly suggests an autometamorvhic origin.. O'Hara (1961,62)
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argues that the dykes of the mainland were intruded into hot country
rock, and Tarney (1963), that the area gradually cooled during the
period of intrusion. Iloreover since many examples of dyke intrusion
can be found throuvsghout the mainland to nrove that jointing and
faulting of Inverian deformed rocks occcurred before dyke intrusion
it is believed that the country roclks had ccoled down to some extent

after the Inverinn metamorrhism and vefore dyke intrusion.

It is vossible therefore that relative heatin~g un of the
Lewisian rocks before, or at, the time of intrusion of the Scourie
dykes was an isolated event unconnected with either Laxfordian or
Inverian metamorvhism, Since evidence of jointing in the dykes can
only be found in areas of no or little Laxfordian metamorvhism, the
heatin~ of the comnlex could possibly have heralded the Laxfordian in
the northern and southern Laxfordian belts, although the evidence for

this is purely negative,

O'Hara (1961) suggested a temperature of the country rock of
between 300 and BOOOC. The present work shows that the autometamorphic
coronas show the followine sequences; andesine- garnet-ore, andesine-
hornblende (or anthophyllite) - (viotite)-ore, and andesine-hornblende-
PYTOXEene. A11 three may occur in the same smecimen. The occurrence
of both amphiboles and garnet may help to suggest the conditions at

which the coronas grev.

The presence of amphibole suggests high water vapour pressure,
for in low water vapour pressure conditions the continued growth of
pyroxenes would be expected. This continued growth of pyroxenes has

taken place in norites but not in the dolerites and gabbros.
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Familton and inderson (1967) show how basaltic melts of
at least 10 water will heve increasine water vanour pressure on
crystallization. Possibly the marma from which the norites developed was

go poor in water that the water vapour pressure would not increasc.

. A0 .
Since any temperatures below 1150°C (the anproximate
crystallization temperature of tholeiite dolerites) can be achieved on
cooling, only the pressure conditions of the country rocl: can be accurately

indicated.

Jacger (1957) calculated that the relationship between contact
temperature (Te), country rocl-te merature (Tr) and the liquidus
temnerature of intruded magma (T1) would e Tc = (T1~Tr)f+Tr, where
the function, f, i about 0.,5. For a tholeiitic magma Tl would be

Ce 1150000

4t any considerable denth a temperature could be reached
and held for long enough to cause the melting of acid contact gneisses.
This melting is not seen. Usins this eguation and taking the minimum
meltins point of acid rocks at 65000 and maximum at 75000 then the
country rock would need to be below lSOOC and 55OOC to advoid the

temperature of the contact reaching above 65OOC and 75000 respectively.

Followins this it would be exmected that for melting of
acidic contacts not to occur the dyke would need to have been emplaced
at depths less than 6 to 14 km, devending on the comvosition of the
contact gneisses. (This assumes that the geothermal gradient was

25% 1m~t.)

Hen (1968) established the stability relationships of almandine

ander hydrothermal conditions at different oxygen fugacities. This
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wort shewn that, for o IMuid rreosores (un to O rharm}, almaidine
i

will ho ctrble wity asnnibole at almost ary hteruerature dovn to

N U e e . - " , . .
SO0 (Y Par any Pludid cveconre Laee os T11,%) and at oovyoen funcacitios

. I : - L v .
1a a than 10 nara (dats for ampnibole from Yoder and "Willey (1962).

Oyveon T acities o basaltic marmas are moch hisher than

7

- -— Y - P . . ]

thia (about 10" "hara) Tt decrease ranidly on ervatallizsation and
‘ -1h . . \

anielly noproach 107 7 hore (i »ilton and inderson 1967) when

Alrardirne marnet could be formed.

Jhether or not snrnet would he formed may have been dependent
on tne chemistry of the intersftitial liocuids or whether oxyeen
. : : ~-15 . . ;
furacities reached less than 10 77 bars. Uhe fact that hormblende and
rarnet are not found towether anpnorts the second suepestior.  'The
time when a given interstice became a closed system, by the continued
srowtn of placioclase, would control whether or not oxyzen fuscacities

fell below 10_17 bars.

14 ig therefore concluded that the environment of intrusion
» ] i . ] A0 e O ,
was that of a countrv rock which was cooler than 150" to 350°C and
that the presence of hornblende ana/or sarnet does not help to
make a more precise estimate of either the temverature or pressure
pertaininz. However since horsblende in seen to have crystalligzed
~fter placioclase crvstallization took place at less than 2 kbar

weter vavour nressure,

Fetamorphism of Gavbbros and Dolerites

The metamorphic alteration of these basie dykes has been



described by Sutton and Watson (1951a,b) who recognized seven stages

of progressive change,

1)

3)

4)

5)

6)

Autometamorphic changes with retention of the original textures
to give amphibole, garnet coronas to the pyroxenes, oligoclase
coronas to the original feldspar, and biotite, amphibole and

garnet coronas to the magnetite. (See Plate 1II,2).

Formation of large ageregates of hornblende with the
disappearance of the pyroxene and the coronas, followed by
the formation of hornblende into poikilitic plates with

quartz inclusions. Production of sphene.

Recrystallization of feldspars to andesine and formation of
epidote, see Plates III,10 and III,11, Darkening of hornblende
colour. The rocks become foliated at this stage, by the

modification of the original textures.

Recrystallization of the quartz~hornblende aggregates with
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complete destruction of the original texture, with the assemdlacge

amphibole- (epidote) -oligoclase.
Appearance of biotite.

Development of green augite,

The development'of the corona structures, considered to be

an autometamorphic feature, has already been discussed and the

effects of the Taxfordian metamorrhism are assumed to be stage 2

onward.
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The earlier stages of metamorphic changes can only be
seen in undeformed dykes and cause the further growth of the
coronas, The hornblende rims of the pyroxenes become wider by
growth into the pyroxene and plagioclase. The rim of one patch
of pyroxene may be in optical continuity or may be made up of
gmall crystals growing out from the pyroxene, The growth of
hornblende to replace the pyroxene may proceed in two ways.
Firstly, the pyroxene may be completely taken over by hornblende,
either in continuity with the outside rim or in a mass of small,
often acicular,grains. In both cases silica may or may not be
released during the transformation to ieave inumerable small rounded
quartz inclusions. The presence or absence of quartz inclusions
probably reflects the original composition of the pyroxene.
Pyroxenes that have exsolution intergrowths show conversion of one
of the intergrowth set to hornblende, while the other remains wnaffected
and the hornblende produced may itself contain exsolution lamellae,
Thése pyroxenes form quartz free hornblende masses. Orthopyroxenes
in the same samples show little s;gn of alteration and it is
therefore concluded that the qlinopyroxene of these masses are
converted Eo hornblende first. Comparison of the chemical composition
of hornblende (Si02~ 45%), aueite (SiO2 - 49%) and enstatite
(Sioz - 58%) suggests that orthopyroxenes are more likely to produce

the quartz-rich masses. (Data from Deer, Howie and Zussmann 1963),

The boundary between the hornblende rims and the hornblende

produced by conversion from pyroxene remains well defined, Some
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pyroxenes are completely taken over by single hormblende crystals and
these typically retain the dusty zones of small brown inclusions., Ag
these are nét associated with quariz production such hornblendes may
be formed from clinopyroxenes. At this stage the feldspars remain
intact, but become increasingly sericitized and saussuritized and
biotite and apatite remain unaltered. The ores may be recrystallized

from the outside to sphene or may remain, keeping their euhedral shape.

The growth of hornblende continues by overgrowing plagioclase
and quantities of small idioblastic grains of epidote grow in the
feldspars. This marks the release of calcium from the plagioclase
lattice. At this stage calcite crystals (c. O.Smm) can be formed,

The growth of hornblende over plagioclase is often prece ded by a
narrow zone where the feldspar is clear and is more albite-rich., In
one example this zone has composition An23, where the original crystal
was AndA, Also some feldspar laths have been zoned about the cleavage
‘fractures and here the areas next to the cleavages are more sodic.
This suggests that there has been some mass transfer of calcium from

the plagioclasé to epidote, hornblende and calcite,

In a small number of rocks, the growth of clear euhedral
garnets (0.05 mm) occurs. The samples that show this come from the
margins of dykes (cf O'Hara (1961)). This may be a reflection of
the geochemical composition éf‘the‘edges of the bodies., The garnets
may form with quartz, ores and hornblende but are also found as a
corona to distinect feldspar laths now in contact with hornblende.

In this situation the garnets have grown over the plagioclase-
hornblende (or possibly plagioclase-pyroxene) boundary and this edge
is marked by a sharp difference in the appearahce of the garnets for
the garnet that has grown in place of the plagioclase is free from

quartz inclusions.
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The next stage is where the feldspar becomes recrystallized
to polygonal andesine-oligoclase grains. This recrystallization
begins at the touching ends of plagioclase laths and finally
replaces the whole lath. This recrystallization leaves a mosaic of
small (0.1 mm), equidimensional polygons that have straight crystal
boundaries, see Plate III,10, The majority are six sided with almost
perfect 120o triple grain boundary intersections. This texture is
typical of annealing recrystallization (Burke and Turnbull, 1952 and
1960)and has been described by Sturt (1969) and Bondensen and Henriksen

(1965) from gabbroic rocks metamorphosed under amphibolite-facies

conditions.

At this stage epidote, biotite and apatite crystals begin to
disappear and the ores continue to be replaced by sphene., The
hornblende-quartz texture also changes considerably. The quartz
coalegces to form larger grains (c. 0.1mm) in a mosaic of idioblastic
gtubby prisms of hornblende that are growing and may be found up to
0.1 mm long. The hornblende rims also recrystallize and are no
longer easily recognisable as being separate from the interiors,
Epidote may remain to this stage and is found between the polygonal
plagioclase grains, The polygonization of the plagioclase laths that
characterises this stage indicates straining of the plagioclase laths

although deformation of the texture is not necessarily shown.

- The fﬁrther stages of metamorphism are confined to rocks
that are deformed., Deformation is initially recognised from the
distortion in shape of the plagioclase areas. These areas become
elongated and the irregularities in their shape are smoothed out and
achieve an ellipsoidal cross section, see plate I1I.12. The polygonal
grains become smaller, and thesé,quartz‘and hornblende grains are

now about the same size, see plate III.13, The hornblende crystals
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are more idoblastic and lie within the foliation planes. They may

be aligned to define a lineation.

The alteration of ores to sphene may have gone to completion
in which case separate grains are strung out parallel to the foliation,
However, in some samples no signs of sphene are found, in which case
ore grains are distributed throughout the rock. Occasional large
plates of hornblende (that may still contain the minute brown inclusions)
remain surrounded by the equidimensional planar fabric, With increased

deformation these are 'broken' up and lost.

The stretching and : flattening of the original fabric
continues until the feldspar areas are only recognisable as thin
sheets and the rock becomes a homogeneous foliated: and lineated

rock where the schistosity is defined by the hormblende crystals.

During these last stages of deformation and metamorphism
to an amphibolite sbhist biotite growth occurs parallel to the foliation,
Biotite crystals are generally very small. Epidote may still exist

in these fissile schists.

Further metamorphism beyond this stasge results in the
degtruction of this schistosity by a growth of all the mineral phases,
Hornblende becomes darker and larger (up to c.1 mm), plagioclase

grains, generally oligoclase or andesine, grow in size and may show

albite twinning.

As stated by Sutton and Watson (1951 a, b) green pyroxene
(augite or diopside) may’be found in dykes that have suffered the
highest grade of metamorphism. This augite occurs as small (c. 0.5 mm)
xenoblastic grains replacing hornblende in‘rocks where thé plagibclase

is andesine_(c. An}S) and where epidote and quartz form symplectites.
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Maxtural chances associated with stases 4 to 6

The growth of crystals give rise to subtle changes in the
microscopic texture of the rock., The end result is a granulitic~
textuﬁed rock, often with a poor foliation. Quartz, epidote, biotite
and sphene play only minor roles in this process and it appears that

the "pressure" of growth of hornblende and plagioclase are responsible,

With increasing grain éize, presumably controlled by the
time spent under metamorphic conditions, the following changes take
place. From én initial state where the rock texture is fine grained
and almoét equigranular, the plagioclases are polygonal and the
hornblendes are sub-idioblastic, see plate I1I1.13, hornblende becomes
euhedral and less acicular and the plagioclase becomes clearer
(i.e. not sericitic) and shows albite twinning. The idioblastic
shape of the slightly larger hornblendes tends to control the grain
boundary relationships, but quartz-plagioclase and plagioclase-

plagioclase boundaries are curved,

In the next stége, plagioclase crystals become larger bj
grain boundary‘migratioﬁ until they are bigger than the coexisting
nornblendes(see Plates II1I.14, III.15 and I1I1.16). The plagioclase
is dominant and the grain relationships’are plagioclase~ plagioclase
curved boundaries and plagioclase-hornblende are embayed boundaries.,
Thus the te;ture is férmed by xenoblastic plagioclase and hornblende,

the homblende often taking an ‘interstitial' form.

Plagioclase growth continues (up to 3 mm diameter) but does
so without the formation of crystal faces. At this stage quartz
crystals (0.3 mm diameter) are globular and are excluded from the

areas of plagioclase growth (plate III.16). They occur with the
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hornblende, often being bounded by two or more hornblende crystals,
or as inclusions in hornblende, Biotite is xenoblastic and may

contain quartz inclusions,

The above changes take place with the indreases of crystal
gize in plagioclase from 0.3 m to 3 mm and in hornblende from 0,2 mm
to 2 mm, in quartz from 0.1 m to 0,3 mm. Most of the increase in
quartz grain size is achieved quickly after which quartz does not

grow, but takes a completely passive rdle.

Dyke rocks that develop granulitic textures have been
found north of the Ben Stack line, around Loch Tollie and to the
south of Loch Diabaig, Of these areas pyroxene growth has only
veen recorded from around Rhiconich, north of Loch Laxford. This
represents the highest grade achieved by the Laxfordian metamorphism,
The coarsest textured dyke rocks collected are from Durness. Lambert
and Holland (1972) show that the closure of the radiogenic systerﬁs
occurred later at Durness than at Loch Laxford and it is believed
that the coarser grain size of the mineral phases at Durness, relative

to Loch Laxford, reflects this later cooling,

Post-tectonic plagioclase blastesis has been noted from the
Tarbet, Torridon and Gairloch areas. These spherical blasts, up to
3 mm in diameter, are now represented by highly~{sericitized or
saussaritizéd plagioclase grains, (up to 0.5 mm in diameter). The
surrounding rock to these areas are conspicuously lacking in plagioclase,
for the foliation is defined by an extremely fiﬁe quartz, hornblende
banding. This form of feldspar growth is geosraphically linked with
presence of garnets in the dykes and basic bodies in the gneisses,

The development of garnets in the Torridon area was placed during

the first period of post dyke metamorphism by Cresswell (1969). This



112

This is also the case at Tarbet,

Epidote and biotite appear to be mutually exclusive,
Metamorphosed dykes seldom contain both epidote and biotite, It
is considered that this is due to the bulk chemistry of the dykes,
with biotite indicating a high potash content. Since within one
area dykes rich in biotite are found with dykes rich in epidote,
the variation in biotite content is considered fo be controlled by

the éomposition of the dyke before metamorphism,

Biotite growth starts after hornblende and ig generally
late-syntectonic to post-tectonic in the more granulitic dyke rocks.
The biotite platés, generally brown and often up to 3 mm long, grow
across hornblendes and help to define the foliation, Later crystal
growth of the hornblende and/or plagioclase causes the biotite plates
to be bent and to kink. Biotite growth pre-dated the folding Dphases
(Dg, Dh) which are related to retrogression and which convert them to
chlorite {including perminite). In a sample of metamorphosed dyke

from Durness, biotite containing quartz inclusions forms a symplectitic
texture.

Colourless epidote is sub-idioblstic in the more granulitic
textured rocks (i.e. to north of Loch‘Laxford) and in these rocks
cbn%wteristically»forms symplectites with guartz. (See Plate 111,16).
Fuhedral apatite grains (less than 0.2 mm long) have been found in the
granulitic textured dykes of Durness and the highly sheared dyke at
Rubh a Tiompain (Tarbet). Quartz crystals in the most highly
metamorphosed dykes are large (up to 1 mm in diameter) and contain

minute lines of inclusions that may have been inclusion bubbles,

The relationship between sphene and the ore minerals is

complex and can only be briefly dealt with in this study., The
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conversion of the original igneous metalliferous ores takes place

at various stages in the progressive metamorphism and deformation,

In some rocks all the ore has been replaced by sphene, while in

others sphene and ores coexist in the same sample, or only ore occurs,

At the limits of metamorphic growth either sthene or large ore (magnetite)
crystals may be present so that no general scheme linking sphene/ore
relationships with extent of metamorphism has been noticed, The

controls that might dictate the variation described are multiple,

Bulk chemistry, ore chemistry, temperature, pressure and deformation

may all play a part,

Metamorphism of the dolerites does not differ from that
shown by the gabbros except that, because of their fine-grained
nature, the original igneous texture is more quickly destroyed by

recrystallization and the Opaque ores and biotite are found in

greater quantities,

The metadolerites of Creag Mhor Tollaidh are unique in that
they contain meionitic (Ca rich) scapolite. The texture of the dykes
of this area is granulitic and the scapolite grains play the’same
texture~forming réle as plagioclase. Thege textural characteristics,
together with the fact that the plagioclase composition is An 45
(aﬁdesine), and that the plagioclase crystals contain symplectite
growths of epidote and quartz, suggests that thekgrade of Laxfordian

metamorphism is equivalent to that found at Rhiconich, where pyroxenes

are found in the metamorphosed dykes.

Hietanen (1967) found that rocks containing meionitic

scapolite and andesine belonged to the sillimanite-muscovite subfacies
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of the upper amphibolite facies,

Metamornhism of the Picritic dvkes,

The metamorphic changes in the picritic dykes of the Assynt
area have been described by Tarney (1964 )and 1973) as followss
Stage 1) Development of a small amount of chlorite between olivine

and plagioclase,

Stage 2) Formation of wemolite coronas around olivine in contact

with plagioclase,
Stage 3) [Exsolution of mesnetite from biotite before being transformed
to Mg chlorite,

Stage 4) Complete replacement of plagioclase by tremolite,

Sfage 5) Beginning of the break down of sub-calcic augites to Mg-
tremolite and haematite,

Stage 6) Recrystallization of tremolites and reduction of haematite
to magnetite. No augite remaing,

Stage 7) Slight replacement of orthopyroxene to tremolite,

Stage 8) Further recrystallization of tremolite and appearance of Mg
chlorite, olivine and orthopyroxene remaining relatively
stable,

Stage 9) Local replacement of orthopyroxene by anthophyllite,

Stage 10) Replacement of olivine and with high CO, partial pressure,

dolomite may appear,
The first two stages are here considered to be autometamorphic
gsince they appear in olivine gabbros in areas where the gabbrog show

autometamorphism but no other signs of 'normal! metamorphism,

Tarney argues that metamorphism must have taken place at
temperatures greater than 480°C for the olivines to remain stable and

not to have been converted to serpentine. Martin (1971) puts the
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‘temperature range for the serpentinization as between 200° - 450°¢,

Experimental data of Greenwood (1963, 1971) on the stability
of anthophyllite indicates, for PH2O 1 to 4 kb,, that g temperature
of greater than 67000 w2s reached, whereas the bresence of tale
with anthophyllite gives an upper temperature limit for the

metamorphism of about 700°C for the Assynt area,

Metamorphic textures developed in these rocks are extremely
variable and may be described ag geherally chaotic, The listed stages
of alteration (after Tarney op. cit) provide a good brief descriftion
of general textures, New crystal phases, except early~f§rmed chlorite
and dolomite, are idioblastic and occur within one sample over a great
size range. Large crystals typically are not aligned and have grown

over earlier textures. This is especially true of tremolite, tale and

the dolomitic carbonate,

Metamorphism has taken a place élong Joints in otherwige
unmetamorphosed picrite dykes. This has been found about 100 n
north of the Canisp Shear Belt at Clachtoll (NC 045 267), wheré
mefamorphism up to stage 8 has taken place leaving orthopyroxenes

and olivine stable. The centre of the symmetrical zone of alteration

is rich in talc and dolomite (stage 10),

These relationships strongly suggest that fluid rhasges
leaving the Canisp Shear belt were the direct cause of localized

metamorphism, and that jointing of the picrite had occurred before

metamorphism,

Meta-picrites found near Creag Mhor Thollaidh are composed.

of interlocking idiomorphiec to sub-idiomorphic hornblende crystals
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(0.01 to 1 mm in diameter). These rocks are at the highest grade
found and show that metamorphism had gone beyond stage 10 of Tarney
(op. cit.) and Passed across the immiscability gap between hornblendesg
and actinolitic amphiboles (see Klein 1969), This suggests that the

temperature of metamorphism at Creag Mhor Thollaidh wasg great th
ater than

700°¢C.

Schistosity in these rocks is confined to the area near to
the Canisp Shear Belt, where folding of this schistosity has also taken
‘place., The schistosity is often defined by alignment of chlorite and
tale crystals but in many cases it is a fracture cleavage, Thig
fracture cleavage isinot associated with any homogeneous deformation
because the areas of concentration of ores produced on the breakdown
of augite are not deformed, Chlorite growth within the fractures ig

parallel to the fractures but talc is seen to grow across thi
8

schistosity. Tarney depicts tremolite growth taking place afte
r

schistosity formation,

\
The schistosity produced isg roughly parallel to the margins

of the picrite dykes but the angular relationships cannot be exactl
Yy

defined because of the almost total absence of meta-picrite gneis
s
contacts.

Tarney (1973, p 116) considers that the margins of some early
basic dykes had suffered deformation under amphibolite-facies conditiong
before the picrites were emplaced becausge a basic dyke picrite dyke
contact shows a foliated basic dyke in contact with anvunfoliated
picrite (Tarney op. cit. plate 1), The foliation of the basic dyke
ig at 150 to the contact. However since extensive Post-tectonie

recrystallization has taken place in the picrites and that deformati
on

of the margins of basic dykes often produces an oblique foliation th
en
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the post-deformation intrusion of the picrites cannot be proved by the
relationships described by Tarney. For the relationship shown can be
explained by a picrite/basic dyke contact which has been deformed and
metamorphosed with the metamorphosis of the picrite alone continuing

" after the deformation had ceased.

1oyeert Dvkes
M

Members of this set of dykes have been recorded from the
whole length of the Lewisian of the mainland. Peach et al (1907), i

crane (1972), Cresswell (1969) and Tarney (1973) have all described

\

them.
The unmetamorphosed equivalents of these rocks have not been

recognised, but their normative composition suggests that they may have

been norites with c.35% plagioclase. As the norites have only been

recognised where unmetamorphosed they could be equivalent to the green

dykes.

In their unfoliated form these pale green rocks may show

remnant patches of plagioclase (oligoclase) and biotite which are now

overgrown by a mat of interlocking idioblastic and subidioblastic laths

of actinolite and hornblende. Cresswell (1969) shows that the amount

of biotite increases towards the centre of the bodies. The amount of

onlorite is variable and may form up to 30% of the rock, amphibole may
form up to 95% and plagioclase varies upto 15%. Opaque ores are very

occasionally found and sphene is found in accessory amounts.

Any foliation present is defined by tlealignment of the

amphibole jaths and the micas. Where sufficient plagioclase remains

after amphibole growth, it has recrystallized into polygonal grains
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In areas of high amphibolite facies Laxfordian metamorphism
this species of rock no longer exists as an actinolite~chlorite rock
but is transformed into a coarse grained (c. 2mm) hornblende rich rock
which has a granulitic texture, where the amphiboles are idioblastic
to subidioblastic, The hornblendes have very high birefringence
(c., 0.025) and show exsolution lamellae of another amphibole . parallel
to (100) and (iol). Any micas present are now green or brown biotite,
The change between the two is rapid and the intermediate stages have
not been recognised. Rocks that show this new texture have been found

at Durness and Rubha Ruadh, A sample from Loch Diabaig shows two

amphiboles coexisting with biotite. The two amphiboles are cummingtonite

and hornblende,

The: three stages in the amphibole development are as follows:
1)  Actinolite(and chlorite)
2) Cummingtonite and hormblende (i chlorite, actinolite) (Transitional)

Hornblende (with exsolution lamellae - possibly cummingtonite)

3)

Stage (1) indicateé greenschist facies conditions, although
adjacent gabbroic dykes are at amphibolite facies. This assemblage
ig therefore regarded as being near to the greenschist - amphibolite
facies transition, probably low amphibolite facies., Between the
actinolite and hornblende groups of amphibole there is a miscibility
gap (Shido and Miyashirq 1959) and the transition from stage 1 to
gtage 3 marks this gap with the breakdown of chlorite providing Al3+

for the change of actinolite, CaQ(MgFe)S(OH)z(Si4011)2, to hornblende,

Caz(Mg,Fe:Al)5(°H)2 [(Si’Al)4011] 2°

The metamorphic thanges described are attributed to the

earliest and most widespread metamorphism which accompanied the earliegt
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and most widesnread metamorphism vhich accompanied the earliest deformation
and may have continued to take place during later deformation., These
later deformations are essentially those involved in the folding of the
schistose dyke sheets where the accompanying metamorphism causes the
segregation of quartz to produce large (c. 5 mm long) ml ti-granlar
occelli, These occelli are aligned parallel to Df shear planes to the
north of Loch Laxford, at Tarbet ang Cnoc Phollain Beithe and now form a

lineation parallel to Fé fold axes around Loch Tollie,

Retrogression of earlier metamorphic assemblages has taken
place during the last deformation (folaing) phases in the south.
However, apart from the conversion of biotite to chlorite and the growth

of an epidote parallel to (001), no other effects have been establisheq,

Metamorrhic Grade

Except for the late stage retrogression of metamorphic
assemblages under greenéchist-facies conditions, the metamorrhism of
the dykes has been uniforﬁly under amphibolite-facies conditions. 1In
the eentral region amphibolite facies conditions of pressure and
temperature prevailed, but in the northern and southern areas of greater

Laxfordian activity the metamorphic conditions were those of the upper limit
of the amphibolite facies. ,

The highest grade seen in the area studied were found to
the north of Loch Laxford, where the grade is near to the granulite
facies. However, since only a small amount of clinopyroxene is present
Qith the dark green hornblende and sphene the rocks must be considered
to be within the amphibolite facies (see Engel and Engel 1960), The
assemblage cummingtonite and hornblende found in the green'dykes

at Torridon p01nts to the si111m1n1te-almandine-orthoclase subfacies

of the Barrovian amphibolite facies (Winkler 1967), and a temperature
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of c. 650-700°C a2t 8 to ? kbar pressure. The metamorphic assemblages
found in the meta-picrites and the 'green' dykes’ of the central region
are those found in the staurolite ang kyanite: zone of the amphibolite

facies of New Hampshire ag described by Lyon (1955)‘

Because of the absence of Yorade indicating" minerals in the
metamorphosed dykes little more than the general statement that grade
increases away from the central region can be made, Textural variationg
provide a subjective indication of grade for the earlier phases of
metamorphism, but these are often destroyed by later deformation,
However, these show that the metamorphic gradient at the Laxfordian
fronts, especially the norther front, are high and that there is very
1ittle variation on either side of these fronts. For example the Change
in gﬁade of metamorphism around the Ben Stack 1iné chahges from the
characteristic low amphibolite facies to nearkgranulite facies in
about 5 km. Because of the:presence of the tectonically isolated block
of high grade rocks of around Loch Tollie it ap@ears that the metamorvrhic
gradients have been increased by the relative uplift of the areas of lower
grade rocks by zones shearing and tight folding. Since planar structures
developed at lLaxford and Tollie dip towards the central block a reverse

fault movement is suggested (cf Beach et al 1974).

Apart from the evidence provided by Fyfe and Beach (1972) or
biotite~-kyanite assemblages found in Laxfordian shear zones at Scourie,

| only indirect evidence points to metamorphism having taken place at

medium pressures (> 5 kbar),

The appearance of anthophyllite and talc suggests that
temperatures may have reached about 670°C in the central block whereag
" in the northern and southern Laxfordian belts the occurrence of sillimanife-

almandine-orthoclase subfacies suggests temperatures of 650° 700%

(at 8-9 kbar).



121

Natnre of Metamornhisgm

The central region, where metamorphism has been lowest, provides
the exposures that offer information about the nature of the Laxfordian
metamorphism of the dykes. Since the higher grades of metamorphism
ahd greater deformations of the areas behind the Laxfordian fronts
.would tend to destroy gsimilar evidence, the conclusions derived from

the central region can only be inferred to have acted in those areas,

The occurrence of zones of metamorphosed dyke rock adjacent
to jﬁints within otherwise unmetamorphosed rock, both gabbroic and
picritic (see Plates ITI.17a and II1.17b) indicates that the dykes
had cooled down sufficiently to fracture and were at a relatively
high crustal level at some time before the onset of the Laxfordian

metamorphism. Moreover these joint centred areas of metamorphism

suggest that, for some areas, temperature and pressure conditions

alone were not sufficient to metamorphose the dykes, but that fluids

were important.

Fyfe and Beach (1972) describe laxfordian shear zones in
the gneisses from Scourie and conclude that these shears were the

sites of "massive fluid flow, the fluids rising up" an "inverted

thermal gradient" to cause oxidation in the zones., Petrographical and

geochemical evidence (see chapter IV) suggests that the movement of

material between unsheared and sheared metamorphosed dyke rock has

taken place.

The presence of metamorphosed contacts and unmetamorphosed

centres to dykes also degerves discussion., Many wide, and some

narrow, dykes show metamorphosed, amphibolite margins although their centres

remain unaffected by metamorphism. ' The metamorphism can be attributed
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to the presence of the zones of deformation, Thege generally narrow
shear zones may have promoted the flow of hot fluids which could have
provided the activation energy to allow‘metamorphic reaction, or may
have produced sufficient frictional énergy to trigger the reaction or
even to have caused a rise of temperature to amphibolite facies
conditions. The presence of pseudotachylites associated with these
narrow shear zones suggests that great quahtities of frictional heat
were produced and that this heat provided the activation energy needed
for metamorphic reactions in areas where the pressure and, more

importantly, the temperature was only just sufficient to allow reaction

to proceed.

Fabric of sheared dvkes

Heterogeneous deformation has been recognised in four main
aspects., These are:-
a) Large shear belts that cut across dykes and result from Df
deformation of the Kylesku - Scourie area,
b)  Narrow zones of shearing at dyke margins.

¢) Narrow shear zones confined to dykes (found throughout the

central region) that are asymptotic to the dyke margins
d) Microscopic, closely-spaced shear planes that are confined to
a dyke (generally only small, e, 10 cm dykes) and where the

gneiss at the contacts is unaffected,

In each case the unsheared dyke rock may be at stage 2 or 3 of Sutton

and Watson (op. cit.).

Shear belts ; .
a) The example taken to show this type is taken from Loch am Obain 5
i

and shown in Plates III.18a and III,18b., The undeformed dyke is at

the stage when the plagioclases are bardly sericitized and are not

recrystallizing. However, they may be bent., The Pyroxenes have been
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completely replaced by hornblende but apatite, ores and micrographic

intergrowths remain,

In the shear the dyke has been converted into a fissile
schist, The plagioclase areas have recrystallized into zoned
oligoclase polygons and extremely flattened, Elongate hornblende
crystals (up to 0.8 mm long) are subidioblastic and aligned to
define the foliation but a few hornblende plates with the dusty
inclusions still exist. Ores, sphene and apatite are nresent,
Biotite plates lie parallel to the schiétosity but in many cases
‘have been retrogressed to chlorite. This retrogression and the

separate growth of chlorite is post-tectonic (post Df),

b) Contact shearine.  An example is taken from a gabbro dyke at
Tarbet where a chilled gabbro has been deformed by simple shear about

the contact, see Plates 1I1I1.19a and III,19b.

The undeformed rock still contains original, albeit highly

saussuritized, plagioclase laths (1.5 mm long) in a matrix of hornblende,

quartz and opaques. Areas of quartz and hornblende crystala, each

¢, 0.01 mm in diameter, and relic mafic minerals (up to 2 mm lonq)
are separated from the plagioclases by coarser hornblende, ore (and

minor quartz) aggregate, (hornblende c. 0.05 mm diameter), Idiomorphic

epidote is found growing in the feldspar.

As the amount of strain increases towards the margin, the
following changes take place. At ¥ - 3.0 the plagioclases lathg
begin to recrystallize but are extremely saussuritized, The finer
quartz—hornblende masses become less distinct and coarser (0,08 mm),
The plagioclase areas are.still distinctly lath-shaped and 1lie nearly
parallel to the foliation. However, the surroundins areas have been

elongated parallel to the foliation, - Deformation is concentrated in

%(Shear strain measurements (8) calculated as described by Ramsay and
Graham (1970) from the angle between the foliation end zone boundaries)
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the hornblende~quartz-~ore aréas.

Recrystallization of the plagioolasebareas into polygonal

grains is complete when §=7.0. At this stage they have lost their

lath shape.

At ¥ = 10 the grain size of hornblende is (0.1 mm) and the
hornblende, quartz and opaques are evenly distributed, The plagioclase
polygons remain together and the foliation is defined by the elongation

of the plagioclase areas and the alignment of subidioblastic grains.

At 6I£-35 the plagioclase areas are very thin (0,1 mm} and

almost imperceptible, being shown by a train of single crystals.

Plagioclase is found mixed with the hornblende-quartz matrix,énd

epidote is no longer present,

¢) Intra-dyke shear vones

An example from south of Tarbet shows that the undeformed dyke
at the edge of the shear contains no pyroxene and the central areas
of the mafic minerals is now quartz and hornblende. Plagioclases are

gericitic and are red in hand specimen. Perfect igneous textures

remain, with hornblende and ore being interstitial between the
plagioclase crystals.

At 3/ = 3%, the plagioclase crystals are partly recrystallized

into highly sericitized plagioclase polygons and large crystalé of

carbonate are present., Where polygonization of the feldspar has

occurred, the whole rock shows a parallelism of textures due to the

elongation of the original fabric. However, in the areas where
pglygonization has not occurred the plagioclase areas have apparently
ined sufficiently rigid to prevent change in shape of the texture,

Tema
Here the deformation is brittle and has taken place by fracturing wifh
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the formation of pseudotachylité veins,

At the lowest strains the quartz-hornblende masses are
elongated but the remaining hornblende is deformed by the crystals
breaking into cleavage fragments ang shuffling., With increasing shear
strain, hormblende becomes mixed into the plagioclase areasg which

become more elongated, the hornblende grows, the quartz~rich zoneg

disappear and then hornblende is seen growing within the Plagioclage

bl ebS .

At the highest strains (3;'11) the hornblende crystals have
grown to 1 mm in diameter and obliterate the previous texture. Up to
these strains, homogenization had continued by the stretching of the
plégioclase blebs and the increased growth of hornblende in these areas,

The mafic areas are at this point made up of idiomorphic to subidiomorphic

hornblendes aligned parallel to the foliation,

Another pair of samples of a shear zone and the adjacent
undeformed dyke rock show the following features, see Plates IiI,20a
and I11,20b, In the undeformed m&terial the plagioclases have almogt
been renlaced Ey innumerable minute epidote crystals., This is the only
alteration product of most of the igneous plagioclases that have not
recrystallized into polycong, However, some of the prlagioclases have

recrystallized, The replacement of the mafic minerals to hornblende
is complete.

The sheared material is almost homogeﬁ%us with thin lines of
small plagioclase laths, and the - alirmment of the b-axes of the

subidioblastic hornblendes defining the schistosity, No epidote ig

found in the schists,

'd) Pervasive shears in dvke1ets (see Plate I77,.21)

The fabric may best be described as ribbong of epidote, quartz,
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plagioclase, and hornblende agerecates (0.05 mm grain size) between
zones of coarser (0,1 mm) material. The fine zones are homogeﬁzug .
and 1 to 2 mm wide. The coarse zones show deformed relict ephitic

textures and contain large plates of hornblende with the quartz or

dust inclusions produced by the static replacement of pyroxene to

hornblende.

The finer grained ribbons represent zoneé of movement and
become more closely spaced nearer to the dyke/gneiss contact,
Thérefore the area of relatively undeformed material almost disappears,
the only relics of the original metamorphic texture that remain are
the occasional "rolled" hornblende plates., These 8lip planes meet

the dyke contact at 250, but the gneiss remains undeformed.



127

Annealino Recrvst-llization of F'el danarsg

At stage 3 of metamorvhism (Sutton and Watson 1951a), after
the replacement of pyroxenes by hornblende has been completed, Previously
sericitized and saussuritized plagitlase laths (An35_50) are transformed
into a'mosaic of small, regular, straight-sided rolygons of rlagioclage
(andesine and oligoclase), These polygons, although small (< 0.1 mm

diameter), are frequently zoned often in an oscillatory manner,

The 'polygonization' of the féldSpars occurs with the retention
of the original texture of the dykes but may also be associated with the
development of a foliation, in which case the deformed shape of the
feldspar masses is made up of these grains., Recrystallization nay occur
at the ends of two touching plagioclase laths vhich sucgests that the

iniation of recrystallization is due to strain.

This style of recrystallization ig deseribed ag 'annealing
recrystallization’ when found in metals, and ig associated with the
release of stored strain energy. Here the strain energy is taken to
have originated from tectonic gtresses whether,or not deformation hag
taken place. Recrystallization is dependent on two variables; temperature

d amount of strain. Because of this, the poiht at which annealing
recrystallization takes place may or may not represent a single temperature

but may occur over a range of temperatures (Reed~Hill, 1964).

The problems of oscillatory zoned polygons, as shown in
Plate III.24, has been discussed by Cresswell (1969) who considers the
concept that the zoning reflects changes in grade dumnU crystal growth.

This is readily applicable since the zoning is often centred in the middle

of the crystals.
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However Byerly and Vogel (19730 suggested that, during
recrystallization of plagioclase, impurities (including Na or Ca)
that were not needed in the plagioclase stable at a given set of
conditions would diffuse to high energy areas within a crystal,i.e.
grain boundaries. This may explain why in most crystals there is a
narrow zone of different composition at the crystal edge. If this was
the case 'normal' zoned crystais suggest that the centre was in
equilibrium with conditions and that the edges were enriched in Ra by
diffusion. This requires the of&ginal feldsrar before polygonization
(which occurs after epidote formation) to have contained more Ma than
This suggests an increase in grade from before to after

needed.

recrystallization. Conversely, reverse zoning would show that the

pre-polygonization plagioclase lath had an anorthite content higher
then the ideal crystals that grew on recrystallization,in which case
the éxcess Ca would diffuse to the crystal boundaries. This suggests
either a decrease in grade or that polygonization affected a plagioclase

whose igneous composition had not been greatly altered by the eariiest

stages of metamorrhism.
Evidence supporting the diffusion model is that the oscillatory

zoning, which is often marked by a sharp increases in anorthite content,

has a polygonal outline. Such a zone may represent the o0ld edse of the

crystal in which case the surrounding area marks, a later, rapid, stage

of crystal growth. Using this model the cutting off of zones of one

grain by another can be explained by the growth of an adjacent crystal.
Larger grains are characteristically not zoned, except for the very edge.
Since larger grains suggest slower growth, probably due to less
pre_recrystallization straining, their lack of zonation may be because

giffusion, to exclude impurities, kept pace with growth.
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Oscillatory zoned crystals with An20 cores and Anlo rims
(compositions determined by Schuster's method) have been found in
deformed and undeformed samples from near Cnoq Pﬂollain Beithe where
the metamorphism is associated with the heterogeneous De deformation.
Assuming isobaric conditions and that the crystal composition reflects
changing metamorphic conditions, then the zonation indicates a decrease
in temperature as the polygonal grains grew from points of nucleation,
Recrystallization therefore took place with cooling after deformation.
Oscillatory zoned polygonal grains with an overall 'reverse' zonal
scheme have been fourd in a sample, from Achmelvich Bay, that has been
affected by Df shearing. The central parts of the grains are c.

Anzo’ the edges are c. AnBO' Reverse zoning of this nature would

represent the increase in temperature after the end of straining,

As the variation in composition of the feldspars is within
the oligioclase range, the metamorphisms associated with De and Df

are in amphibolite facies. Taking the evidence from both localities

it suggests that the complex cooled between De and Df.

The composition of the centres of crystals from samples

from tpe two areas are both Anzo and in one case the edges are AnBO’

and the other they are AnlO‘ Then according to the diffusion model

the grade of metamorphism of both areas during both deformations was

" {dentical and the 'reverse! and 'normal' zoning reflects the amount of

pre—polygonization loss of Ca.
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‘Forty one dyke rocks have been analysed for major and trace
elements. The rockswyere taken from 32 intrusions from localities from
TParbet (Sutherland) to Loch‘Diabaig (Ross). Samples were chosen to
include the main dyke varieties, gabbro, dolerite, picrite and 'ereen'
dykes and to represent, as far as possible, the centre and chill of
the intrusions. One sample, ¢ 31, is from an igneous xenolith of an

intrusion that was sampled at intervals from one contact to the centre
(¢ 29-¢ 32).

Few of the samples analysed show an igneouns mineralogy and
many are foliated. Some foliated and unfoliated pairs of samples
were chosen from the same intrusion in order to determine whether any

 chemical variations are due to metamorphic redistribution.

The samples analysed are listed below, with relevant details

of mineralogy. (unmet-unmetamorphosed, met-metamorphosed, fol-foliated)

Gabbroic Dyke Samples,

SCM -~ Scourie Bay (unmet).
14 - Dyklet from Cnoc Fhollain Beithe - (met and fol).

35a(— Multiple intrusion - Rubh an Trompain - (met and fol),

g 14 - Tarbet - (minor met).
# 17 - Loch an Obain  (minor met).

g 18 " (fol).

g 25 - Tarbet (minor met).
Achmelvich Bay, contact (met and fol)

g 27 -
g 28 sh " "  (met and fol)
¢ 28 op " " (met) adjacent to @ 28 g

g 29.- Achmelvich Bay, contact (met and fol).
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@ 30 - Achmelvich Bay, (met),

g 31 " " xenolith (met).
g 32 " "  centre (met),
# 36 - Unapool (unmet).

@ 198 - Loch 4ssynt (met).
g 199-Loch Assynt (met) (described as 'green dyke' in Survey Memoir).

§ 246~ Badnaban (wnmet. olivine bearing).
@ 262 - Badnaban (unmet),
@ 366 - Loch Diabaig (met).

@ 384 An Ruadh Mheallan, Torridon (met).

Noleritic Dvke Samples

325b Ruhb an Tiompaign (met and fol),

g 137~ Tarvet (met).

§ 28 ~ Tarbet (met and fol).

g 35 - Achmelvich Bay (met and fol).

¢ 114 - Tarbet (met and fol).

¢ 182 - Loch Assynt (met).

@ 227 - Loch Assynt (met).

¢ 234-Loch Assynt (vnmet)

] 304ACreag Mhor Thollaidh (met, scapolite bearing).
@ 344 - Gruipard River (met).

¢ 384f - 4n Ruadh Mheallan, Torridon (met)

g 391-An huadh Mheallan, Torridon (met and fol),

Pioritic dvke samples

391 - Achmelvich Bay (met and fol).

g 113 - Tarbet (cwmlate, unmet).

§ 192 ~ Loch Assynt (met).
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@ 228 - Loch Assymt (unmet).

¢ 376-An Fuadh Mheallan, Torridon (met)

'Green! dvke samples

¢ 328 ~ Gruinard River (met).

@ 375 Loch Diabaig (met),

For each element the mean content of each rock group will be
given, followed by the standard deviation. As only two 'érecn‘ dykes

have been analysed only the average of the two results obtained for

" each element can be given,

The geochemistry of the dykes analysed is compared to the
average composition of twenty-seven Precambrian dykes of similar
ineralogy, composition and age (post 2,5 x 109 yrs) from Wyoming that

m
have been described by Condie et al (1969). Trace element concentrations

are comparcd to the average concentration of tholeiitic basalis given
by Prinz (1967).
For each trace element measured by X.R.F. the lower detection

1imit (L.D.L.) will be given.

Mafor Elements

silica, (810,)
The Tocks analysed contain between 39% and 55% silica. The
gabbroic, doleritic and 'green' dykes have between 45% and 5%%. The

picritic rocks have a 12% range in Si02 content from 39% to 51%. This

shows that although ultramafic, the picrites  are not necessarily
gilica pooT.
This may be directly related fto pyroxene content since the

silica—rich picrites are thoge that contain, or are thought to have
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contained, relatively small amounts of olivine and lafge amounts of

orthopyroxene.

Fig. VI.3 shows that the vast majority of the dolerites, 10
out of 12, have silica contents between 48%% and 50%. This ia

considered to be significant because of the large range in silica

contents of the other groups,

The aver d lation i
age and standard deviation in the 8102 content of the

rock groups are:-
gabbros 49.81% (2.07%)
dolerites  49.89% (1.71%)
picrites 45.88% (5.22%)

'green' 48.88%
dykes '

Wyoming diabases 49.0% (0.61%)

Titanium, (Ti%)
gabbros 1.68% (0.62%)

dolerites 1.56% (0.72%)
picrites 0.38% (0.15%)

tgreen’ 0.68%

dykes
Wyoming diabases 1.44% (0.61%)
The titanium concentration decreases with increasing

solidification index (MnglOO/MgO+FeO+Fe203+N320+K20) and the highegt
. value of 3.04% Ti0, is in a gabbro. The lowest values are from the
picrites and 'green' dykes (0.16 to 0,56% and 0.53 to 0.82% respectively),

The gabbros and dolerites contain similar amounts of TiO2, between

1.0 and 3.0%.

The curveyshowing a smooth decrease of TiO2 content with
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goljdification index, shown in Fig., IV.la, does not include two

‘samples #246 and @199, which éontain more ’I'iO2 than the other rocks
of similar solidification index. $246 contains titanaugite and possibly
#199, (a meta-gabbro), did also. The general increase of titanium
contents with differentiatiqn, which is indicated by decreasing
solidification index, is explained by the increase in ore (Ti in
ilmenite) and hornblende content (Ti4+ substitute for A13;). Thesge

minerals are the last to crystallize in the gabbros and dolerites,

Alumina QAIEO )

gabbros  13.02% (1.56%)
dolerites 13.14% (1.99%)
picrites  6.07% (1.49%)

' green' 8.61%
dykes

Wyoming diabases 12.7% (1.2%)

Alumina shows a gradual increase from the picrites (c. 5%) to
the gabbros and dolerites (c. 16%). The dolerites tend to contain
more alﬁmiha than the gabbros. The gabbroic xenolith (¢5l) contains
17.60% 41,05, which reflects the high plagioclase content of this rock.
ent decreases from S.I. (solidification index) = 30% to

Alumina cont

g.I. = 10%, i.e. with increasing differentiation, and the high aluminium
content in the cognate xenolith may indicate that fractionation of -

alumina-rich phases has taken place (c.fs Wager and Brown 1968)

Iron fFeZ

Total iron, expressed as Fe203, for all rock types is variable
and falls between 12% and 22%. The highest values belong to those rocks

(gabbros and dolerites) which have lower values of solidification index,
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gabbros 16.60% (2.56¢%)
dolerites  15.81% (2.95%)
picrites 14.60% (2.31%)

'green’ 14,73%
dykes

nging diabases 15.0% (2.0%)

Individual samples of the gabbfos and the doierites contain
over 20% iron and therefore the rocks of’the 'Scourie dyke' suite
belong to a series where strong iron enrichment has taken place,. The
plot of alkalis, iron and magnesia (i.e. 7M., Fig. IV.4) shows

that the iron enrichment trend followed is similar to that shown by

the Skaergaard intrusion.

The nine rocks that hold positions furthest along the course

df differentiation come from.dykes that lie outside the 'central zone',

No reason for this can be given,

Maneanese (Mn0)

The concentration of manganese in the rocks analysed shows
very little variation. MnO makes np between 0,14% and 0.19% of the

picrites, 0.21% and 0.28% of the 'green' dykes and between 0,16% and
the oabbros and dolerites., The proportion of manganese shows
0027% Of -

an increase with differentiation, as shown by'decreasing s.I.

Figo IV.lao

gabbros 0.22% (0.02%)
dolerites 0.22% (0.03%)
picrites | 0.18% (0.03%)
tgreen’ 0.25%

dykes

Wyoming diabases 0.23% (0.03%)
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Mascnesia (Mo0)

Magnesia content shows great variation., The picrites, which
contain or contained olivine and orthopyroxene, contain between 16% and
28% MgO. The olivine gabbro contains over 13% MeO. The 'greed dykes,
that only show possible relics of olivine are also magnesium rich
(c. 16% MgO). The dolerites and gabbros are relatively foor in

magnesium, They contain between 2% and 10% MgO.

gabbros 6.26% (2.03%)
dolerites  6.00% (1.62%)
picrites 23,3% (4.31%)

t green' 15.7%
dykes

Wyoming diabases 7.07 % (1.72%)

catleium, (£a0)

gabbros 9.60% (1.20%)
dolerites  9.90% (1.27%)
picrites 2.23% (4.81%)
tgreen' - 8.1%%

dykes

wyoming diabases 9.43% (1.30%)

In the same way as for ivon, the calcium content of the

picrites falls within a wide range of 2% to 11%, This probably

reflects the original modal content of calcic pyroxenes. The calcium

contents of dolerites and gabbros are similar and show only a diffuse

trend against solidification index with a maximum caleium content of

c.11% at 5.I. = c.25% decreasing at higher and lower values of S.I,

Because the igneous petrology of the basic dykes is not fully known,

the reasons for this increase and decrease with 5.I. is not clear,
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1% is most probably the result of interaction between plagioclase
content and the An content of the plagioclase present. The
plagioclase xenolith, @31 which has probably formed by plagioclase
accumilation, is not rich in Ca0 but has a high Na,0 content,

suggesting that the plagioclases were albite rich.

Specimens taken from and adjacent to a narrow shear zone,
(#28 sh and $28 op) have Cal contents of 9.52% and = h2% respectively.
Other dykes from the close vicinity (#29, §30, @32) and @27 wﬁich is
from the same intrusion, have almost identical chemistry as ¢28 sh and
@28 op but contain between 9.80% and 10.80% Ca0. The apparent increase
in Ca0 in the unsheared sample, and the decrease in the sheared sample

is believed to be due to the movement of calcium out of the shear zone

Soda, (Nazgl

As expected soda is low in the picrites (between 0,25% and
1.68% Nazo)' The 'green' dykes contain between 0,58% and 2,00% and
the gabbros and dolerites contain similar concentrations of soda from
1.6% to 3,5%, The dolerites have a lower average soda content than

the gabbros. The xenolith §31 has the highest concentration measured

of 3.78% Na20. This points to the major sodium carrying phase being

plagioclase which is concentirated in this xenolith and in the normal

gabbroic dykes compared to the dolerites,

gabbros 2.33% (0.,38%)
dolerites 2.12% (0.54%)
picrites 0.,82% (0.56%)

'green' 1.33%
dykes '

Wyoming diabases 2.18% (0.41%)
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Potash gngl

Potash content of the set of rocks analysed is extremely
variable and reaches a maximum of 1.8% in a sample of dolerite, The
picrites contain the least amounts of potassium, between 0.09% and
0.8% K20. The sample (@228) that;oontains 0,8% K20 shows an igneous
mineralogy and contains inferstitial biotite., The potassium-carrying
phase of the picrites is therefore assumed to have been biotite. The
tgreen' dykes ghow similar amounts of potassium as the gabbros, which

" have between 0.3 and 1.2% a:eK20. The dolerites, however, tend to

contain more potassium than the gabbros,

gabbros - 0.68%  (0.27%)
dolerites ~  0.89% (0.38%)
picrités 0.34% (0.29%)
tgreen' 0.61%
.dykes

Wyoming diabases 0.95% (0.44%)

An increase of about 0.5% K,0 is shown in a sheared rock
(28 sh) compared with of the undeformed surrounding rock (@28 op),
which contains c. 0.4% K20. It appears that either there has been a
concentration of potassium in the shear from a large 'catchment' area

or potassium—rich fluids have passed through the shear zone,

Phosphor (22091

Like TiOz, total iron, and MnO, phosphorous increases with

décreasing solidification index, P205 concentrations of between 0.02%

and 0.05% are found in the picrites, 0,05 and 0,06% in the 'green!

dykes and 0.04% and 0.28% in the gabbros and dolerites. The increase

in phosphorous with differentiation is directly related to the amount
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of apatite which is common in the unmetamorphosed, and often in the

metamorphosed, gabhoic and doleritic rocks,

gabbros 0,13% (0.06%)
dolerites 0,12% (0.,06%)
picrites 0.03% (0.01%)
' green’ 0.05%% -

dykes

Wyoming diabases  seces not determined

Prace Tlement Geochamistyr

Group IA elements

Lithium, Li

The lithivm contents of the twelve rocks (gabbros and dolerites)
analysed range from zero to 25 p.p.m. and show a positive correlation
with solidification index. The relation between Mg (here indicated
by solidification index) and Li is well known (see Heier 1962) and is

due to their similar ionic radii (Li* 0.68 &, Mz2t 0.67 2)

The average content of the rocks analysed is 9,9 p.p.m, -

very close to the average Li content of tholeiite basalts given by
prinz (1967) as 10 p.p.m.
Rubidium Bb, (L.D.L.= 0.6 DeDel. )

Rubidium concentrations of the rocks analysed are below

PePolMe except for one rock, a dolerite, which contains 69 p.p.m

25

al . .
This anomously high concentration is in a rock of unusually high

potassium content.

gabbros 8.0 p.p.m. (7.4 pepem.)
dolerites 15.5 pep.m. (17.6 p.pem.)
picrites 549 PaPele (7.2 p.p.m.)
dykes

ases 45 p.p.m. (29 p.p.m.)
17 p.p.m.

Wyoming diab
tholeiitic basalts
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After taking into account the very high Rb content of one of
the dolerites, there is no marked difference between the Rb contents

i .
of the different groups of rocks and within each group certain

individuals contain less than the lower detection limit,

The variation in Rb content appears to be the direct result
of metamorphism, which has reduced the amount of rubidium present,
often to below the lower detection 1imit of 0.6 p.p.m. A1l the rvocks
that contain less than 0.6 p.p.m. (i.e. effectively zero Rb), ha§e been
metamorphosed., ©Some metamorphosed rocks (often foliated) contain
similar concentrations of Rb to the unmetamorphoéed rocks. This may
be explained in the following way (see Fig. IV.5), Those rocks that
contain measurable amounts of rubidium, and are metamorphosed, contain
biotite (or retrogressive chlorite). The K:Rb ratios of the
unmetamorphosed rocks are similar (e. 500), It would appear that
on weak metamorphism without deformation, where biotite is not formed,
rﬁbidium is greatly depleted causing very large K:Rb ratios, This ig
probably because no nineral phases are present to retain Rb+ ions,
Therefore the presence of an Rb+ accepting mineral (i.e. biotite,

where Ro’ substitutes for K+)on metamorphism determines whether rubidium

will remain the rock or will be lost,.

There is only one rock (#29) that does not obey the rule
that metamorphosed rocks with biotite will contain large amounts of
Rb and vice versa. Like all the other rocks taken from this dyke it
contains 'zero’ rubidium but it dqes contain biotite whereas the others
do not. However in this sample (which comeg from the margin of the
dyke) ﬁhe biotite is post—fectonic, having grown across the schistosity,
It may therefore be concluded that Rb was lost on the metamorphism that

was accompahied by deformationrand was unavailable during the later
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growth of biotite, which could have grown in response to the influx

of potassium from the adjacent gneisses.

Group ITA elements

strontivm, Sr (L.D.L. = 0.8 p.p.m.) and Barium, Ba (L.D.L. = 6 p,p.m.)

Strontium Barium

gabbros 238 popem. (114 p.p.m.) 196 p.p.m. (31 p.p.m.)
dolerites 213 p.p.m. (108 p.pum.) 190 p.p.m. (52 p.p.m.)
picrites 74 popem. (40 p.p.m.) 167 p.pem. (45 pep.m.)
tgreen' dykes 58 D.p.m. 167 p.p.m,

Wyoning 186 p.p.m.\ (58 p.p.m.) 220 p.pem. (214 p.p.m,)
diabases

Tholeiitic 450 p.p.Mme’ 244 DeDela

basalts

gtrontium (Sr) The majority of samples analysed contain less than the

avevage Sr content of tholeiitic basalts. Two rocks, $31 and $199,

have anomalously high values of 600 and 655 p.p.m. Sr respectively.

The other gabbroic and doleritic dyke rocks produce a diffuse
trend when plotted against solidification index. At S.I. = 28% the Sr
content reaches a maximum of about 300 p.p.m., but at higher and lower
values of S.I. the Sr content falls to below 100 p,p.me The picrites
and ‘green' dykes contain less than 100 p.p.m, Sr. This relationship

ig similar to that shown by Ba and Ca.

As strontium is concentrated in the earliest, high temperature
plagioclases (of high anorthite content) the above variation can be
attrituted to the increase in plagioclase content with differentiation

(causing the increase in Sr content from the ulitra~basic to basic

dyke rocks) and the subsequent decrease in Sr content due to the

decreasing anorthite content of the plagioclases on further

differentiation.
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Sr:K ratio plotted against K, Fig. IV,6, shows gz 'strontium
depletion fractionization trend! as found by Condie et al (1969) for
the Wyoming diabases and postulated by Green and Ringwood (1967).
The Sr depletion trend isg unusual for continental tholeiites but

is typical of submarine tholeiites and of the Antarctic ang Tasmanian

tholeiites,

Following Condie et al, the marked Sr depletion could be
due to plagioclase fractionation from z tholeiitic magma (Ca-Al rich),
If this is correct for the 'Scourie Dykes', and the Wyoming diabases,
vast quantities of plagioclase must have crystallized and been removed
from the magma. A figure of ¢,75% (of the pPlagioclase content) was
suggested for the Wyoming diabases, Many 'Scourie! gabbroic dykes
show that plagioclase crystals were early to crystallize from the
magma and were often segregated into bands., Mbreover many of the
dolerite dykes contain plagioclase phenocrysts that have rounded
outlines and are of different composition (more calcic) from thoge
plagioclases that are found in the surrounding dolerite, Mogt
important of all is that xenoliths, often very large, of rlagioclase
rich gabbroic~textured rocks are often found in the gabbros. These
xenoliths (e.g. sample #31) contain about 75% plagioclase and may

well represent blocks of consolidated or semi~consolidated Plagioclase

cumulate brought up from the differentiating magma chambers where the

dyke material originated,

The analysed samples of plagioclase-rich xenolith @31 does show
a K/Sr ratio normal for continental tholeiites and may therefore have
formed as suggested. Sample @199 from the éctinolitic meta-gabbro,
although now not obviously plagioclase rich, may have contained large

quantities of plagioclase, This rock,that is chemically similar in

many respects of @31 and often very dissimilar to the 'normal !
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gabbroic anddoleritic dykes, therefore may well represent the
rock with a composition nearest to the primary tholeiitic masma,

before extensive plagioclase fractionation had taken place,

Condie (1973) has linked crustal thickness and chemistry of
igneous rocks (notably Rb and Sr), Plotting Rb v Sr (Fig. IV,.7) and
using Condie's fields for different crystal thicknesses, the majority
of the analysed samples that have not obviously been depleted in Rb
during metamorphism fall in the field where crystal thickness ig
between 15 and 20 km. It is considered that during the intrusion of

the 'Scourie Dykes' the crust was under tension (see Chapter VI) and

since the 'Scourie Dykes' are of an obvious continental origin, it is

strange that they show Sr depletion trends similar to thoge seen in

submarine tholeiites. The statement of Condie et al that "such a
coincidence of trends may indicate a genetic relationship between
submarine tholeiites and Sr depleted, continental tholeiites" may be

courtenanced  for both the submarine tholeiites and the 'Scourie! dykes

have Been intruded through a crust that was under tension,

Rarium Ba
R ——————

The rocks analysed contain between 110 and 300 p.p.m. Ba and

when plotted against solidification index they show a trend that ig

gimilar to that shown by Cal. (Fig. 2a)

Barium content of the adjacent sheared and unsheared rocks,
¢28 sh and ¢ 28 oph, show an apparent increase in barium in the sheared
rock from c. 200 p.p.m. %o c. 300 p.p.m. Plotting Sr/Ba ratios against
9K the rocks analysed fall within or near to the field of continental
théleiites of Condie et al. (1969). See Fig. 1V.8, although the plot

K/sr v K (Fig. IV.6) places them outside this field,
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Grouvo I1ITA

Gallivm, Ga

The content of Gallium in the rocks analysed (gabbros and
dolerites) are similar to those found in basaltic rocks generally,
i.e. they range beiween 13 p.p.m. and 25 p.p.m. The average gallium

content for tholeiites basalts is 19 p.p.m. (Prinz 1967).

Group 1IVB
B e
Ieeg‘(IuD.L. 13 pepem.)

A1l except one of the rocks analysed have concentrations less

than the lower detection limit,

Grovp VIIB
et

Fluorine and Chlorine @ & Cl

Analysis of P and Cl was kindly carried out by Dr. R. Fuge

on a number of samples. Values for chlorine range up t0 2500+ DaDoM.

for the scapolite~bearing meta-dolerite, However, non scapolite-

pearing rocks only contain up to 1150 p.p.m. When plotted againsi

5.I. they show a slight negative correlation (see Fig. IV.2a and

Fig. IV.2b)

T+ is notable that rocks retaining their igneous mineralogy

ha#e o very low Cl content (¢50 p.p.m.) whereas metamorphosed rocks

ntain greater amounts. Moreover unfoliated rocks contain

always co
1arger amounts of c1 (c800 p.p.m.) and sheared rocks less (c 250 PP m. ).

Also chlorite bearing or saussaritic rocks (usually unfollated) contain

greater amounts of chlorine than the biotite (foliated) rocks., Thus

is possible that the variation in chlorine in metamorphosed dyke

it

focks is mineralogically controlled.
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The fluorine content of the rocks analysed fall between
100 p.p.m. and 400 p.p.m., show a negative correlation with S.I,

and sesm to vary sympathetically with chlorine (Fig. IV.9).

The concentration of fluoriné seems to follow the same
pattern as that of chlorine in the metamorphosed rocks. Thus the
concentration of both halogens seems to be dependant almost wholly
on the state of deformation, i.e. it would appear that the physical
state of the rock (whether foliated or hot) determines how much
chlorine or fluorine is retained. Foliated rocks are considered to

offer easier passage for these gases to pass through and out of the

rocke.

Trangition Elements

Grovp IITA Scandium, Sc (L.D.L. = 1.5 P-p.m.) and Yttfiug,Y (L.I),L,= 6 p.p.m.)
———————————et N

Scandium ' : Yttrium

gabbros 33 popem. (4.5 pepems) 27 p.pem. (11.1 p.p.m.)
dolerites 34 PeDelle (5’7 p’p°m') 29 PePeMe (1106 p.p.m.)
Picrites 19 p‘p'm‘ (4’9 p’p‘m') 11 PelPoIl, (4.3 p.P.m')
tgreen' | 22 p.p.M. 18 p.p.m.

_dykes ‘ ; S

>",-J;)romirig 36 DeDeMs (4 P-P-m-) not determined
diabases -~ - ~
tholeiitic 31 p.p.m. 30 p.D.M.
basalts
_s_ggmdium

Seandium content decreases smeothly with increase in

golidification Index from c,20 p.p.m. for the picrites to ¢,35 p.v.m.

for the gabbros and dolerites. The xenolith ¢31 containg 1little

Scandium (20 p.p.m.).

Prinz (1967) states that scandiuvm is concentrated in pyroxenes,
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amphiboles and to a lesser extent in biotite, but is almost lacking
in olivines., This is in accord with the scandium contents of the
rocks analysed, the olivine bearing rocks containing the least

amounts and the pyroxene-bearing dykes the greater amounts of

gscandium,

Yttrivm

Yttrium varies in a similar way to V and Zn (other
transition elements) by showing a decrease with increase of
Solidification Index. The picrites may contain as little as 5 p.p.m.
and the highest content of yttrium of 50 p.p.m. is found in the rock
which has the lowest solidification index. Wilkinson (1959) points
to apatitie- as the main yttrium carrier (where it substitutes for
ca’t), but Cornwall and Rose (1957) find abundant Y in ilmenites and
magnetites (Y substituting for Fe2+). Such a concentration of yttrium

in the late minerals of basaltic differentiation would explain the

trend in the rocks analysed.

The close relationship of yttrium with vanadium and zinc
(see Fig. 1V.10) which are contained in high concentrations in
magnetite and illmenite respectively, suggests that these'oxides
rather than apatifes contained the yttrium in the 'Scourie Dykes'.
The plot Sr v Y (see Fig. 1V.11) shows a negative correlation for the
pbros and dolerites and separates these from the ultrabasic rocks

8ga
(picrites and tgreen' dykes) which have low Y (and Sr) contents.

Group IV A
ﬂ'#‘———_‘ ) B
Zirconium (Zr) (L.D.L. 9.4 PeDelle)

92 popem. (25 pepems)

gabbros
dolerites 87 pepems (55 pep.m.)
26 p.pem. (22 p.p.m.)

' picrites

'green‘ dykes 39 pop.m.

diabases 128 p.p.m. (53 p.p.m.)

in,
: gﬁg?ei%tic basalts 108 p.p.m.
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The zirconium content of each rock type shows g great range
(as shown by the standard deviation) and when plotted against S.I.

shows that there ig a general decreasgse in Zr content with S.I.

Zirconium is concentrated in Pyroxenes and in residual
magmas where zircons may be formed (Prinz 1967). As zircons have
not been found in the rocks analysed it must be asgumed that

zirconium has been incorporated in the Pyroxene,

The variation of zirconium ang titanium (Fig. IV.12) is that
which would fall in the fields ®B" and 'pn of Pearce and Cann (l973)
which are identified with ocean floor basalts (and Possibly low
potassium tholeiites), This; as does the strong Sr depletion of

these ayke rocks, suggests a strong reseﬁblance to submarine basaltic
rocks.

Groun VA  Vanadivm, V (L.D.L. = 32 p.p.m.> and Niobiumz b (L.D.L =247 PeDPam )
* . L ] L ]

Vanadium Niobium
gabbros 424 popem. (87 p.p.m.) 17 p.peme (8 p.p.m.)
dolerites 412 p.p.m. (150 P.p.m.) 13 p.pem. (6 Pep.m,)
picrites 147 popem. (72 pup.m.) 3 pepem, (2 P.p.m,)
'green’ 259 p.p.m. below L.D.Lo
dykes
tholeiitic basalts 251 p.p.m,

Vanadium content is lowest for the picrites (highest

Solidification Index) at ¢50 p.p.m. and greatest (¢500 p.p.m.) in the

gabbros and dolerites of lowest Solidification Index, showing a

similar relationship as Zn and Y. Vanadium will substitute for

Feot and is therefore found in high concentrations in Pyroxenes and

especially in magnetite (Naumor and Gurin 1967) but does not appear

in olivines which tend to concentrate chromium, Because of the
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similarity to yttrium in rarticular, it is thought that the vanadium
is held in magnetite to a greater extent than byroxenes, Fig. IV,13
shows that there is a close relationship between vanadium and

titanium, especially at low values of both, The trend, well defined

at low levels on this plot, shows at higher TiO2 levels a broad scatter

which varies between
a) constant V:Ti02 ratio, and

b) constant V, at c. 230 DeD.m, with increasing T102 (decreasing

V:Ti02 ratio with increasing TiO2.

Since the main phases containing these elements are oxides
(i.e. Ti in titanomagnetite and ilmenite; and V in magnetite) the
reasons for their concentrations may be due to the physical conditions
(P02 and T) causing precipitation when Ty and V concentrations were at
different levels. Buddington and Lindsley (1964) state that at the

same temperature an increase in oxygen fugacity results in a decrease

in percentage of ‘I‘iO2 in magnetite and an increase in the FeZO3 of the:

ilmenite in the solid solution series F6304 - FeQTiO4, (magnetite,
ilmenite). If the amount of vanadium closely follows Fe3+ then it
would be expected that an increase in oxygen fugacity would cause the

V:Ti0. ratio to increase. Therefore it could be that the variation on

2
the V - TiOQ plot is an indicator of the variation in oxygen fugacity

during development of these oxides, with high V:TiO2 ratios

indicating high oxygen fugacities.

Niobium
NETODI
Niobium concentrations are low for these rocks, some being

below the detection limit. Despite the low values a general increage

in Nb content can be detected from the ultrabasic rocksg (picrites and

igreen' dykes), of around 7 p.p.m., to the basic (gabbros ang dolerites)
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around 30 p.p.m.

| There is a well defined geographical control on the Nb
distribution, for the highest values are found in basic dykes from
around Achmelvich Bay (i.e. around the Canisp Shear Belt). This is
shown well in Figs. IV.13 and IV,14 where all the gabbros of
Achmelvich Bay fall in one isolated field. Pearce and Cann (1973)
point to the ratio Y/Nb (Fig. IV.14) being an indicator to the
‘tectonic setting of volcanic rocks, and argue that the vaﬁiation in
Nb is due to differences either in degree of partial melting or in
b content of the source rock. Either of these explanations may

account for the marked difference shown by the rocks of Achmelvich RBa;
Y

(see discussion of zinc concentrations)

Group VIA Chromivm Cr, (L.D.L. = 4.8 p.p.m.)

pamenmsaa—————

(177 P-P.mo)

gabbros 201 p.p.m.
dolerites 202 PePela (193 p.p.m.D
picrites 2400 p.p.m. (368 p.p.m.)
tgreen' 1547 p.p.m.

dykes

tholeiitic 160 p.p.m.
basalts:

Chromium content shows a very smooth variation with Solidification
Index, (Fig. IV.2a) increasing, almost exponentially, from below 102 DaDam

(dolerites and gabbros) to over 103 p.p.m, (picrites) with increasing

g,I. values. As Cr is concentrated in chromite ores of the ultra-basic

rocks and in early pyroxenes, which deplete the Cr content of the magma

(Mcpougall and Lovering (l963»,this variation is readily explicable

The variation between Cr and TiO, (Fig. IV,15) shows a negative

correlation (cf Rivalente and Sighinolfi 1971). However, the variation

from basic to ultrabasic rocks is not simple, as there are two converging
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trends.,

The steeper trend (i.e. more répid decrease in Cr with
T102 increase) is almost completely confined to the ultrabasic rocks
and suggests that these rocks contain quantities of chromite ores
associated with the presence of olivine. The majority of the rocks
]
that show a slow decrease in Cr content with TiO2 content, show the
tnormal' variation, presumably due to the continuing pyroxene

crystallization whereby the amount of Cr in the pyroxenes and in

the magmas falls with the gradual ihcrease in T;’LO2 during differentiation.

Group VIIT  Cobalt, Co and Nickel, Ni (L.D.L+ = 3.4 popem.)

e
Cobalt Nickel

gabbros 55 pepeme (9 popem.)’ 122 popom. (137 p.p.m.)

dolerites 52 P.DeMe +f 91 p.p.m. (63 p.p.m.)

picrites - 1353 p.p.m. - (425 p.p.m.)

'g:r_‘een' . - 798 PeD.M,

‘dykes

Wyoming '

diabases - 143 p.pems (91 p.p.m.)

tholeiitic

pasalts 39 p.pP.M. 85 PePeMe

+ average from eleven gabbros only

++ one dolerite analysed for Co

Cobalt Cobalt concentrations for the few dyke rocks analysed (a11

except one belonging to gabbros) are between 46 and 68 p.p.m. The

xenolith § 31 contains 37 p.p.m. cobalt,

Nickel Like Cr and Mg, nickel concentrati?ns increase with
' golidification Index (s.I.> 30%) with some picrites containing over
,2000 PeDelle Ni. All rocks cdntaining oliviﬁe and those thought to

phave éontained olivine have high Ni contents and because of this

4fhe picrites, the 'green' dykes and the olivine gabbro are separated
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on plots of nickel contents, especially log Ni v log Cr and log Niv

log Mg0O (Figs IV.16 and IV.17).

The Cr/Ni ratio, of Fig, IV.16, is not constant as Turekain
(1963) suggested it should be for basalts. However, the Ni/Mg ratio
(see Fig. IV17 ard Fig. IV.la) show that‘there is a closer correlation
of Ni with Mg then there is for Ni and Cr. This relation may be simply
explained by the fact that both Ni and Cr are concentrated in olivines
. and later in pyroxenes, Cr is discriminated against in olivines, and Cr

is also found in chrome spinels where Ni is nearly absent.

It is important to note that the rocks from different areas
14
notably Achmelvich Bay, where a sufficiently large number of samples

were collected, contain differing but feirly constant Ni and Mg

concentrations, see Fig. IV.17.

Group IB Copper, Cu (L.D.L. = 29 pP.p.M,)

—_—
gabbros 128 p.p.m. (81 PeDeMs)
dolerites 120 p.D.m. (58 p.p.m.)
picrites 38 p.p.m. (30 p.p.m.)
1 green’ 34 PeDeMe

dykes

tholeiitic basalts 123 p.p.m.

The picrites and 'green' dykes contain little Cu, but the

gabbros and dolerites contain muich greater amounts, up to 200 p.peM.e

In a similar way to Zr, copper content plof,ted against S.I. shows a

'cohverﬂ‘ence of two trends in the gabbros and dolerites, one trend

shOWil’lg thigh' and the other showing 'low' Cu content.

The reason for the variation of copper is not obvious because
. iit'tle work has been carried out on the concentration of copper in
gilicates. In the Shaergaard intrusion(Wager and Brown 1968) copper
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is either present in copper sulphides or concentrated in the
ferrogabbros (and granophyre) where it is mostly found in the
pyroxenes (clino) and plagioclase, When compared with the norm.
percentages of the analysed rocks it appears that the low values of
copper are associated with rocks of low normative plagioclase and
rocks with high normative hypersthene., Fig. 1V.18 shows that in the
field of olivine normative rocks the two trends are distinet. This
suggests that differentiation in the Ol-Hy—DiGPl) field took place

by either pyroxene (high Cu content trend) or olivine (low Cu content

trend) crystallization.

Group IIB  Zinc 7n, (L.D.L. = 2.4 p.p.m.)

pRas IS
- gabbros 92 pepem. (25 pep.m.)
dolerites 95 p.p.m. (31 p.p.m.)
picrites 81 p.p.m. (12 pepem.)
1 green’ 93ip.p.m.

dykes :

7inc varies with S.I. in a similar way to V and Y, With

increasing S.I. it decreases from ¢l150 p.p.m., to ¢70 p.p.m. at S.I.

30%, it then increases slowly to about 80 p.p.m. for the picrites

and 'green' dykes at S.I. of 60%. Coldschmidt (1954) states that zinc

- 2+ X
follows Fe in oxides {(and Mg and Fe5+ in silicates) and points to

jlmenite, magnetite and especially chromite ores in olivine as the

zinc containing phases in gabbroic rocks. The'close association with

v and Y (found in ilmenites and magnetites) suguests that the
Concentrafion of these two elements and zinc is due to the amount of
these ores in the rocks. It would be expected, from the plots of these
tface elements against S.1+, for ores to be more abundant in the

41 trabasic Tocks and the more highly differentiated (and iron rich)

. pagic rocks. This does not conflict with the petrographical evidence,
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However, the unusually low values for zinc in the rocks from
Achmelvich Bay (c50 p.p.m.) reflects either a different source for

these rocks or that an unusual differentiation path has been followed.

The rocks from Achmelvich Bay are also low in Y, which
varies in sympathy with Zn, Wedepohl (1963) suggests that Zn is
concentrated in garnets of peridotic rocks and Pearce and Cann (1973)
point to Y being contained in garnet at higher concentrations than
most of the other mantle phases. It could therefore be that the
gabbroic rocks of Achmelvich Bay were derived from a source rock that
contained 1ittle or no garnet. Green (1969) suggests that such a
source rock would be mantle material at pressures less than 20 kb,
i.e. nearer to the earth's surface. It is suggested in Chapter VI
(see Fig. VI.12) that the asthenosphere was nearer to the surface here
¢.f. the rest of the northern Lewisian)at the time of dyke intrusion.

If this was so it would account for the peculiarities in the chemistry

of the Achmelvich Bay dyke rocks.

Lanthanides and Actinides s Niodinivm, Nd(LeDeL.=38 pepem,)

orium, Th (L.D.Ls=2.5 p.p.m.) and Uranium, U (L.D.L.=3.3 PePell.)

Th ’

Niodinium Thorium Uranium
gabbros - 7 pepem. (3 pop.m.) -
dolerites - 5 pepem. (3 pop.m.) : -
picrites - 5 p.pem. (3 pep.m.) -

1 green' - . 2%p.p.m. , -
dykes

" Niodinium was found to be below the detection limit (38 p.p.m.)

for all samples, Uranium was found to be less than the lower detection

1imit of 3.3 p.p.m. except for one sample (@ 246), the olivine gabbro,

which contains only 4 DPeDP.M. which is not considered to be significant.



Thorium content (Fig. IV.2b) varies from the lower detection limit
of 2,5 pepem. to 1% p.v.m., but shows no significant variation with

rock type.

15%
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Vormative Comnasition of the Sconrie Dvke Suite

Since very few of the rocks analysed or collected in the
field have retained their igneous mineralogy the use of the normative
composition of these rocks offers a way of understanding the

differentiation of this suite of rocks,

A11l the rocks analysed fall either in the olivine tholeiite
grbup or the tholeiite group of Yoder and Tilley (1962) as normative
nepheline has not been recorded, see Fig. IV.19, The dolerites are
generally quartz normative although a few lie very close to the plane
of silica saturation. Therefore the dolerites are considered to be
saturated to oversaturated tholeiites. The gabbros also generally
fall into this group except for two rocké: ¢36, a specimen from the
margin of a gabbro, and ¢246, the olivine gabbro, that fall in the
field of undersaturation and are therefore olivine tholeiites,

The picrites do not form a distinct group and are found to be either

nndersaturated or just in the field of silica saturation., This is

also the case for the two 'green' dykes.

Except for four samples @376 (picrite), @328 ('green' dyke)
and ¢544, ¢114 (dolerites) the normative components of the rocksandlysed
fall together on a plot of 01, Hy, Di, Qz. (Fig. IV.19). Over half
the dolerites and gabbros.are grouped tocether around Qz 15% - Di SO%

- 35% Hy (01-zero), the position C. The others describe an arc A-B,
which runs from Di 25%, Ol 75%, through the field where Did Hy to Hy
90%, Qz 105, cutting the Hy-Di line at Hy 50%, Di 50%. There is no

clear break petween the samples that plot along A-B and those that

are grouped together (c).
Fig. IV.20 is a plot.where the abscissa is obtained by the

brojection from the Di corner of the base of the 'expanded basalt
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tetrahedron'. The position of a rock on this projection _will
give an indication of the degree of saturation of each rock and can
be used for undersaturated, saturated and oversaturated rocks., The
relation between the normative plagioclase content of a rock (plotted
on the ordinate) and this index therefore gives an indication of its

position within the 'expanded basalt tetrahedron' of Yoder and Tilley.

This plot shows that the rocks that group at C and the rocks
of the akc, AB, that lie near to the Di-Hy line have the highest
concentrations of normative plagioclase (P1). Of the other rocks
that fall on the arc, the Ol rich rocks show increasing P1 content

with decrease in 01 and the Hy rich rocks increase in Pl with increase

in Di content.

The relationship of the rocks within the basalt tetrahedron

therefore describes two arms stretching up from the position of

Picrite Basalt and Bronzitite to the majority of the rocks that lie

halfway to the Pl apex above the position where Di2Hy. Therefore two

distinct trends in differentiation to one pointare indicated,

Following Coombs (1963), the form of the plagioclase surface
has been projected onto the base of the expanded tetrahedron (Fig., IV.21)
fhe approximate position of the five phase point R (plagioclase, olivine,
hypersthene - liquid) is marked on Fig. IV.19. Its position

diopside,

on Fig. IV.20 would be at An + Ab 40% and just to the right of the
Hy-Di line. The point R lies near to the 'arc' (AB) and the 'group' (C)
and all but two rocks that describe the arc AB fall on or near the

poundary olivine, plagioclase-pyroxene, plagioclase, The spread of

Points within the tetrahedron either fall along the position of the

olivine-pyroxene (diopside or hypersthene) phase boundary surface or

gToup around the five phase point. Since the points follow the
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inferred positions of these boundary surfaces the spread of points
on Fig, IV,20 about the position of the five phase point may well

mark the approximate position of the plagioclage phase boundary

surface,

4s the majority of analysed rocks fall within the trend A-R-C,
Fig. IV.19,the differentiation of the suite along these lines seemsg

to be more *normal'. Thus it would appear that differentiation of

the magma has moved to the 01(P1), Di(F1) boundary surface, travelled
along this to the plagioclase sﬁrface, from there to the five phase
point R, and from there towards the minimum melt five phase point

of the QZ-P1-Di-Hy-liquid eutectic (see Fig, 1v,22),

This trend would produce picrites, olivine basalts, saturated
tholeiites and finally oversaturated tholeiites, This is the trend
expected from the fractionation of olivine from an olivine tholeijte

liquid at low pressures of depths less than about 15 lm (Green,

Green and Ringwood, 1967),

The minor trend BR that apprears to follow the 01-F1, Hy-P1
boundary surface up to the five phase point, R, where both Hy and Dpi
would be expected, would give rise to a series of noritic gabbrog

that would move towards R from B and then follow the differentiation

of the other series towards ¢z,

Since the trace element geochemistry of the rocks of both

trends are almost identical, different positions of origin within thé

mantle for each set are not envisaged, The cause of the initial

divergence in trends could be due to position of the isotherms’in the

01, Hy, Di field of the tetrahedron. For if the initis] ma ema-

| composition was near to the thermal ridge of this field then

differentiation could pass towards either the olivine—clinoperXene
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Phase boundary to give A,R,C or towards the olivine-orthopyroxene
‘boundary to give the trend B, R, C. A% depths with pressure oreater
than 6kb the olivine-orthopyroxene boundary acts as a thermal divide
(Yoder and Tilley 1962), and therefore at Pressures greater than
6kb the composition of the magma would follow the boundary with the
crystallization of olivine and orthopyroxene to give rocks whose

composition would be close to the phase boundary.

Green (1967) states thaf the fractionation from either
olivine tholeiitic or picritic liquids at pressures greater than
20 kb (possibly at 10 kb) would produce orthdpyroxene, not olivine,
énd this would lead to relative silica depletion in the liguid and
may result in nepheline-normative rocks instead of a series of
Quartz—normative rocks as shown by the two trends 4, R and B, R.
It would seem that the trend A,R belongs to rocks fractionated at
less than 6 kb (c. 15km) the rocks on B,R must have developed by

differentiation initiated at pressures between 6 kb and c,20 kb (i.e.

between c. 15km and 50 km).

This agrees with the view of Green, Green and Ringwood (1967)
who suggest. that fractionation between 4.5 - 9 kb, (c. 11 to 23 km)

of an olivine tholeiite will essentially involve only increase in

plagioclase content.

It would therefore seem most likely that the two trends are
fbrmed becauge of the fractionation of an olivine-normative magma
within two separate depth intervals, trend A,R at depths less than
15 km and trend BR between 15 and'50 km, Further evidencé suggesting

is
the presence of two distinct groups/the plot Na20+K20 v 8102 (Fig. 1v.3)

which divides the analysed rocks into two converging groups. In one

: ; i t 1kali ithin th > ) e ;
group 3102 increases with total alkalis within e field{of High Alumina
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Basalts from the picritic rocks to the basic rocks. The other trend

passes from low to high alkali content without much variation in silica.

This group of rocks includes the 'green' dykes.

It is possible to calculate the chemical changes on removing
and accumulating different crystal phases from a parent rock chemistry
if we can determine, or assume, the chemtal  composition of the

mineral phases. The changes in alkali and silica content due to the

addition and removal of 9 wit% and 17 wt% of olivine (Fa 14) and
orthopyroxene (bronzite) and 9 wt% of clinopyroxene (subcalcic
ferroaugite), bytownite and andesine, from a 'parent' rock are shown

in Fig. IV.23. Mineral compositions are taken from Deer, Howie  and

Zussman (1963) and have been chosen to correspond as closely as possible
to the mineral phases recognised in the 'Scourie Dykes", The composition
" of the 'parent! rock is taken as that of g25 (a chilled margin of a

gabbro) although the changes in chemistry will be similar for any

basic parent rock.

It appears that the changes are almost totally controlled by

the silica content of the minerals compared to that of the 'parent'

and can be summarized as follows. The continued accumlation of

rock
a mineral phase will tend to move the composition of the resulting

rock towards the composition of the mineral, the removal will move

the composition away from composition of that mineral and the 'parent'.

From this, the fractionation effects of olivine and plagioclase

are seen to be opposite, but both change the composition within the

thigh alumina basalt'! field. Petrological study of the dykes suggests

that olivine fractionation is more likely to have occurred in the

gilica-poor rocks. Pyroxene fractionation will give rise to a decrease

in alkalis with (a) an increase in silica (orthopyroxenes), or (b)
without a change in silica (clinopyroxenes). Therefore it is possible
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that the spread of analyses that show alkali increasing with little
change in silica can be attributed to clinopyroxene fractionation
alone or to orthopyroxene (and olivine or plagioclase) fractionation,
Moreover the petrqgraphy of the dyke rocks points to orthopyroxene
and olivine being important in fractionation of the ultra-basic

rocks and to pyroxenes (with or without plagioclases) controlling the

variation in the basic rocks.

(It is worth noting that the supposed plagioclase cumulate,

- ¢31, falls between the composition of @25 and labradorite-andesine,)

The course of differentiation as shown by an A:F:M;'diagram
(rig. IV.4)Tis one of strong iron enrichment, up to ¢.20% total iron
(as FeO?. The trend begins with the picrites and 'green' dykes and
continues with the gabbros and dolerites which both show similar

amounts of iron enrichment, although there are more dolerites than

gabbros with high iron content,

Tt has been suggested from the norm. data that the depths
where the two trends were initiated could be less than 15 km, probably
with the crpst, and greater than 15 km and upto 50 km, probably

confined to the mantle. It can be argued that these two levels of

origin of the rock series were controlled by whether or not the masgma

podies produced by mantle melting did or did not pass quickly into the

cruste

Field and petrographic evidence suggesting fractionation in

the dyke bodies is limited to the ultrabasic and a number of the
1arger gabbroib dykes. This evidence, together with the similarity in

trace element geochemistry of gabbroic and doleritic dykes that occur

4~?together’ sugoest that the processes of differentiation continued asg
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the magma was moving towards the surface and in many cases up to the

point of total crystallization of the bodies.

Watterson (1968 pp 60) defined the two ideal types of
fractional crystallization differentiation as "series diffefentiation"
and '"phase differentiation", In terms of these two types of
differentiation the variation in the chemistry (and therefoie petrography )
of the main 'Scourie dyke' groups would be due to "series differentiation",
that is the continual separation of the major phases that varied
within discontinuous and continuous reaction series.to form . the picritic
tgreen' and basic (gabbroic and doleritic) dykes, Whereas "phase
differentiation”, the separation of different mineral phases, has
only been effective within the dyke bodies and probably after mass

movement of magma had stopped and as the magma was consolidating,

Geochemical effects of metamorohism and deformation

The dyke samples for analysis were chosen mainly to obtain a
representative petrographic and geographic range and not with a view

to obtaining quantitatively accurate evidence of any geochemical

changes resulting from metamorphism., However the available analyses

are sufficient to give a qualitative account of such effects,

The most obvious effect of metamorrhism seems to have been
on rubidium content (see FPig. IV.S). It has been argued earlier that
rubidium has been removed from the rocks on metamorphism, but that
certain quantities of rubidium are retained if biotite was present
as metamorphism occurred, Similarly chlorine content appears to be

de
more times the amounts of chlorine than are found in unmetamorphosed dyke

pendent on metamorphism since metamorphosed rocks contain many

rocks, see Fig. IV.21.

The effect of synmetamorphic deformation on the chemistry of
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the dykes can be assessed from the comparison of the samples @17
with §18,and ¢§28 op with @28 sh and #30. Sample @17 is from the
centre of an undeformed and only slightly metamorphosed gabbroic
dyke from Loch an Obain and #18 is from the centre of the same
dyke that has been sheared by an E-W, 100 m wide shear zone., The
deformation of the dyke is homogeneous. The compositions>of the two
samples are not significantly different except that there is a

relative loss of Eb and Li in the deformed section (See Fig. IV.24).

This suggests that homogeneous deformation of a dyke may‘be isochemical,

Sample @28 sh is from a 30 cm wide shear zone in the centre of
an inhomogeneously deformed dyke from Achmelvich Bay, Sample g28 op
is from the undeformed dyke rock adjacent to the shear zone and ¢5O

js from the centre of a nearby undeformed dyke with almost identical

chemical characteristics.

The changes in composition due to the shearing are summarized

in Fig. IV.24. Potassium, barium and possibly rubidium have been

enriched in the shear zone without the apparent decrease in these
elements in the ad jacent undeformed rock. The copper content of the

gone has been reduced. Lithium and calcium are enriched in the

' undeformed rock.

By reference to the ionic radii of the elements which have
peen enriched or depleted it is seen that the addition of material

to the shear zone, probably from outside the system, involves those

. cs [ +
elements with the large ionic radii (l.e. X, Ba2+), The smaller ions,

Li+ Cu+, Ca2+ have been involved in relative depletion in the shear

?
gone and increase in the surrounding  rock,
Burns (1966) shows a decrease in magnesium content in the dykes

guring the Laxfordian metamorphism between Scourie and Loch Laxford.

E]
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The present study has not been exhaustive enough either to support

or refute this.

| However the increase in potassium shown by Burns to have
occurred on metamorphism due to metasomatism is confirmed, but for
deformed rocks only. Beach and Fyfe (1972) discussing the effect of
Laxfordian shears cutting gneisses show that potash, water and oxygen
have been édded to the system by passing fluids, This is believed
here to be the cause of the variation in chemistry of the iﬁhomogeneously

deformed dyke rocks, although evidence for similar conditions in the

homogeneous deformation of a dyke in a large shear zone does not show

these effects.
‘ 2Fe20
Beach and Fyfe show that the ?ati02F802+E865 increased in

the sheared rock and that oxidation had therecfore occurred. No such

variation is shown by the rocks §17, #18, and @28 op, @28 sh.
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The evolntinn af the 'oreen! dvkes

By using the geochemical results of other workers it ig
possible to investigate the composition and origin of fhe 'green'dykes.
Thus the geochemical analyses of 'Scourie Dykes' determined by Cresswell
(1969), Crane (1972), O'Hara (1961) and Park (1966) have been used
in the Figs. IV.25, IV.26, IV.27. From these plots it can be seen
that the 'green' dykes show little variation in amount of 'iron
enrichment!, Fig. IV.27, but produce a distinct field within the basalt
tetrahedron, as shown in Figs. IV.25 and IV.26. This field lies almost
entirely within the Di, 01, Hy, Pl volume (the olivine basalts), shows
a decreasing Pl content with increased saturation and that the 'green!

dykes are poorer in Pl and Di than the other members of the 'Scourie
Dyke' suite.

Following Green (1969) the low plagioclase (Pl) content
probably indicates that these rocks occurred due to the fractionation
of olivine and aluminium rich orthopyroxene from a magma that was a

product of high percentage partial melting of pyrolite mantle at

higher pressures than those rocks of higher Pl and aluminium content,

However, Kushiro (1969) hasg shown that the phase boundaries

within the basalt tetrahedron shift with varying pressure and water

vapour rressure conditions., Fig. IV.21 attempts to summarise Kushiro's

results. By comparing Figs. IV.21 and IV,25 it can be seen that the

vgreen' dykes lie along the position of the olivine-pyroxene phase

poundary for high pressures (20-30 kb, anhydrous). This, with the

work of Green (op. cit.), sugsests that the 'green' dykes may result

from a tdry' magma that differentiated at a deeper level and higher

pressures in the mantle than the other rocks.

It may be surmised that the 'Scourie Dyke' suite includes rocks
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whose sites of initial differentiation range from very deep in the

Earth (¢, 75 km) to very shallow (ec. 15 km),



Chapter V Notes on the MECHANISM OF DYKE DEFORMATION
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The behaviour of the 'Scourie Dykes' during the Laxfordian

deformations is essentially that of the straining of layers of one

material (the dykes) in a material of a different competence (the
country gneisses).

Due to the range in pressure and temperature conditions under
which the dykes were deformed the strain patterns developed vary from
one area to another depending on their position relative to the two
Laxfordian fronts, time spent under stress and whether or not

deformation of the dyke had previously taken place,

As a general rule, within the Central Zone the deformation

of the dykes and gneisses has been inhomogeneous, with the dykes

acting as the less competent material. Within areas of higher grade

Laxfordian metamorphism the deformation of the dykes and gneisses has

béen more homogeneous with the dykes and gneisses acting as if they

nad similar physical properties. At the highest grades of metamorphism

the dykes behaved as the more competent rock.

The orientation of the Laxfordian stress axes that can be

determined from the deflection of the gneiss banding against the

kes and the sense of movements shown on shear zones that cut through

the dyke rocks show that the maximum principal stress generally acted

in a north-south direction and therefore at a moderately high angle

to the NW-SE trending contacts of the dykes, Because of this the
ﬁet effect of the Laxfordian stresses is to rotate the dykes into

paré,llelism to the plane perpend;'cular toOi direction.

With the increase in grade of metamorphism the style of

deformation apnrears to vary from brittle to ductile. Where little
" or nNO metamorrhism has occurred the Laxfordian elastic strains have
{been Stored and released to produce joints, see Fig, II.27. 1In
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regions where metamorphism has been weak, i.e. in most of the Central
Zoﬁe, the deformation has been heterogeneous and ductile. Here the
deformation is confined to narrow (30 cm) zones of simple shearing

of the contacts of the dykes. The shears, which aré often found

only in the dykes, may form conjugate sets with a set found within the
dykes and at a high angle to the dyke contacts. The sense of ﬁovemeht
on any shear is shown by the asymptotic nature of the foliation to the

centre of the shear. Typical shear sirain gradients of such zones are
-1
Ce7 CM .

The dyke contacts, which represent an intersurface between two

materials of differing competence, are nearly always the site of such
shearing and the position‘and orientation of the contacts show a large

control on the production of these shears. For example a shear will

often continue in throrientation of the contact for some distance into
the dyke at a stepped contact, and if an irregularity in the contact

has an orientation near to that of the 'conjugate'! set a shear of that

orientation will be initiated (see Fig. V.2).

N

These shear zones are concentrated at the contacts and may

exist alongside a more homocreneous deformation style which produces a

penetrative foliation in a zone at the contact of the dyke. The width
of this zone ig often insignificant compared with the total width of

the dyke and the centre is unaffected. As the zone of deformation

pecomes wider the dykes seem to have acted more like a Bingham body,

, i.e. where the viscous component of deformation became greater, Typical
. Py '

shear strain gradient values are lm™,

In the areas of moderate to high Laxfordian metamorphism, the

deformation of the dykes has occurred across the whole width of the

dyke bodies to produce a contact asymptotic or contact parallel
foliation. In such areas the subsequent folding of the dykes and

gneisses at the high grade of metamorphism produced similar fold shapes
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suggestinge that there was a low viscosity contrast between the dykes

and the gneisses.

The later phases of folding, associated with retrogression,

that affect already foliated dykes, tend to produce concentric folds

and these may be cuspate at the dyke contacts. These cuspate folds

show that the metamorphoced dykes were more competent than the gneisses

Tt would arpear that the first phases of deformation and

metamorphism alter the physical properties of the dykes in such a

way that they act as the more competent rock, relative to the gneisses,

after deformation and metamorphism., It is considered that the

properties of the dyke rock change on metamorphism and this could be

from an igneous to a metamorphic assemblage.
Alternatively it could be because the later phases affect a previously
Certain evidence points to a change in properties

gtrained dyke.

resulting from the preceedins deformation. Narrow shear zoneg, that

. a.cross dyke rock locally foliated in a previous phase of deformation,
show an asymmetric strain profile (see’ Fig. V.1), with the previously
geformed rock showing a hicher strain/distance gradieht. ‘This‘ suggests
that during the second deformation the previously deformed rock was

1ess Vviscous, i.e. less competent,

relptionching of the marrow zones of shearine relative

e contacts of the dvkes.

The physical properties of the dykes may be such that the
narrow shear zones and the wider zones of marginal foliation form
side by side, as found at Achmelvich Bay a.nd Sithean Mhor (Rosshire).
In both of these cases narrow zones of shearing run asymptotlcally

he contact from the middle of the dyke a.nd the sense of movement

of these shears have a consistant relationship to the sense of deflection .
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shown by the gneisses and the zone of marginal foliation (see Fig, 11.28),

A similar style of deformation has been found in the dykelets
of Cnoc a Phollain Bheithe where closely spaced shears cut across the
dykelets from one contact to the other. They do not pass into the

gneisses and the angle between these shears and the contact is less

at the contact than in the centre.

At neither the smaller scale nor the larger scale is the
tdeflection' of the shears thought to be due to a second phase of

movement., Nor is it thought to be due to variation in grain size of

the rock since the increase in grain size away from the contact at

Achmelvich Bay takes place closer to the margin than the position

where the curving of the shears stops. Moreover the shears in the

dykelets of Cnoc a Phollain Bheithe cut across the contact between

two intrusive phases without showing any marked refraction,

In the examples just cited, the number of shears increases
towards the contact and in the centre of the dykes the shears are

straight and are considered to mark the orientation of a plane of

maximum shear stress (?'lma.x)'

Similar shapes of zones of failure have been previously

described by Max (1970)’ Berger (1971), Watterson (1968) and Allaart

(1967) in dykes,  b¥ Kranck (1961) and Greenly (1919), where the
failure planes are joints, and by Chinnery (1966) where second order

faults describe these sigmoidal shapes.

Using the results of Chinnery (op. cit.) the orientations

of the planes of shearing, or "second order shears", can be accounted

 foTe Although unlike the problem of faulting used by Chinnery the

dyke/gneiss intersurface can be at any angle to the principal stress
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directions of deformation and the stresses are concentrated at
irregularities of the dyke contacts instead of at the end of g

master fault., Since shear stress concentration will only occur at an

irregularity their limited occurrence is explained,

It has been noted that the narrow shears are almost always
confined to the dykes and are only rarely found in the gneisses, Thig

shows that the dykes had a lower shear strength during deformation,

Using the classification of secondary shears (faults) of

Chinnery the observed examples can be explained. See Fig., V.4, The

secondary shears shown in Fig. II,29 belong to type 4, those shown in
Fig. V.2 shows a secondary shear of type B(C). Examples of shears

of high curviature have been found and are of type C,

As the displacements about the dyke contacts (¥W-SE strike)
are dextral and have resulted from a general north south compression

the types which might be found in the fneisses would be of types B
and F only.

Strain vatterna within shea» moneg of dvkes

A shear zone in a dyke north of Scourie Bay is expressed in
three dimensions and the precise sense of movement can be deduced.
The lineation produced by the alirnment of hornblende crystals and
the elongation of feldspar blebs on the schistosity planes isg parallel
to the direction of prinecipal extension (c.f. Ramsey and Grahanm 1970).
However an 'apparent' feldspar lineation is often found normal to the

movement direction and this is due to the intersection of the schistosity

planes with the oblate shape of the feldspar blebs, This is more likely

to be so in the field of flattening where the schistosity plane is

tangential to or cuts the cones of no finite longitudinal strain,
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Measurements of the shape of the feldspar volumes across
2 single shear zone in an apparently otherwise undeformed dyke show
k' values confined to the field of flattening, with k = 1 at ¥ = 11,0

and the decrease in strain being shown by a decrease in x/y only.,

See Fig. V. 3.

This suggests that deformation by simple shear was either

accompanied by a certain amount of pure shear or that the simple

shear deformation was subsequent to, or followed another deformation

which affected the final shape of the strain ellipsoid,

The shape ad’orientation of the strain ellipsoid of this
other deformation will determine whether or not the lineation shown
on planes parallel to the boundary planes of the zones of shear will

be parallel to the movement direction,



Chapter VI DYKE DENSITIES AND DISTRIBUTIONS
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Using the 6 inch to 1 mile Geological Survey Maps- the whole
of the autochthonous mainland Lewisian outcrop was divided into 1 km
squares corresponding to the Ordnance Survey grid system. From within
each kilometre square the area of outcrop of the dykes was measured
by measuring their width and their length within each square. The
dyke density is quoted as a percentage of the total outcrop. Because
of the simple subdivision of rock types into ultrabasic (picrites)
and basic (gabbrbic and doleritic) that was used by the Survey workers,

the data could only be split into these two groups. A rectilinear grid

was used because of its convenience. This procedure is considered to

be statistically accurate because of the excellent exposure,

'

The percentage outcrop of the dykes was plotted and hand

contoured. (See Figs. VI.1l, VI.3, VI.5, VI.7).

The outcrop trend of the dykes of each kilometre square was

also measured. The trend was taken from the widest dyke as it may be

assumed to represent the declination of the CT',CTI plane. The

normal to the outcrop trend (CIB direction) is plotted in Figs. VI.2,
vI.4, VI.6, VI.8.

The only previons work of this nature in the Lewisian is that
of Lisle (note to a paper by J.S. Myers 1971). This shows that the

density of outcrop of the'Scourie Dykes' of Western Harris is low,

most of the area containing less than 3% dyke material, and that the

areas containing more than 3% trend N.N.E.-S.S.W. (South of West Loch
Tarbert) or occur in isolation between belts of low density outcrop

+that trend N.N.E.~S.5.W. and N.W.=S.E.
On the mainland Lewisian the outcrop density of the dykes is

uch higher. From Loch Laxford to Durness the outcrop of dyke material
m .
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is minimal. Very few dykes are recorded on the maps and inspection
of the ground reveals only narrow isolated dykes. However it ig
considered that the absence of dykes from this area is real and not
due to the destructive nature of Laxfordian reworking, From Loch
Laxford south to the end of the continuous Lewisian outerop near

Enard Bay, the average outcrop density is c.7%% reaching a maximum

of just over 204,

In the southern half of the area, Gruinard Bay to Loch

Torridon, the averare outcrop density is ¢.15% and reaches over 40%

to the south of Loch Gairloch., It is important to note that some

kilometre squares in the southern half contain no dykes at all, but

this is not the case in the northern half of the mainland outcrop,

Area North of Tosh Broom

Dyke densities of the basic dykes appear as belts of high

and low concentrations that are parallel to the trend of the dykes.

This is also the case for the southern region, The belts are evenly

spaced over the region and the separation between the belts is Ce3% km,
’HoweVer, to the north of the Canisp Shear Belt (a laxfordian deformatiOn
'Zone of dextral movement) thé outcrop density, although still showing
N.W.-S.E. trending zones of high conc;entration, also shows NNE-SSW
trending highs., To the south across the Canisp Shear Belt the dyke

concentration pattern returns to a well developed system of NW-SE

trending highs.
The block between the Canisp Shear Belt and Loch Glendhu has

béen moved from the west, relative to the rest of the outerop, since
to the north of Loch Glendhu all the Laxfordian shears show sinigtral

ovements. This block has a similar density pattern to that of a part
m : .
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of the area investigated by Lisle (op. cit.) for a part of the Outer

Hebrides.

The dyke trends show very little deviation from the general

NW-SE trend., Only in the 10 km square NC 20-30, do they show any

marked variation in trend. Here the trend is more E-W and coincides

with an area of low density dyke outcrop (less than 23%). This may

pe due simply to the lack of fissures with the 'normal’ NW-SE trend
in this region.

The ultrabasic dykes of this region occur around the Canisp

Shear Belt where they, and the zones of high concentrations, trend

The average density of the ultrabasic dykes for this region

NNW-SSE.

is between 2% and 5%. However, there is a belt of conspicuously high

densgity that lies obliquely to the trend of the ultrabasic dykes in a

e EW direction and runs into the Canisp Shear Belt. Dyke densities

mor
in this 'high' region reach over 10%. The termination of this 'high'

and its associated 'lows' is due to the Laxfordian movements that

have taken place in the Canisp Shear Belt. The distance between the

b"elts of high ultrabasic dyke concentrations on either side of this

structural break is c. 3 km. This may be the lateral displacement on

the sheare.

If the concentrations of the bagic and ultrabasic dykes are

added together the net result is to smooth out the 'topography' of the

density surface to the north of the Canisp Shear Belt, but it enhances

the tridges' to the south where the trend of the two dyke types are

nth of Loch Broom

rea S0
_l},..—f
Because of the extensive areas which are covered in peat and

: 'ﬁﬁe great numbers of lochs in the region south of Loch Broom the outecrop
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of the Lewisian rocks is poor compardd to the area further north
oy

and a complete survey of the Geological Survey maps is n;% possible.

The concentration of the basic dykes in this southern region
is mich higher than in the north and reaches over 40% (iust to the
south of Loch Gairloch)., Also, compared to the north, the belts of
high dyke concentration reach higher4valdes and areas of low dyke
density can have mich lower_values. This is shown well around Loch
Gairloch., South west of thé sonthern limb of the Tollie antiform
the dyke density is very low with some kilometre squares containing
no dyke material, Where as immediately south east of Gairloch there is
a bolt of extremely high (greater than 40%) dyke density. On averaze

the dykes revpresent bhetween 10% and 204 of the outcrop.

As in the northern regzion, the dyke density waves and wanes
parallel to the trend of the dykes and the digtance between the highs .
and lows is similar to that of. the north. The distances range from

between 2.1 to 3.9 km.

Two areas of hirh_dyke concentration that do not have the
usual NW-SE trend occur around the Tollie antiform (Square 70-80).

Their more EW trend is most probably due to the folding that produced

the antiform,

The variation in the trend of the dykes from the NW-SE can be

-

fre~uently attributed to Laxfordian folding, e.g., in the Tollie area,

‘ But zround the Gruinard River the trends are variable and the variation

cannot be explained by Laxfordian deformations.

The ultrabasic dykes are not common and are only found in any
gréat concentration to the south of the Gruinard River where they.
_represent 3ust over 5% of the outcrop. The chape of the area of

outcrop swings from KW-SE to EW géing from East to West,’see Figse VI 7.
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This bend coincides with the change in strike of the babic dykes from
NW-SE to EW. When the concentration of the ultrabasic aykes that trend
W is added to that of the basic dvkes their hich values reinforce
each other. The NW-SE trending area of high ultrabasic dyke
concentration coincides with the belt of higﬁ values of basic dyke

concentration (20-40%) which ends near to where the ultrabasic dyke

density contours bend,
B i
This shows that the intrusion of the two dyke types here
tends to maintain the periodicity of density values and that the
intrusion of both types has been affected by whatever caused the

anomaloué EW trends.

*

Periodicity of Dvke Outerov Concentrations.

-

" The most noticeable feature of the outcrop density maps is
that the areas of high, and low, density of dyke material run in
belts that are parallel to the dyke trends and the spacing of these

belts is regular. (See.Fig, VI.9).
o .

The spacings i.e., wavelengths between the 'peaks' and
'valleys' in the dyke densities going from south to north are
Wavelength (km) .

Maxs. 4.1 3.4 2.3 31 34 27 3.1

, L
Mins 4.1 = 21 3.1 - 21 27
MaXS. 3.6 K L 201 205 N "’ 3.9 304
Mins. 3.6 2.3 2.3 34 34 4.2

Combined Average = 3.1 km

3
¢
§
H
;

The values of dyke density of c 15%, for the south, and

¢ 8%, for the north, represent a crustal extensiohyqf 17.6% and 8.7% S
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u.’g',
respectively, FExtension of these magnitudes could not have been

brought about by uplift. For if we consider a sector of the cmugt

that is uplifted by an amount ) R where R is the radius of the Farth

the relationship between the extention, A 1, and )}?is )1 = l%%§°

(See Fig. V1.10). Then the uplift to sive 17.6% and 8.7% extension,

assumiﬂg the Earth's radius to have been 6,400 km, as now, wduld needq

to have been 1126 km and 557 km respectively. Therefore extension

by uplift is impossible as érust@l material would not exist at these
relative

depths, but must have been caused by/tension due to externally applied

forces. The forces concerned in this gtretching of the crust»woulq

have acted in a NE-SW direction and are analogous to the crustal

.spreading forces postulated to be driving the present day plate system,
b
It pust be assumed that the pattern of the outcrop density

of the dykes is due to controls which acted below the nregent level -
of erosion. The controlling forces could be attributed to fractures

spaced at c. 3km intervals in the lower crust. -

Since the spacing ¢f:fractufes produced in a slab«under tension
is prorortional to the thickﬁ%ss of the slab (Fobbs 1967) the spacing
of the belts of high dyke rocg_concentrétion may be low above a thin
ermst., Conversely the belts may be widely spaced above z thick crust.
_An hypotbeticalbcross section thfough the crust at the time of intrusion

“N

of the 'Scourie Dykes' is shown in Fig, VI.1l. : ‘ K Y

-~
¥

The marked difference in ayke density between the northern
2nd southern areas of the mainland Tewisian suggests that a structurall‘
break may exist beneath the Torridonian between Enard Bay end Little Loch

Broom,

+

The greater variation in dyke concentration in the south

may roint to thé south having been at a deepérvstructural level
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than the north during dyke emplacemént. Howsver the ¢ristal extension,
as represented by the dykes, of the southern area is apéroyimately
double that of the north. Therefore the two areas may renresent

two, once nore widel? separated, areas of crust that suffered different
amounts of extension. If the crustal spreading model is accepted aond
if the crustal srreading model can be appli@d to the Archaeani it

might be expected that the southern Lewisian was positioned nearer

to the spreading axis and that the overall northwérds decreasge in dyvke

dengity implies a north-eastwards movement of the northern area away

from this axis, . . |
. . 1 |

£
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Conclusions

The pre-dyke complex

The study of the preJScourie Dyke' deformation has shown a
‘bagic similarity;-in the Scourian history of the mainland Lewisian from
Durness to Loch Torridon. The last of the deformational events
distinguished in this work, Dc, is considered to be equivalent to the

Inverian deformation of the Loch Inver area.

Between Loch Laxford and Loch Torridon the deformation phase
Dc has produced characteristic overturned folds and/or zones of
shearing. Both of these types of structures dip towards the middle
of the Lewisian outcrop, for the planes of shearing and the axial
surfaces of the folds of the northern part of the Central Zone dip

to the south and those of the southern part dip to the noxrth.

Petrosenegig of the dykes

The evolution of the magma before crystallization from
?etrographical and geochemical investigations appears to have followed
one of two main paths. One path, produced by olivine fractionation,
gave olivine picrites, norites and gabbros (and dolerites). The other,
prodﬁced by orthopyroxene fractionation, gave orthopyroxene picrites,
olivine éabbros and gabbros (and dolerites). Both sets show strong iron
enrichment and correspond to tholeiitic, high-alumina basalts. It is
believed that both sets were developed from a common parent of olivine
tholeiitic composition and that thé level in the lithosphere at which
material was held determined which differentiétion path was to be
followed to produce the quartz-normative basic dyke material. The
magmas held at a deep level (pfesumably in the mantle) produced the

orthopyroxene picrite magmas and magmas held at a higher level (probably
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in the crust) initiated differentiation that produced the olivine

picrite-gabbro set.

The 'green' dykes , which are of limited occurrence do not
gseem to belong directly to either of these differentiation trends.
They are normatively feldépar—poor, olivine tholeiites that are
probably the result of differention of 'anhydrous' olivine tholeiitic
material at extreme depths in Earth, folloﬁed by their rapid rise

into the crust.

For the non-'green’ dykes' the differentiatioh processes

probably continued upto the time of their final intrusive movements.

The order of intrusion of the different dyke materials varies
from one area to another and, if the theory of magma evolution at
differing depths at the same time is correct, some variation would‘be
_expected. However the order of intrusion of the main dyke types
recognised show a degree of consistency: thus the usual sequence is
either Picrites, Gabbros, Dolerites, tgreen ‘dykes or 'green'dykes ,
Gabbro (1), Doierite, Gabbro (II), the latter sequence being confined
to the area around the Gruinard River, However the age relationship

between the gabbros and the picrites is often reversed,

Although for most areas it would appear that the intrusign
of one rock type 6ccurred before the total consolidation of the previous
type, this does not mean that the intrusion of the whole suite was
éuickly completed. For the intrusion of‘any one type was probably

protracted and overlapped in time with other types.

The rocks found have been split into four main types which
belong to one, or more, series, although it is likely that one type

may grade into another type. This seems highly probable for the
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picrites, olivine gabbros and the norites, and for the gabbros and

dolerites.

Conditions of emplacement

The 'Scourie Dykes' were intruded after the Inverian deformation
and metamorphism and before the Laxfofdian deformation. and metamorphism
(vy definition) and the dykes investigated show that in many cases the
intrusion of basic material has taken place along joints and faults
that cut Inverian deformation structures, although intrusion parallel

to Inverian fabric planes has also taken place.

Widespread evidence of dilatatioﬁal emplacement suggests
that intrusion of basic and ultrabasic material, of probable mantle
origin, into the acidic gneiss crust took place under overall tension,
The extension of the crust as indicated by the amount of 'Scourie Dyke!
material is calculated to have been about’9% in the northern Lewisian

and about 18% in the south,

Many of the larger dykes may account for the whole of this
extension in any one area and may represent fissures that tapped the
mantle. In other areas the‘extension ig shown by many thinner intrusions
which could have been fed by larger bodies at depth.. Often the areas
thét show the .thinner and more abundant dykes are those that had
suffered intense Inverian deformation, In such areas the presence of
the steeply dipping fabrics of simiiar gtrike té the dykes is considered
to have provided increased probabilify of bifurcation of dyke channels

going up through the crust.

It is suggested that variation in dyke density may be linked

to variations in the thickness of the crust atthéythne

of intrusion. The difference in the amount of intruded material found
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in the northern part of the mainland Lewisian compared to the south -
may indicate different positions relative to the spreading axis of

crustal extension.

The stress regime at the time of intrusion of each of the rock
types shows no marked change in orientation,for each set has a
general NW-SE trend. Only minor branching, en echelon intrusion and
'stepping' has been found and therefore sufficient joints and faults
near to the c’lcsé rlane must have been available to the magma at the

time of intrusion,

With time there has been a minor change in the orientation
in which C’B acted from almost N-S, during the intrusion of the early

phases, to NE-SW, for the gabbros and dolerites,

The mechanism for the intrusion of the picrites and gabbros
has been, as far as can be deduced, dilatational; However the gabbros
commonly contain gneiss and cognéte xenoliths, The intrusion oﬁ the
dolerites at many localities has occurred by non-dilatational mechanisms.
The change from dilatational to non-dilatational intrusion can be
explained by a change in the magnitude of the deviatoric streés from
high to low and this change could be the direct result of the intrusion

of the earlier gabbros which would tend to increase the value of CTB.

Although meny dolerites tend to be stock-like and to bé
formed by the 'plucking off' of gneiss blocks, they do not contain
gneiss xenoliths, whereas the gabbros do., It therefore seems possible
that the xenolithic gneiss blocks produced by the intrusion of the
dolerites could have moved by gravity to a different level and that
the gneiss xenoliths found out of place in many of the gabbroic dykes
may have originated in a doleritic intrusion at a different (higherf)

level.
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The conditions directly before, during and directly after

intrusion changed little, for faulting and jointing seen occurred at

all of these timeé. This suggests that the pressure and temperature
conditions remained such as to allow brittle deformation to take place,
These conditions would have been of low temperatures and/or low confining
pressures and/or high strain rates. However the antometamorphism of

the gabbros and dolerites igdicates that cooling was slow. This may

.be due to an already warm country rock or to the protracted movement

of magma through the dyke figsures causing the warming up of relatively

cool country rocks.

"Direct evidence concerning the temperature and pressure of
the gneisses on intruéion is not provided by the autometahorphic
mineralogy. For this mineralogy can be pfoduced on cooling at an&
11ow' fluid pressures and most oxygen fugacities. Following Dearnley
(1973) the absence of melted country rock at the contacts of dykes
allows the temperature of the country rock to have been less than
150 to 35000, given a model of rapid intrusion and oonsolidation
without the flow of hot material through the dyke fissures. Since
the dykes (2abbros specifically) show evidence of mahy pulses of magma
flow (e.g. eroded chills) and of long lived magma flow (e.g. 'inch-scale'
layering) the temperature of the gneisses prior to the intrusion could
have been much cooler than suggested above and therefore at a high

level in the crust.

However evidence used has been collected from areas hardly
affected by the Laxfordian events. If other conditions prevailed in
now Laxfordian reworked areas, which had generally undergone Inverian

reworking, they would have stood little chance of preservation.
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Laxfordian deformation and metamorphism

After thé consolidation and jointing of the dykes the
Laxfordian events of metamorphism and deformation took place, with
the metamorphic changes continuing from where the autometamorphism
ended to produce hornblende, plagioclase rocks of upper greenschist

to low amphibolite - to high amphibolite (-possibly granulite) facies

rocks.

The initial stages of metamorphism, which may be the only stages
reached in the Central Zone, were often dependant on deformation to
initiate = recrystallization. The areas north of Loch Laxford and around
Loch Tollie show granoblastic rocks and textures which suggest that the
areas of highest grade of metamorphism saw the growth of metamorphic

minerals that outlasted the main and initial stages of deformation.

In the northern half of the Lewisian outcrop four distinct phases
of dyke deformation have been recognised, The first of these has tended
to deform the dykes into a sub-horizontal attitude as a result of low
angle over-thrusting to the north on southwards dipping planes. The
stress system that produced these movements had the maximum principal
‘stress acting in a N-S, roughly horizontal, direction and the minimum
stress écting in a near vertical direction, I%t is this phase that may
have been responsible for fhe present day orientation of the gneisses
directly to the north of Loch Laxford and is the deformation phase De

of the area between Scourie Bay and Loch Poll.

The second phase of deformation has been recognized over all
of the northemn Lewisiah. The deformation has tended to produce S.W.
dipping foliations due to a shear couple of 'NE side up SW side down'
with a dextral component in the horizontal. It is this phase that has

reactivated De (Inverian) structures and the dyke/gneiss intersurfaces
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to produce marginal schistosities and second order shears in the dykes,

and the flexure of the gneisses at Durness and within the Céntral Zone,

The high strains around the Ben Stack Line and of the Canisp Shear Belt
belong to this deformation, This phase has been coded De over most of

the Central and Northern Zones and Df for the area between Scourie Bay

and Loch Poll,.

The stress system responsible could have been of the maximum

principal stress acting in a N-3 (or NNW-SSE), almost horizontal direction,

and the intermediate stress acting almost vertically.

In the area between Loch laxford and Loch Poll the third phase
structures are vertical,sinistral shear belts that strike NW-SE (to
E-W in the south) and a minor, dextral, conjugate set of shears of
WNW-ESE sfrike. The épacing between the belts of shearing decreases
northwards as the amount of displacement decreases. Near to the Laxford
Front the schistosity produced is characterized by quartz foliae. Directly
to the north of Loch Laxford, this phase has caused upright folding, and
to have acted at the time of formation of the segregation foliation at
Durness. - This phase has been coded Dg for the area between Scourie Bay

and Loch Poll.

The formation of the deformation styles noted can be explained
by a stress system where the maximum principal stress acted in a E-W

direction and the intermediate stress acted vertically.

The last deformation phase was responsible for the minor E-W
folds of Durness, the large scale warping directly to the north of the

‘River Laxford and the upright folds found south of Scourie Bay,

Therefore the Laxfordian deformations can be accounted for as
being the result of a changing stress system whose axes remained

orientated N-3, horizohtal - E-W, horizontal and vertically.
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Moreover by considering the areal extent of each phase and the
associated metamorphic textures the second phase is seen to mark the
metamorphism
hiatus of the Laxfordian/of the Central and Northern Zone.
The deformation gstructures of the southern zone suggest that
four distinct Laxfordian deformation phases occurred. However, unlike

the rest of the mainland, the amount of Laxfordian deformation shows a

legss well ordered increase away from the southern end of the Central

Zone,

The area around Gruinard Bay and the Gruinard River is notable
for, although complete recrystallization of the dykes has taken place,
next to no deformation of the dykee has been observed. This may reflect

the lack of a strong Inverian grain in this area.

The earliest phases recognized in the area between Loch Maree
and Gairloch produced the NE-SW trendihg belt of Creag Mhor Thollaidh
@Qe) and possibly the minor shears of that orientation of Sithean Mor.
The vertical sense of movement about this zone of dextral shearing is
thought to have been SE side down. However the first deformation phase
to affect the areas either side of Loch Torridon was associated with
the production of a marginal foliation and minor shears that indicate a
dextral sense of movement about the contacts of the dykes that may have

resulted from a N-S compression.

The second phase affectihg fhe area around Loch Torridon has
only been recorded twice and has folded the dyke contacts about

sub-horizontal axial planes.

There is one style of deformation structure that may help to
link these two areas, for both around Ioch Tollie and and Loch Torridon

a phase of simple shearing has produced planar structures that dip
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to the NB at low angles and are the result of over-thrusting of
material to the scuth, This phase, Df of Loch Tollie and Dg of
Loch Torridon, is a mirror image of the first deformation to affect
the northern Lewisian, where it occurred before the hiatus of
metamorphism. In the southern Lewisian the metamorphic hiatus

occurred at the time of the over-thrusting,

The last deformation of the two areas, i.e. Tollie and
Torridon, also differ., Around Loch Tollie the last deformation phase
(Dg) ig characterized by WNW-ESE folding and shearing which moved
the rocks north Loch Tollie up relative to the south. However,
further south around Loch Torridon the last deformation recognized
(Dh) has produced conjugate sets of folds that indicate extension
in a general N-S8 direction. Fortunately oné other linking feature
does exist. In both areas the last phases are associated with

retrogressive metamorphism,

Although such a short distance of no exposure separates
the northern and southern halves of the mainland Lewisian outcrop
their Laxfordian histories cannot be correlated easily, Common
features that exist are that, for both areas. a phaseeﬁ'over—thrusting
was followed by a phasge of vertical shearing and then by crustal
shortening. If these deformations correlate in time then the peak of
‘ metamorphism is diachronous, occurring later in the north than in
the south (see Fig. ViI.l). However if metamorphism occurred at
a gimilar time in both the northern and southern Lewisian then
the Laxfordian tectonic history may have been of metamorphism reaching
a climax at one time and of tectonic pulses, producing similar structures,

passing from north to south, but showing minimal effects in the areas

of zero, or little, metamorphism.,
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