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ABSTRACT

It is shown thot the Lewisiocn rocks of the Brrra cren may be
divided into o Laxfordian.suprarstructure chorocterised by amphibolite
freies pgneisses tnd o lorgely Scouricn infro-structure choracterised
by pyroxene benring gneisses. Both units contain representatives of
the Scouric Dyke suite; in the suprn-structure thoy cre highly deformed
cnd folded, in the infra=structure they cre relatively undeformed,
unfolded cnd retain original discordsnt relationships. The infro-
structure in ~ddition is chorocterised by seversl suites of intrusive
rocks e~rlier thon the Scourie Dyke suite, the most widesprend of vwhich

cre dyltes of intermedicte or diorite composition.

The some sequence of Loxfordion phises of deformation moy be
recognised in both units. Folding occurrcd in the supra-structure
under omphibolite frcies conditions, which continued ::fter deform:tion
cecseds In the infra-structure, cvidence for o pre-~Scourie dyke
sranulite focies metomorphisa is prescrved, -snd it is suggested that
tiic pyroxene gronulite facies assembliges within the dykes themselves

were produced by intrusion into hot or dry country rock gneisses.

The Outer Hebrides Thrust in the Borra nrec is described, and
an estimnte of its displicement given., The pseudot:chylyte problem
in general is reviewed, cnd the conditions lexding to its production

are discussed,
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I PREAMBLE
—————]

(i) General
The island of Barra was selected as a suitable area to carry
out fieldwork directed towards the production of a Ph.D, thesis in

the spring of 1967. Three reasons determined this choice.

First, Barra and its off-lying smaller islands offered a relat-
ively easily accessible area of well exposed Lewisian rocks about

which little was known,

Secondy the size of the area was such that it could be adequat-

ely covered during two field seasons.

Third, worlk done on Barra would form part of a larger study on
the Outer Hebrides, already being undertaken by other members of

Imperial College.

The object of the work was to produce a regional study of the
area, to determine its structural and metamorphic histtory, and to
relate this as far as possible to that of the rest of the Outer

Hebrides and to the mainland of Scotland.

(ii) The Zrea

The area ultimately covered was larger than that originally
intended, due to the uniformity of large regions in the South and the
greater importance and interest of areas northe-east of Barra. Maps
1 and 2 show the ground covered, and on them an attempt has been made
to indicate the validity of the mapping by defining areas of different

degrees of comple#ity (Map 1) and the degree of detail of mapping
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(Map 2). Due to combinations of exposure and accessibility, the most
complex areas are not necessarily those that have been mapped in the

most detail.

In general, the coast line has been mapped in greater detail,
thanks to the vastly superior exposures. Inland, not only are there
patches of complete non-exposure, but in many of those areas vhere
rocks are exposed, the smooth, slabby lichen covered outcrops meke

interpretations very much more difficulk.

Mogt of the mapping was done using rather poor quality air
photographs on a scale of roughly 6 inches to the mile, and in well-
exposed areas on newly-surveyed 25 inch maps. These were enlarged

to 50 inches for the coast section on the East of Barra.

A total of nine months was spent in the field, in two seasons.
The first season served to provide a rough outline of the problems
involved, and was hampered by lack of transport and by typical North
Atlantic weather. In the second season, problems and areas of
interest delineated in the first were developed and extended, and the
mapping was carried over into Eriskay and the southern part of South
Uist, Progress was rapid, and was assisted by adequate transport

and consistently fine, thoroughly untypical weather.

In addition to the areas mapped, a reconnaissance was made by
boat of the islends Sandray, Pabbay, Mingulay and Berneray. Magnificent
cliff exposures on these islands gave an excellent idea of the general

situation of the southern islands.
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(iii) Previous Vori

The earliest accounts of rocks in the Outer Hebrides occur only
incidentally in the descriptions published by the occasional educated
visitors to the Islands, and it was not until 1819 that a work
appeared that was largely concerned with rocks, This was Macculoch's
"a Description of the lYestern Islands of Scotland," which contained
some reasonably good descriptions of rocks interspersed with comments
on the way of life of the crofters and criticisms of their idleness.
Perhaps his best observations were concerned with the abundant flinty
trap' veins (psuedotachylyte) which ramify through the gneisses of
the islands. .JAlthough he mistakenly concluded the ''trap'' veins to be
of igneous origin, he did point their accasional ‘conglomerated"
nature in parts of South Uist. This was certainly the first descrip-
tion of the nov well knovm nsuedotachylyte conglomerates and breccias

anywhere in the vorld.

Macculoch's work was not well received in all quarters, however,
In 1825 Browne published "A Critical Exemination of Pc. Macculloch's
work in the Highlands and !/, Islands of Scotland." This was devoted
primarily to a savage, almost libellous attack on Macculloch and his
work, but dealt principally with his social commentary, and contributed

nothing to the knowledze of the geology of the islands,

One hundred years passed before the next serious contributionm,
Dougal's ‘'Observations on the Geology of Lewis' vhich was naturally
chiefly devoted to Lewis, but did draw attention to the zone of
flinty-crush rocks, which Dougal recognised as traceable along

virtually the entire cast coast of the island chain.



In 1925 Jehu and Craig published the initial part of their
comprehensive study of the geology of the Outer Hebrides. Of the
five parts, only the first two are directly relevant; those covering

the Barra Isles, and South Uist and Eriskay.

Although their maps are very generalized and not particularly
informative, Jechu and Craig do appear to have covered their ground
diligently, visiting all the major islands between Barra and Barra
Head, ond between Barra and Eriskay. Their petrographic observations
are particularly reliable, in that ohly very rarely were occurrences
found of the rock types not described and located by them. Their
descriptions of the Outer Hebrides Thrust and its associated flinty
crush rocks are also very good, although their mapping of the crush

zone on Barro was rather haphazeard.

Bearing in mind the period and conditions in which they worked,
the only criticism that one could fairly meke of their work is that
they did not carry it as far as they might, saying nothing of their
interpretations of the history of the rocks they werc concerned with,

but contented thcmselves mcrely with straightforward descriptions.

Kursten in 1957 mopped an area north of Lochboisdale as one
of threc he studies o3 being represcntative of the ‘‘Metamorphic and
Tectonic History of parts of the Outer Hebrides.!" The most interest-
ing aspects of this paper arc the very full descriptions of the
Thrust Zonc in the arca near Lochboisdale,,and also in the recognition
of two aajor periods of metasorphism in the Outer Hebrides which are

correlated with the Scourian and Laxfordian of the mainland.
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The details of this paper do not relate to the present area, as it will

not be discussed here in further detail.

An important contribution appeared in 1962 when Dearnley published
his ""Outline of the Lewisian Complex of the Outcr Hebrides in relation
to that of the Scottish Mainland," 1In this paper, Dearnley correclated
the three principal zones in the mainland Lewisian (Sutton & Watson
1951) with three similar zones that he recognised in the Outer Hebrides:-
a northern Laxfordian zone, a dentral Scourian zone, gnd a southern
Laxfordian zone, in which latter the present area would lie. He then
went on to postulate a major wrench fault, the Minch fault, to account
for the relative off-setting of the zones across the Minch. Perhaps
the most important aspect of this paper was Dearnley's recognition of
a suite of intrusive igneous dykes which he correlated with the

"Scraris dykeV suite of the mainland.

In a later paper, Dearnley and Dunning (1968) described early,
deformed pegmatites in their Ycentral zonc,!" which they suggested might
be of pre-Scourion, or Katarchean age, and also described various
stages in the deformation and metamorphism of dykes in mobilized
Laxfordian migmatitic gneisses, principally in Benbecula. and northern
South Wist, but also at one locality Pollachar, within the present
area, The conclusions of both these papers will be considered elsevhere
in the text, when considering the relations between the Lewisian in

Barra and clsewhere,

Barra itself has received the attention of only one geologist
in rccent years, 5. H. Hopgood, who, at the time of writing has

produced an unpublished Ph.D. thesis and a short paper on dyke deformation.
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(Hopgood 1965), A further general paper on Barra is believed to be in
press, in addition to a joint paper with Bowes on Mingulay, an island
about 12 miles south of Barra (Bull. Geol. Soc. Amer. in press) Since
Hopgood!s work had broadly the same aim as this present thesis, it is

proposed to consider it in some detail here.

Hopgood's thesis is in two volumes, one containing text, the
other illustrations. These arc 217 pages of text, about 40,000 words,
168 photoprephs, O4 stereograms, 47 dirgrams and 9 rose-diagrams,

His aim was to produce a primarily structural study of Barra, and to
deduce a sequence of tectoniec events by mapping on different scales

and by statistical analysis of his field data. A brief summary of his
scquence is given here; so that it may be compared with the present

interpretation.

Qutline of Hopgood'!s Sequence

FPhase (1) Formation of original banding
(2) Isoclinal folding and regional metamorphism
(3 Shear folding

) Various igneous phascs at Lecnish:-
(a) Derly phase. Large basic intrusives

(b) Middle phase. Ultra-basic intrusives
(Hornblendite dykes amd coarsce hornblende
pegmetites)

(¢) Ilate phasc. Basic Sills (Biotite gneciss)

(5) First North-East phase F , plus migmatisation and
formation of pegmatites.

(6) Asmatizotion and boudinage.
(?7) Later dyke emplacement:-

(a) Horly phase, Acid and intermediate dykes
(biotite gneiss)
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(b) Middle phase. Basic dykes (biotite gneiss)

(¢) Late phase. Basic dykes (hornblende/pyroxene
granulite).

(3) Pyroxcne gronulite regional metomorphism

(9) Fp folding trending 345G'and accompanied by pegmatite
injection. Preceded by first thrust period.

(10) Tz folds and pegmctites, trending 145°

11 Fj, folds and pegmatites, trending 100°

(12) F HNorth-Ecsterly worps.

(13) Thrusting

(14) Jointing ond fault development trending 070°

(15) Post - Leuision dykes and faulting.

After carcfully rending Hopgoodt!s thesis, andof course, going over
the same ground, it appears to mc that two of Hopgood's cbscrvations are
of value., First, ond most important, his rccognition of dykes earlier
than thosc of the Scouri dyke suite on the east coast of Barra, although
his interpretations on the number and sequence of early intrusives

differ drasticclly fwom the present work,

Second, his observations thut folds of (his) Fp age are the
dominant structures on Barra and in the southern part of the Hebrides
a5 o whole. Recent vork in the Hebrides has demonstrated that the
regional structures is controlled by folds that Hopgood would corrclate

as Fp , although these are now considered to be Fz in age.

In my view, however, Hopgood's thesis fails to give a convineing

account of the geology of Barra for the following reasons:-
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First, he wmckes no distinction between the rocks above and below
the Outer lebrides Thrust. The differences between the~c rocks are
very striking, ond of fundamental importance to the geology of the
arca, Hopgood mckes only the most oblique reference to this, and
consistantly ignores the contrast ccross the Th:“ist, to the oxtent of

continuing foliation trends ccross it on his mop.

Sccond, he relies mainly on orientation as a criteria for
correlating phenomena. If, for excmple, a fold hos an ~xial trace

145° , then ony other fold with the same trend is the same age, and

cny pegmotitic trending 145 is also of the same age.

Third, he makes cextensive use of statistical an~lysis of his
structural data for interpretations. Such annlysis is potentially very
voluable, but Hopgood's use of it is well beyond the limits of validity,
and he tends to prefer such cnalysis to interpretotions made in the
ficld, Also, the datz he uses is mainly of “~liation orientation,
wherecas data on lincor clements in multi-folded arcas is much more

uscful,

Fourth, his thesis contains mony obvicus errors in logic and
observation. It is not proposed to detnil them here, but they may
be illustr~ted by an exomple:- Hopgood mopped in on his 6 inch mep
a thrust-plone, outcropping over some 2 miles on the hill Ben Tongoaral

in Southern Barra. These 15 no cvidence whatsoever for such a thrust,

Mcony of the shortcomings of IHopgood's thoesis were cpporent when
reading it in London, cnd conscquently it was decided that it did not
form cn adequate basis to work on, end thus a fresh stort was mode,

ab initio,



11.

IT DESCRIPTION OF THE GEOLOGY OF THE AREA

INTRODUCTION

In writing this thesis three aims have governed the methods
used. These are brevity, simplicity and objectivity. This approach is
partly the result of reading several theses in geology which are so long
and complex as to be infinitely tedious and extremely difficult to follow
through and understand as a whole. Also, when .dealing with material as
inherently complex as basement rocks, it is impossible to make progress
in understanding them without making a sequence of subjective assump-
tions which too often turn up later as facts in discussions. Consequently
an attempt has been made to separate observatioms from interpretations,
although of course, it is impossible to be fully objective in making

even the simplest observation.

The geology will be described under four principal headings:-
Western Gneisses, Dastern Gneisses, thé Oitir Mohr Zone, and the Thrust
Zone. The Outer Hebrides Thrust on Barra separates two main groups of
rocks vhich differ from one another in many respects, the Western and

Eastern Gneisses:-~

The Eastern Gneisses are petrologically very varied, and contain
several sets of intrusive igneous rocks of distinct ages and compositions.
These are extensively deformed and migmatised in the South-East of Barra,
but are relatively undeformed in Eastern and North-Eastern Barra, vhere
they cross-cut the country-rock foliation. The metamorphic grade of the
gnecisses also changes north-castward from amphibolitic to pyroxene

granulite grade,
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The Western Gmeisses, which form much the largest group in‘terms
of area, are very uniform petrologically, and contain only one sct of
undoubted intrusive igneous rocks, which are discordant only within
the Oitir iohr zone, which forms a distinect unit and will be described
separately. The Uestern Gneisses outside the Oitir Mohr zone show
a very rapid decrease in deformation and an increase in metamorphic
grade towards thc boundary of the zone, but in all other respects they
are a rather monotonous series of acid gneisses with occasional concor-

dant amphibolitic bhands.

The Oitir Mohr zone itself is of great importance to this thesis,
but unfortunately the rocks are only indifferently exposed on a few small
islands. The rocks within the zone are in all respects similar to the
Eastern Gneisses; they contain a series of intrusive igneous rocks of
distinct age and composition and are characterised by the presence of
orthopyraxene in rocks of almost all compositions. The last of the
intrusive igneous suites forms a set of discordant dykes with pyroxcne
granulite mineralogy which cam be traced across the transition into the

Western Gneisses into concordant amphibolites.

The Outer Hebrides Thrust forms a single, simple easterly dipping
plane in the southern part of the arca, thrusting uncrushed rocks over
one another, but above the Thrust on Friskay and South Uist, the rocks
arc cxtensively crushed, and instead of a single plane, several arc
present on South Uist at least. One of these thrusts, at Marulaig,
introduces a completely new type of rock inte the area, a wedge of
"Eastern Gneisses of the type exposed cast of the Thrust in the rest of

South Uist. This will be described briefly in the section on the Thrust.
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The psuedotachylyte associated with the Thrust forms a distinct and

important topic which will be discussed at some length,

The positions of the principal units described are illustrated
on Map 3. A loose map, Map 4, shows the principal localities referred

to in the text.
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THE EASTERN GNEISSES

General

b

The rocks east of the Thrust described here should not be
confused with the "Eastern" gneisses of South Uist or elsewhere, which

are significantly different.

Two important zones have bcen recognised within the Eastern
Gneisses; a more deformed zone and a less deformed zone, with a sharp
transition between them (Map 3). In both zones, a very varied and
distinctive sct of rocks is present, in strong contrast to the uniform
rather monotonous Western Gneisses. This contrast is naturally most
striking in the less-deformed zone, and it seems remarkable that

Hopgood did not draw attention to it.

THE LESS DEFORMED ZOWE is characterised by a wide variety of intru~i-
igneous rocks which still show consistently cross-cu*ting releticnships
with the country-rock foliation. The sequence of intrusions is
sunmarized in Table I. To avoid confusion, the last, most important
suite of intrusive dykes will be rcferred to as the "'Scouric Dyke
Suite'’, although the cvidences for this correlation will be discussed
much later in the text. The Scouric dykes of the less-deformed zone
arc almo=* alwaye of pyroxenc-granulitc mineralogy, while the country-

rock gneisscs also commonly contaln orthopyroxenc.

THE HORE DEFORMED ZONE.. In this zone, rocks of most of the types
recognised in the less deformed zone can be identified, but in a
deformed and migmatised state. Dykes which were cross-cutting arc

now folded and boudinaged, a new fabric is developed in the rocks, and
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amphibole appears in rocks which were previously pyro:iene bearing.

It is proposed to describe briefly the rocks of the two zones,
then the structurcs that have affected both zones and finally their

metamorphic history.
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The Less Deformed Zone

(i) Introduction

Because of its considerible interest, this zone vas examined in
sore detedil. 4 strip of coast, stnrting from the transition into the
deformed zone, was mapped on a scole of 50 inches to the mile, giving
a section necrly a mile long across the sirike (Map 5). Since the
coastal fringe of exposure is so aarrow, it woas not possible to extend
detailed .aapping inlend, and so the poorly exposed inlond areas and

the remoining comstel exposures were mapped on & 6 inch scule only.

The dominont fectures of Map 5 are the Scourie dykes, and it
is icmedicntely obvious that these form regular, planar, bodies over
much of the wmap, hut as one moves south-westwords tiiey become
progressively more deformed. The inset shows the area which wmight be
cclled the boundary between morce and less deformed zones:~ liere
the dykes still show occasional discordant relationships, but they
are extensively deformed and boudinazed and show incipient amphiboli™..
izotion. The area o»f the inset is very nearly on strike from the south-

western tin of Leenish Point, where the nain map commences,

(ii) Gneisscs

Although the zones of more and less deformation have been
separated principally on the basis of dyke deformntion, there arce also
sonme important differences in the sneisses of the two zones. The

acid gneisses of the deformed zone are rather uniform, monotoncus

¥

hornblende-biotite gneisses, but in the less deforned zone two

differcnces are apwarent.
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First, the gneisses are nmuch more varied in appearance, and in
particular they contain a lot more included materizl. This usually
consists of blocks or lumps of coarse amphibolitic material, often
with an early foliction in them. Sometimes this foliation defines
folds, ond the blocks oppesr to represent the noses of folds whose
links have bheen shearcd off, In other localities, blocks of inter-

medicte composition occur in large numbers, forming an asscmblage
resembling an agmatite, excepnt that the matrix is zneissose rather
than quartzo~feldspethie: In thesc assemblages the blocks thenselves
are often folioted ond this foliation can be used to show that blocks
have been completely disorientated relative to one another (Photo 1).
It is considered thot this occurred very early in the geological
sequence of cvents, since in sore places these block assemblages can
be scen clearly cut by dykes of the early suite. It is not dmpossibln,
houever, that in some instances the disruption occurred much later.
The gencral appe.rance of these rocks is strongly reminiscent of
other arcos of low deformation in beasement rocks, particularly in

Greenland (Bridgwater 1963).

The second, and perhans more important distinction, is thaot
ortliopyroxene apyecrs in the gneisses and becomes abundent north of
the Alt Heilrer. Vherce oyroxcene is most abundent, the rocks have a
very distinctive rusty browm colour, and large, conspictrus pyroxene
crystals cen be scen with the nrked cyc. The rocks contain many
qurtzo-Teldsnathic strinsers, and the general appecrance 1s very
similar to that of brown weathering metosedimentary  neisses, Under

the wmicroscope, onec sces ruartz, biotite, orthopyroxenc, plagioclase
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and orthoclasce feldspars, uith a little hornblende and oro. The rusty
brown colcur in outcrop appearé to be due to pale yellow-brown rims of -
presumably ferric iron matericl around all of the grains., Typically,
the orthopyroxene occurs as large single crystals which arc frequently
corroded and altered to finc grained meterial, possibly biotite, and
other partly crystallénc meterial, This break-down of pyroxene nmay
in port be responsible for the brown-stoined rims to grains in the rock.
Cnly o few pyroxecne groins ore sufficiently fresh to show well the

typical pleochroisi from delic te pink to pale green,

Therec seaws to be a complete tronsition from these brown-

weathering roclis contoining much pyroxenc te pneisses perfectly free
of pyroxenc, containing only hornblende ond biotite. It was not found
possible to map out these varicntions, since there scemed to be no

resular distribution of pyroxene rich cnd pyroxene poor materical,

One intercoting cspect of these rocks is that in all those
sections cxemined, there wos a complete absence of clinopyroxene,
It is suggested that this may be due to the original chemical comos-

[&]

ition of the rocks.

Forly intrusive bodies Two curious and rother intercesting rock types

will be described under this heading., They are superficially
dissimilrr, but it is hoped to show thot they may in fret be related:
he first tec be described is chirrcterised by orthopyroxene, the

second by hornblonde,

Orthopyroxene beoring hodies These were first recogniscd neor the

hamlet of Bolnubodach, vhicnce they acquired their polysyllabic
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field nome “"Balnabodmdhites,!" They are very poorly exposed, and hence
very difficult to map, but they do appesr to form a chain of more or

less discrete bodies crronged cleong the strike.

In outcrop, they look very much like the brown meisses, but
they are homogenous, lacking banding and fobrie. They are rather
coarser grodined, and are studded with conspicuous brown pyroxene
crystols. Their poor exposure mokes it gifficult to comment on
their rclations with the gneisses, but contacts scem to be diffuse
rather than sharp, and the body cppecrs to have been formed by in-situ
recrystallization, rather like a grenite, and not be forceful
intrusion, This point is significant, and will be referred to ig
a later section, |

In this section, orthopyroxene is conspicuous' s 1l-r; ¢, oftcn
altered grains, TDrown rims around grains are observed, and this
feature, coupled with the tendency for hand-specimens to be
excessively crumbly scems to be typical of orthopyroxene bearing

rocks, znd is presumcbly a result of the break down of the pyroxenc.

Biotite is abundunt, ond ocppears in some instances to be
replacing the pyroxenc. Some hornblende is al§o presént in vorying
amounts, Sections token from the most hqmogen;us bodies contain
very little, if ony quartz, o plagioclaee neor oligoclase constituting
the bulk of the rock, while a little potassium feldspar is olso
present. Scctions from other localities, however, show wide variations
in amounts of quartz, which becomes extremely abundant in places.

This variation obviously prescnts considerable problems.
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Two possibilities seem to be indicated:=

First, that these bodies of homogeneous pyroxene-bictite-plagioclase
rock represent originclly basic or intermediate ijneous rocks, which
hove been metomorphosed, possibly with the introduction of quartz in

ploces.

Second, thzt they represent metasedimentory rather thon originally
igneous rocks. This is undoubtedly the conclusion that one would
reach ' considering only their field of occurrence, since they so
closcly resemble the brown gneisses and biotite~rich netosedinentary
rocks of other arecs in the Hebrides. The almost entirely quartz free
counosition of mcny of these rocks seems tb argue cgoinst this possibility

however,

Amphibole becring bodies. Rocks of this type ore found at several

"oeclities clong the coostal section, cnd at one or two poor exposures
inlend, principally near Lochan nomi Fooilean. They are of basic to
ultramafic composition ond ore distinguished by the presence of very

large hornblende crystals, up to 14 inches across.

In outcrop, they occurr usuclly as irregular nasses or lumps in
o gronitic or peguatitic matrix. Sometimes, as at Leenish, ball-
shaped nesses ore caught up in granite; elsewhere a lorge noss is
broken up into blocks by a network of pink pegmatitie veins, producing

a 'lnet veined" texturec.

Occasionlly, large, massive bodies occurr. One such is at the

3.E. tip of Leenish Point, where two textural extremes may be rec~~’
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At the northerly end of the outcrop, very striking large hornblende.
crystals are set in a matrix of feldspathic materizl. As one traces
the rocks southwords, the hornblendes appear to give way to clots
or masses of mafic minerals which ore drawn out into lenses, gFiving

the rock a distinctive mottled appearance. (Photo 2)

Thin mgections of the variety contodning larze hornblendes reveal
a voriety of minerals, Hornblende is of course abundant, occurring
in the mntrix as well as in large crystals, together with the biotite,
clinopyroxene, orthopyroxcecne ond plagiocluose. The clinopyroxene showvs
signs of conversion to hornblende. The mottled variety contains only
hornblende, hiotite, fresh clinopyroxene, plagloclase ond & little
quartz, and in many respects are similor to the orthopyroxene bearing

bodies described above, except for the presence of clincpyroxene,

This body as a whole has a very sharp margin agoinst the country
rock sneisses, just possibly cross-cutting at one locality. Simi’»r
sharp margins hove been observed elsewhere, at Brevig for example., It
is suggested, therefore, that thesc bodies represent basic or
ultrcbasic intrusive ignecus rocks. The nssemblage in the varieties
containing large hornblende crystols noy approxinzte to the original
igneous texture, assuming that complete uralitization of the original
pyroxenes had occurred, vhereas the uwottled voriety represents its
deformed and metamorphosed equivelent, perhaps with a new crystallization

of clinopyroxenc.

Three foctors sug,est o correlation between these rocks and the

pyroxene bearing bodies,
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First, the extensive development of amphihole bearing rocks at
Brevig and Leenish is directly along strike from the pvroxene bearing

bodies further inland.

Second, although there is a wide variation., the overall minerology
is similar, except for the occurrence of clinopyroxene in the amphibole

bearing rocks.

Third, they appear to have the same time-relations to the county
rock and to later dykes. In photo 2 a dvke of the early suite can be
seen cutting the mottled rock. A dvke of the same suite has also “een
observed cutting a pyroxene bearing body at one localitv, so it would

appear that bhoth types are of broadlv the same age.

Hornblende from the “odies at Leenish has been dated v Moorhath
at 2,585 m.y. (K/Ar), while biotite from the same hodies gave an age

of 2,010 m.y. (X/Ar).

(iii) The Early Dyke Suite

Three sets of dykes hove been recosnised, distinguished by their age

and composition:~-

Youngest cet. Leucocrctic, grenodioritic
Internedinte set, Internedicte composition
Oldest pet Melanocratic, basic to ultrcbasic

OLDEST SET These ore the uost basic and least asbundant of the early
dykes, only 3 having been rccognised. None is more than 9 inchkes
thick. 4t one locolity, by great coincidence, one of these dykes can

be observed cross~cut by members of both later sets (Fig. 1), and it
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is largely on this evidence that these dykes are assigned to the oldest

end of the series, {11 three recorded dykes are strongly discordant,

one of then nearly perpendicular to the plane of the foliation (Photo 3).

Their mineralogy is rather varied. The dyke in Fig. 1 for
exan:le contains mostly hornblende with a little biotite and plagioclase
(4n 30), while the dyke in Photo 3 contains only hornblende and
clinopyroxene with a little quartz. These compositions indicate an
origin as basic to ultrabasic intrusives, It is also clear that they
closely apyroximcte in composition to the amphibole bearing bodies
just described, and that thercfore one might be justified in correlating

then,

INTERMEDI: TH SET. These are extrenely cbundant, and exanples nay be
found over the whole of the less deformed zone. They range in thickness
from 3 feet down to a couple of inches, and cut the county rock
foliation at varying sngles. One very distinctive feature of these
dykes is their tendency to wander across the foliation, rather than
cut across it in a regulor, dyke like fashion, These dykes tend to
rnerge into the rneisses, and diffuse themselves vajuely through it,
earning thenselves the field term of "ghostly" dykes. Mzny of the
dykes in this set, howéver, ore planar, regulor bodiss, and it is
sugpested that there moy be a contrast here between dilational and
non-dilational dykesj the irregular dykes being of originally non-

diletdonal origin, and therefore formed partly in situ.

The mineralogy of all these dykes is very simple and uniforn.

Point~-count anelycis of five different dykes was underteken, and the
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results are »resented in Table 2, which shows that despite smoll
variations in nmineral quantities, the bulk composition is fairly unifora,
The texture also is very sinple, with perfectly clean, fresh minerals
forxing simple, equent, grains, Plagioclase bcundaries with plagioclase
are particularly sinple, and when 3 crystals neet, each crystal has 2

120 degree interfacial ongle,

Although there is no fabric apparent under the microscope, the
ltes seen in outcrop sonetines show distinct fabrics revecled by the
sepregation of wmafic iinerals into elongated streaks or clot-,
(photo 4). The interest in this fabric is chiefly in its orientation,
which is parallel to the dyke margins, and not to any fabric in the

sneisses, This point is discussed later.

The position in tine of these dykes is eagily fixed. They
cross-cut 211 the rocks so far described, and are frequently cut by
Scouric dykes and con 2lso be seen in the process of digestion by the

early gronite to be described shortly.

The consistent tinie rcelationships, the uniforuiity of compositin~r
and the abundance of these dykes strongly suggest the presence in the
Eostern rneisses of a distinct suite of intrusive rocks of dioritic
composition, which is in Barra at least, os inportant as the Scourie

Dyke suite,

YOUIIGEST SET. Dykes of this set are scarce, only soile half cdozen
being found. Their relotive azje aay be establisted at the locality
of Fig. 1, vhere a typical ncuber cuts dykes of both earlier sets.

Dykes are typically about 9 inches wide, and are always regular,
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TABLE 2

Point Count /nalyses of Intermediate Dykes

Specif;.-; , -L-c;ality Bf:o::/ite - Hornb};ende Ple.gic;;lase Opaque | Apstite
Grid. Ref,) % % % - % o
— _ e 2 |

47 1F726007 18,4 24,9 52,3 3.6 i 0.7
55 NF734006 15.0 2345 51.6 4.0 , 1.0
54 NF736013 12.1 39.1 L6,7 0.9 : 0.9
8% NF716003 1.2 2k 57.7 2.8 : 0.8
95 NL704987 13.7 27.1 56.6 2.7 1 0.8

Specimen 56 contained ebout 5% scapolite. The plagioclase composition was consistently about An 30,
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planar bodies, They ere distinctly leucocratic by comparison with the
earlier dykes of this suite., Their mineralogy is distinctive:- they
contain abundant quartz, a variety of feldspars, principally oligoclase
with microcline and soile orthoclase, Biotite is the chief nmafic
aineral, with a little second-hand orthopyroxene. fs usucl with
orthopyroxene, there is a strong brown staining of the mineral grains,

producing & rather rusty appecrance in the outcrop.

Compositionally, these rocks are nuch more acid than any of the
intrusive rocks so far described, and must be well within the field

of gronodiorites.

(iv) Early Granites

These are not extensively developed within the less deformed zone,
althouzh ruch larger bodics are found within the deformed zone., However,
on the shore at Brevig, splendid fresh pink granites may be seen
invading and replacing country rock gneisses., Soie bodies show very
shary junctions with the gneisses, while others have distinctively
sredational boundaries. Blocks of easily rcecognisable material such
as those of the early intermediate dykes are often seen as rafts or
xenoliths in the gronite clearly establishing their outual tine
relationshins. The granites are clso convincingly cut by Scourie

Dykes.

In this scction one sceces clear, fresh quartz, foxy red biotite,
abundant orthoclase and sone nicrocline. FPlogioclase is definitely
subordincte to potash feldspar. The feldspars show some perthitic

textures, and 21l in all these are very fine, typicel gromites,
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Apert from these relatively large bodies at Brevig snaller
exanples of granites do occur elsewhere, At Leenish, for exomple,
a slightly foliated granite has invaded an amphibole bearing body with
the result that rounded lumps of airphibrlite are caught up in a pink
granite unctrix, meking a very comspicuous rock. A sinilar situation
occurs at two or three other localities along the coast, but here the
invading materiol is pegmotitic rather than granitie, and forms the

net-veining relationship mentioned ecrlier.

At two localities alon3z the coast a rather different pgranite/
anphibolite relationship is scen. Instecad of breaking up the amphibole
bearing body into discrete lumps, a continuous transition between
hoimogeneous granite and honogeneous amphibole beoring body nay be
clearly seen, particularly well at an cutcrop directly beneath the
outfzll of the scwer of the croft at NL 705995, Here it appecrs that
the granite is digesting the carlier body, and is acting as a

definitely replacive rather than intrusive body.

The lorger creas of granite have been indiceted on Map 5.
There must be a considerable clement of subjectivity in this, however,
for it is clearly very difficult to draw a line between granite and

pertially zranitized gneiss.,

(v) Eerly Pe'matites

Pegnatites erc foirly comon in the less deformed zone, but

only rorely can their age be confidently established.

At Leenish Peint, however, three undouhted early pegnatites are

exposed, and cre convincin;ly cut by Scourie Dykes. Two of these
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pegmatites arc relatively small, only about 18 inches wide, but the
third is a very large body many feet wide and very conspic cus
(Mcp 5). The two smaller bodies consist of pink K feldspar, with
minute amounts of quartz znd biotite, whereas the larger body consists
of a core of mossive white quartz surrounded by an outer zone of large
pink feldspar crystels well over a foot in size. This large hody
seenls to be situated in an early, minor, sheaor zone, and is a 1little
odd in that it peters out abruptly at one point, and suddenly re~appears
a little further on with the same thickness as before, The crucial
point of this gop in the peguotite is of course not exposed, being

under wvater in o smcll sloc.

Hoorbath has d~ted the K feldspar from these pegnatites and has
obtained a volue of 2620 m.y. (Rb/Sr), the data falling on a particularly

good isochron,

(vi) Scourie Dykes

These are very cbundant indeed and are present in all sizes fron
very lorge, branching dykes traceable for over a mile, to tiny
apophyses. They represent the last importont intrusive event in the
Eastern Gneisses, oand they form a vitcl time marker for correlations

with the defornied zone and with the Vestern Gneisses.

Potrographically, these dykes cre beautifully simple. Nearly
all the dykes over one foot thick are excellent two pyroxene granulites,
while narrover dykes and the edges of large bodies are amphibolites.
Two texturcl vorieties may be distinguished; a uniform fine grained

variety and a naculose variety.
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FINE GRAINED V:ARIETY, In the field, these rocks ore remarkabdly
homogeneous, with no sign of fabric nor banding, and have a "sadt and
pepper?! appecrance caused by the regulor nixture of different coloured
minerals of uniform proin size, These rocks also furnish remarkably
elegont thin sections., Orthopyroxene, clinopyroxene, plagioclase
and ore are the chief ninerals, together with a very little hornblende.
The texture is that of a classic gronulite - 21l the minerals form
equant groins of rouphly the sanme size end heve redular boundaries
‘with one cnother, vhile triple points between mineral often show

120° interfcces.,

The colour of the pyroxenes in these rocks is striking. The
clinopyroxene is o distinct pale apple ;reen colour, while the
orthopyroxenc is almost violently pleochroic from »ink to gro--

plagioclzse composition averages about An 35.

MACULUSE V.RIETIES. Dykes with this texture are always lorge bodies,
and usuclly this texture is found at the centre, with a gradual
tronsition from the nore comion fine grained textures inwards away

from the morgins, which nre thensclves wuiphibolites,

L

In the field, the texture is very conspicuous as an cven
Yspotting™ in the rock, produced by the mafic minerals clustering tog-
ether in the spots, leaving patclies of feldspar between. Under the
microscope this crrongenent is confirmed. The clear patches consist
of groups of plajgioclase crystals meshed together in equant groins,
while the Acr' ~pots consist of crystals of urtho-crd clino-py—---

usually with a little hornblende, also in simple equant gre "-s,
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Altheugh the bulk composition of thesec rocks nust be much the
sane as that of the finer graidned veariety, the plogioclase is different
in two respects; its composition appeors to be much nore calecic than
the inverisble An 30 found alnost everyvhere else in the rocks of the
Eastern Gneisses. Values of = up to An 45 hove been measured. Also,
some of the plagioclose prains show a very stron; zonation, revealed
by the sweep of coxtinction ocutwards from the centre of the grain., No
sharply zoned or layered crystals w:re found, the zoning is olways of

a gracual, resular type.

It is suggested that the distinctive texture of these rocks is
a relict ophitic texture. Discussion of this and of the mineralogy
end its significance in these dykes as a whole will be reserved

until later.

(vii) Younger Permatites

In oeny places, smnll pink pegmeotitic bodies, sometines with
cores of white quortz, are found cutting Scouric dykes and producing
local cwphibolization of them. Moorbath has dated K feldspars fronm

these pegnotites and obtained values of 1680 m.y. (Rb/Sr).

Thesc younger peguatites occasionally reoch large sizes,
particulerrly in the Bruernish area, and locally they contain large
nodulcs of nopgnetite, At NF 720010 some particulerly fine mapgnetite

specinen~ were obtained, in large amorphous masses up to 6 inches acrosse.



The More Deformed Zone

In this section, the deformed represcntatives of the rocks in
the less deformed zone will be described, and some significant
differences will be demonstrated. Map 6 shows the distribution of
rocks within this zone, which has been divided into three fairly
sharply defined sub-zones:- a zone of acid gneisses, a zone of meta-
diorite gneisses, and a zone of mixed granite, meta~diorite and acid
gneiss. These zones are of course most easily identifiable on the
coast, but it is considered that they extend inland in the poorly

exposed ground, reaching right up to the Thrust.

(i) The Zonc of Acid Gneisses

This zone is nearly one mile wide. Its extreme margin is
artificially defined as the boundary between more and less deformed
zones - in other words, where Scourie dykes ceasc to cross-cut. Its
western margin is defined by a rapid transition into homogencous meta-

diorite. This transition is not sharp, but diffuse.

The rocks within the zone are a monotonous series of acid
gneisses with occasional small fragments of early amphibolitic material.
A good banding is developed, which in places is so regular as to
produce ‘'striped gneisses''. The banding is defined by layers of
gneiss of slightly different composition, with occasional bands of
pink pegmatitic material. The mineralogy of these rocks is very
simple. Fresh biotite and hornblende form the only matrix minerals,
while quartz, K feldspar and plagioclass make up the rest of the rock.

The texture is usually rather coarsely granular.
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This belt of acid gneisses seems to lack any evidence of
intrusions carlier than the Scourie Dyke suite (described shortly)
and forms a very distinct lithological unit which may also have consid-

erable structural significance as we shall see later.

(ii) The Meta~Diorite Gneiss Zone

No distinct, cross-cutting dykes of any of the three sets of
carly intrusive dykes of the less deformed zone can be recognised
in the more deformed zone, but there are very large quantities of
rocks almost identical in composition with the intermediate dyke set.
These occur as bands of all widths up to hundreds of yards, and their
prescnce defines the zone of meta-diorites. The eastern margin of
this zonc is marked by the passage into acid gneisses, which contain
no meta-diorite but the western margin is rather vagur and is rather
loosely drawn where increasing amounts of granites and acid gneiss

material appecar.

The rocks of this zone are remarkably homogencous. One can
wolk for many yards over rocks of perfectly uniform grain size,
without banding, and with only a very slight foliation. Such foliatic:
o5 there is present is defined by single hornblende and biotite
crystals or by streaked out clots or segregations of hornblende and
biotite. The largest bodies scem to grade into acid gneisses in
places, but smaller bodics show consistently knife-sharp contacts

against both granitc and acid gneiss.

The petrography of these rocks is simple and consistent.

Hornblende, biotitc, plagioclase, orthoclase and a little microcline
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are the principal minerals, with accessory apatite. There was very
little variation in either mineralogy or texture in any of the slides
exanmined, except that scapolite was observed in one slide, and a
little clino-pyrocxene in another. There is one locality, however,
near NL 676972 vhere two significantly different rocks are found,
separated by a granite band. One is a very coarse biotite schist,
very soft and crumbly. The other is less rich in biotite but contains
abundant visible brown pyroxene crystals. Sections show them to be
orthopyroxene, surprisingly fresh in appearance, with biotite, horn-
blende plagioclas~ and orthoclas:. It is considered that these two
rocks represent minor variations of the usual composition, which, it

is suggested, is dioritic.

These rocks then are compositionally very similar to the inter-
mediate dykes, and it seems rcasonable to suggest that they are of thc
same period of intxusion, despite their much bigger size., The only
differenccs between these rocks and the cross-cutting dykes of the less
deformed zone is in their feldspars. Potassiim feldspars, principally
orthoclase with a little microcline,are definitely more abundant in
the meta-diorites, and the plagioclase composition in them is somewvhat
more albitic than in the cross-cutting dykes. To a certain extent,
some differcnces are visible in hand-specimen, for the feldspars in
the meta~diorites have o distinective purple colour, but it is not
known whether this reflects the composition of the feldspar. It is
also impossible to say whether these differences in feldspar compo-

sition represent original variations, or metamorphic effects.
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(iii) The Mixed Zone

Within this zone, apid gneisses, meta diorites and granite
rocks cre 21l found together., The zone has a rather vague boundary

against the meta-diorite zone, ond includes the small area of Eastern

O

gneisses on Vatersay, as well as the area on the mainlond,.

The most distinctive units in this zone are gronites, which
occurr 2s sheets up to about 50 yards ccross. Mapping out of individual
sheets is not nossible, due to the poor inland exposures, but on the
coast, good shary contccts between gronite and meta~-diorite may be
frequently observed, The granites have a good febric, usuelly planar
but, somectimes, approaching linear, which is defined by oriented

biotite flakes.

Contocts with acid gneisses range from sharp to gradutional,
recalling the situation at Brwig. The mineralogy is also very much
the sae as in equivalent rocks of the less deformed zone, and it is
concluded thot thesce rooks cre indeed the more cxtensive, deforned
equivalents of the grenite bedies of the less deformed zone and have

e sanme time relationships.

The only other noteuworthy rocks in this zone occurr on Vatersay,
vhere a small band of blotite-orthopyroxererich rock is cxposed,

exactly similar to that alrerdy mentioned in the previous section.

(iv) Zarly Peymotites in the morc deformed zonc

Pegmatites as a whole are scurce in tihe deformed zone, except
in the acid gneiss zone where they cre considered to be relatively

young, 4 few pegmatites are feound within the meta-~diorite zone which
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are parallel to the regional foliation, and themselves have a strong
planar fabric. It is considered that these may be the deformed

equivalent of the early pegmatites of the less deformed zone,

(v) Scourie dykes in the more deformed zone

Attention has already becn drawn to the contrast between dykes
in the two zones of the Eastern gneisses; as one moves from the less
into the more deformed zones the dykes which were previously regular,
continuous bodies become progressively more disrupted, boundinaged
and folded. Looked at in more detail, however, two interesting

factors energe.

First, the deformation, which is accompanied by migmatisation
and amphibolitization is most strongly developed within the acid gneiss
zone., Dykes here are completely concordant, completely amphibolitized
and extensively folded, boundinaged and migmatised. Photos 5 and 6
illustrate this. Within the meta-diorite and mixed zones, although
dykes are still deformed, folds are less comnon, and only partial
amphibolitization is observed. A planar fabric is often observed
in partially amphibolitized dykes, but none is visible in completely
amphibolttized dykes. Fig. 2 shows a particularly interesting
situation where a very strong axial plane fabric is preserved in an
isoclinally folded Scourie Dyke. The fabric is defined partially
by new hornblendes and partially by large plagioclase phenocrysts
which appear to represent original plagioclase laths which have been
re-oriented into their present position. The foliation in the gneisscs
in this figure may represent the original gneiss banding, SO, or a

new fabric, since it is axial planar to the fold. To decide which
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it is, it wuld be necessary to know the original orientations of the

dyke and the gnelss foliction,

Second, original cross-cutting relaticnships are foirly common
in the mixed zonec, whiclh also contains sosie particularly large dykes.
A peir of these dykes con be troced imore or less continuously behind
Castlebay village right up to the Thrust. Study of these deformed
dykes in thce mixed zone roises some interesting questions on their
original shape. The dyles in the less deformed zone cre rcgular,
plenor bodies, althouph some bronch occasionally and send off
cpophyses., In the morc deformed zone, howecver, there is a distinct
tendency for dykes to be much more irregulor in shape. This is
demonstr.ted by lerge dykes stopping abruptly, branching irregularly
and often changzing radicclly in thickness olong their length, and
generally giving the impression of totol disorder, Somie of this is
undcubtedly due to later folding and boudinoge, but in nwny loccolities,
such os Cre-g Mior on Vatersay, it is cleorly cn original feature,

This contr:st betvecn the origincl shapes of the dylies in the more

and less deformed zones is significont, and will be discussed later,

The mineralogy of dykes within the deformed zone is identical
to that of the less deformed zone, except of course for the introduction
of hornblende and abscnce of orthopyroxcene in the most affected dykes.

Thc metonorpihic history of the dykes will be considered later,
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The Structural History of the Fostern Gneisses

(i) General

At first sight, the structural pattern within the Bastorn Gneisses
appears quite simple, with large arens of uniform foli-~tion. The
intcrpretation is very difficult, however, porticulorly within the
less deformed zone, since one is frced with the problem of disting-
uishing ecrly folds from later, in an arex wherce folds are conspicuously
scorce, {ilso, within the deformed zone, one has to distinguish
between old ~nd new fobrics in the gheisses, vhich oon be very difficult,
Thus it should be criphasized thot what follows is an interpretaotion,

and not o stoteuwent of facts.

The structursl sccuence is sumuorised in Table 3, and the
structures will be described in the snane order., It should be noted
thint intrusion of the early dyke suite scems to hove occurred after
tirc corly folding cvents, and before the early shecrs, but the evidence

is not conclusive,

(ii) Original Gneiss Banding, S

(o}

This is identifiaoble throughout the less deformed zone, where
it is frequently cut by Scourie Dykes. It is a planar fabric, defined
by - laycrs or bands of different mineralogy in the gneiss, some layers
being richer in mafie minerals than others. The texture is that of
a typical granite gneiss. Within the gneiss there are often blocks
of amphibolite showing a definite foliation not related to that in
the gneiss, eand this indicates that the S0 banding itself is the result

of a long and conplex history. Within the more deformed zone, the
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original banding can be identified occasionally when it is cut by
Scourie Dykes, but, as we shall see, it can be confused with the

new fabric, Sl'

(iii) Early Fold Phases

These are not easy to confirm in the field, and a slight
deviation is required in order to explain the problems involved.

Examination of any of the maps of the Eastern Gneisses will
reveal the predominantly north-south, very regular foliation trend.
This trend, which is rather more irregular in the extreme north-east
due to later folding, is common to both more and less deformed zones,
and is the result of the Fl deformation phase which has tended %o
align all the elements in both zZones.

The important result of this is that the cross-cutting dykes
of the less deformed zone have been brought towards parallelism with
the XY plane of the Fl finite strain ellipsoid, and as a rule the
majority of dykes of both the early suite and the Scourie Dyke suite
are within 10-20° of the trend of the gneiss foliation. Since the
dykes are nowhere folded, one may deduce that their original orien-
tation lay within the extensional rather than the contractional field
of the strain ellipsoid. Examination of dyke discordances suggests
no sore procise original arrangement of the dykes - for example therc
are about as many dykes which are clock-wise to the foliation as anti-

clock-~wise.

Now we have to examine what was the effect on the orientation

of the gneiss foliation of the Fl strain. Clearly, this will depend



b7,

on the original orientation - where it lay in the extensional field

it would merely tend towards parallelism with the XY plane of the

strain ellipsoid, and therefore towards parallelism with the dykes.

Where, however, it lay in the contractional field, buckling would

occur, (assuming of course that layers of different competence were

present), and the folds that resulted would have axial planes parallel
-

to the XY plane of the cllipsoid.

If we consider the further casec where the gneiss was already

folded before the F. deformaticn, it is clear that some folds, those

1
with axial planes nearly perpendicular to the XY plane would tend to
be suppressed, whilc those with axial planes nearly parallel to the XY
plane would be flattencd and amplified. This is a very generalised
interpretation of what is in fact a very complex process, but it shows

that one has to take care in distinguishing genuinely carly folds in

the gneiss from Fl folds.

Photo 7 illustrates this problem very well. The sharp edge of
a Scourie dyke is seen in the left of the photograph while a very
narrow apophysis runs parallel to it. This apophysis cuts a fold
structure in the gneiss, and is almost axial planar to it. At first
sight, this would appear to be a clear case of an apophysis cutting an
carlier, pre-dyke fold, but it is equally possible that the fold was
produced during Fl, if the gneiss foliation was originally at a high

angle to the XY plane of the strain ellipsoid.

Barly folds arc therefore very difficult to identify positively.

Completely objective proof is occasionally found, howcver, wherc both
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limbs of a minor fold are cut by Scourie dykes, a situation which it
would be impossible to produce by post-dyke deformation. A great
many early folds can, however, be recognised in the field if one is
prepared to rely on intuition rather than proof, since most of the
carly fold structures have a very distinct style, and tend to occur
in material containing a great many quartzo-feldspathic stringers and
rods, and also to have a rodding lineation which is very uncommon in

later structures.

No attempt will be made here to separate early fold phases from
one another, but complex interference patterns can often be found, for
example at NFF 717010, near the Bun an t-Sruith, demonstrating the
presence of several carly phases. An cxample is illustrated in Fig. 2’
from a locality at Ard Rudha lichr NL 700977, on the fringe of the less

deformed zone.

(iv) Early Shears

In scme localities, minor shear zones running casterly or north-
ecesterly may be observed to be cut by Scourie dykes. At Leenish, such
a shenr is occupied by a large early pegmatite which has been dated
(sece carlier); elsewhere, they are barren. They are usually steep
toc vertical structures with a dextral sensc of movement. Their only
significance seens to be that they represent the only tectonic event
which separates in time the carly dyke suite and the Scourie dyke suite.
This important point is worth re-stating:- there is no major episode
of deformation separating the principal suites of intrusive rocks in

the Bastern Gneisses.
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Flg- 2 Early, preScourie dyke folds at Rudha Mohr
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(v) First Fold Phase, Fip

Although folds of this phase are by no means common, defor-
mation during FIE was of prime importance in its effect, since it
was responsible for deforming an original series of variable, folded
gneisses cut by two main suites of dykes into a more or less regular
parallel series. The variations in amount of FIE deformation which
were responsible for the resulting zones of more and less deformation
are of considerable interest and will be discussed later. Since,
however, Fl produces folds and boudins only within the more deformed

zone, discussion will be confined here to the rocks of that zone.

FIE FOIDS, Folds of FIE age are found affecting both acid gneisses
and Scourie dykes, but they are not observed withir the homogenous
meta-diorite. In folds affecting the acid gneisses only one has of
course to decide whether they arc in fact FIE folds and not earlier
folds. This problem is particularly acute in the transition zone

between more ond less deformed zones. Photo § shows such a fold at

Brevig, which re-folds carlier, presumably pre-Scourie dyke folds.

Tolded Scouric dykes are first found at Rudha lohr (N1 696
974), about half a mile into the more deformed zone, and from thcre on,
folded dykes are found occasionally as far as Vatersay, where the last
remnant of Basteorn Gneiss is preserved. Throughout this area, only
one phasc of folding can be seen to affect the dykes. There arc
none of the complex interference patterns that will be described in
the Western Gneisses, and hence it is clear that no folds earlier than

FIE have affccted the dykes, nor are there any significant minor folds
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of later generations, and we shall see that the only later structures

are in fact very large indeed.

STYLE CF FIE FOLDS, The folds present are too variablc and too few for
any useful comment to be made on this topic. The range of styles
extends from rather open, irregular structures, particularly in the
most migmatitic areas, to straightforward, regular isoclinal folds.

It should be noted that the present geometry of FIE folds is not
necessarily their original geometry. It is very probable that their
present style is the result of FZE modification of their original

FIE style. This interesting topic will be considered at some length

in relation to the Vestern Gneisses, where much fuller data are avail-

able.

ORTIENTATION, The axial planes of all F, folds arc parallel to the

1
regional gnelss foliation and trend roughly N-S. The dep of the axial
plancs is vertical or very steeply to the East. Plunges, where they
can be measured, are rather variable, but generally seem to be at low
to moderate angles to either north or south. Considerable variztions
may be measurcd cven on individual folds (such as that in Photo 8)

and it is considered that this is probably the result of an inhomogenor-

F2 strain on the Fl fold.

BOUDINAGE IN FIE Boudinage of Scourie dykes is the first effect to
be noticed on leaving the less deformed zone for the more deformed zone.
Its interest herc lies in the diffcrent styles of boudinage. Two

extremes are observed:- rather lumpy irregular barrel shaped boudins
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with abrupt terminations and much longer, thinner boudins which taper
out into a point. The latter variety is illustrated in Photo 9.

The more barrel shaped boudins are found in the most migmatitic zrocas
of the zone of acid gneiss, the elongated variety outside this zone,
This distribution is significant in that it indicates different

conpetence relationships, and we shall be returning to it again.

F&E T'ABRICS. FIE fabrics are widely developed in the rocks of the
deformed zone, in rocks of all compositions. The acid gneisses

are perhaps the most difficult to deal with, since one has to separate
new from old fabrics, and one can find all transitions between the
original foliation and the new. Within the zone of acid gneisses,
where nigmatisation is most extensively developed, the problem is
particularly acute, sincc here the gneisses have a very strong new
fabric, yet the deformed and migmatized Scourie dykes which are
completely amphibolitized show no fabric at all, and where one sees

a Scourie dyke in the gneisses, it may appear to be discordant

(Photo 10). This effect is presumably due to the ease with which
amphibolitic material can lose a tectanic fabric on later, static
re~crystallization, and is a problem which will be discussed again in
the scction on Western Gneisses. It is important to emphasize here
that FIE planar fabrics are found only in partially amphibelized
Scourie Dykes. Dykes which are totally granulitic show no fabric,

nor do those which are completely amphibolitic, and thus it is often
only the amphibolitic margins of large dykes in the more deformed zone

which show any fabric.
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(vi) Second Fold Phase, F2E .

This is a very difficult topic to describe, since all the

F2E structures are large, and there is a complete absence of minor
folds. The bulk of the Eastern Gneisses consists of very regular, steep
N-S trending foliated gneiss, which swings round in the north-cast of
the area and becomes much more gently dipping and develops large, open

asymmetrical warps which are best developed in the Bruernish area.

It is considered, though it would be difficult to prove, that
the regional structure of the Eastern Gneisses is a large asymmetrical
F2E antiforn, with an axial trace roughly N-S. The steep limb.of
this structure is expressed in the regularly striking, stecply dipping
gneisses and its gentle limb by the area of low dipping gneisses in
the north-east of Barra, vhere the large, open asymmetrical folds <~ .
second-order folds on the limb of the major structure. If this inter-

pretation is correct, then we have in the Fastern Gneisses a very large,

asymmetrical antiform which plunges gently to the North.

We have seen that the zone of acid gneisses in the more deformed
zone is distinct in several ways -~ it contains no evidences of in-
trusion by members of the ecarly dyke suite, the Scourie dykes within
it arec more deformed and migmatised than in any other area, and that
even the style of boudinage is different. It is suggested here, very
tentatively that this zone of acid gneisses may represent a very tight
synformal unit, a counterpart to the large F2 antiform. There is no
direct structural evidence for this synform, however, so there must be

grave doubts as to its validity. As a atructure, however, it would be

very important, as we shall discover when considering the relationships
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between the Western and Eastern Gneisses.

While FZE deformation does not seem to have produced any
minor folds of consequence, it almost certainly led to the modifi-
cation of ecarlier FIE folds, particularly in areas of high deformation
such as in the zone of acid gneisses. There appear to be two reasons
why no F2E

were roughly co-axial, then one might expect modification of earlier

nminor folds were produced:- first, since F1E and FEE
folds rather than production of new ones. Co-axially refolded folds,
however, were not observed.

Second, conditions during F2E nay have been such that only

folds of a large order could be produced, with no lower orders.

(vii) Third Fold Phase,

FBE
Only a very few folds of this phase were identified. principally

at Leenish and one or two other localities. They have steep to vertical
axial planes, steep plunges and axial trends roughly east south east.
Their only importance is in making structural correlations with the
rocks west of the Thrust. A section across the Eastern Gheisses is

illustrated in Fig. 12,
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THE WESTERN GNEISSES

General

The term "Western Gneisses’ was first introduced by Dearnley
(1962) to describe the ubiquitous grey gneisses west of the Outer
Hebrides Thmest. Such uniform acid gneisses form the majority of
rocks West of the Thrust in the present area, with the exception of
the rocks of the 0it -~ Mohr zone which will be described separately.
In this section it is proposed to describe the rocks of the Yestern

Gneisses themselves and then to discuss their structural history.

The following two tables present a brief summary of the

principal rock types and their structural history.

Principal Rock Types

Four principal rock types have been rccognised and will be
described:~ acid gneisses, metasediments, carly amphibolites and

Scouric Dykes.

(i) Acid Gneisses

Every visitor to the Islands will be thoroughly familiar with
these rather monotonous rocks. They are coarsely foliated hornblende/
biotite acid gneisses with frequent quartzo-feldspathic veinlets and
stringers parallel to the foliation. The only visible variations are
in grain size, which tends to become coarser to the South, and in the
degrec of foliation or banding in the rock. Photo 11 illustrates a
gneiss with particularly well developed banding, defined by bands of

quartzo-feldspathic material alternating with bands of mafic minerals.






TABLE 4

Rock Groups in the Western Gneisses

Rock Group Mineralogy Distribution

Acid mneisses Quartz, oligoclase, Ubiquitous
rmicrocline T orthoclase
biotite, hornblende.

Hetasedinent Quartz, plagioclase Scurrival
¥ microcline, garnet, }oint only
biotite.

barly amphibolites | Varioble, usually Scurrival
hornblende + plagioclase, Foint and

Scouric Dykes

sopnctines with garnet.
Plagioclasites occasionally.

Hornblende, clinopyroxene
plagicclase in small
bodies. Orthopyroxzne in
some large bodies in North.

Orosay S.U.
only

Found every-
where as
concordant
bands in the
acid gneisc-~=s




TABLE 5

Sunriary of Events in the Western Gneisses

604

Event Fabrics Orientation Distribution

Fh Some minor Axial planes Minor folds
riineral growth. strike ¢.100°, abundant
Axial plane dip 65° to N. everywhere,
pegnatites.

F3 Few. Much Reerys- Axial planes Regional
tallization strike 140°, structures in
obliterating dip 30° to N, Hebrides, many
earlier fabrics. ninor folds.

F2 Some linear fabrics, Axial planes Folds restric-
nost lost by later originally N.N.E., | ted to north-
recrystallization. plunges to N, ern part of

the area.

Fl New Regional, 59, Nct known. Rare, best
foliation in gneisses. | Possibly co- evidence at
Some planor fabrics axial with F2. Scurrival
in dykes. Point.

Intrusion Dykes cut original Possibly N.W.- Found all
of Scourie | gneiss folinticn S.E. over arca as
Dykes. So now preserved only concordant

in modified form.

amphibolites.
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The banding is not usually so conspicuous on weathered surfaces.

In thim section, the principal minerals are seen to be quartz,
cligoclase and microcline, with occasional biotite, hornblende, and
orthoclase. Muscovite on the whole is very rare, contrary to the
cbservation of Jehu and Craig, as indeed it is throughout the area

niapped as a whole.

(ii) Metasedinents

On the shore at Bagh~nar-Clach (NF696085), bands of garnet
bearing biotitc gneisses are exposed, up to about 50 ft. in width
and traceable discontinuously for nearly half a mile. Jehu and Craig
first distinguished these rocks from the acid gneisses and gave a
very brief description of their petrography, but made no observations

on their origin.

The metasediments here are, superficially at least, very similar
to those on South Uist and elsevwhere in the Outer Hebrides. They are
recognisable in the field as rather coarse, rusty weathering rocks
with abundant biotite and quartz, and particularly fine large pink
to lilac coloured garnets up to % inch across. Two different varieties
nay be readily distinguished:- a smooth, uniform fine grained variety
and a much coarser variety containing a great many quartzo-feldspathic
stringers, which are intensively ptygmatically folded. The second is
ruch the commoner type, the first running only as a single 6-10 ft.

wide band traceable for some 150 yards.

Thin sections add little extra information. Quartz, plagioclase,

biotite garnet and a little microcline are found. Orthoclase and
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hornblende, both common in the adjacent acid gneisses, are conspic—‘
uously scarce, and muscovite is lacking. The mineral textures are
simple and granular, giving no evidence of the development of

successive fabrics.

The contacts between ordinary acid gneisses and metasediment
are nmostly fairly sharp, but on the extreme north-west coast of
Scurrival Point, rocks occur which are transitional between the two.
The metasediment here also shows intirate relationships with early
amphibolites, and we shall consider the significance of this after

describing the amphibolites.

(1ii) BEarly Amphibolites

This term has been introduced to cover a group of rocks much
more widely distributed in South Uist thon in the prescnt area. They
are distinguished from amphibolites of the Scourie Dyke suite by their
very coarse, migmatitic textures, their tendency to contain large
garnets, and their occurrencc as large masses rather than thin, more
regular sheets. They also have an early banding or foliation which is

not found in Scourie Dykes.

Only two early basic bodies within the present area are suffic-
iently large tc be mappable; one on the island of Orosay off South

Uist, and the other at Scurrival Point on Barra.

Ixposure of the Orosay body is unfortunately confined to a
narrow fringe round the coast of the island, but it does seem that

this body comprises a single highly irregular sheet about 200-300 feet
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thick which has been much affected by later F4 folding. The body
as a whole is extremely variable in composition, and appears to
consist of bands of rocks of widely different mineralogy and thickness.

Three principal types may be recognised:-

First, and most abundant, is a simple hornblende-plagioclase
rock containing locally some quartzo-feldspathic material as clots

and stringers, elsevhere it is homogeneous.

Second, and alsoc fajrly abundant, is a garnet-hornblende-
plagioclase rock, in which the garnets sometimes reach very large
sizes and become so abundant as to constitute the dominant mineral.

Some beach pebbles approaching gornetite composition were also found.

Third, an uniform, white sugary textured rock consisting

entirely of plagioclase, which must approach anorthosite in composition.,

In a few places the gneisscs near the large body are rich in

garnet and biotite, and approach metasediment in composition,

Although this suite of rocks would richly deserve further study,
it is proposed here only to consider briefly the origin of the body

and its compositional banding. Two opposed hypotheses are suggested:-

First, that the body was an originally banded or layered igneous
rock, such as a gabbro-anorthosite, which has suffered later metamor-

phism,

Second, that the body was an originally homogeneous mass of

igneous or supra-crustal origin, and that the present compositional
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banding was produced by metamorphic segregation.

The presence of anorthositic layers is perhaps the most signif-
icant aspect of this problen. Anorthosites are not common rocks,
although they do occur at three other localities in the Outer
Hebrides;~ north-east Lewls, South Harris, and at another small
locality in South Uist (li.F. Coward). It scems likely that the first
two, which are both fairly large bodies, may be of ignecus origin,
but the occurrence in Scuth Uist scems tc consist merely of small
segregations of plagioclasite in a larger hornblende-plagioclase

amphibolite, the whole ocutcrcp covering only a few feet.

The small size of the Orosay body, the small proportion of
anorthosite relative to amphibolite, the lack of any igneous textures
and the clear evidence of profound later migmatisation in this part of
South Uist -~ tc be described later - strongly suggest that the com~
positional banding is a product of metamorphic segregation rather
thoan an original igneous feature. The original nature of the body as
a whole is open to the same questions as those to be raised in

discussion of the body at Scurrival.

(iv) Eorly Amphibolites at Scurrival Point

There are very large quantities of early amphibolite material
in the area of Scurrival, in sheets of various thicknesses from
hundreds of feet down to a few inches. The rock is usually very
coarsely crystalline, containing much quartzo-fzldspathic migmatic

material as clots, strirgors and veinlets, and does in places have a
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distinct foliation or banding defined by layers of lighter colour.
The mineralogy is extremely simple, since hornblende and plagioclase
(oligoclase) with a little clinopyroxene are the only minerals

present.,

Some of the smaller bodies, which are merely boudins about two
feet thick, contain very large, dark red garnets, which are locally
regressed to feldspors and biotite. This is the only locality within

the aren mapped where garnet shows such textures.

The most interesting aspect of the amphibolites at Scurrival
is not their mineralogy, however, but their relations with the meta-~
sediment therc. Map 8 illustrates this relationship at Bagh-nan-Clach,
vhere the amphibolites and metasediments are tightly interfolded
together. Such close associations are by no means rare; they have
also been observed on a smaller scale on the island of Muldoanich, on
Orosay S,U., and at several localities on South Uist, and it is
surgested that this association indicates that the amphibolites

themselves arc of supra-crustal origin.

A second possibility exists however. If the amphibolites
represent an early phase of igneous intrusion, then the intimately
associated garnet-biotite gneisses may not in fact represent meta-
sediments per se, but might represent the results of metamorphic
or metasomatic processes taking place in the neighbourhood of large
igneous bodies. Such processes could have produced changes in the
surrounding country rocks, which, after later deformation and

metanorphisn, gave rise to rocks of metasedimentary appearance.



MAP 8. METASEDIMENT —-AMPHIBOLITE
RELATIONS AT
SCURRIVAL POINT, BARRA

~N7
A

Pegmatite

Coarse amphibolite

Garnet - biotite

- "Metasediment

= Acid gneiss

Scale .

yards




67.
If, for example, a large igneous mass were to produce an aureole
af hornfelsing in the rocks surrounding it, it seens reasonable that
this might result in the hornfelsed rock constituting a closed system
during later metumorphic activity, so that it reotained its original
composition, and therefore after much later metamorphism, migmatisation
and deformation it still retadns some differences from the ordinary
acid gneisses. It is interesting to note that the largest areas of
metasediment in the Outer Hebrides, thc Langavat and Leverburgh
belts happen to flank the largest igneous body, the South Harris
Igncous complex. This in itself is a striking association which has

never been accounted for.

(v) Scouric Dykes

These arc abundant in the Yestern Gneisses as concordant
amphibolite sheets. They are fundamental to the elucidation of the

structurcl and metamorphic history of the area.

On the islonds in the Oitir Mohr (Great Sound) basic bodies of
dyke-like form cross-cut the gneiss foliation at angles up to 90°.
The area in which these indisputably intrusive bodies occur is
sharply defined and has been called the Oitir Mohr zone (g.v.). The
boundary to this zone runs through the islzonds of Fuday and Orosay E.
and on both of these islands the transition from discordant dykes

to concordant sheets may be observed.

An equally important but ruch more gradual transition may be

observed in the texture and mineralogy of thesc bodies, although



63,
this is compiicated by the effects of vorying thickness, Within the
Oitir Mohr zonc, the dykes are characterised by the assemblage
orthopyroxene/clinopyroxene/plogioclase/opaque cnd by relict opitic
textures, with om hibolitic margins. As one noves away from this zone,
so this pattern becomes more rare and becomes confined only to large
bodies; eventually it ;ives way cven in the thickest bodies to hcrnblende/
clinopyroxenc/plagiocluse asscmblages, with typical coarsely gronular

textures. These changes are schematically suwmarized on Mop 9.

It is onc of the principad ossumaptions of this thesis thot the
contrast between the dykes in the Oitir Mohr zone and those in the
Uestern pneissces is analozous to that betueen the Scourion and Lexfordion
zones on the mainlond; nowicly thot the abundont, discrete, concordont
«iiphibolite sheets within the lestern Gneisses represent the metancr;hosed
cnd deforied equivalents of the discordant dykes within the Oitir Hohr
zonc. In view of the tronsitden vhich con be traced, this is considered

to be o valid assumption.

The amphibolite shcets thus interpreted as originally intrusive
igneous bodies therefore include cheets c¢f 211 thicknessces, reaching
o meximmun of chout 50 feet, ond from all parts of the area mapped. The
history of folding and metomorphism of these bodies will form an

importont port of this thesise.
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Struetural Historv of the Western Gneisses

(1) General

In recent vears, progress in structural geologv has led to great
advances in understanding mechanisms of deformation of rocks and has
prodiuced new techniques for interpreting complex geological structres.
These have made it possible to extend into the Lewisian detailed

structural mapping of a kind not previouslv attempted.

The methods, however, are onlv as useful as the rocks allow, and
there are some considerable problems in this respect. Granite gneisses
and amphibolites, with which we are almost excluisivel- concerned, are "y
no means ideal for detailed structural analvsis. prineipallyv beca:se
they are rather coarse grained, homogeneo's rocks which lack the

delicacy of structure of rocks of lower metamorphic grade.
Two problems stem directly from the nat - re of the rocks:=-

First, erosion prodices outerops with smooth, often romded
surfaces. The relief on these s:rfaces is usally not more than a
few millimetres (the avarage grain size) and this makes it very difficult
to judge the sense of direction of foliatlon dip or fold pl nges on

flat surfaces, let alone to make more aécurate measurements.

Second, widespread late re-crystallization has obliterated
nearly all earlier fabries in the area particilarly in amphibolites of
the Scourie dyke s:ite, which co 1d have been informative. A summary
of the structural events to be described is given below, in the order

of description.
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EARLY FOIDS AND FABRICS. pre Scourie dyke age. Not well preserved,
mainly seen in metasediments and early amphibolites. Earliest‘
foliation, S, probably prod iced at the same time as these early strict-

ures.

Fq FOID PHASE. Probably a very important phase, b:t little direct
evidence preserved. Believed to have prod ‘ced the regional gneiss

foliation 83 and to have folded Scoyrie dykes.

F2 FOID PHASE. Produces conspic:ons folding of Scoirie dykes in northern
part of the area, does not appear to have produced new fabries in
gneisses, may have done so in dykes, bt these now lost, Possibly

co-axial with Fl.

F3 FOID PHASE. Very important, controls the overall structure of the
area, large asymmetrical folds overturned towards the south west. The
gentle limb of these folds produces the large areas of uniformly low

dipping gneisses.

F4 FOID FHASE, Very common minor folds, but few larger. BRegular axial

trend 100°-110°.

(11) Early, pre=Scourie Dyke Folds and Fabrics

In the Oitir Mohr Zone, Scourie dykes cut foliated gneisses which
occasionally exhibit minor folds older than the dykes. In the Western
Gneisses, however, evidence for pre-dyke tectonic activity is hard to
find, especially as one has to distinguish early folds from later,

F1, folds which are themselves difficult to identify.
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The most likely early folds occur within the Scurrival metased-

iments (Map 8), which lie in isoclinal folds believed to be F;  in age

(see later). Now the metasediment in the limbs of these isoclines
contains numerous migmatitic, quartzo-feldspathic stringers which are
intensely ptygmatically folded, and these ptygmatic folds do not have
any consistant relationship to the larger structure, nor to any later
structures. Complex interference patterns indicate that more than one
phase of early folding occurred. It-is Interesting to note that
metasediments characteristically retain evidence of early stnuctures

in many parts of the Outer Hebrides.

Some rather more conclusive evidence is found at a tiny outcrop
on the island of Orosay S.U. where early folds can be seen truncated
by Scourie dykes, which are themselves buckled by ¥, folds. Complex
early interference patterns are observed again here (Photo 12). This

18 the only locality within the Western gneisses of the area mapped’

outside the Outer Mohr zone, where a discordant dyke was observed.
The gneiss foliation cut by the dyke here is the original gneiss

foliation, S,.

(111) The Fy Fold Phase

This fold phase 1s rather difficult to deal with, since few folds
are preserved, but it is considered that the present foliation in the
gneisses, S;, was largely produced by F; deformation. This belief is
based on the observation that Fp folds, which are the most conspicuous
and most impressive folds in the area, all fold the gneiss foliation
- there is no new axial planar fabric developed, (see below). Also,

in some localities Scourie Dykes may be observed with a foliation in
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them folded by Fp. This foliation is believed to be an Fy ¢dliation.

Further evidence may be seen in the Scurrival metasediments.
The large isoclinal folds involving metasediment and early amphibolite
at Bagh-nan-Clach (Map 8) have an axial planar fabric which is
parallel to the regional foliation in the acid gneisses. Here,
however, this fabric in the metasediments can be seen to be a neg. one.
The large basic core to the fold in Fig. 3 has an early foliation

(So) which is folded round in the fold, while the new fabric in the

motasediment ie perfectly planar, and in a.few places can be seen

superimposed on an earlier banding in the metasediment.

The sequence of events summarized is thus:-
(&) F, folding, folds S, "foliation :in dykes and gneisBes.
(3) Fy folding, production of new foliation in gneisses metasediments,
- and Scourie Dykes, Sq
(2) Scourie Dyke intrusion.
(1) Early folding, and production of early foliation in gneisses and

metasediments, S;.

In the early amphibolites, one can see occasionally the S0
foliation folded by F; and with the new, S;, fabric growing across
the earlier. In the acid gneisses, however, it is probable that what
is termed the "Sy" foliation may be partly pre=Scourie Dyke in age
for two reasons:= First, the folds in metasediment at Scurrival which
we are calling Fl may not necessarily be of the same episode as Fl
folds in Scourie Dykes elsewhere, since it is very difficult to
correlate thesa very early structures. Second, while Fqy folding may

have obliterated all earlier fabriecs in the noses of Fl folds, it
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:I Metasediment

Coarse Amphibolite

Fig3 Nose of early fold at

SCUF'I"iVQl POint Note the fabrics
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is unlikely to have done so on the limbs of these folds, where the

earller foliation will be simply re-emphasized and modified.

Pert gns the most convincing evidence for the F; fold phase comes
from those localities where F folds refold earlier folds in complex
interference patterns. Figures 4 and 5 1llustrate such patterns in
refolded Scourie Dykes. These figures also show two interesting

aspects of Fy folds.

First, in Fig. 4 a family of small branching dykes is seen
splitting off from the larger dyke. It is clear that a simple branching -

dyke could in some circumstances be mistaken for an isoclinally folded

dyke.

Second, in two of the figures the F; and Fp folds are co-axial

yvet in the third, Fig. 5 this is not the case. The situation in this
case, however, 18 very complex, and it would not be wise to draw
conclusions on the original orientation of the F; folds relative to

FE'

(iv) The F, Fold Phase

‘Fp folds are the earliest structures which can be consistently
recognized in the Western Gneisses. While both acid gneisses and
Scourie Dykes are involved, it is folded -Scourie Dykes that are the
most interesting and informative, and with which we shall be mainly
concerned. Four headings will be used in describing these folds:-

Age, Fabrics, Style, and Distribution and Orientation.
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(B) Orosay S.U.

Fig.5. I:d/F2 Interference patterns
i
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LGE OF F2 FULDS. TIn most locilities, F, folds can be identified by
their cheracteristic style and orientction, but sometimes more positive

183

evidence is avnilable., Fisures 4 and 5 for exommle ahow Fy folds
affecting corlier Fq structures, while Fhoto 13 shows an F, fold
refolded by an 3 f.1d, o relationship which may be observed at many

localities in the northern pert of the area.

~ .

"DRIC3. Fp folds consistently fold the S9 foliotion in the acid
sneisses uithout wroducing o new cxicl plaone fabric. This isc clenwly
illustr-ted in Photo 14. In some aress however, the 89 frbric haos
bheen obliteraied by loter recrystollizotion, o topic whiich will be
considerec further. ‘liere Scourie dykes ore folded by F2 , no fobric
is found, but in vieu of the intensity of defoermation, cind by annlogy
with other orers of folded dylies, it is considered thot fobrics wvere
in fret orisinclly developed, but hove since been destroyed by
subscauent re-crystcllizotion. A rather coarse planar fobric is found
in so:e Jy'es, in the southern nort - of the area, waich is porcllel
to the regionnl foliction. There are no ¥y folds in these crecs,
however, and this fobric could therefore be the result of eitior the

¥, cr the F2 fold phases,

1

STYLE OF Fp FOLDS. ¥ folds are very distinctive, They are small
folds, with waphitudes never greater than 30 feet, and ore usually
alnost isoclincl, with oxizl planes paranllel to the regionnl jneiss
fcliction. Their anenrcnce in the field su;gests thet they could

justifiably be described as "similcor't folds,.
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Isoéon plots were made of a few folds to check more carefully on
the style. Predictably enough, it was found that folds on the whole
closely approached the parallel isogon (Class 2) similar fold type of
Ramsay's classification (Ramsay 1967). When broken down into individual
layers, minor variations in style between layers of different composition
were found. lgures 6 and 7 illustrate typical plots. Fig~re§is
particularly interesting because it shows a pair of amphibolite
layers, believed to be of Scourie dyke origin, which are tending towards
the Class 3, convergent isogon type of fold. This is a commonly
observed feature, and it is significant in that it does have
implications concerning the original competence differences between
layers, the amphibolite layers being the less competent at the time
of folding. We shall be retirning to this point later, but it should
be emphasized here that care should be taken in interpreting isogon
data, because original variations in dyke shape would drastically

modify the resulting fold isogons.

Ramsay has shown (Ramsay 1962a) that perfectly similar folds may .
be envisaged as parallel folds (class IB, orthogonal type) which have
been subjected to an infinite compressive strain. This is a
mathematical conecept, but it is useful in looking at natural folds.
Ramsay has derived an expression which relates the thickness of a
folded layer at a point with the strain ratios at that point, and has
summarized this expression grophicaldys. . This graph can be used
to obtain very rapidly the strain ratiQS required to produce the fold
in question fromam original parallel fold (Fig 8). The strain ratios
used on this graph are the square roots of the ratios of the quadratic

elongations 1 + ey and 1+ e, in the two-dimensional strain elipse.



About bhalf natural

size

Fig.6. Isogon plots ot folded

amphibolite layers




Fig. 7
Isogon plot
of folded

gneiss layers

(see also photo 14)
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Data from a few typical folds in the Dudaip area of South Uist
were plotted on this graph, and the results'indicated straln rations
in the region 0.3 - 0.2, values which &re fairly common. When the
same technique was applied to folds fpom the Scurrival region nf
northern Barra, hogyever, it was found that all the data fell on the

line Tl = 1, indicating nearly infinite strains. This conld well be

of far-reaching significance, since, for the EE folds measured from
South Uist lie on the gentle limb of the regional F3 structure, whereas
those from Scurrival are on the steep limb, and therefore this gives
us a guide to the states of strain on the limbs of the major F3 fold

structure.

In the case of the Scurrival folds; where we are dealing with very
high strian ratios, the isogon method is rather insensitive, and an
empirical method has to bg used to obtain an approximate value of the
strain ratios. The fold in question is simply drawn out on a grid, -« 1~
and themw "unstrained” by re-plotting the grid with different co-ordinate
ratlos until the fold approximates to the parallel model. Figure §
shows & particularly flateened fold unstralned by a ratio of 15:1,
and it is clear that the rasult i1s an acceptable approach to a parallel
fpld. (The folded layer i# an amphibolite, probably a Scourie dyke,

11llustrated in Photol5).

Several folds which could not be treated by the isogon method
were examined in this way, all involving folded Scourie Dykes, and
it was found that the amount of unstraining required varied between
10:1 and 15:1. Both this method, and the isogon method, however

rely on the assumption of homogenebus compressive strains and this
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assumption is probably not valid in natural rocks, so the data

obtained can only give a rough guide to the true strain ratios.

With this proviso, however, two further deductions may be mde
by restoring flattened folds to their original shape, which are

particularly interesting when applied to Scourie dyke amphibolites:-

First, the total compressive strain involved in folding can be
derived. This is made up of 3 componentss the added compressive
strain or "flattening," the original shortening produced during
buckling to produce the parallel type fold, and the shortening which

occurred before buckling was Initiated.

Second, the original viscosity contrast or competance difference

may be derived.

Sherwin and Chapple (1968) have produced a graph which summarrizes
the relationship between the wavelength/thickness ratic of a folded
layer and the amplification factor for different values of viscoslty
contrast and inttial compressive strains. It is beyond the scope
of this thesis to criticise the validity of this graph, so the
resilts obtained are merely summarized below. Unfortunately, to
measure the wavelength/thickness ratio accurately, one requires
folded layers showing several crests and troughs, and naturally these

are rare. Only four were found that were suitable.

Table 6 again brings out the considerable differences between

folds at Scurrival and Ludaip, This is in part due to F3 modification
of bFé folds on different parts of the F3 structure, but also in

part also reflects variations in the F2 Strain ratids.
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TLBLE 6

(Folded Scouric

Dyke amghibolites)

i -

Te

2e

Fola Wovelenzth Shortening Shortening Shortening Totcl Viscosity
Thiclmess prior to curing hy added shortening contrast
rctio buckling buckling compressive

straing
Scurrivel 6.5:1 2.2:1 1.3:1 13531 42,921 16
Scumrivel b,3:1 3,711 1.2:1 9,811 32,5:1 © 1
Iudcy 7e7:1 2.0:1 1.2:1 7.8:1 18.8:1 20
Luday SRR 1.8:1 Te1:1 5.0:1 10471 25
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Since, however, we never find Fo folds unaffected by F3’ it is impossible

to comment on these original variations in FE'

Thexe are not sufficient data here on viscosity contrast here to
be of much value, but the consistently low results are very interesting,
and suggest much lower competence differences between Scourie dyke

amphibolites and the acid gneisses than one might intuitively expect.

~

DISTRIBUTION AND ORIENTATION OF Fo FOIDS. Apart from folding Sgourie
Dykes, the deeformation also caused widespread boudinage of them.
Boudinage is not an easy phenomenon tu date, but in the present area,
the mes t extensive boudinage seems to have occurred during the Fo fold
phase, though some may have been produced as a result of F, deformation.
F3 certainly does not seem to have pgoduced extensive boudinage

itself, far earlier boudins may often be observed folded by F3 minor
folds (Photo 16). Some extension or shortening of pre-existing

boudins may have occurred on the linbs of F3 folds, but not fresh
boudinage. The Fy deformation produced structures on such a smll scale

that no major boudinage is likely to have occurred.

Assuming, then, that most of the boudinage that one observes is
of Fp age, then it is interesting to examine the distribution of Fo
folds and boudins. Map 10 1illustrates this schematically, and also
distinguishes between areas of more and less highly flattened Fy folds,
T30 major filelds are present; a northern area which has F> folds and
boudins, add a southern area which has Fo boudins only. This must
indicate an original difference in orientation of the Scourie dykes

relative to the Fo strain elipscid, the dykes in the north having been
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oriented in the contractional field of the strain ellipsoid, those in the

the south in the extemrsional field.

Such a distribution could have been produced in a very large F2
fold - shortening in the hinge, extension in the limb = but there is
no evidence for any structure of such size. Minor structures for
example, mostly have an "M" symmetry in northern Barra, with about
equal nunbers of S's and 8's while on Eriskay only M's are found
and on South Uist there is a slight tendency for S's to predominate
over M's. No intelligible pattern emerges from study of these fold=~

profiles, and consequently there is no evidence for large F2 folds.

Detailed studies of Fo minor folds could however produce some
interesting results. By measuring the enveloping surfaces to folds
in the folded zone and by plotting these dimections (of shortening)
and of boudinage (extension), it would be possible, theoretically at
least, to derive the surface of no finite longitudinal strain, and °
therefore the strain ratios of the 3-dimensional strain ellipsoid.
The practical difficulties, however, coupled with the effects of Eé

modification make this impossible.

Orientation of F, fold plunges are difficult to measure, even
in the best exposed areas. The few data obtained indicate plunges to
the north and north-north west at variable angles, fold axes as a
whole appearing to be roughly co=-axial with F‘3 folds. The axial planes
of 32 folds are always parallel to the regional gheiss foliation, and
hence stercographic plots of 32 axlal planes are identical to plots

of the gneiss foliation.
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(v) The F3 Fold Phose

The F; fold phase produced the l.rgest and most iumportomt structurec
in the ~ren. I'olds of 11 sizes from o few feet to sever:l uiles in
size re found., Host of the Western gneisses in south South Uist, Erislcy,

i

Borra, Votersry ~nd -11 the southern islimds s f-r os B-orra Hend, dip
regulerly cnd uniformly ot low :ngles to the north-erst, It is considered
th-t this orient. tion is that of the long limbs of lirge I'3 folds, which
are csymmetric nnd consist of . relatively lonyg; gentle limb -nd o short
steep to overturncd limb. The most importont of these folds rre the

Scurriv-l mntiform .nd coaplementory synform, which synform is unfortunztely

“Imost unexposed, but iz of very pre-t import.nce.

Before describing the mojor structure, however, we must eximine
the snnller folds, These will be described under the same heidings os

for F2.

$ G OF F3 VeiDS.  This is foirly uncquivoenl. Iz felds often refolc

¢ rlier F, isoclincs. F) folds freoguently Fform minor structures on the

t
linbs of lirger F3 folds, .nl h-we plunges which cre controlled by the

dip of the 1imb of the e-wliecr leorsme [old.

F.BRICS. F3 Ffoldin- wos associrted with iaport nt re-cryst-l1liz-tion
nd aign. tiz tion, which will be¢ considercd loter, but two footurcs tre

import-nt here.

First, new grouth of hornblence liths in co rsely migm-titic
gneisses took plhce te - certrin extent during F3 ond in pl ces this

procuced in the nosces of F3 folds . conspicious miner:l linertion.
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parallel to the fold plunge. This mineral growth sometimes occurs

in small axial planar pegmatites.

Second, a new fabric is developalover a fairly wide area in
South Uist, mainly in the hills north of Ludag. The age of this
fabrie, which we shall call Sj, is extremely uncertain, because
the evidetice is contradictory. The facts are that in this part of
South Uist a fabric is observed which at first sight is very
similar to the earlier S, fabric, and is closely parallel to its it
does, however, have a fundamentally differant relationship to the
Scourie dyke amphibolites. In Barra, the amphibolites are everywhere
concordant with the Sl foliation, north of Iudag the amphibolites are

not concordant with the foliation, but eross it at angles up to 900.

These features are illustrated in Figures 9,10 and 1l

At first sight, this relationship might be considered to be an
original feature, but this interpretation is precluded for the following

reasons.

First, there is abundant evidence of isoelinally folded Scourie

dykes in the same area.

Second, the gneisses are all highly migmatitic, and the Scourie
dykes extensively boudinaged and entirely amphibolized - an unlikely

environment for the preservation of original discordant relationships.

Third, the S fabric can be seen isoclinally folded by F, folds
only a short distance away, and relics of it occur in places amongst

the Sz fabrie (Fig. 11).



(A)

Folded by

el

(B)

Notice the absence of fabric in the dykes
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Fig.10. The problematical new tabric
Slabs above Ludaig. See also photo 18.
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Fig.11 Complex dyke pattern above Ludaig

Notice the interference pattern (centre) and the fabric
growing across it.
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Accepting that this is a new fabrie, then we have to decide its
age. It 1s in many places folded by F) (Fig 9a), so we can safely

assume that it is not a very late feature.

Two possibilities are therefore open:-
First, it is an Fo fabric

Seoond, it is an F3 fabric

There 1s some good evidence for the first possibllity. Tigure 9b
and Photo 17, for example, show the 83 fabric axial planar to F2 folds
of Scourie dykes. When these dykes are traced further, however, they
begip to meet the 83 foliation at all angles up to 900 . It is unlikely,
though not impossible, for an axial plane fabric to develop perpendicular
to apparently unfolded layers, and further, the fabric can be observed
growing across the axial plane of earlisr, Fo folds (Figure 11 and Photo
18). The structures, here, however are so fiercely complicated that

one cannot be sure of the age of any of the early folds.

If we accept, then, that this new fabric is not produced by Fé,
it can only be produced by Fj. Unfortunately, there are very few Pj
folds of any sort in this area, so the direct relationship between folds
and fabric cannot be observed. The orientation of the fabric is
acceptable for it to be axial planar to F3, dipping as it does gently
to the narth-north east, but this is about the only positive piece of

evidence.

The absence of any fabric within the Scourie dyke amphibolites here
is very puzzling. It was remarked earlier that F2 folds everywhere

seemed to lake any tectonite fabric, and this was ascribed to obliteration
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by later reerystallization, Now there is plenty of evidence for
synkinenotic F3 raecrystolligation, producing aligned hornblendes and
wxiel plene pegnetites in folded teid gneisscs, and this would
effectively destroy any earlicr fabrics in oniphibolites, but one would

of course expect to find F3 fobric in these amphibolites.

The solution onpears to be that ecmphibolites as a whole lese
tiicir fabrics very nuch nore ecsily thon do acid gneissces Ly re-
J b
crystallizetion. In this instounee post-kinenatic F3 regryatollization

st hawve been responsible, or olternctively synkinenatic or post-

kincrnotie ¥

I rocrystcllizotion, The Fq fold nhase was not particulorly

inortont, but it wos cgsocicted with considerable nigrnitinsation and
production ¢f pegmrtite iintericd, so thet extensive obliteristion of

corlicr fahrics could hove occurred.

It ic interccting to .mote here thit Untterson (1968) has wlso
comitented on the eose with vhich defornmed .aaphibolites lose tectonic
fobries in the Vesterlond aree of Greenlond, so this is clecrly not cn
unicue cosce,  The origins wnd tine relations of the 83 febrie, however,

rewain anonr, the most intract.oble probleis in the area.

STYL:S OF Ty IINOR POLDS, F3 mdnor folds cre vericble, but tend to be
19 . . s .. ] o]

rather open structures, with interliub ngles of cbout 1107. They

cre csyaetric, with Lro-od gentle liubs and raother nerrow verticol to

overturned stecn linbs. liiner folds parasitic on larger folds are

tichter on the steep linus cf these folds thon on the gentle limb,

nd their axicl plenes sheow oo slight fenning oround the nose of the

loxrer structures. Tyivical pinor folds are illustrated in Photo 19.
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One of the most striking features of F3 minor folds is thot one
relatively rirely finds these folding Scouric dykes, yet in Fp it wes
folded Sccurie dykes that formed by foxr the nost conspicuous and
importont foldg, Vhere one doces see F3 folds affecting dykes, there
is o u-rked difference in style ~ instead of domincting, cven identilying
the structure, the dykes merely aoperr to be rather passive end to fold
with the gneisses (Photo 16), This has some importont relevonce to

a

the competence of the Bcourie Jyvkes in different foll episodes, and

Y

will be discussed further,

The other notcuorthy feature o T, folds is their tendency towcrds
~
dishermony -~ i.v. folds ~"ficting onc logger hove little or no
relotionshin with folds ficeting ndjecent loyuers, This is illustrated
in Thotos 20 ond 21, rhoto 21 shous tn F3 minor fold in acid gneisscs
wiich s becone cnermcusly cxtonded, and we shodl seo in the noext

goction thot such structurcs ney boe duplicated on o much larger scolce,

Dishornonic folding is characteristic of highly ductile nctericls,
such os cole~-silicates ond selt deposits, and is due to the devilonaent
of folds of diffcrent chroracteristic wavelengtigin layers of differunt
viscositics. It is comon for ruwphibolitce loyurs to doevelop wovelenghts
ruch longer thon those of the gneisscs (Photo 20), but diffcrences
within the gnedisses thaascelves con also produce comsidercble disacrniony.
The presoice of liyers in the gacisscs of different comosition (and
viscositics) vhich arce not cluiys visibly obvious is demonstroted by
suclt dicharwonic folding;, and by the occurrencce of bhoudinoge structurcs

wvithin porfectly ordincry locking gneisscs,.
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THER FB 15007 JTRUCTURSS., Tt is 24 miles in a straight line frou the
pub wt Pollechor to the Berra Heod lighthoumes This line is almost ot
right cngles to thoe strike of the foliation of the Western Gneisscs
and orovides ~ very inforiictive scction throush them. 95 percent of
the rocks long this scction dip ot anpgles of 20O - 300 towards the
north-coot or north-north cast., The prescncce of such lor;e arcas of
unifornly dipoping gneisses cleorly coadls for ctructures of on cqually

lorpe serle,

Such structurcs have been recogniscd in both Scouth and North
Uist as vwell as Borra ond it is generally acreed thot these form the
doninant structurcs in €. ¢ Outer Hebridos and produce the domincnt
north-ucst south~crst structural trond. This subject will be discussed

furtivr in o fortheconin,, jeint paper. (Cowsrd ct. al. 1969),
2 iy L

he acjor structurcs of Borra are twe folds, the Scurrivel

cntiforn and its conpsloucntory synforn.

The nose of the -mtiforn is well exposcd on Scurrival Point,
(Mep 11)e  The gontly dipping novrwal limb of this £31d is troacernble
on Tioray, northern Fudcy across to Oriskey ond on the southern part
of South Uist., The overturncd limb is sligatly wore complex, with
=t leoot one larsge sccond order fold on it, (The synforn in the
lover 1oft hand side of Hop 11). The overturned limb passes southword
into tho ncjor synforn, which is clwmost couplotely unexzosced benoenth
the Trodi . liohr md Treigh Baeds. Tt is considercd th-t o large, very
tight svwnfori is concuoloed benenth thoese beaches, and tact bthe southern

1iub of this synform turns up grodually to form the very wniform lov
1
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northi~costy . dipping gacisses of northern Berra., This structure is

illusternted in scetions 1, 2, cnd 3 (Fig. 12).

Since this tight synfori is of consideroble significonce to this
thesis, we must try to justify it 2 little furthor. Tive lines of

cvidence suggest its uxistonco,.

First, the presence of steeply dipHhing pneisses striking south-
cost olon) the northeo st fringe of Borre. cad recognisabl. on .rd
Ihor, frd Veenishk .nd Brucraish, This oteep zone con be traced
sroduclly ond continuously inte the regular shallow dipping gneisses o
short woy to the ssuth west, On the next picces of vxposcd ground to
the north, ot E.liscrry cnd on Orosuy LB, steuply dipping folintion is

agedn ohscrved., This indicctes ot lecst the strong likcelihood of o

mile=wide zonc of steonly dipping folirtion in the right plece.

Sceond, iuinor F3 folds howe the appropricte sywretery for o
lorge synforncel structurc. «t Oroscy & and Boligerry thes. [olds hove
Z ororiles, while on Jrd Mobr end frd Voenish they hwve § syrmetry.
The cevidence on Ard lionr is, hovever, controdictory in places. This
a0y be due to the vrescnce of sceond order folds on the linb of the

lerzer structure

Third, the high degrec of flittening of F2 folds in the
Seurrivol ores would be satisfactorily exploinced by o large, tight

acjor synfora uvhero F3 flattening Acformation would be intensece.

Fovrth, the stylc of the postulated structure is comparable with
others in the Hebrides., Coucrd for cxanple h-s mopped o tight major

synforn in South Uist,
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Fifth, it would be difficult to explain the observed relation~
ships in any other way. A very large mogoclinal structure is the

only alternative possibility.

It is important to note here that the core of the Scurrival
antiform is occupied by the rocks of the Oitir Mohr zone. The
considerable significance of this arrangement will be discussed in

the interpretativa-part of this thesis.

Although the Scurrival structure-is by far the largest F3
structure in the present area, there are some smaller folds. At Borwve
Point, for example is a fold which is in many ways similar to that at
Scurrival (Map 12). This structure is rather more complex, however,
with many Fy folds confusing the issues, but it does appear that here
again there is a simple open antiform with a normal limb dipping gently

NE and a zone of very steep, tight foliation in place of a synform.

On the whole, however, Fz folds of this scale are not particul=~
arly common, and in some large areas F3 minor folds are completely
absent. Southern South Uist is one such area, and also on Barra there
is an extremely large area between Borre and Ben Erival without much
sign of F3 minor structures. Further south, however, such structures

become much more abundant.

ORIENTATION., The orientation of the large areas of uniformly low
dipping foliation has been summed up on stereograms 1 ~ 10 which

represent various small sub-areas (Fig. 13). It is clear that the
orientation varies very little on the whole, and that only in the

south is there much significant spreading. This is best seen in the
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Figi3 Examples of plots of poles to gneiss foliation
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Ben Tangavdal area, where late warping has produced a complet reversal
of F3 plunges. This is not due to F4 folding but to later, visible
gentle warps of the foliation into undulations with measurable axes of
0500. These warps are responsible for the rather complex foliation

trend in Southern Barra and Vatersay.

In areas not affected by later warps, the general plunge of F3
folds is about 30° to 330°, while axial planes strike about 350° and

dip at about 45° to the north-east.

(vi) The Fy Fold Phase

Fq_folds are extremely abundant throughout the area; they are
more commoml than folds of any other age, but are not very important .
since they are so small. Fy folds exceeding a few feet in amplitude
are only found in the extreme north west of the area mapped; on the

island of Orosay S.U. and in the neighbouring hills.

AGE OF Fy FOIDS. Fy folds are clearly later than any of the fold
phases previously described, since they frequently refold them.
Striking interference patterns produced by refolding >f F3 by Fiy are
sometimes found. Photo 23 illustrates a good dome-and-basin pattern

from Scurrival Point.
FABRICS. Two fabrics are significant:-

First, a mineral orientation produced by new growth of hornblende
prisms in the noses of Fj folds in coarsely migmtit’~ gnelsg together

with axial planar pegmatites.
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Second, axial plane fabriecs. These occur locally on South
Uist, and are particularly well developed on the island of Orosay
S.U. where Scourie dykes strongly buckled by Fy are found. One of
these dykes has a good banding or foliation of unknown age (Photo 22
and Fig. 1%a). The banding visible in the photograph, which is
defined by layers rich in biotite, is puckered into a multitude of
smll crinkles or pleats, whose axial planes are parallel to the Fy

axial plane.

STYLE OF F4 FOIDS. This is extremely simple. The folds are rather
open, asymmetric b "kles as a rule, the symmetry of the fold heing
controlled by the orientation of the major F3 structurc. Folds tend
to be best developed on the steep limbs of these structures, for

example at Bor : Point, where very fine folds are found.

Where boudinaged Scourie Dykes occur in areas of strong F4
folding, these houdins tend to be pushed together by the Fy defcomtic.
This is particularly well displayed on Orosay S.7., Fig. 14b, where
quite spectacular pinched boudins occur. A few feet from this
outcrop is the exposure illustrated in Fig. 14%a. Notice that the
upper and lower surfaces of the Scourie dyke in Fig. 14a have folded
disharmonically - synforms on the lower surface do not mtch synforms

on the upper surface.

Perhaps the most interesting fe~ture of the F) folds, 1s
however, the thin stringers of pegmatitic material associated with
them. They are roughly, but not accurately, axial planar to the folds
(Photo 24) and frequently intersect one limb of a fold rather than

its hinge. These axial phase pegmtites are most abundant in the
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xtreme north and south of the orea, at Luddde exd ‘Vatergay. When
outcrovping on a flat surfoce they form very conspicuous lincar ferturces
which ore quitce unmistckeble. The structural control of these features

is not well undorstood. It may be linked with the Ymicrolithon! or

gleitbretteor’ structurcs found in lower-greode netonmorphic rocks,

apart frowa the lerger folds in the Orosny arcco, the wavelength
of Iy folds over the rest of the oren is romorkably constent, cnd this

probhly reflcets the doainunt wavelength for reid gneisses, since ncny

iiinor F3 structures ~re clso of vory sinilar sizc.

DISTRAIBUTICN ND ORIENTATICN. Minor Fiy folds really «re vory co.auon
hroughout the orea, zlthough they tond to be scrreor in the crens of

very unifori, low dipring folir-tion.

The oricntation of folds is constont over smcll arens, but dous
shouv o regioncl v .riction. Over most of Buerrq, for example, the oxicsl
o ] - c‘ -

trend is about 100 - 110 . but this ;r-Cu:lly swings round to cbout

o . . . .
0707 in the southicrn pexrt of South Uist. The oxial plone daps stecply

. o . .

to the north, av.rqging chbout 70, but this too shows regional

< g s s o
voriotion - on V t.rsny cnd Southern Berrs it is only about 50, The
rogulerity of thoesce regionadl chenges suggests that they may be duc to

wiilory toctonie courses, rother then later worping.

The lunge of ¥l folds is of coursc governced by the shepe of the
F3 folds ond stercographic plots of fold wmlunges show the typicol

sreat circles,
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TS OITIR MOUR ZONE

General

tle come nou to cxoidne the third of the principsl zonces of the
ficld crea, the Citir Mohr Zone, This ropresunts o riiss of rocks of
Esstern Gnediss ~ffinities structur-lly below the Jestern Gnedsscs cnd
cxposed in the core ot the Scurrivol cntifornie The linits of this
zon¢ could idcally be defined objectively by the prosence of cross-
cutting dykes, but wmfortun:tcly sutcrops crc confinced to the islands
of the Oitir Mohr, ond the limits must thercefore be lorpely speculative.
Jork on the geolesy of thoese islinds is further honpered by poor inland
ngosure with only o norrow fringe of well exposed rocks on the cowsts,
A 1-ck of drinking witer olso wkes prolonjjed stiys inpr..cticsl, ond
conscrucntly thoese islandz hove not bhoon mopped in anything like the
desirable detndl. One scorcely has to set foot on the islonds, however,
te raonsrk how different the rocks cre from rny others west of the
Thrust. Perhaps the ost conspicucus differences cre the abundonce of
vyroxene in the snelsses, and the prescence of cloarly cross-cutiing

gronulite Jylies.

In this very brief scction, it is proposcd to describe the
rocks of the Oitir Mohr zonc, to compare thesce vwith those of the
Festern Gneiosscs, whileccammenta on the corrcel “tions betweon this zonc
end other units will be kept until luter. Eneh of the sub-hceadings

™

used in describing the Lnstern Gneisses will be used ni5oin herc, to

point the similoxrity between the two groups of rocks,
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Acid Gneissces

4Acid pneisses might be thought to be much the sage wherever they
cre found, but in this zone, there ore threc fertures which distiaguish

these fron the Western Gneisses, ond identify thon with the Eosternt-

Tirst, o lorge-scrle varisbility = the Vestorn gneisscs orc

conspicunously henogoncous.,

Second, :nd aorc importsnt, orthopyrorene is cbundont, weathering
to pgive ‘rusty’ rneisses in pluces., The syroxenc is typicilly in o
very auch ¢lterced condition. Pyroxcne, howcver is not univers:l in
the gneisses, in f-ct on Hellis:y distinct bands of pyroxenc-frec gneisscs

occur, which could urob.bly bo ippced out ns such, given timz.

Third, blocks of errly hosic to interuedicte motericd qre
conmon within the sncisses. This is particuleorly truc of the cost
cozst of Gighoy, uvhiere this blocky hibit is closely similmr to thet

described ot Bruernisir ond the gneiss is conscquently clmost agactitic,

The gneiss of the Oitir Mohr zene creo slightly different fron
those of tie Dusturn Gneisses in einy sornevhat .iore fron-rich, This
is oxpreosscd in the presence of groins of acgnoetite up to he1f on

inch ~cross within the gneisses, perticulcorly on Gighoy,

Ecrly Intrusive Bodics

It vill be reucabered thot in the Eqst rn Gneissces, two rock-
tywes uere doscribed uncder this hending, pyroxene berring bodics and

triphihole beoring bocdice. The srme division vy be oade im the



Fig 15 Intermediate dyke cutting earlier

blocks, Hellisay The dyke, blocks and coarse
homogeneous matrix all
contain orthopyroxene




Ti1De

Oitir Mohr Zbne, clthough cmphibole berring bodics cre very sc.rcc.

On Tudey, pyroxene beoring bodies cre well disuvleyed in the
south~c. st corner of the islend, vhere rusby, cocrsc, homogencous
qu itz free rocks similor in 11 respects to the "Brlnob: deochitesg!
cre found, in sone ploces controining exception:illy lérge crystcls of
orthopyroxencs The rocks here re cut by ot lerst onc Scourie dyke.
Tou-rds the north-c it corner of the islind, thereis rn exposurc of
spotted, hornblendic asmotitic metericl, It ic tentotively sugsested
that this represents thie deformed cnd vetrmbdrphosed equivelent of the
pyroxenc besring bodies, Just on the edse of the Oitir Mohr Zone. It
closely rosenhles © sinilcor rock on &rd Rudhr iMohr, in o somewhot

siniler structurcl cnvironnent, (Photo 25).

On Gijhiy tnd Hellis -y the pyroxene becring bodies precent c
problem of considercble interest. It wes stoted thet in rocks of this
type in the Erstern Gneisses of Birrs, o considercble vordction in
qucrtz content wos present. In rocks of this type in the Oitir Hohr
zone, we ogodin find this weriction in qurrtz content, from quirtz poor
on Fud:y to quorts rich on Gighiy end Hellisry. Thoe problen is that
on these islends thore vre very lerge rnounts indeed of  rother cocrse,
crunbly, toxturc-lly honmogencous rocks consisting cssentially of

olrgioel.se, quixts, orthocl se, hornblende, biotite ~nd orthopyroxcnc,

Under thie microscope, onc wight be justified in describing these

)
a

pyrozxene~berring asid gnelcces, since ninerclopgicclly there is little
to distinguish the two. The texture in outcrop is the problem. There

is little sigm of o gnelssose bonding . lthough there is « slight
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foliation, and the general impression is closely similar to that of the

Balnobodachitess

Figure 15 gives a cluc to the possible origin ol these rocks.
Here blocks of basic to intermediatec . commosition are found swimming
in a matrix of homogeneous coarse orthopyroxzene hearing acid gneisse
The whole assemblage is cut by a dyke of the intermediate suite, which
1s also pyroxene becring. It seems probable thot the coarse homogeneous
matrix represents an older, renlacive granite which has suffered later
matamorphisia, with the production of orthopyroxene and a general
blurring of the original relotionshins. If this is the case, then it
follows thet these rocks, although they look extremely similor to the
quartz-free “Balnobodachites,” are of completely different origin,
and the two cannot berelated eithlior in time or €ompositizms » It must be
confessed, however, thot thesc rocks are not uvell understood, and that

this interpretotion may be wrong.

Amphibolite bearins, bodies vere found only on Hellisey, where
e gplendid net-veined coarse amphibolite exactly like those of the
east coast of Barra is well exrosed, ond is convineingly cut by a

Scourie dyle.

LFariy Intrusive Dvlies

These are by no mcans &s common as in the Bastern gneisses,
although tuey are still clecrly identifiable. Only evamples of the
intermediate suite were found, and these were in every way comourable
with those of the Eastern gneisses, cxcept that orthopyroxene is

sometimes found within them. On Fuiay, on the southern fringe of the



Oitir Mohr Zone, large outcrons of homogeneous, well foliated meta-
diorite were found, and these were identical witlhh those in the more

deformed zone of the BEastern Gneisses,

Serly Granites and FPegmetites

No ecrly gronites were observed anyvhere within the Oitir lohr

closely approaching gronites in composition were found.

Thae Hegnatitic materisl net-veining the coarse amphibolite

already mentioned is aluost certainly pre-Scourie dyke in age.

Scouric Dyles

Cross-cutting prenulite dykes wre abundant within the Citir HMohr
Zone, ~lthough it should not bhe thought that every dyke is discordant -
mmy are not. Those in the eastern part ol Iellisay, (below the Thrust),
for ex.m-le cre both concordant and sounevhat amphibolized. The

minerelosy of these dylies is identical with thoso of the Lastern Gneisses.

Cerhaps tie moét interesting aspect of the dykes in this erea
is the amazins rapid transitiom from reco :ls bl cross-cuttinz dykes
to concordent amphibolite bands. In the southern nart of Fuday, for
exannle, dylies such as that in Fig. 16 occur, end similar dykes may
be found as for north as Rudha-Carraig-Chrom. Beyond this point, however,
dykes are all concordant cm:hibolites, as they arc throughout.the

‘lestern Gneisses.



Fig17 Detormed intermediate dyke

Northern Fuday
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On Fuiay, just on the cdge of the zone, there is a series of very
large concordsnt granulite bodies, The largest of these, about 200
yords ccross, is by far the largest such body within the presont area,
and appears to be exnosced again on the islands Sgeirislam and Lingay-
fhada, extending over a distance of at least a mile. It is not known
whether the presence of several large wmasses is due to repetition by
folding of a single sheet-like body. The mineralogy of thesc very large
bodies is identical with that of the smaller bodies in the Eastern
gneisses, and tiac texture is uniformly maculose. Small shear zones
arc common (Photo 2G6)., In 2 feu places, features which might possibly
be interpreted es original igncous graded bedding were ohserved, where
coarse, maculosc granulite pave wey abruptly to very much finer grained
srenulite which then in turn passed sradvally uw into the normal
coarse variety., This layering is not uidespread, however, and lhorizons
can never be traced for more than a few feet, so th.t it is considered

to be more likely the result of a metamorphic segregstion process.

Structural History of tiie Oitir lohr Zone

Remarkably few folds of .ny age occur within this zone, hence
it io difficult to urite cbout its structural history at any length.
Structurally, the transition vetween the Vestern Gneisses and the Oitir
Hohr zone is very rapid. On Orosay I, onc of the two islands wvhere
the transition is exposcd, the southern nart of the island is made of
gneisses forming peart of the major tight F3 synform in the western
gneisses, and mony folds are found, includin- F3 folds of Scourie

dylzes. On the nortliern part of the island, however, folds are absent
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and dykes are merely boudina;cd, with local cross-cutting rel~tionships

preserved,

On Tuday, croas-cutting dykes are found on the Southern part of
the island, As onc moves northward, thcy become more concordant, and
in the northern part of the island they arc completely concordant and
boudina ;ed. The northern part of the island, however, forms part of the
large, normal limb of the Fz Scurrival entiform, so minor F3 folds are

absent.

ithin the Oitir llohr zone, two episodes of nosti-dyke delormation

seem to he recorded:-

First, an corly phase which was responsible for a peneral re-
orientation, tending; cto alipgn &ll plenar elements., This nrocess has
gonc to completion in those places where dykes erc now concordent, as
in ccoiern Hdellisay, where Scourie dykes »re also foliated #nd somewhot
anphivolitized. In somce localitiles, where dykes and country roclk tcre
suitably oricnted initially, folds verc produced in the rmeisses with
axisl plones parellel to the dykes, exnctly like those cescribed in the
Lastern Gneisses., IFijure 17 illustrates such a structurc. This is
pirticularly interesting since it showc a folded intermediate dyke
appercntly cut by ¢ Scourie dvke. The Scourie dyke is well foliated,
however, and it is clear tiit thils is not evidence for a phasce of

folding bhotwcen intrusion of intermediate and Scourie dykes.

This carly phase was followed by a later event on 2 rerional
scale, which produced the prescnt roughly E-W foliation trend, dipping

gently north, and also produccd sonc larpge minor folds and warps.
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Such folds ~re best developed on Hellisay, but wcy 2lso occur on Gijghay,

vhere, however, exposure is very poor.
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IV INTERPRETATIONS

GENERAL

The first part of this thesis has been,or was intended to be,
a reasonably factual description of the geology of the area mapped.
It is now time to deal with some much less factual but perhaps more
interesting aspects, to draw some general inferences from the
observations, to relate the three sub-areas to one another, to build
up a geueral picturce of the areas as a whole and to relate this to
other arcas. The topics that will actually be considercd are the

following:~
First, the metamorphic history of each of the three sub-areas.

becond, correlations between the sub-areas of metarnorphic

and structural events.

Third, some problems of structural interprctations and their

significance,

!,

Fourth, the regional sctting, and corrslations with the rest

of the Outer Iobrides cnd with the mainland of Scotland,

REGICNAL METALORPHIS!!

Introduction

lietamorphisu is perhaps the most difficult topic for a field
geologist to deol with, since he coan only observe the end results of

processes governed by conditions of which he can have no direct know-
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ledge. His task is to assess these conditions, and to examine
their variation through time; yet he can measurcec none of the
important variables -~ temperature pressure or primary chemical

composition which define the conditions.

His only tools are the empirical classic criteria based on
mineral assemblages, and modern experimental work which has only
recently started to explore the immense problems of metamorphism,
and which still has a long way to go hefore anything like precision
is obtained - consider for cxample, the numercus and different results
obtadined for the comparatively simple determination of the kyanite-
sillimanite-andalusite triple point. Such variations imspire little
confidence, bhoth in leading exponents of experimental methods, such
as Fife, and in those alrcady sorewhat cynical of the value of labor-

atory padgetry, such as myself.

The geologist can usually noke only two observations; the present
mineral assemblage and texture, and pogssibly the present chemical
composition. He knows nothing of the conditions which produced the
assemblage ~ temperature, pressure, partial pressure of water, of
oxygen, of other gases, or of the primary chemical composition,
although he may bec able to make a reasonable assessment of the latter.
Becouse of this inadequacy, a cautious approach towards metamorphism
has been adopted in this thesis, and it is proposed tc consider only
the large scalec aspects, and to ipgnore the complex minutiae. The
large scale aspects, however, are of considerable interest, and pose

some important problems which will be discussed in the next few pages.



Three principal sub-headings will again be used: Iastern Gneisses,

Oitir Mohr Zone and Western Gneissec.

Metamorphism in the Fasterm Gneissces

It should be noted that in the following discussion, it is
considered that the orthopyroxene in the Scourie Dyke rocks is a
primary feature, and was not produced by a regional pyroxene
granulite grade metamorphism; orthopyroxenc in some of the gneisses,
on the other hand, seems to date from an carlier episode of meta-

morphism, so the two should not be confused.

(i) The Formation of the Darliest Complex

The gneisses vhich are cut by the various intrusive bodies
are by no means homogencous. As we have seen, in many places they
contain numerous fragments of carly basic material, and it seoms
reasonable to suggest that this material originally formed discrete
bands within the gneisses which were then disrupted and agmatised in
a general mobilization of the whole assemblage of acid and basic rocks.
This mobilization, which could have affected an earlier polycycli-
complex i5 the earliest event for vhich we have any direct cvidence,.
It is likely that it occurrecd in conditions of amphibolite facies
since this is the facies in which regional mobilization generally
seens to take nlace. However, since we have relatively little know-
ledge of the carliest complex, it would perhaps be best not to persue

this too far.
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SUIMARY OF METAMORFHIC HISTORY IN EASTERN GNEISSES

125,

Metamorphic Time~phase Evidence
Condition or event
Amphibolite Post-Scourie dyke Complete or partial
facies amphibolitization of

fold phases, Fl F

and F3 2

Scourie dykes,
especially in
deformed zone.

Dykes helicved to
have primary
granulite assen—
blages

Intrusion of
Scourie Dykes

Complex. Dykes have
fresh orthopyroxene
cut gneisses with
regressed prroxene,
etc,

Amphibolite Barly pegmatites Regional regression
facies and granites of orthopyroxene
Pyroxenc Regional pyroxene Orthopyroxene
granulite granulite facies crystallizes in
facies rietamorphism rocks of all

composition

Possibly amphib-
olite facies

Barly intrusive
Dykes intruded

Barly intrusive
bodies

Most dykes have
amphibolite facies
assemblages, in
which orthopyroxene
is later.

Regional mobili-
sation, presunably
amphibolite facies

Formation of
earliest complex

Troduction of
extensive armatitic
bodies
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(ii) Mctomorphic Conditions at the Time of Intrusion of the Ecxrly Dyvkes
cnd Eerly Intrusive Bodies

It is ozadn Aifficult to comment on this, in view of the long

history of cvunts th~t thesc roclis hove undergone,

Thesc rocks nre clmost »11 of .mvhibolitc minernlogy, except
for those th:t contain orthopyroxcne. wccepting for the wmoment th-t
this orthopyroxence w's produced by = reglonrl mctomorphic event, we
then hrve to decide whether the ~mphibolite :sscembluges were earlicr
thon this wetonorphisn, or loter thwn it. The orthopyroxenes, wherever
ther cre found, cre oextensively rotrogressed, cnd it is considerced thi.t
this was the eifect of rmphibolite frcics metowmorphism synchroncus with
the intrusion of the ecrly gronites, Nouw if we consider the importont
cose o the eorly intermedi te dykes, what do we find? 4t only onc
locrdity in the Eostern sneissces do these rocks contnin orthopyroxcne
(in the deforncd zone), olscwherc they ~re uniformly of ~mphibolitc
ficivs, It is therefore suggested th-t complete retrogression of ortho-
pyroxeic hs occurred, -nd th .t the mincrclogy of thesc dykes is ontircely
the result of the cuphibolite frcies met:iaorphism ot the time of

intrusion of the c-rly grrnite,

In the crwe of rocks which hve ret-ined sone pyroxcne, such
as the grrnodioriteg sot of corly dyles, nd the orthopyroxcne beoring
bodics, the l:rgme cqunt hibit of the orthopyroxcne crystols suggest
thot they grew post-linem~tic-1ly in the rock with cn eirlier wmincral
osseinbl ge.  Since there is no cvidence for un ecrly episode of
pyroxcene cryst-lliz-tion, it is cencludced thnt the origincd nssumbloges

in these rocks wos of cumphibolite freies.
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(iii) The Fyroxene-granulite Metamorphism

Orthopyroxene is found widely in the rocks of the Eastern
gneisses, particularly in the gneisses of the north-east of Barra.
It is much less common in the deformed zone than in the less deformed,
and is found at only two localities, both in meta-diorites. It is
completely absent within the sub-zone of acid gneisses, and this
raises the important question of whether these rocks originally
contained orthopyroxene and have since lost it by migmatisation and
metamorphism, or whether they were oripginally amphibolites. This
point will be of importance in discussing the general structure of

the area.

The lower age limit of this metamorphism is difficult to fix;
its upper age linit is relatively easier to fix since the youngest
roclts in which orthopyroxene is found are those of the granofdiorites
suite of carly dykes. Orthopyroxene is found in all earlier rocks,
of almost all compositions. This in itself is interesting, as in
the most acid rocks orthopyroxene is found without clinopyroxene, while
in morec basic rocks the two are found together. It would be
instructive to cxamine the changes in pyroxene composition in these

different rock typcs, but this is really in the realms of the geochemicl.

(iv) Thc DBarly Amplribolite Facies Metamorphism

This metamorphism is considered to be synchronous with the
formation of early granites and pegmatites, and to have produced
widespread retrogression of the carlier orthopyroxene bearing assen-

blagzes. The granite bodies themselves have already been described,
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and it is clear from the wide distribution of early granites that

this must have been a fairly important event. The retrogression

of the pyroxenes is less easy to describe, and it is of great import-
ance to be able tc date the retrogression. The facts here are not

in dispute:- almost every thin section containing orthopyroxene

shows cvidence of its breakdown to a mass of finer-grained material,
probably biotite, with a fair amount of rather peculiar, serpentinous
minerals, Can we demonstratec at what point in time this retrogression

occurred?

We know beyond doubt that an episode of granitization occurred
before intrusion of the Scourie Dykes, and also that extensive
migmatization took place afterwards, mainly in the deformed zcnz.
Therc are thus - two possible occasions on which the regional retro-

grension could have occurred.

Three factors suggest that this was an early cvent:-

First, rocks containing extensively retrogressed pyroxénes ar-
cut by Scourie Dykes containing perfectly fresh orthopyroxcne-
clinopyroxene assemblages. This raises several problems which will

be discussed shortly.

Second, it would be reasonable to cxpect the early phase of
granitization to be accompanied by some sort of retrogression, and
therefore by a process of induction rather than deduction, the
rcetrogression that we actually observe can be rclated to the carly

granitization.



129,

Third, within the less deformed zone there is little evidence
for extensive post-dyke migmatization. This is observed only locally,
and its effects are not profound. Within the deformed zone, massive
post-dyke mignetization and amphibolitization has occurred, completely

obliterating any pre-existing pyroxene in the gneisses.

Sonie of the absolute age dates obtained by Moorbath can also
help us in dating this retrogression. The large hornblendes in the
early amphibole bearing bodies gave K/Ar dates of 2,528 m.y., which
are very close indeed to those of the early pegmatites, 2,600 m.y.,
and although the actual figures are not important these results could

offer two intcoresting interpretaticns:-

First, that the crystallization of the large hornblendes was
roughly contemporancous with the episode of granitization and pegmatite

production.

Second, the hornblende in these rocks is likely to have grown
at the exponse of pyroxene, although the petrographic evidence for
this is not conclusive. It is further interesting to note that the
pyroxene of the same rock gave anomolously old ages (¢.6,000 m.y.)
which, problems of excess argon apart, indicate an old age for the

pyroxenes themselves.

(v) Metamorphism in the Scourie Dykes

The mincral assemblages of the Scourie Dykes arc of uniformly
high metamorphic grade throughout the less deformed zone, and involve

us in one of the most difficult problems in the field area. There
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arc two possible origins for these assemblages:~ the Scourie dykes
elther crystallized initially with their hiph grade metamorphic
mineralogy, or they suffered a later regional pyroxene granulite

grade metamorphism which obliterated their original igneous assemblages.

The evidences for and against these two possibilities will be
discussed in this section, but first of all some facts. Thin sections
of about 40 Scourie dykes were examined, and a varicty of assemblages

was found. The following 9 assemblages all occurred at least once:-

1. Flag. - hbl. - opague
2. Plag. - hbl, - cl. pyx. - opague.
. Plago - hbl- - Cl. py‘x.

. Plag., - hbl, - ¢l. pyx. - garnet - opaque

3
L
5. @lag. - hbl. - c¢l. pyx. - or pyx. - garnet - opaque
6. Flag. - hbl, - cl. pyx. - or.pyx. - opaque

7. Plag. - hbl, - cl. pyx. = or. PyX.

8. Tlag. - cl. pyx. — Ore DyX. — Opaque

9. Flag. - c¢l. pyX. - or. pyx. - garnet - opague

Of these, typc 6 was by far the most abundant, and was the
assemblage found at the centre of nearly all dykes. 1, 2 and 3 are all
found in a narrow zone at the edge of larger bodies. Assemblages
containing garnet seem to be distributed erratically. Usually, garnet
is found sprinkled uniformly throughout a dyke, or cven part of a dyke,
but occasionally shears or joints infilled with quartzo-feldspathic
material show a marked increase in sizc and abundance of garnets at

their edge.
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These rsscmbloges cre closely comporable with thosc Jescribed
by De~rnley (1962) from the Hebrides ns ~ vwhiole, ond moy be confidently
oseribed to either the hornblende-gronulite or the pyroxence-sronulite
subfcics of the cronulite ficics., De-rnley considered these asserbl-ges
to be duc to o regional motrmorphis:, which he supgoeste con clso be
recognised on the mninlrond of Scotlmnd., Discussion of this lotter
point, would howcver, be souevhat »remture, se let us instecd first
consicer the cvidence for these ssublazses being, non-netomorphic, ~nd

then excirdne the evidence fur o regiontl metomorihism.

O'Hero first su gested (1961) that ~ dolecite dyke intruded
into hot country rucks wizht produce nmctiwsorphic rother thon igncous
aosenbleges,  O'Horo wis denling; with dykes hving igneous rssembl. gos
“t Teir centre, " gronulite fheies; or 1l ndine-cmphibelite
(epye~g wo-hbl,~rnlesine) facics .ssenbl: ges in ploces in ~ norrow
meroined zonc.  The dykes we ro concencd with have gronulite focies

cssenbloy,e ot the centre, ond ~mphibolite f-cies odges. Con we

cxploin thien on O'Hrrots model?
"L

Do rnley has shown thnt the chenistry of Hebrideen gronulites
is consistont with thut of dolerite, ~nd it is obvious thnt the asscmblige
CPYe—-0pye~lible-plag.-op:que ic not vistly different frou th-at of o
¢olerites The only significont Jiffercnces wppoenr to be the presence
of hornblende, in sa-ll quontitics ot the centre, but in loarge cmounts
at the edges, ond in the genernl tendeney for plogiocl-scs to be less

c¢leic thon in . convention~l dolerite.
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Assume, then, that liguid of approximntely doleritde
composition was intruded into rocks at great depths, into rocks
a good deal hotter than similar rocks under surface conditions.
The higher ambient temperature would mean that this rate of cooling
of the body would be greatly reduced. This follows directly from

Newton's Law of Cooling, and would have two important effects.

First, the shape of the intrusion might be different from the
sheet-like classic dyke shape that is usually produced in a brittle
environment, since here we have a very slowly hardening crystal
mush intruded into hot, rather plastic acid gneisses. Irregular
intrusion shapes are common, particularly in the deformed zone. If
final consolidation was delayed until deformation had begun, the
dyke material would show 2 lower competence relative to the acid
gneisses than completely solidified dykes. Competence differences

between dykes and acid gneisses are in fact usually surprisingly low.

Second, the exceptionally slow rate of cooling is likely to
produce different mineral textures from those in rapidly cooled rocks.
It is clear that the larger the body, the more likely it is to have
normal textures - as the size of the body increases a limit is even-
tually reached at which the initial rate of cooling at a peoint in
the centre is effectively independent of the outside temperature,
since the centre is effectively insulated from the outside. It is
suggested that normal igneous assemblages crystallized out during
the first stages of cooling of such large bodies, producing the

ophitic textures now preserved as relics, and that as cooling continued
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very slowly, static recrystallization toock place producing the simple
granulite relict textures now observed. In smaller bodies, the
ophitie texture would not develop, and the final texture produced

would be a homogeneous, even-grained granulite texture.

It is a sine qua non that the final assemblage should be
controlled by the temperature of the country-rock gneisses. If, for
example, the country-rock was at roughly amphibolite facies temper-
atures, then the edges of the dykes at least should show some evidence
of this. This is exactly what is observed. The edge zones of all
dykes show assemblages 1, 2 or 3 which grade very rapidly into normal
assemblages such as 6, and, very important, there are no textures
at all to indicate that this is primarily the result of later
amphibolitization, though this of course may be the case locally.

Now one might raise here the question of partial pressures of water
- the dyke edges could be ‘'wet® while the centres are dry, It
seems possible that rocks crystallizing in the immediate vicinity of
acid gneisses might themselves become somewhat dampened, so that the
effects of water partial pressure may be as important as those of
temperature, but further discussion of this aspect is really within

the scope of the experimental petrologist.

Let us now examine the evidence for the alternative possibility,
that the assemblages were produced by a regional metamorphism subse-

quent to dyke intrusion.

There would appear to be a prima facie case for this suggestion,

since there is abundant evidence for a granulite facies metamorphism
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throughout the country-rock gneisses. An attempt has already been
made, however, to show that extensive retrogression of the abundant
orthopyroxene in the gneisses occurred prior to Scourie Dyke intrusion,
and that therefore this pyroxene granulite metamorphism must itself
be earlier than the Scourie dykes. ZLet us sum up briefly the evidence

for this:-

First, the early, pre-Scourie dyke granites in the less~deformed
zone contain no pyroxene, yet earlier rocks of closely similar
composition do - for example the granodioritic suite of early

intrusive dykes.

Second, pyroxene rich gneisses are found in areas where
Scourie dykes have not been significantly affected by post-dyke

amphibolitization.

Third, and rather circumstantial, X/Ar dates on orthopyroxene
are anomalously old. Such extremely old dates would not be expected

if the pyroxenes were post-Scourie dyke in age.

None of these points is particularly convincing by itself, so

let us consider the evidence for a post-Scourie dyke metamorphism.

First, the possibility arises that we may be looking at the
results of two metamorphisms, one early, producing the pyroxene in the
gneisses, and one later, producing the pyroxene in the dykes, and that
this later metamorphism may itself have caused retrogression of the
earlier pyroxene., This sounds at first unlikely, but it is possible

that a metamorphic event affecting relatively "dry" igneous rocks and
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relatively "wet" gneisses might produce ‘'granulite" facies assemblages

in the former, and “amphibolite" facies assemblages in the latter.

Second, it is possible that a single regional granulite facies
metamorphism occurred, and was followed by rctrogression under lower
grade conditions It is further possible that this retrogression
may have produccd much more drastic results in the acid gneisses than
in the rather massive homogeneous dyke rocks, of which only the edges
would be affected. Dearnley has stressed (1962) the likely differ-
ences in results produced by hydrous retrogradc metamorphism, and
it is clearly a viable possibility. In the next section, however,

a full-blooded amphibolitization and retrogression of pyroxenes in
dyltes will be described. There seems to be little sign of any resis-
tance to amphibolitization here, particularly since this very rapid

retrogression can be observed locally within the deformed zone itself.

Third, the orthopyroxene in the gneisses is very different
from that in the dykes, for what this is woarth. The pyroxenes arc
almost always very small in the dykes; in the gneisses they are huge.
In the dykes, the pyroxcnes arc almost violently pleochroic from pink
to green, in the gneisses, they are only slightly pleochroic. At anly
one locality, Ruleos, were orthopyroxenes found that loocked at first
sight at all similar to those in the gneisses, but in thin section

these were agoin very different.

It is the writer's opinion that the balance of the field

evidence, althoush it is not conclusive, suggests that the Scourie
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dykes acquired their present mineralogy at the time of intrusion,

and not in a post-intrusion regional metamorphism. If we turn away
from the present area, we do find similar situations elscwherc.
Bridgwater, Sutton, and WVatterson (1966), describing the rocks of

the Kap Farvcel area of Greenland, found dykes and sills cutting the
migmatite complex and state that "The basic sills and dykes have
typical metamorphic textures in th'= section and are hypersthene
bearing, and arc of a higher metamorphic grade than the surrounding
gneisses. The dykes occasionally show intrusion features suggesting
cmplacement in plastic country rocks.........the present texturcs

and mineral assemblages of the dykes are original features and are
the products of crystallization in a plutonic environment when the
country rocks werc at an elevated temperaturc and possibly undergoing
regional mctamorphism®. Here, in a nutshell, is clearly a very close

parallel to the situation in the present area.

Dawes, however (1963), working on the Tassina'saq area of
Grecenland observed dykes containing high-grade metamorphic assemblages
and textures cutting gneisses which had experienced an carlier
pyroxenc-granulite facies metamorphism, and he explained this
situation as the result of the "dipscnic’ metamorphism of the dykes.
In other words, the early regional pyroxene granulite grade metamor-
phism left the rocls in a very "dry" condition, so that later
intruded, original doleritic dykes were able to acquire a high grade
assemblage through recrystallization at lower temperature-pressure
conditions than those normal in the granulite facies. Dawes comparcd

his rocks with other examples of water~deficient metamorphism of
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dolerites described by Poldervaart and Wilcox, which are very similar.,

Clearly, Dawe's dipscnic hypothesis could be applied to Barra,
since we have alrcady scen evidence for a pre-dyke pyroxene granulite
metamorphism. The situation is complicated, however, by the likelihood
of a mild amphibolite facies metamorphism, contemporaneous with
the early granites. To conclude, then, it seems that the high-grade
assemblages in the Scourie Dykes of Barra were produced by the
conditions of the rocks into which they were intruded, and that these
conditions may have been unusually hot, or unusually dry, or some

conbination of the two,.

(vi) Post-Scourie Dyke Migmatization and Amphibolitization

The evidencc for this episode of amphibolite facies metamorphism
within the deformed zone is so obvious that it is not proposed to deal
with it at length. The most complete and extensive migmatization
occurs in the zone of acid gneisses, and Photo 6 shows the coxtent
to which Scourie dykes are affected Outside the acid gneiss zone,
the amphibolitization tends to be less complete, particularly in

larger dykes.

It is not possible to define precisely the age relationships
of this metamorphism, since recrystallization has obscured most of
the relevant fabrics. However, we can observe that many of the dykes
of the deformed zone were folded while still granulites and that
some hornblendc developed in tectonite fabrics in these folds, sc
it is suggested that the amphibolitization commenced during Fl times,

and continued in F2 times and beyond, with a great deal of entirely



post~kinematic recrystallization.

It does not appear as though

there were successive metamorphic episodes of different facies.

Late pegmatites dated by Moorbath at 1,620 m.y. give a guide to

the absolute age of the end of this episode.

Metamorphism in the Oitir Mohr Zone

This zone is characterised by substantially the same sequence

of events as the Eastern Gneisses, with the same questions about

the age of the pyroxene granulitc metamorphism which produced the

orthopyroxene in the acid gneisses.

It is interesting to compare

the effects of the alternative hypotheses on the situation in the

Oitir Mohr zone.

Possibility 1
Pre-Dyke
Metamorphisnm

Pogstbhlaty 2
Post-Dyke
Metancrphism

Eastern Gneiss
historg for
comparison

Scouric Dykes

Retregression of
pyroxenc, sone
pegmatites

Pyroxene granulite
metanmorphism

Barly dykes

Borly granitization
Early intrusives
Original complex

Regression of pyroxene
Pyroxene granulite
metamorphism

Scouric Dykes

Granitization +
pegmatite formation

Barly dykes

Early intrusives
Original complex

Scourie Dykes

Granitization, and
retrogression of
pyroxene

Pyroxene granulite

metamorphism

Barly dykes

Barly intrusives
Criginal complex
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The significance of this is that if thc second possibility is
correct, then the granitization event which produced the large
arcas of homogeneous (now pyroxene bearing) gneisses could be the

equivalcnt of the pre-dyke carly granitization in the Eastern Gneisses.

The strongest evidence ogainst this, however, is that the
early granites in the Eastern Gneisses do not contain pyroxene, nor
is therc any cvidence that they cover did, while rocks older than them

in the same area do contain orthopyroxenc.

Mctamorphism in the Western Gneisscs

(1) General

It is difficult to deal with metamorphism, which is concerned
with minerals and mineralogical changes, when onc has only a few
mincrals to deal with. The problem is particularly acute in the
Vlcstern gneisscs where we are faced with a monotonous series of acid

gneisses containing only quartz, fcldspars, hornblende and bictite.

Only two criteria can be used to determine the metamorphic
history of these rocks; the mineralogy of dykes within the gneisses
and the texturces in these and in the acid gneisses. Using these
criteria, a tontative sequence of cvents has been deduced and is

sunmarised in Table &.

(ii) The Early, Fre-Scourie Dyke Pyroxene Granulite Metamorphism

This is pcrhaps the most important but least known cvent.
It is essential, as we shall see later, to know what was the original

condition of the Western gneisses if we are to understand their



TABLE 8

METAMORPHISM IN THE WESTERN GNEISSES

Time or Evidence Metamorphic
cvent Conditions
Very late Epidotisation in Very low grade
joints. ‘''Ribs"
produced.
Late, post- Pegmatite formation Amphibolite
tectonic and general facies
recrystallization.

Fbr Axial plane pegna- Amphibolite
tites, growth of facies
hornblende.

F 1" i

3

F2 Granulite facies Amphibolitization
Scouric dykes commences?
develop fabrics

Fl No evidence Debatable

Dyke . .t Dykes believed to

intrusion have primary granulite
facies mincrals

Pre-dyke Orthopyroxenc Possibly an early

in gneisses

pre-dyke granulitec
facies metamorphism

140,
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relationships with the Eastern gneisses.

On the south coast of Erigkay therc occur in the Western
Gneisses a serics of irregular masses of granulitic Scourie dyke
material, scme of them isoclinally folded by F2 folds. In just one
locality an originally branching dyke has been folded, so that in
thc nose of the fold a multilayered scquence of dyke/gneiss/dyke/
gneiss is present. The gneisses between dyke layers are the

distinctive rusty kind familiar from the Bastern gneisses of Barra,

and contain splendid orthopyroxene crystals.

This is the single picce of evidence for an early granulite
facies we have in the present area, but it is significant to note at
this point that Dearnley rcported the presence of pyroxenc in the
gncisses at Ardivachor point, and this suggests at least the possibility

of & widespread early mctamorphism.

(iii) The Scouric Dykes and their Original Assemblages

This is a suitable place to remind the reader that the boundary
to the Oitir Mohr zone has been drawn where Scourie dykes ceasc to be
cross-cutting. In the Western gneisses, Scourie dykes with ortho-
pyroxenc-clinopyroxene assemblages may still be found over a large
but definite arca (Map 9), and it is only large bodies that retain
these assemblages. To avoid re-~stating arguments already used, let
us assume that the dykes acquired their high-grade assemblages as a
result of intrusion into either hot or dry rocks at depth, with the

same rescrvations as before.
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The metamorphic history of the Western gneisses then resolves
itself very largely into the history of progressive amphibolitization
and recrystallization of the Scourie dykes through the various fold
phases. The preservation of granulite mineralogy is however partly
controlled by the size of the body, and this introduces complications.
Consider, for example, a very large amphibolite sheet on Vatersay,
about 30-40 fcet thick. The problem arises, was it cver a granulite?,
cr has it merely been particularly thoroughly amphibolitized? The
lotter appears to be the case, since this sheet is found in an arca
of cxceptionally intense late migmatization, so it is assumed that
dykes throughout the arca were originally of granulite focies

nineralogy.

(iv) Conditions during the Fl Fold Phase

There is too little evidence for much comment te be made, but

it is suggested that during F. Scouric dykes were deformed while still

1

rctaining their granulite asscmblages, possibly with local growth of
hornblende in tectonic fabriecs. It was suggested carlicr that the

present, S., foliation of the acid gneisses was developed during F

1’
but that there was a2 possibility that the S

1
1 foliation might be
partly pre-Scourice dyke in age, duc to the difficulty in correlating
very carly folds. Becausc of this complicaticn, it is difficult te
be dogmatic about the condition of the gneisses, but the likelihood

is that they were at or ncar amphibolite facies. This is a point

which will be discussed later.
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(v) Conditions during the F2 Fold Phase

Although most of the evidence of the early condition of Scourie

dykes has largely been destroyed by later-recrystallizaticn, there is
one area, cn Eriskay, where dykes isoclinally folded by F2 still have
their granulite mineralogy, and a slight lincar fabric defined by
aligned hornblendc crystals. It is suggested that this is typical

of Scourie dykes during F, - in other words the most important

2
fold phasc to affect the dykes was initiated while thcey still rctained

their original asscmblages. This is a very important peint, which
will bc examined further when considering the initial competence
differences between dykes and gneisses, which decide in fact whether

folding will occur at all.

In the acid gneisses, there is no evidence for production of

a new fabric or foliation, and F2 folds definitely do not have the

axial plone pegmatites so characteristic of F_ and Fh‘ There are,

3

however, numcrous quartzo-fcldspathic stringers parallel to the Sl

foliation and the F2 axial plane which are probably of F2 age, and

these suggest that some recrystallization had started in the gneisses,

presunicbly in amphibolite facies conditions.

(vi) Conditions during the F3 Fold Phase

We have alrcady noted that F3 minor folds do not particularly

cormonly involve Scourie Dykes, in marked contrast to F

5¢ This may

reflect a change in competence in the dyke material - during F2 the

dykes behaved competently te produce folds of characteristic wavelength/

thickness ratio, whereas in F,, dykes acted with little or no competence
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relative to the gneisses, and merely behaved as passive layers in
the gneisses. This is a considerable over-simplification, however,
and the point will be pursued later. However, a very good reason
for o change in competence is clear - a change from gronulite miner-
alogy to amphibolite, so that we can suggest that during F,, dykes
were, or became, completely amphibolitized. None of the critical
mineral fabrics are preserved, however, so this is rather a

spcculative point.

In the gneisses, however, therc is plenty of evidence for
extensive recrystallization in amphibolite facies - axial plane
pegmatites in F3 folds, growth of oriented hornblende laths in F3

fold nosecs, and of coursc the extensive if somewhat debatable new

F3 folintion in the gneisscs of southern South Ulst.

On the wholec, then, there scoms little rcason to doubt that
during F3 therc was a general change to, or great increcasc in

amphibolite facies recrystallization in beoth gneisses and dykes.

(vii) Conditicns during the T, Fold Phase

F# fabrics are particularly well developed in dykes in South
Uist, whavc one finds a linear fabric defined by hornblende and biotilc;

and this indicates fairly conclusively that the dykes were folded in
aimphibolite facies conditions. Such fabrics, however, are not observed
in the southern part of the arca, due to the effects of later

recrystallization.

In gneisscs folded by F#, oxial planar pegmatites arc partic-

ularly common. Map 15 shows a very schematic summary of their
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distribution, and revecals two areas of particular abundance, onc
in southern South Uist, and one in south western Barra and Vatersay.
It seems clear that the conditions prevailing during F4 were a

continuation of those in r3, with a generil redrystallization

in amphibolite facies.

(viii) Late Pcgmatites and Fost-Tectonic Recrystallization

The late pegmatites are casily dealt with. They occur cither
as dyke like shects or as irregular nasses swanmping and permeating
the gneisses. The largest dyke like sheets are up to 20 feet wide
and arc traceable for 50 yards. Mineralogically, they consist almost
entircly of pink potash feldspar with some quartz and a. little biotite,
and occasicnally small amounts of magretite and some more cxotic
rminerals such as allanite. Allanite is also found occasionally within
the gneisses a5 small dark red masscs surrounded by a network of

radiating cracks.

In somc of the more diffuse pegmatite masscs, traces can often
bz found of the gneiss foliation, revealed by parallel streaks of
hornblende and biotite, and this clearly indicates the replacive

naturc of the pegmatites.

The lmte rcerystallization is rather less tangible, and more
difficult to describe. The principal evidence for it is the remarkable
homogencity of the gneisses and particularly the amphibolites, which
rarcly ever show any sign of carlicr tectonic fabric. Map 13 shous
a subjective impression of the most affected areas, which arc south west

Barra and Vatersay. On Vabtersay, the recrystallization seems to have
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been so intense as to lead tc the local production of granite.
At M 644958, for example, F), folds appear to be swamped in
homogenecus granitec. This granitization, however, was extremely

local, and nowhere produccd significant quantities of granite.

(ix) Summory

With some rescrvations about the very early metamorphic history,
it appcars that amphibolite facies metamorphism began during the F2

fold phase, and continued throughout F3 and ¥, , becoming more exten-
sive with the passage of time, and reached a climax after all tcctonic
activity had ceased with complete recrystallization in amphibolite
facies over almost the entire VWestern Gneisses. This process appears

to have been most intensive in the southern part of the area, with

ve local production of granite.
¢ &

For the sake of completion, twc other topics should be mentioned,

although they are not really relevant.

First, there arc “ribs'. Thesc are narrow, upstanding ribs or
ridges of discoloured rock which may be found with a variety of
ocrientations, mostly about E-W. They may represent some sort of mild
alteration along joints, although no actual joint plane can be

observed. Their age is unknown.

Second, therc are locally joint plancs whose surfaces are
covcred with finc epidote crystals. Again, their age is unknown,

since the jointing could be any age from Caledonian to Tertiary.
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CORREIATIONS BETWEEN THE SUB-ARFAS

The »oundary between the Western Gneisses and the Oitir Mohr
zone 1s artificial, in that it 1is based on the presence or absence of
cross—-cutting dykes, but these two sub-areas are separated from the third
by a major natural feature, the Outer Hebrides Thrust. The relations
between the two sub-areas west of the Thrust will be described first,

and then it will be shown that a correlation can be carried over the

Thrust.

(1) The Western Gneisses and the Oitir Mohr Zone

The general structural trend of the rocks on the islands in the
Qitir Mohr zone is roughly Eastellest, diopping to the north at about 40°
(Map 6). Some minor, rather open folds and warps also occur, making the
trend somewhat irregular. It has been shown that the large F3 antiform
in the Western gneisses, the Scurrival sntiform has a genhtly dipping,
Fast-West trending narmal limb, which is exposed on Scurrival Point,
northern Fuday, Eriskay and South Uist. It is reasonable to suppose
that this large structure iscontifcd into the Oitir Mohr zone, and that
the rocks in that zone lie on the East-West tranding limb of the same

¥, structure.

3

In the Western Gneisses, the Fé Yold phase produced important
folds, particularly of Scourie Dykess 1in the Oitir Mohr zone there are
no folded dykes, but there is, as we have seen, evidence for an early
phase of flattening, which occasionally produced minpr folds in the
gneisses with axial planes parallel to &he dykes (Fig. 17). It is

suggested that this early flattening corresponds to the Fé fold vhase
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in the Western Gneisses; it is also possible that it represents the
combined effects of F2 and Fl - there is not way at all of distinguish-

ing.

The suggested correlations thus are:-

Western Gneisses Oitir Mohr Zone

Fy (Abundant minor Not identified

folds)

F (Regional -. - { Dater phase of deformation
structure minor (Regional structure, broad
folds) open warps)

F5 (Abundant minor

folds) Early phase of deformation
Flattening of dykes, occasional

minor folds in gneisses.

Fy (Some few minor
folds)

-Scourie Dyke Intrusion

A further point of correlation is the possibility that both sub-
areas shared the early pyroxene granulite grade metamorphism which is
so well preserved in the QOitir Mohr Zone, but recognisable at Just

one locality in the Western (Gneisses.

Conclusions

These two sub=-areas are very different in two respects:-
the Western gneisses are highly deformed; the Oitir Mohr zone is
relatively undeformed. The Western gneisses have undergone extensive

migmatisation and metamorphism in amphibolite facies, the Oitir
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Mohr zone has not. Despite these differences, the two areas appear to
have had broadly the same post-dyke structural history, the difference
being primarily that the dykes and gnelsses of the Western gneisses were
extensively folded during FE’ while in the Oitir Mohr zone only a
flattening is observed. The reasons for this: contrast are discussed

shortly.

(2) Correlations across the Outer Hebrides Thrust

The largest structure that was described in the Eastern

Gneisses was a large antiform, whose north-south limb was formed bv
the steeply dipping gneisses which form most of the coast section, and
whose gentle limb is formed by the low-dipping, warped gneilsses in the
Braernish area. It is suggested that this large antiform structure
represents the extension abhove the Thrust of the major Scurrival anti-
form in the Western Guneisses. The axis of this large structure above
the thrust is more or less north-south; below it N:N.W-S:S.E. It is
suggested that this relationship was produced by rotational movement

on the Thrust plane of about 20°.

If we accept, then, that the large antiform in the Easternm
Gneisses corresponds to the F3 structure in the Western gneisses, what
of the complem=ntary synform? There is no direct structural evidence
for a major tight pinched synform such as that in the Western gneisses,
but it is interesting to speculate on the signhificance of the broad
band of ordinary acid gneisses in the deformed zone. This hand
contains the most highly deformed and migmatised S@ourie Dvkes, and is
bounded on both east and west by rocks containing less deformed and

less migmatized dykes It is suggested as faintly possible that this
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zone of acid gnelsses represents a pinched synform between more massive
blocks, and further, that it may represent a tightly interfolded wedge
of Western Gneisses folded into the Eastern gneisses, (Fig. 12) This

point will be considered again later.

In the Eastern Gnelsses, we have an area containing folded
dykes and an area of unfolded but flattened dykes. These early
eplsodes of folding and flattening are correlated with the F> phase in
the Western gneisses, althongh, as in the Oitir Mohr zone, they may

represent the combined effects o€ Fy and Fo.

The structural correlations therefore are helieved to be thus:-

“WEST OF THE EAST OF THE
THRUST THRUST
Fy 100 trending Fzg A few minor 100 trending
minor folds folds in less deformed zone.

(Not found in 0.M.2)

F3 Regional structures Fog Regional structures
in W. gheisses and
0.M.2

Fo Folding in W.
gneisses, flattening
0.M.2

Fip folds in Deformed zone
) flattening in less deformed
zone

Fq A few minor folds

3. Scourle Dykae Intrusion

Apart from these structural correlations, there are, of
course very close similarities between the pre-Scourie dvke histories
of the Eastern Gneisses and the Oitir Mohr zone. These are summarized

below: -
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Oitir Mohr
Zone

Eastern
Gneisses

Post dyke deformation

Scourie Dyke intrusion

Some net veining pegmatites
Retrogression of orthopyroxene
Pyroxene granulite facies
metamorphism

Early intrusive dykes

Early intrusive bodies,
pyroxene and amohibole
bearing.

Possibily early granitisation

Formation of early complex

Post dyke deformation
Scourie Dyke intrusinn
Early pegmtites

Early granites and retrogression
of orthovyroxene in gneisses

Pyroxene granulite facies
metamorphism

Early intrusive dykes ) Youngest
3 sets ) Intermediate
'} Oldest

Early intrusive bodies,

pyroxene and amphihole
bearing.

Formation of earlyv complex
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(3) Conclusions

It seems inescapable that the rocks of the Oitir Mohr Zohe and
the Eastern Gneisses are parts of the same original assemblage. The
structural evidence shows that the Oitir Mohr Zone lies in the core of
the north-westerly plunging Scurrival antiform, and therefore it
follows that rocks of Western Gneiss type ars on a regional scale
structurally above rocks of Eastern Gneiss tvpe. If we may introduce
a term originally used by Wegmann in Oreenland, we have a supra-
structure of Western Oneisses overlying an infra-structure of Eastern
Gneisses. Wegmann, however, was describing a situation where more
migmatitle rocks were overlain by less migmatitic rocks (Wegmann 1935),

the complete inverse of the present arrangement.

Although the infrastructure is exposed only in a smll area
west of the Thrust, it appears that the Thrust has carried a large
mass of infrastructure rocks up and over the Western Gneiss supra-
structure. The position of the zone of acid gheisses in the Eastern
Gneisses can also be better understood if one considers it as a tight
infold of the gneisses of the supra-structure into the infra-structure.
Some more convineing structural data, however, are needed for this to

be more than a speculative idea.

Some very convineing independant confirmation of this general
plcture is provided by geophysical data. A recent gravity survey
conducted by the I.G.S. shows an exceptionally high gravity anomgly
precisely over the Oitir Mohr Zone. This anomaly, which incidentally
is one of the highest rocorded from Great Britain, clearly reflects

the presence of a large mass of rock considerably denser than ordinary
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acid gneisses. Some Heath-Robinson deterginations of the densities of
various roecks confirms this:~ ordinary Western gneisses gave values of
about 2.6, while pyroxene gneisses and "Balnaboddichités' from the Oitir
Mohr zone gave values between 2.7 and 2.9. Granulite facies Scourie

Dykes consistently gave values of 3.0 and slightly aver.

The gravity map of the rocks east of the Thrust is not so
Straightforward, but this is understandable, since in most areas dense
Eastern Gneisses are present as only a thin wedge over less dense
Western Gneisses. There is however, a general trend towards increasing

density to the east, as one would expect.

The aeromgnetic survey is also interesting. The Oitir Mohr
zone is not particularly well picked out, but the Eastern Gneisses pr
produce a very strong anomoly. This anomoly continues under the sea
southwards, east of all the islands in the chain, and finally dissapears
roughly level with Berneray. It is suggested that rocks of the infre-
structure occur above the Thrust overall that distance, about 25 miles,

although thev are nowhere exposed.

Both infra-structure and supra-structure have shared the same
post-Scourie dyke history of deformation. The fundamental difference
between them is that the supra-structure was extensively deformed and
mobilised after dyke intrusion, the infra-structure very much less so.
In the next seetion, some aspects of this problem will be exposed, to
see if the reasons for this important difference in behaviowr can be

determined, and to consider its implications.
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&GME GLNERAL ASPECTS OF DYKE DEFORMATION

Intrusive dykes are one of the most reliable time markers in
basement rocks, and therefore it is of great interest to examine how
dykes respond to deformation in different environments. The problem
which principally concerns us is the presence of a supra-structure
containing highly deformed, folded dykes overlying an apparently less
deformed infra=-structure containing unfolded dykes. If we @sould
establish the reasons for this contrast, we would know a great deal

about the fundamental reldationships of these very large units.

Since we cannot measure direectly the amounts of deformation in
different areas, let us concentrate on what is directly observable -
folding. Three conditions must be fulfilled in crder for dvkes to

fold.

First, a sufficient stress should be applied.

Second, the dykes must have different mechanical properties
from the surrounding gneisses, or else the whole mass would deform

homogeneously.

Third, the dvkes must be ccrreetly oriented relative to the

applied stress.

Before considering each of these points, it is worth remarking
that all three must prevail simultan@ously - any two will not bv

themselves produce folding.
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(1) Stress

It is perhaps worth making the obvious point that the same
applied stress will produce different strains in different media.
The relationship between stress and strain is summed up in the bulk

modulus of the medium in question.

When, therefore one finds adjacent masses of more and less
deformed rocks, we have to inquire whether thesw difference arose
from a difference in applied stress, or whether different strains
were produced by the same applied stress, due to the different bulk

moduli of the two masses.

It is perfectly possible for variations in applied stress to a
arise in geological environments, and these can be represented by
stress trajectories (Ramsay 19%67 p. 46). Stress andlysis is an
extremely difficult mathematical process, but it is possible to
examine stress variations experimentally, and it can be shown that
areas of low stress can develop in particular positions in fold
structures. We have seen that the Oitir Mohr zone lies in the core
of a"large Fj fold, and that this antiform may be traced into the
Bastern Gneisses. Is it possible, therefore that the less deformed

areas represent areas of low F} stress during folding?

The answer appears to bg not, for the differcences in
deformation existed prior to F}, which merely re-oriented the earlicr
strugtures, and we are primar’ .y concerned with variations in response
to F, (and possibly F;), and not Fz. No large Fp structure is known,

nor is there any obvious reason why Fé stresses should have varied
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So considerably. It is therefore conclided that a fundamental
difference in bulk modulus existed between the infra-structure and
supra-structure to account for the different responses to presumably
the same applied stress, and that this difference had been established

at an early stage in the deformational history.

(2) Mechanical Properties of Dykes

Given a suitable applied stress, it is essential that for
buckling of layers to occur in the strained medium these layers should
have a difference in competence from the surrounding medium or in
other words, a viscosity contrast. A good deal of rather technical
mathematical work has been devoted to this topic so let us concern
ourselves only with the field relations of intrusive dykes in the

gneisses of Barra. Here are .some empirical observations: -

First, dykes with granulite facies mineralogy cutting pyroxcne
bearing gneisses are not folded nor significantly boudinaged. (The

Oitir Mohr zone, the less deformed zone of the Eastern Cricisses).

Second, dykes with granulite facies mineralogy in amphiboliti-
gneisses are folded and boudinaged. {(Parts of the more deformed zon-,

of the Eastern gneisses, also southern Eriskay).

Third, Dyvkes which are now completely amphibolitized are
folded and boudinaged in amphibolite gneisses. {Most of the Western

Gneisses).

Fourth, thin amphibolitic bodies in gneisses often show

features indicating competence similar to or less than that of the



gneisses. (Locally in the Eastern Gneisses).

These observations have far-reaching implications, so let us

examine the evidence for each in turn.

First, this is merelvy a statement of fact. Not only are
granulite dykes in pyroxene gneiss not folded, they are also cross-

cutting and branching.

Second, on Ru-fear-Vatersay and on the island of Vatersay
itself folded granulite dykes are found within the deformed zone. The
mtrix to the dykes is made up of amphibolitic gneiss (R.f.V.) and
early granite (Vatersay). The granulites are ,partially amphibolifised
while the gheisses and granite are completely pyroxene free. Some of
the structures observed are also extremely complex, and indicate rather
odd original intrusion shapes. (The significance of original dyke
shape was touched on earlier,in considering their metamorphic

condition).

Third, this is at once the most important and most difficult
observation to interpret, though the facts are clear - there are
numerous folded amphibolite dykes in the amphibolitic gheisses of the
Western gneisses. The problem is to decide whether these dykes were
folded when they were still granulitic, and amphibolitized after

folding, or whether they were already amphibolites before folding.

To answer this question, one has to study the shapes of
folded layers. Competent layers on folding produce folds with

convergent isogons, and therefore isogon plots of the folds in
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question can tell us something about the original nature of the folded
layer. The situation is comlicated, however, by original thickness
variations in the layers, and by the effects of later modification of the
original fold shape. (F2 folds, for example, are extensively flattened
by F3). The results of such isogon studies reveal that most layers
which are now completely amphibolitic acted competently when folded by

Fp, mking allowances for the effects of F3 modifications.

Now, as we shall see in the next section, amphibolitic material
in Barra generally apears to be less competent than acid gneisses, and
therefore where the shape of amphibolite layers indicates competent
behavioup, then this must be due to a change in the nature of the layer,
in other words a change from granulite mineralogy to amphibolite

mineralogy.

The isogon data, here, however are not really conclusive, and

the above must be considered as more of an opinion than an observation.
It is interesting to repeat the observation, however, that while it is
Scourie dykes that define F2 folds, the same dykes appear to have actr
more or less passively during F3 folding, strongly indicating a change

in the nature of the dyke material from relatively competent to
incompetent. It is also worth reminding the recader that such evidence

as is available suggests that the original viscosity constrasts (compet=~ ¢
énce differneces) were extremsly low, (Table 6), and therefore relatively
small changes in the properties of the dyke would bring about a change

from more competent to less competent.

Fourth, minor amphibolites. When looking at discordant dykes

in deformed areas, onc soon notices that the narrower a dyke is, the
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more disecordant it is likely to be. It has already been noted that the
m jority of dykes in the less Deformed zone of the Eastern Gneisses
lie at smmll angles to the regional gneiss foliation. Minor apophyses
from the same dykes, however are often highly discordant (Photo 27),and,
significantly the apophyses are amphibolitic while the parent dyke is

granulitic and the mtrix is ordinary hormblende-biotite gneiss

There are, of course, a great many possible explanations for
individual occd}ences of this sort, but when one finds the same situat-
ion consistently, a geperal explanation is called for. It is
suggested that this situation arises when relatively competent granulitcs
and relatively dncompetent amphibolites are deformed together. The
competent granulite bodies will either buckle or iotate, according to
their original orientation before deformation, while the incompetent
minor amphibolite apophyses will deform more or less homogeneously

with the matrix.

The result of this should be that the angle of discordance of
competent granulites falling in the extemsion field of the strain
ellipsoid will tend to decrease, while in those falling into the
shortening field the angle will vary araund the folds produced, and may
be locally increased or decreased. The relatively incompetent
apophyses, on the other hand, will not buckle, even if their original
orientation were in the shortening field. Their angular relationships
with the gneiss foliation, will of course he altered, but the degree
t0 which this occurs will be controlled by the competence relationships
between gneiss and amphibolite; if the amphibolite has much the same

competence as the gneiss, then the whole mass will deform homogeneously;
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if the amphibolite is much less competent, then it is possible that the
gneisses will buckle while the amphibolite is passivelv folded with them.
The problem is thus very complex, and really requires a great deal more
information on the mechanisms of deformation. It is clear, though that
this explanation must be at least partly true, since one does find
folded granulite dykes with apparently undeformed apophyses. This

i3 illustrated in Fig. 18 and Photo 28 which show the situation at an
outcrop on Vatersay. The problem is further complicted here, however,

by the very pecullar original shapes of the intrusive bhodies, which

my themselves be significant, as we have seen.

Three other lessrcommon features are also worthy of mention.
First, cuspate structures are somztimes observed at the interface
between dykes and gheisses. Two examples are shown in Fig. 19. The
important point to note is that in these examples, the dvke material
is "pinched" into the gneiss. This pinching, which is seen ‘here on
a scale of inches, occurs on all scales in geology, the classic example
being the pinched synforms of the Alps, and is always developed where
there is an interface between more and less competent rocks. In the
examples shown, it is the amphibolitized marginal zones of dvkes which
are behaving as the incompetent mterilal, while the main, granulitic

body of the dykes are behaving competently.

Second, quartzo-feldspathic pegmatites often cut granulite
dykes. In no instance has such a pegmatite been ohserved to be folded
within the granulitic body. However, it has been occagionally -~ . ..
tiat where a marrow amphibolitic dyke is cut be a pegmatite. the

pegmatite is folded within the dyke. Fig. 20 fllustrates a good
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Fig.18 Deformed Scourie dyke, Vatersay

Notice the discordances and irregular  shape
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Pegmatite vein folded within

an amphibolitic Scourie dyke,

Legnish
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example from ILeenish. The pegmatite runs regularly through acid gneisses,

is folded within the dyke, and continues regularly beyond it. In this
case, the pegmatite has deformed homogeneously within the acld gneisses,

but has buckled as a competent layer within the amphibolitie material.

Third, dvkes are occasionally observed with a foliation parallel
to their margins, and independant of any fabrie in the gneisses. Photo
29 illustrates this in a smll, amphibolitie Scourie dvke and Photo 30
in a rather fine intermediate dyke of the early suite. This is the
sort of result one might expect in incompetent bodies on flattening,

when shearing parallel to their margins would develop.
(3) Orientation

Assuming a sultable applied stress and appropriate mechanical
properties, a dyke still has to be correetly oriented relative to the
applied stress bhefore folding will occur. It could reasonably be
argued therefore, other factors aside, that in areas where dvkes are
not now folded, the initial orientation of the dykes was not favourable
to folding. If however, the dykes did not 1lie initially in the short-
ening field of the finite strain ellipsoid, then thev must have
suffered extension. There 1s little or no evidence of boudinage within
elther the Oitir Mohr Zone or the less-deformed zone of the Eastern
Gneisses and it therefore appears that within these areas dyvkes must
have deformed homogeneously; otherwise one would expect to find

evidence of either boudinageor folding, or both.

The problem, however, is not as simple as this, for to nredict
fully the effects of deformation on dyke orientation we need to know

three parameters:-






168,
First, the initial dyke orientation, and also whether the

dykes formed originally a parallel swarm, or were randomly arranged.
Second, the shape of the finite strain ellipsoid.
Third, the nature of the mechanism of deformation.

We know very little of the initial orientation of dykes,
since we nowhere find dykes which are completely undeformed. There
scems to beno tendencip for dykoo to orcss-cut the banding of the
gneisses 1in any consistent sense ~ locally, dextral discordances may
predominate over sinistral and vice versa, but there is no regional
consistency, and some dykes show different relationships at different
points aleng their length. None of the major d:kes, however, is more
than 10 to 20 degrees discordant, and this strongly suggests that
whatever the nature of the deformation, the dykes must originally
have formed a roughly parallel swarm, since if they were randomly
arranged, one wolld expect to find after deformation, a few dvkes

which 1lie at high angles.

The present dvke trend, is of course, controllesd vy the post -
dykes fold structures. The enveloping surface to the F3 folds trends
roughly north-ecast south-~west, and this in turn is the trend of the
axial planes of Fay folds. Fg deformation caused most of the dyke
re-orientation within the oresent area, so if one "removes" the
effect of Fé folding and flattening, we should have a rough idea of
the original trend of the dvke swarm This apoears to be roughly
north=-west south-east, which is very much the same as the trend of

mz %> Scourie dykes in the Scourian zone of the minland The fact,
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however, that in the northern part of the area dykes were folded bv
F2 whereas in the south %they were not suggests that there may have

been regional variations in the trend of the dyke swarm.

We can only make a guess at the shape of the finiate strain
ellipsoid. We know that the final arrangement of lines and planar
surfaces within a strain ellipsoid is different from that in the
undeformed condition, and that the arrangement is controlled by the
shape of the ellipsoid. Using the notation of Flinn (1762) ellipsoids
of type K ==tend to produce an arrangement of nlanes which plots
out as a girdle on a stereographic net, while those of tvpe X = 0
tend to produce a cluster, with all intermediate degrees. In Barra,
there is noY tendency at all towards the forme», while there is a
definite tendency for all planar zlements to be parallel, so it
seems likely that the ellipsoid was more "pancake" than "cigar"

shaped.

In more favourable terrain this estimate could he quantified
by measuring the orientation of folded and non-folded layers (Talbot),
a method which Watterson (1958) has attempted to apoly to a rather
S$imilar gneissose terrain in Greenland. In thils area, however, there
is a distinect lack of suitablc folded material, so the method is

inapplicable.

The nature of the mechandiem of deformation is extremely
difficult to deduce from ficld evidence, particularly when one comes
to consider problems of the rotation during deformmtion which will.

occur when rigid or semi-rigid bodies are deformed in a more ductile
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matrix. This as Ramsay (1967) states, is an important field for future

investiggtion.

Hopgood touched on the problem of mechanism of deformation both in
his thesis and in a published paper (Hopgood 1965), in which he investigated
the re-orientation of dykes by shear. In his paper, Hongood presented an
ineredibly tortu.us account > the effects.sBf simple shear on dykes,
illustrated by cardboard cut-out models, and alsoc concludes that dykes
of several (of his) generations at Leenish Point have not been re-oriented
by shear, partly because the older dykes are the more discordant. Withouat
deviating here into a detailed critieism of Hopgood's paper, it seems to
me that Hopgood has completely overlooked the possibility of mechanisms
other than simple shear affecting dyvkes, and also that his prineipal

conclusion, that no shear re-orientation has occurred is wrong.

This conclusion is based on his observationi that the older dykeds
in the Leenish area are the more discordant, and is illustrated by a
rather mis-leading schemtic diagram. There is, however, a grain of truth
to his observation - a few early dykes, such as that in Photo 3, are
remarkably discordant, but this is very easily explained »~v a simple
shear mechanism. Tig. 21 shows the changes in angles of lines of different
initial orientations during shear strain. It is clear that many lines
actually greatly inerease their angle to the plane of shear, while others
are less affected. Thus almost any arrangement of dykes of any age could

be produced, given only the correct initial orientations.

The problem of the nature of the deformation is complicated *v the
scale factor. On a microscopic scale, the deformtion is likely to have

been homogeneaus, and one could Be doubt fint evidence for either pure
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shear or simple shear in different environments. On an intermediate scale.
however, considerable heterogeneity is likely, due to the differences and
thus considerable complications will be introduced, with different styles
of deformation, for example, in different varts of the same folded dyke.
On a larger scale, the smll differences hetween dykes and gneisses would
be negligible, and the deformation would be effectively homogeneous pure

shear.
(4) Conclusions

Four interesting and far reaching conclusions may be drawn from
an examination of the state of deformation of dykes within the present

area:: -

First, that the Oitir Mohr Zone and the less deformed zone of
the Eastern Gneisses represent masses of rock which have been on the

whole more resistant to deformation than the Western Gnelsses.

Second, that within these masses Scourie dykes with granulite
facies mineralogy have deformed homogeneously with the pyroxene bearing

gnelsses.

Third, that Scourle dykes with different mineralogies had 217’
competences relative to the gneisses, and that folding of Scourie dykes
occurred where competent granulite dvkes were deformed in less competent

amphibolitic gneisses.

Fourth, that therefore all the gneisses of the Wéstern gneisses
were in an amphibolitic condition before the onset of folding, while

the dykes were only vartially amphibolitized.
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It is worthwhile noting here in connexion with the first conclusion,
that the Scourie dykes in the Eastern gneisses are on the whole much
thicker than those in the Western gneisses - many dykes in the Eastern
are sufficiently large to map out; no such dyke wes found in the
Western gneisses. This observation is clearly of highly debatable
significance, but it might indicate an important difference in bulk
modulus between Western and Eastern Gneisses, expressed by the considerable

¢ ‘rning of dykes in the Western Gneisses.

SOME GENERAT, CONCIUSIONS AND CORREIATIONS

We have seen that two prinecipal units exist within the area
mpped - a supra-structure and an infra-structure, which are distinguish-
able both geologically and geophysically; that these two units have
shared a mjor phasc of dyke intrusion and that they have responded very
differently to the same sequence of post—=dvke deformation. It now
remains for us to try and explain the origin of these two very impo-tant

units.

Two contrasted hypotheses must be considered: -

First, that the uniform acid gneisses of the supra-structnre

represent an original cover series overlying an older infra-structure.

Second, that there was no such original contrast, and that the
two units developed as a result of metamorphic and migmatitic processes

in an originally homogeneous mass.

The merits of each of these will now be considered.
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COVER BASEMENT REIATIONSHIP. This is at first sight a most attractive
hypothesis, but one which has as much evidence agalnst it as in favour

of it. The advantages are these:-

First, the remarkably sharp contrasts “etween units, particularly
between the Oitir Mchr Zone and the Western Gneisses. (Note that it is
assumed, for the sake of argument, that the -road zone of the acid
grneisses in the Eastern Gnelsses represents a synformal wedge of Western
Gneisses, that 1s the supra-structure, although there 1s no positive

structural evidence for this).

Second, the early intrusive rocks so characteristie of the infra-
structure do not appear to be recognisable in the supra-structure, even
where it is locally undeformed, for example at Orosay S.U. It would bhe
reasonable to suggest that large, homogensous meta-~diorite »odies would
still be recognisable, cven when much deformed and mobilized, vet within
the area mapped, only one body was found within the Western gneisses that
could possibly be attributed to this suite. (At NF767138). Coward,
however, has suggested that there may be early igneous rocks of this suite
in north east South Uist, while Watson has also demonstrated the presence

of good meta—-diorites in north-west Lewis.

Third, it could account for the observed differences in metamorphic
state of the two units. One might argue that the cover series was
deposited on an already pyroxene-bearing infrastructure, or, perhaps
more convincingly, that since the cover consisted of wet, first generation
sediments overlying relativelv "dry" gneisses, then on metamorphism the
cover would produce hydrous, amphibolitic assemblages and the Hasement

. cakydrous, roxene~bearing assemblages.
py
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Fourth, and perhaps most interesting, recognisable metasedimentary
relics are found in the supra-structure, but not in the infra-structure.
The distribution and significance of metasediments in the Outer He»brides
as a whole will be further discussed in a forthcoming joint paper.

(Coward et al. 1969).

The arguments against a simple cover/asement relationship are

rather grave:-

First it can be shown that the supra-structure was gneissose
prior to Scourie Dyke intrusion. This can be demcnstrated at Orosav S.U.
within the present field arca, and at other localities further afield,

for example Ardigachar Point.

Second, the gneisses of the supra=-structure had a history of
deformation prior to Scourie dyke intrusion, yet the early Avkes of the
infrastructure are unfolded, whereas if the cover series was later than
the early dykes, one would expect these dvkes also to be deformed. It is
remotely possible, however, that the infrastructure may have been a mmss
resistant to deformtion throughout its history, in that it contains
little evidence of deformational events taking place in the supra-structure

above it.

Third, there is some #light evidence that the suprastructure

itself was pyroxene bhearing prior to Scourie Dyke intrusion.

Fourth, it could be argued that the ecarly intrusive rocks are
rather specialized types, which one would not expect to find so widely

distributed as a dolerite dvke swarm.
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DIFFERENTTATIGON, IN AN ORTGINALLY HOMOGENEQUS MASS

The alternative hypothesis that a m jor post-Scourie dyke period
of regeneration acting on an originally homogeneous mass produced a large
scale segregation and diffusion which resulted in the separation of two
zones of contrasting properties would require some rather intricate

mechanisms to operate, but there is some evidence in its favour:-

First, as we have already seen, there is some evidence that both

infra-structure and supra=-structure were originally pyroxene bearing.

Second, although there is little evidence in the Western Gneisses
of the area mapped of any deformed equivalents of the early intrusive
rocks of the Eastern Gneisses, Coward, Graham and Myers have all shown
the presence of early, Scourian granites in their respective areas, so it
is possible that at least this early episode was common to both infra-

and supra-structure.

Third, boundaries between granulite and amphibolite horizons
are well known in geology on various scales, and have heen described by
Buddington (1963) who suggested that the differences arese due to

contrasting fugacity of H20
TWo features stand out against this hypothesis however: -

First, the extreme sharpness of the boundary between units, which

seems Inherently unlikely on this scale.

Second, the evidence for the early pyroxene granulite metamorphism
in the supra-structure and therefore of the original similarity between

the two units, 1s not convincing. Only at one loecality in the area mapped
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was any evidence found, and this at the extreme edge of the Oitir Mohr
zone. No pyroxene was found at Orosay S.U., and Coward has contested

Dearnley's finding of pyroxene in the gneisses of Ardivachar Point.

Before coming to any conclusion on either of these hypotheses, let us
see to what extent the supra-structure/infra-structure situation on

Barra relates to other areas.

The closest parallel is clearly with the classic ground in the
Scourie-Laxford area. (Sutton and Watson 1951). 1In both, thare are
areas of pyroxene »earing rocks which are cut by a suite of little
deformed dvkes, and in both arcas these pyroxene gneisses give wav
relatively rapidly to migmatitic aecid gneisses in whiech the same set of

dykes 1s migmtized and deformed.

Dearnlev first suggested that thaz suite of dAvkes in the Outer
He»rides might be correlated with the dvkes of the Scourie area, and
suggested that clouding of feldspars in the Scourie dwkes might indices+
a post-dvke metamorphism on the minland which correlated with his
postulated post-dvke granulite facies metamorphism in the Outer Hebrides.
While the evidence for this metamorphism is arguanle, the aectual
correlation hetween dvke sultes scems to he perfectly logical. Absolute
age dates also confirm the general similarity between the two arcas:
results from material from Leenish Point give several mutually accordant
values of approximately 2,600 m.v., while later post-dvke pegmatites
give ages of approximately 1600 m.v., as do the Western 4neisses as
a whole. It is thus reasonably established that we can now consider

Barra in terms of a Scourian infra- structure and a Iaxfordian supra-
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structure. There seems to be no cevidence whotever for the Inverian of

Evons (1965) and other cuthors.

There are however, somec noteworthy differcnces between the present
arca ond the Scourie Loxford crea, TFirst, the ecrly intrusive suites so
choracteristic of the infra-structure of the Barra crca appezr to be cbscent

in the Scouric arer, with the exception of enrly, pre-dyke pegmatites.

Sccond, the important Loxfordian granite sheets which mnrlk the
boundoary betucen Scouricn end Loxfordian zenes :ppear to have no perallels

in the present orea.

Third, the Scouric dykes of the Scouric weo hove predomincntly
original igncous assaemblares while those of the present arec appeixr to have

mect -morphic asseabloses,

None of thesce differences is particulorly significant in itgelf,
however, and when the ; cophysical dota for the two are.s (re comprred, the

overcll similority is wmuch strengthened.

In the Lewision of the Quter Hebrides there is no such cleose parcllel
of the situction in Barro,. FPerhaps the nerrest rpproach is in the South
Horris com lex (Dovidson 1943) where ~ large mass of cnorthosite cnd neto-
tonilite is surrounded by moto-sediments ond gneisses. ‘ithin the cnorthosite
discordant dykes nre relatively cbundent, in the surrounding metosediments

~ad gueisses, discordont dyles are very scoarce or entircly chsent,

In the Uists, Coward qnd Grohom have inferred the presence of lorge
F3 fold structures with o distinctive style:- tight, pinchced synforms and
broad, open antiforms. In the antiforms cre regions of rel tively low

ceform~tion, but the bounduries to these regions cre hord to define since
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Point. This poor exposure makes it difficult to comment on the detailed
relationships of these areas of low deformation, but within them there
are some interesting analogies with the less deformed area of the Barra
Islands. The gneisses are often agmatitic rather than homogeneous, and
there is at least one early pegmatitic body which has been dated at
2,300 m.y. (Dearnley and Dunning 1968). This pegmatite has been the
source of some controversy hetween Dearnley and Coward, Dearnlevy having
suggested that it had been deformed in the Scourian, and that therefore
it must iEself be of Katarchean age, while Coward inclines to the view
that the deformation may be later and hence that the pegmatite is only

Scourian 4n .age.

Without trespassing further into this contested ground, two
interesting features emerge from the work on these areas of low defeormation.
First, the larger dykes have cores of hornhlende-granulite facies
assemblages (plagloclase, clinopyroxene, garnet, hornblende, quartz) and
have margins of amphibolite facies assemblages. These large dyvkes are
frequently buckled and folded, whereas narrower apophyses are often
remarkably discordant and apparentlv undeformed. Second, there is a very
strong linear fabric in both dykes and gneisses, which is conspicuously

absent in the Barra arca.

There is no evidence of any discordant dykes of the eably suite
in these areas of low deformation, but Mvers has shown on Scarp the
presence of early grinite dykes and pegmatite sheets cross-cutting the

early gneiss complex, very similar to those of eastern Barra.
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It is not proposed $o enter here into o discussion of the structure
of the Outer Hebrirles ns o whole, This will be the subject of o forth-
coming joint pepere It is interesting, however, to not. that one of the
princip.:l objcets of that poper will be to show the existence din the
Lewisian generally of units which could be considered ns “infra-structured
and Msuproa-structuce.' Thus the regional importance of this division
mokes it even more importrnt to try and explain the nnture of these two

units within the prescnt crea

The problcm we are {ced with con be simplificd into this:~ how
does the situction irise where a Jeformed, migmatitic supra-~structure
cherocterised by warhibole bearing csscouablzes overlies o less deformed
non-ini;matitic infre-structure charocterised by pyroxence bearin;; rssemblo;es
ond corly intrusive igneous bodievs? Two contrrsting hypotheses hove
Arecay been ub forwird to osccount for the situ tion , Hov vrlid arc

they?

Pernips the chicl obstocle to mnswerin:: these questions dis the
problem of deciding ot what point in time the two units achieved their
seporate identitics.  Ye have scen thet whetever differences exdsted,
thiey werce cffeociive before the nain phoses of Loxfordicn deformction
occurred, since Scnuric dykes in the supra-structure hoave beon extensively
defornmed cnd folded, whilce those in the infraestructure have not. There
is .dso soniie slisht cvidence tht differences ucy have ciisted prior to
dyke intrusion, sinco where gpronulite Scrurie dykes were intruded into
definitely ommhibolitic rocks (such os | ranitoes) these most complex
intrusion shopes resulted, whercos wherce dykes were intruded into pyroxene

becring rocks, nuch rore resgular intrusion shapes were
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produccd, (Soce also discussion of metaumorphic statc of Scouric dykes).

It is therefore sugge~ted that prior to Scourie dyke intrusion,
the supra-structure and infra-structure were alrcccéy defined; the
supra-structurc acmphibolitic ond relatively incompetent, the infra-
structurc pyroxene vearing and relatively competent. WNeither of the two
hynothuses sugge ted earlier con by themselves account for oll the
observed characterics of these two units, so the Tollowing compromisc

is surr,ested s o basis for argument:-

TS

Consider first tht a thick scdimentary sequence is deposited on
top of a bascment complex of ordinary acid gncisses, and thot the whole
is mobilised in a major crustal cvent; the Scourian at about 3,000 m.y.
It is sugrested that the original interface would bo preserved throughout
t! ¢ nobilisation, <lthough nuch deformed cnd modificd,’and that o contreast
in vober fugacity could be devolopdd betwsen the two units. The original
sediacntery scquence would become gneissose, while the underlying
besement coiplex would werely be re-vorked., It is possible that tihe
contrast in witer fugacity between the newly formed gneisses and the re-
vorlzed neisses might be heightencd by a genceral migration of woter
upv.vds from the bagenont or infra-structure into the cover., This is
partly suggensted by the leck of very carly pegmetitic meterial in the

infra-~structurc:,

Some tine cffber the wain deforactional nmhases had ceasced, it is
susgented thot o serics of minor intrusions were ceuplaced, the most
3

widespread of which were of intermcdicte, dioritic comrosition, and that

these intrusions tended to concentrate at the interfuce between supra-
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S%rucfﬁ%é and infro-structure, This tendency for intrusive bodies to
congregate at the interface between mejor units has been frequently
described by cuthors working in Greenlond, so it is by no ncans unusucd.
The finol stoges of this mejor crustol event were marked, it is suggested,
by thc crystcilizction of orthopyroxene in the gneisses of the infro-

structure and of cmphibole in thosc of the supra-structure, cach being

in equilibrium with the prevailing conditions of woter fugacity.

i minor, but widesprecd episode of pronitisction then occurred,
offccting both infro-structure qnd supra-structure, which tendcd to
produce reirogression of the pyroxene bearing ossemblages of the infra-
structure, and so to tring cbout o convergence betuecon the two units.
This event cin be fairly confidently d-ted at 2,600 il.y. and cocn be

consicdercd os late Scourian.

4t o later dote, nrobably cbout 2,000 m.y., Scouric dykes were
intruded, It hus been suzgested that the dykes in the infro-structure
crystellized with primery pyroxene-gronulite focies assenblages. It is
possible, cven »roboble, thot dykes intruded into the different conditions
of the supra-structure crystallized with different rszemblopges, nossibly
of hornblende-gronulite or clmandine amphibolite frncies, or cven ignecus
asocnblages.  This wovld cccount for the observation thot none of the
dyizes in even the nost undeformed parts of South Uist and clswvhere cre

of higher mro: e than hornblende-grenulite focies,

It is sugpgested that following dyke intrusion, o long period of
stecdily but slowly rising temperatures ensucd, during vhich the dylies

cnd gneisses of the supro-structure bepon to deform under their owm
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weight, wnd eventuolly to flow, with the development of folds., In the
infro~structure, dyles mercly roteted bodily, with a gencral tendency
towards paracllcelisa of all plenar bodies. This gravity controlled
mechanisn 1s sugcutcd sinee it world account for tic production of
vest creas of horigontally or low di ping foliaotion in the supra-
structure, cind for the :cnerel tundency for Fl and Fé folds to be
co-cxicd, & fact uhich can be obscrved locally in the prescent arca, but
awuch better clscewhere in the Hebrides. Such deforiation would be

accomplished by a slow cro.n awechanism, uvaich would naturally be

foeilitatced by relatively hijh tcaperaturcs, end we hove alrendy scen

thiat am hibolitce faocics conditions nreveiled throughout all of the

LaxTordion nistory of the suvra-structurec,

The tendency towerd flow which produced the Fl and FE folds ney
heve heen indated by small vertical movoments in the infra-structurc.
It is dim, ortisnt to notc here thiot Bellouscy has stressod the signif-
icence of voo tical uovaients in geotectonics, since thesce involve only
gravitotion.~l forces, cind eliminatce the nccessity for the cnormous
horizontal co.aprcusive forces required to produce structurcs of a

regional sccle. In considering the origins of the major I, structurcs

3

in th¢ Hebrides, then, onc is faced by a choice hetween tuo contrasted

mechonisas s —

Fither the regioneal F3 folds were wroduccd by very tar;e Morizontal

couprcs ive stresses ccting on the interfice botween supro-structure

and¢ infra~structure, to nroduce cusp-lik. structurcs,



(A)  LATERAL COMPRESSION OF INTERFACE

(B) VERTICAL MOVEMENTS IN THE INFRA-STRUCTURE

- -

Fig.22. Contrasted models forformation of

regional structures.

\’S(Q)
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Or these structures were nroduccd by large vertical movements of
blocks of infra-structurc, vhich causcd the overlying supra-structure
gneissws to flow, and to drope thcuselves around the blocks of infra-

structurc,

Both of these ri.chanisms colld be opplicd to the Barra arca, and
arc illustrated in Fiz. 22, In trying to decide which is the more
nrobable mechenism, one has o louk furthcr alficld, to the Lewision
as o whole., In the Outer Ilcbrides, tiic scomctry of th. postulated
structurecs imzy tond to support the [irst of thesc hypotheses, but on
the aainliend, Sutton and ‘atson (1959) have suzpgested that the major
structures, nerticularly the Scouric/Lexford boundaries, arc monoclinal,
and this strongly sup.orts thc sccond hypothesis., On the whole, it is
the writcr's personal opinion that this sccond hynothesis bas the
advaniease of being mechenisticoally more fewsible, and thercefore it is
concluded thot the major Loxfordian st.ouctures in the Lowisian arc
the result of vertical movements of large blocks in the infra-structure,
Cne con only speculate on the recason for large vertical moveaments at
those deep levels, bul at leost it weould not be necessary to involve

a large messure of crustul shortening.

The production of thesc large Fj structures wes tho last wmajor
cvent in the present arca, thoush amphibolite facles conditions
persisted until after Fi, folding had occurred. 45 we have scen,
widespread re-crystillization occurred in the smeisses during and
arver thc F3 and Fy fold phzses, and s. ms to have reached a wmeximum

in the soutiern part of the area after Fy folding hod ceased.
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It seems likely tkat metamorphic conditions waned fairly rapidly after
this in the present area, but probably declined much more slowly further
north, since Coward has shown the presence of extensive low grade late or
post-laxfordian alteration ani metamorphism in South Uist, narticularlv in

the north-east of the island.

In proposing this hvpothetical summary of the historvy of area, the

importance of four factors is stressed:-

First, that the ma jor episode of deformation and mobilisation which
might be termed the "Scourian Orogeny" was a good deal older than the
2,600 m.y. ages obtained from pegmatites. It is suggested that these
pegmatites have the same relation to the Scourian as the well-known
Laxfordian pegmatites have to the Ilaxfordian deformation cvele - in other
works, thev are a very late event. This implies that the actual Scourian
"orogeny" could well be as old as 3,000 m.y. and thus might be considercd
as Katarchean, or pre-ketilidian in the chronology of Greenland. The
general similarity between the chronologies of the Lewisian and Greenland

is illustrated below:-

Greenland .Lewlsian

Pre-Ketilidian 2,700 - 2,300 m.v. Scourian 2,600 m.y. plus
Kuanitic Dvykes (c.2,000 m.y.) Secourie Dykes
Ketilidian 1,800 m.y. (?)

) Laxfordian 1,600 m.y. plus
Sanerutian 1,600 m.y. )
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There does not appear +to be any equivalent in the Lewisian of the
rocks of the Gardar cycle of Greenland, at about 1,200 m.y but it is
worthwhile noting that the Ketilidian rocks are considered by workers on
Greenland to represent a cover series of metasediments and meta-voleanics

overlying the pre-Ketilidian basement.

The second important factor is the ability of original cover/
basement relationships to be preserved through later episodes of
deformation and metamorphism. This is a fairly well known geological
phenomenon, and may be illustrated by the preservation of Moine/Lewisian

relationships through the Caledonian orogeny.

Thirdly, there is the importance of gravity as a prime mover in
geology. One is accustomed to talk in terms of "orogenic belts" in the
pre-Cambrian, yet there is little tangible evidence that they ever had
anything to déo with mountain building, and they generally tend to be
much broader and more diffuse than the true orogenic belts of later
eras. When considering the enormous extent of some of the older helts,
it seems reasonable that only gravitationol forces could have been of

sufficient magnitude to act over the whole of these areas.

Foupth, there is the general similarity between the Scourian
bloecks of the Barra area and the Scourie area. Perhpas the mst obvious
difference hetween them is in the metamorphic state of the Scourie dykes
in them. It is suggested that this may refleet dAifferent conditions at
the time of dyke intrusion, rather than later events. These could have
arisen, if, for example, the dykes of the Scourie area were intruded ot
higher levels, and therefore under lower pressures, than the corresponding

dykes in the Barra area.



188,

¥ THE OUTER HEBRIDES THRUST

INTRODUCTION

The Outer Hebrides Thrust is undoubtedly one of the largest
tectonic features of the British Isles, rivalling in length of outerop
the classic Moine Thrust. For all its size, however, it has never received
the attention that it deserves, and has only once previously been
discussed in the course of a regional study. In this thesis, it is
proposed only to describe the general features of the Thrust as it is
exposed within the present-area, and to make some observations on the

mature of thrusting mechanisms.

PREVIOUS WORK

Very little has been written on the Thrust itself, but there is
an extensive literature on thrusting mechanisms and the origin of
psuedotachydyte, which will be reviewed separately. Dougal was the first
author to describe the existence of a larZe zone of crushed rocks in
the Hebrides, but it was Jehu and Craig who provided the first description
of the Thrust. In their work on Barra, Jehu and Craig never in fact
mentioned the existence of a majof thrust, and talked only in terms of
"crush zones" and "flinty-crush" rocks, and it was not until they
published thelir descriptions of the geology of South Uist and Eriskav
that they introduced the term "thrust) with the implication that the
"erush zones" of Barra were also thrust phenomena. This may have been
because on South Uist there is a relatively obvious contrast in litho=

logies across the Thrust, whereas on Barra the contrast is less obvious.
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Thelr mpping of Thrust-related features 1s also considerablv over-

simplified andt somewhat haphazard.

On the whole, however, thelr work is extremelv good, and their
petrographic studies are of such high standard that their work is
quoted in nearlyv everv later work on psuedotachvlyte, and must be
consldered as 2 classic account of this materiesl. Hopgood, in fact
considered that Jehu and Craig's work could not be improved on, and
confined his work on the Thrust to some rather Aubious observations on 1its
direction of movement. Xursten gave a good deseription of the Thrust

Just to the north of the present area (near Lochboisdale).

In this section, it is not proposed to duplicate Jehu and Craig's
deseriptive work on petrography, »ut, rather to concentrate on larger-
scale phenomena which they rather nverlooked, and also to examine some
theoretical aspects of thrusting. Before this, however, the use of three

rather confusing terms will be established:-

First, "The Thrust." This term is applied to the Quter Hebrides

Thrust as a whole, and is conveniently vague.

Second, Thrust zone. This is rather more specifie, and is applied
to the zone or belt of crushed rocks within which thrust movements have

actually been located.

Third, Thrust plane. This is used to describe a definite, discrete
plane along which some movement has occurred. Where ohserved, this
element usually represents the plane of last movement within a thrust
zone, and it should not be considered that this nlane uniquely roepresents

the plane on which all mcvament has occurred.
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Notice that the Outer Hebrides Thrust itself consists of several
separate thrusts, particularly on South Uist, each of which may have its
own thrust zone and thrust plane(s). A single distinct thrust-plane is
present in most of the fleld area, except for South Uist where these are

many .

DESCRIPTION OF THE THRUST

The Thrust will be described in this section from its most southerly
exposure in the Outer He»rides, on the island of Sandray, to the southerm
part of South Ulst, where it is a much more complex struacture. The
description will be covered on an island-bv-island basis, since smll

islands often offer as much information as poorly exposed larger ones.

Sandrey

—————.

THRUST PIANE. No thrust plane is exposed anywhere on Sandray, but a
distinet N.N.E-S.S.W. linear featurc about 75 vards wide is present,
filled 'with blown sand and forming beaches at both its northern and
southern ends. It is considered that this feature represents an impnrtant
thrust plane. Air photographs show that this fuature is very straight
and steep, and in fact the Thrust appears to be much more nearly vertical

here than at any other point in the area.

THRUST ZONE. A belt of crushed rock containing much psuedotachylyte
constitutes the Thrust Zene on Sendray. This belt is at least 800 ft.
thick, and forms a visible topographic feature cast of the Gleann Mohr.
The gneisses in the extreme west of Sandray are verv low dipping; as

one approaches the Thrust, the dip increases and within the thrust zone,

f !
. 3
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the general "grain" is very steep. Nothing is known of the rocks east:of

the Thrust here.

Vatersav

The Thrust outerops on both of the arms of the H-shaped:.island of

Vatersay, at Am Meall in the south and Craig Mohr in'.the north.
Am Meall

THRUST PIANE. No thrust plane is exposed on this headland, and the main
part of the Thrust must lie slightly further east, under the sea. No
measurement of the dip of the Thrust can be made, though the grain of the

crushed rocks suggests that it is steep.

THRUST ZONE. The whole of the hill Am Meall is made up of crushed material,
indicating a minimuim thickness of the thrust zone of about 1,100 ft.

Within the crushed zone, the rocks are very strongly Jjointed and are

massed with psuedotachylyte. The "grzin" seems to be roughly N.N.E. and
very steep. This "grain" is defined partly by strong joint sets and

nartly be large masses of psuedotachylyte, one of which is almost dyke~
like and can be traced for many wards. This mass #ay be partly recognis-

able in the little line of skerries running S.S.W. of Am Meall.

Croag Mohr

THRUST PIANE. Again, no thrust plane actually outerops, but a 200 vard
wide stretch 8f beach on both sides of the narrow peninsula strongly
suggests the presence of an important thrust plane. This concealment

of thrust planes is due to the vresence along the plane of extensively
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altered, highlv friable material which will be sasily eroded. This

miterial can be observed in a few localities further north. It is not
possible to obtain a measurement of the dip of the concealed plane, but
the grain of the crushed rocks suggests that it may be less steep than

in the localities further south.

THRUST ZONE. The amount of cm shed rock here seems to be much less than
at Am Meal, but this may only be bewmmse less is exposed. For the first
time, however, we find fresh, uncrushed rocks above the Thrust, anil these
are very distinctive rocks of Eastern Gneiss type. Many minor, possibly
second order thrust planes occur in these rdécks, especially nearest the
Thrust, and me- such at NL 658356 is a gently, regularly dicoing plane
coated with a thin layer of psuedotachylvtic material. This is the
psuedotachylite "pavement" of Jehu and Craig, who reported similar

pavements from Mingulay, Pabbay and some other localities.

Barra

The Outer Hebrides Thrust runs right across the middle of Barra,
mking a rather sharp turn as it does so,{(Map 6). Apart from the belt
of crushing in the Thrust zone, there are also two other areas of
crushed rock, both recognisediby Jehu and Craig. One of these, at Ard
na Gregaig, is of little importance, but the other, in the Greian Hrod-
Cliad area, is much more extensive and interesting, and will be
described in this scection because it contains well exposed examples of

many features typical of crush zones in general.
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THRUST PIANE. The Outer Hebrides Thrust on Barra appears to consist of
an important thrust plane situated towards the top of a thick thrust
zone. The thrust plane forms a very prominent valley feature immediately
behind Castlebay Church, and this feature can be traced inland over the
saddle known as Cadha Mohr (NL 665328), into the top of the Borve valley,
becoming progressively less distinet. Exposure is generally very poor
over the next part of the outerop, and it is mainly on the basis of
change of slope that the Thrust is mapped in near Dun Barpha and along
the western flanks of Cora Bheinn, The Thrust appears to execute a
sharp turn at the north of Cora Bheinn, but the situation is comnlicated
by the presence in the crushed rocks of the Thrust zone of a double
topographic feature, which might be the result of minor faulting rather
than thrasting. Exposure is veryv poor indeed between Cora Bheinn and
the next outerop of the thrust plane, in the stream section near Northbay

school.

The southern slopcs of Ben Obe contain a great deal of highly
crushed mterial, and a very strong valley feature runs up the hill from
the schoasl. This feature is interpreted as produced »v a minor thrust-
plane, perhaps a splay off the major structure. The E-W spur of Loch
Obe indicates the continuction of the Thrust, which is next exposed on
Bruernish peninsula, where a very consnicuous, rectilinear E-W feature
Is present, along which a great deal of psucdotachylyte is occasionally

exposed.

Two possibilities are suggested for the very sharp change in

direction of the Thrust on Barra:-
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First, that the original geometry of the Thrust was not
planar, but shovel shaped, and that this original shape has been

exaggerated by the effects of topography.

Second, that later faulting or flexuring has modified the

original shape of the Thrust.

At Castlebay, the thrust-plane unambiguously dips east at
about 25 degrees, and this easterly dip continues as far as Cora-Dcin,
s0 far as can be judged. On Bruernish, the dip definitely is towards
th2 south, but the outcrop here is so rectilinear that one is inclined
to sunpect the presence of a fault. However, there is no evidence
for the continuation of any such fault on Fuiay, where the Thrust is
very well cxposed, and dips to the 5.5.E. It is suggested that the
change in strike is a reflection of the original shape of the Thrust,
and that it is not the result of later flexuring since there is no

other evidence of late major flexuring of any sort in the area.

THE THRUST ZONE., VPerhaps the nost interesting feature of the Thrust
zone on Barra is that it is almost entirely developed in the Western
Gneisses below the Thrust - fresh, uncrushed Eastern Gneisses run
straight up to the thrust-plane outcrop, beyond which the zone of
crush extends. This feature is seen everywherc on Barra, at Bruernigh,
on Cora Bhein, and at Castlebay, and alsoc on Vatersay, but in the

nore northerly islands the situation is reversed. This suggests that
plane of last movement, which presumably produced the present thrust
plane, was situated at varying levels in the zone of crushing and

imbrication of the Thrust as a whole.
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The maxinum thickness of crushed rocks appears to be in the
area known as the Croig, where it is at least 600 feet. Within this
area, many fairly large, highly irregular folds and structures occur,
and in one locality NF664002, a N~S trending vertical helt is present
which appears to have been mapped by Hopgood as an early fold belonging
to onc of his numerous fold phases. The thickness of the crushed
zone appears to reach a minimuri in the Bruernish area but there is
a slight possibility that part of this zonc has been faulted out in

this area.

The Grian Head -~ Cliad Crush Zone

This zone was originally mapped by Jehu and Craig as a broad
diffuse area affected by flinty crush’, contiguous with a rather
narrow band running E-W towards Bruernish. This is a considerable
over-simplification of the situation. The pattern appears to be one
involving a great many minor crush horizons, trending S.S5.E.,
separated by varying thicknesres of unaffected gneisses, so that in
walking across the zone cne is continuously crossing from crushed to

uncrushed material.

Jehu and Cralg implied that this crush zone was contemporary
with the main (Thrust) zone of crushing, but a second possibility
exists, that the two structures are independent of one another, and
that the Grian Head crush zone is older than the Thrust. In this
region, the unaffected gneisses dip uniformly to the N.E. at aboutb
259, Now it is a striking fact that most of the crush structures occur

in broadly planar shects parallel to the regional foliation. This
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suggests inmediately that the foliation planes in the gneisses have
acted as planes of weakness along which failure has preferentially
occurred. It is possible that some complex second or third order
stress system associated with the Thrust could have produced such
failure, but it is equally possible that failure has occurred under

an earlier stress systen.

This is supported by the observation that the crush horizons
in the Grian Head zone can be traced towards the Thrust, which they
meet at a high angle, and there is no sign of a complementary crush
zone in the Eastern Gnelsses above the Thrust. An early episode of
brittle deformation would also fit the regional chronology and this
point will be discussed further in considering the age of the Thrust

itself,

Some minor structures which are particularly well exposed in

the Grian Head-Cliad zone will now be described.

MYIONITIC STREAKS. Close examination of almost any outcrop of crushed
rocks rcveals a tmultitude of very fine greenish-grey streaks, usually
parallel to the gneiss foliation but sometimes discordant to it. In
this section, these sitreaks appear as narrow zones of mylonization,
vhich are often fairly sharply defined, Near them, biotite and horn-
blende grains show signs of strain and imminent dispuption - biotite
beconies crinkled and crystals lose their optical continuity, while
hornblende often shows a distinctive browvm discolouration. Quartz
grains throughout the slide show marked undulose extinetion., The

naterial within the streak itself consists largely of comminuted
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grains, with some epidote and chlorite, and other low grade minerals

including, rarely, calcite.

Nowhere do these mylonitic streaks attain a thickness greater
than 1/20th of an inch, and they are thus vastly subordinate in volume
to pscudotachylyte within these zones. This applies equally to the
rest of the arca, and will be of great interest and importance when

we come to discuss the difference in origin of the two materials.

MINOR FOLDS. OCn many of the exposures on Grian Head, interesting

fold structures are displayed. There is little or no sense of
regularity about them, nor do they relate to any other fold episodes.
Closc examination shows that the folds are always somewhat disrupted
irregular structures which vary from almost isoclinal folds (Photo 31)
to rather open warps (Photo 32). All of these folds are in heavily
crushed arcas of otherwise almost unfolded gneisses, and there is

cvery reason to think that they are the product of the crushing defor-
mation and are not earlier. This view is rcinforced by the observation
that ecarly mylonitic stringers are often folded round the noses of

these folds, showing that the folds post-date the mylonization.

Hopgood considered that there was evidence for a very early
phase of thrusting and pscudotachylyte formation, which pre-dated one
of his major fold episodes, and stated that in places pscudotachylyle
veins were folded by this episode. It seems probable that Hopgood
was confusing these late fold structures with his earlier folds, and
that he may have mistaken fine mylonitic streaks for pseudotachylyte

veins. No instance was found by the present writer of a folded
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pseudotachylytce vein, although some curved pseudotachylytc veinlets

were found, the veinlet following, the curved gneiss foliation.

PSEUDOTACHYLYTE OCCURRENCES. Thce first impression received when
entering an Yarca affected by flinty crush" is one of complete chaos,
but’ usually some order may be discerned. Thrce distinct types of

pseudotachylyte occurrcnces may be recognised in the field:-

First, as thin veins or dykes up to an inch or two thick along

regular planar surfaces (Photo 33)

Second, as very irrcgular dykelets up to 6 inches thick, which

ray show dark ‘'chilled" edges (Photo 34).

Third, as the matrix to the very distinctive conglomerates

(Photo 33).

The "conglomerates' usually form sheet-like bodics as a whole,
often parallel to the gneiss foliation but sometimes cutting across it
at high angles. Somctimes, these sheets are sharply defined at top
and bottom, but almost always therce is one sharp margin which is itsclf
the site of a thin regular pscudotachylyte siringer and almost certainly

represents a movement planc (Photo 33).

The pebbles within these conglomerates show cvery gradation
between extreme angularity and extreme roundness (although rounded
forms are the most common), and a similar variation in the nature of
their edges. Some edges are perfectly knifc-sharp against pseudo-

tachylyte, others arc diffuse. Different types of edges may be secen
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on the same pebble. BEvidence for the long and complex history of
these conglomerates is often observed. Photo 35 for example shows
a pcbble with thrce sharp edges and one diffuse cdge. This pebble
is cut by a later veinlet of pseudotachylyte, and this veinlet is

itself broken up by a series of step~-like microfaults.

The irregular dykclets seem to be definitely distinguishable
from the other two types, occurring indepcndehtly as branching and
splitting bodies at high angles to the gneiss foliation, and rarely
containing any significant amounts of included fragmentary material.
They also have different time-relations from the conglomerate sheets.
Photo 34, for example, shows a typical dykelet cut by and displaced

by o later conglomerate shecet.

Within the Grian Head-Cliad areca, a simple chronology may be

worked out:-

(3) Formation of pscudotachylyte (In sheets

{As veins
(2) Crushing and folding

(1) Early mynlonitization

This is the sequencc which is observed throughout the present
arca, the pseudotachylyte always representing the last cevents.

Kursten has also made the same obscrvation in South Uist.

JOINTING, One of the most conspicuous features of all the areas
affected by crushing is the strong jointing that is developed on all

scales. Joints arc developed both in crushed gneisses and in



202,

TABLE 9
Strikes of Joint Pairs Angle between Pairs

080 180 100
oo 140 100
ol5 155 110
010 115 105
345 095 110
360 090 90
080 35 85
345 080 b
090 - -

095 - -

085 340 105
335 080 110
340 080 100
345 055 70
075 250 85
350 115 115
255 090 100
360 100 100
060 345 75
350 090 5

Average 97.0 degrecs
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pseudotachylyte, but it is in the latter that by far the greatest
number of joint-sets are present. Since this was one of the few
aspects of pscudotachylyte that had not been explored previously, it
was decided to measure joints in a selected area on Grian Head to see

if any pattern emerged. Two features were noted:-

First, and precdictably, that the main joint sets in both
gneisses and pseudotachylyte were parallel to major regional joint
directions. For example, Tertiary dykes on Barra are very often
aligned with a major joint direction, trending about 100-110°, and

this direction can be consistently identified in arcas of crush.

Sccond, within pscudotachylyte masses, joints tend to occur
in sets, and scveral such scts may be present in any small outcrpp.
This explains the tendency for pscudotachylyte to fracture into
roughly rhonb shaped fragments. It was found that by measuring the
two strongest stcep joints on a horizontal surface that somc consistency
ecmerged. Table 9 lists the strike of jeint pairs at 20 localitics

within 50 yards of one another,

Measurcments were made only to the nearest 5° because of the
difficulty of measuring some of the very short joint plane strikes,
and because of the strong possibility that the magnetic propertics
of the pseudotachylyte might offset the compass. Locally, completc
reversal of the conpass occurred, and no readings were taken in areas

of such high magnetic interference.

The rose-diagram (Fig. 23) shows that there is rather a wide

scatter in the orientation of the joint pairs, but the angle between
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them is much more consistent, at ahout 970. This was also observed when
measurements from near-by areas were introduced. the tendenev to form
any sort of pattern on the rose-diagram dissappeared, but the angle

between Joint pairs remained at about 1000.

If these joints represent pairs of shear-joints, then this angle
is diagnostic of the properties of the rock at time of fracture, and gives
a measure of the co-effecient of internal friection. The angle between
shear planes and the principal axis of compressive stress is 450 when the
co-efficient of internal friection is zero, ani it would appear that in
the present case, where the angle is about HOO, the co~efficient must

he very low indszed.

Much more Adetailed and rigorous analysis of the Jjointing., however,

is required. and would form an interesting field for research in itself.

Fuiay

THRUST PIANE. A very good thrust plane is exposed on the west coast of
Fulay, and forms a strong topographic feature which can be traced right
across the island. The measured dip is towards the south-south cast at
low angles, betwcen EOOand joodegrees. The actual exposure of the thrust-
plane is not particularly Informative, since extensive alteration has

rendered the rocks almost unrecognisable.

THRUST ZONE. Several large basic masses may be tracad up to about 100°
vards from the base of the thrust-plane, extensive crushing is developed,

to a total thickness of some 600 feet, the thrust-plane heing somewhat
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nearer the base of the thrust zone than the top. It is interesting to
note here that large pegmatitic bodies appear to be relatively unaffected

in the crush-zone, perhaps because of their coarse, homogeneous nature.
Hellisay

THRUST PIANE. Beneath the magnificent, towering crags of Meall Mohr, the
thrust plane itself is exposed, and is here a sharply defined plane
eroded out into a deep notch. Erosion has excavated a 'dirt' horizon on
the thrust plane, which has been formed by the extreme alteration and
break-down of rocks. TFor some distance above and below this dirt laver,
the crushed rocks are made of unrecognisable rotten greenish material,
but in the unaltered material belaw this altered zone, a series of rather
small, minor planes are developed, together with some rather small crush

folds a foot or two in amplitug.,

The distinctive dirt loyor cnd its topo vophic feature ney be
traccd continucusly .round the west end of Me 11 lMohr, .nd dowvn on to
the islond of Crrrish, where it is oxposced in the low wostern cliffs.
The ne-surcd dips of the thrust plone were o in between 20 tnd 30
degreces, but herce the strike is now N.E. rther thrn B.N.D. as th. Thrust

swings cround northu rd.

TIRUST Z0N&., The thrust ploae here sceums to be nerr the bosce of the
thrust zone, since very little crushing is develoncd beneoth it. o spall
feoture and some crushing: ncor the hill Mo: 1 Mche.Conach susgests thoet o
iifor cneilli.ry thrust is prusent benc .th the ncin Thrust. The thickness

of crushed rock ibove the thrust pleme must be :1ony hundreds of fuct,
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but the top is not exposed. The entire height of the crags of Meall Mohr,
however, exposes highly crushed rocks and gives a very good impression of

the nature of the thrust zone.

Gighay

Unfortunately, no thrust-plane can be identified on Gighay,
although much crushed rock with pseudotachylyte is found in the extreme
south-east corner. It is suggested that the continuation of the thrust-
plane of neighbouring Carrish lies somewhere in the sea, Jjust off the
coast of Gighay. A very large Tertiary dyke runs through the narrow straits
between Gighay and Hellisay, and some disolacement may have occurred along

1t.
Eriskay

Crushed rocks with pseudotachylyte are found along all the
eastern part of Eriskay, but no uncrushed rocks above the Thrust are
found. It is suggested that on Eriskay no single thrust plane is present,
and that the thrust-zone as a whole just skims the tops of the hills on
the east of Eriskay, so that the eastern slopes are mantled with

crushed rocks. The dip of the thrust zone appears to be lower here,
about 150, and this may also account for the very wide outcrop of

crushed rocks.

South Uist

The south-east corner of South Uist is an extremely complex area

of thrust, crushed and faulted rocks, and is very poorly exposed.
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The following short account is based on a brief reconnaissance and on

air photograph interpretation.

It is tentatively suggested that the area as a whole may be
divided into four distinct tectonicunits in a structural succession whose
lowest member is in the region of Bagh Hartavagh. These units, which
are shown on Map 14, may be distinguished by a varietv of characters
such as topographie features, lithology, degree of crushing, Jjoint

trends etc.
Unit 1

This is the lowest unilt, and is characterised by very
distinctive rocks, "Eastern Gneisses" of South Uist type. These rocks
form an important unit, which is exposed East of the Thrust in the main
part of South Uist, and also in North Uist, though it is generally very
mich affected by crushing and shearing. The term "Eastern Gneisses"
was first introduced by Dearnley to describe the "relatively uniform
foliated and locally banded pyroxene granulites" which characterise this
unit, and it is emphasized that these rocks should not be confused with
with the Eastern Gneisses of Barra. Jehu and Craig first referred tb
these quartz-poor pyroxene bearing gneisses containing garnet-pvroxene
basic bodles, and also described an unusual scapolite bearing pvroxene

gneiss. These easily recognisable rocks definitely occur in the area
of Meal and Iasgaich, but it is not known how far to the west they
extend. There is a multitude of small topographic features in this area
which suggest the presence of a series of thrust slices, and some of

the thrust slices may consist of ordinary, though crushed, gneisses.
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This unit 1s also characterised by the presence, at its base,

of a fairly thick zone of mylonite. Mylonite are most unusual within
the area mapped, and this is the onlv locality where they have been
found in any quantity. They are best exposed on the shores of Bagh

Hartavagh, especially at NF 828153.
Unit 2

This consists of ordinary acid gnelsses, not much erushed, but
with a very well developed and conspicuous Jointing trending E.N.E.
The base of this unit appears to be a strong topographic feature,

running W=E from near the top of Hartabreck.

Unit 3

Thls also comprises ordinary acid gneisses, but these are
extensively crushed and pseudotachylyte is massively developed. A
strong feature running north east from Roneval to the crags west of

Maol na h-=Ordailg defines the base of this unit.

The pseudotachylyte is found in ridges consisting almost entirely
of p;eudotachylyte, such as that near Loch an Gechidach, but the
Yargest development is in the E-W ridge of Maol na h-Ordalg. Jehu and
Craig in a splendid understatement said that in this locality "there
is a remarkable development of the flinty crush rock! Remarkable
indeed, fTor it is easily the largest mass of flinty crush within the
present area, and probably within the Hebrides as a whole, thoush it
is by no means as completely homogeneous pseudotachylvie as in some
other localitles. Very strong E-W jolnting is again present, these

joints show a considerable tendency to curve.
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Unit 4

The rocks of this unit are distinguished by a complete abscnce of
crushing and jointing, and are perfectly ordinary acid gneisses trending
roughly 100° and containing concordant amphibolite bands. A strong, steep
E-W feature defines the base of this unit. The sitnaticn is complicated
at the west end of the unit, where it is terminated against a NE trending
fault, and also at the east end where it is faulted against a larze mass
of crushed and pseudotachylvtic rock forming the hill Ru Melvick. This

probably represents an up-faulted portion of Unit 3.

Jehu and Craig described a quartz-andesine-hornblende-clinopvroxene
-garnet granulite, typical of a Scourie dyke, from this area, but their
locality "west of Ru Melviek" was rather vague and it was not found. 1In
view of the structural position of the gneisses of this unilt, it is
proposed to consider them as Eastern Gnelsses rather than Western (in
Barra terminologyv), though on purely lithological grounds thev could be

either.

Fig. 24 represents an interpretative section across this part of
South Uist, in which each of the units is represented as a thrust-sheet.
It will he noticed that the "Eastern Gneisses" of Unit 1 are shown as
thrust-wedges which have been over-ridden by other sheets from the South
east. The extreme crushing and .pseudotachylyte development in Unit 3
my be a result of its position sandwiched between sliding masses, with

the preduction of E-W trending imbrication structures.
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This situation is very closely akin to that further north, where
Coward has shown the Eastern Gneisses of South Uist to be situated
between major thrusts to the west and the thrusts associated with the
Usinish mylonites in the east. 1In this light, the Eastern Oneisses of
Barra could be seen as an over-thrust sheet of gneisses which has
completely over-ridden the South Uist Eastern gneisses in the South,

with the degree of over-riding decreasing northward.

The Age of Thrust

The Outer Hebrides Thrust is a major tectonic feature, and it is
clearly important to know its age. Two lines of evidence may be used

to determine the age, direct and indirect.

Direct evidence is unfortunately not very precise. The upper and
lower limits cannot be separated by less than 1500 m.y; the upper
limit is the age of Tertiary dyke (c. 60 m.y.) intrugjion, and the
lower limit is post-ILaxfordian (ec. 1600 m.y.), since these are the
youngest and oldest rocks respectively in the present area which may be

used to date the Thrust.

Further afield, the Stornoway Beds of Lewis contmin pebbles of
gneiss affected by crushing,. and therefore it has been suggested that
the Thrust pre-dates this formation. Unfortunately, however, the
Stornoway Beds themselves cannot be positively dated; Jehu and Craig
correlated them with the Torridonian of the mminland, while Xursten
considered them to be of 0ld Red Sandstone age. Others opilnions: have

ranged as high as the Triassic.
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On the mainland, however, indisputably Torrocdonian conglomerates
overlay mnorth westerly trending crush belts containing pseudotachylyte,
first described by Clough (1907). Thesec belts are clearly Pre~Cambrian
in age, and it is suggested that the Grian Head-Cliad crush zone of Barra,
which has the same trend, may be of the same age, and is therefore also

Pre-Canmbrian.

Two possible wetbods remain of obtaining direct evidence of the
ago of the Thruast itself. First, pseudotachylyte could be dated by the
K/Ar method. Even if this gave a mixed age, it would help in defining

a lower limit. Second, although most of the dykes cutting the Thrust
are Tertiary in age, closer study may reveal dykes of other generations,

and these would provide a better upper limit.

Indirect evidence is based on the comparison of the Thrust with
m Jor faults on the mainland of Scotland. There are four of these the
Socuthern Uplands Boundary Fault, the Highland Boundary Fault, the Great
Glen Fault and the Moine Thrust, and they are all of broadly the same
age, late Caledonian or early Hercynian. The Moine Thrust affects rocks
as young as the Cambrian, and is cut by intrusive rocks of pre-Middle
01d Red Sandstone age (¢. 400 m.y.) while Kennedy (1946) placed the
main displacement on the Great Glen between the Middle 0.R.S. and the
Upper Carboniferous, and suggested that the fault may be related to early

Hercynian movements.

It seems reasonable that the Outer Hebrides Thrust is of the same
family of faults, and is therefore of broadly the same age, namely late

Caledonian. Naturally, there are particularly close similarities between
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this Thrust and the Moine Thrust, a similarity which Kursten first drew

attention to when also suggesting a Caledonian age for this Thrust.

Magnitude and Direction of Displacement of the Thrust

It is extremely difficult to form reliable estimates of the
displacements of most of the major fractures in the world. The Great
Glen immediately comes to mind of course, but other equally important
faults such as the San Andreas are the subJect of controversy. In
general also there is a tendency to consider faults in watertight
compartments, such as "wrench" or "thrust" and to underplay the possibility

of more complex diagonal or even rotational movements on fault planes.

Direction of Displacement

On the Moine Thrust, "candle flamed" worm tubes in Cambrian
scediments have been used to determine directly the direction of movement.
No comparable structure is present here. Hongood attempted to use
sigmoidal tension gushes in the thrust zone to derive the sense of
movement. On examining his photograph, however, one is not convinced
that the features he is using are either sigmoidal or tension gashes.

He did, however, suggest that these mayv have becen a rotational movement

on the Thrust, and in this he is partly correct.

Magnitude of Disnlacement

Kennedy, referring to the Great Glen, stated that "proof of
lateral displacement depends however on the positive identification

and corrélation of homologous structures which have been intersected
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and displaced by the fault" (Kennedy 1946 p 57). 1Is there any such

structure in the present area? There is one possibility.

It was shown that the Oitir Mohr zone lies in the core of a
large F3 antiform and that a similar large antiform my exist in the
Eastern Gneisses. The boundary to the Oitir Mohr zone is a line drawn
to separate areas with concordant dykes from areas with discordant
dykes, and marks the south-west limb of the large F3 antiform. A

similar line is prec:at in the Eastern CGneisses, and .these two lines are

off-set across the Thrust, the off-set being about 3 miles.

It is at this point that we need to know the direction of movement
of the Thrust. If the movem nt was lateral, then the total displaccment
would be about 3 miles. If the movement was up the thrust plane, then
the displacement could be considerably more. The F‘3 Scurrival Antiform
plunges N.W. at about 300. it is thersifore n simple nrohlem in
geometry to find the movement up the Thrust required to produce the
observed off-set of the fold limbs. A figure of about 5 miles is obtain.’,

and though these figures are Tar from precise, they do give a zood

guide to the order of magnitude of the displaccments involved.

The large F3 fold also gives us a very rapid means of establishing
the rotational component of the displacement. The steep limb of the
structure in the Western Gneiss: £*r’kes about 150° in the F-stern Gneiss
it strikes 1800. Thus "a roatation of about 300 clockwise is indicated.
Notice that if this estimzte is valid, it will tend to minimise the
apparent translational movements on the Thrust, so that the actual off--
set of the two lines across the thrust will be nearly # miles rather

than 3.
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The Pseudotachylyte Prcblem

(i) General

The origin of the Outer Hebrides Thrust and its associated
pseudotachylyte present effectively the same problem. If we can deduce
the conditions that produced pseudotachylyte, then we will also have a

guide to the mechanism producing the Thrust as a whole.

Pseudotachylyte was first described by Clough in 1888 as "flinty
cerush," by Holland in 1900 as "trap shotten" bands and by Shand in 1916

t

as "pseudotachylyte." It has thus been known for a very long time, vet
it is commonly considered to be a rather odd and exceptional material,
and on the whole it is probably commoner than onermight have expected,

for the following reasons: -

First, it is the sort of material that might easily be overlooked
by a geologist who was not familiar with it, especially if present in only

small amounts.

Second, it may be disguised in the literature under a variety of

names, for example "gang mylonite" or "ultramylonite!

Third, study of the literature does in fact reveal many little-~
known reports of pseudotachylyte. In the course of preparation of this
thesis, references were found to pseudotachylyte in nearly every part of
the world with the notable exception of Australia. There is a striking
similarity between all these descriptions, so that any conclusions drawn

on the nature of pseudotachylyte are likely to be of general application.
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(ii) Previous Work

A whole host of fringe subjects is relevant to pseudoctachylyte,
so the topic will be reviewed under three headings; descriptive work,

theoretical work on thrusting and work on the origin of pseudotachylyte.

DESCRIPTIVE WORK. Macculloch in 1800 was the first person tc describe
an occurrence of pseudotachylyte although he was not aware of its true
nature. Clough in 1888 first described "flintv crush" in the Cheviot
granite, in 1907 in seversl lcecalities in the North Western Highlands,
and again in 1909 from Glen Coe. Holland described the "trap-shotten"
bands in charnockitic rocks of scuthern India in 1900, and was the first
to suggest that melting of rock might occur through mechanically
generated heat:~  '"the black tongues and veins which superficially
resemble'trap' have the microscopic chacters of mylonite which has been
hardened - fritted and rarely half-fused ~ by the heat generated through
the dislocation being confined to narrow bands." Clough and Holland
both had a verv clear idea of the nature of the material, better, in

fact than many more recent workers in the same topic.

Shand in 1716 described verhaps the best known pseudotachvlyte
locality in the world, in the Vredefort Granite, and alsc coined the
word. The only significant difference "etween his locality and the
Hebrides is that in Vredefort, there is no evidence for any mojor thrust
or fault plane, and Shand considered that melting had occurred "caused
not by shearing, but by shock or alternatively by gas fluxing." In the
absence of any cbvious evidence of shearing, Shand mayv be excused for
discounting it, but he can scarcelv be pardoned for introducing the term

"gas fluxing" without definition or explanation. This vague term has



270,

been used by many later workers, and has caused nothing but confusion

Jehu and Craig's work (123 etc.) was mainly descriptive, and
requires no comment apart from pointing out that thev were aware "that
these peculiar rocks are the product of mechanical stresses which have
at places mised the temperature to an extent sufficient to bring about

melting in the crushed gneisses."

Waters and Crmpbell (1935) attempted to clarify the nomenclature
of mylonitiec and related rocks, and alsc described mvlonites from the
San Andreas Fault, and particularly "ultra mylonites" which they defined
as "nomogeneous aphanltic rnck of chertv, felsitic or quartzitic appearance.
Differs from flintv crush and psecudotachvlyte in the absence of evidence

of fusion.”

Some of their ultramvlonites contain isotropic bands or lavyers
which grade into laysers with a sub-microscopic granular appearance, but
Waters and Campbell concluded that "the apparentlv isotropic base of these
rocks is certainly not now glass, and there is verv little evidence that

thev were ever molten, "

and they attempted to extend similar arguments
against the melting origin of pseudotachylytes gencrally, suggesting
that they are the rosult of extreme milling down of rock to an ultra
microscopic paste. They do admit at least the possibilitv of melting,
however, and came to no definite conclusion. Although thev introduced
the word "paste" Waters and Campbell do not on the whole seem to have
considered the possibility of anything intermediate between a powder and

a liquid yet it seem natural to expect to find evidence for a continuous

renge of mterials, from mostly milled rock powder to mostlv melted.
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Willemse re-examined some of the Vredefort material in 1§37. His
most interesting conclusion was that X-ray studies of pseudotachylyte
gave results more typical of a crystalline powder of extremely fine grain

rather than of a glass.

Three more recent works are worth noting. Phiipotts and Miller
(1963) obtained an absolute age date of 900 m.y. on a glassy pseudotachv=
lyte from Quebecc. This is probably a mixed age, since it is very close
to the age of the adjacent gneisses. Park (1961) re-cxamined in detail
one of the flinty crush belts in the Lewlsian of the Loch Marree &rea
described by Clough. He ohscrved small quantities of glassy material,
with some spherullitic textures, and conecluded that the pseudotachvlyte had
been formed by melting. Jensen (1969 and personal communications) has
examined a locality in Greenland where pseudotachvlvie occurs both as
concordant stringers in a mass of banded ultramylonite, and also as

discordant veinlets. Good glassy material is abundant.

THEORETICAL WORK ON THRUSTING. The literaturc on this topic is so

extensive that is proposed only to mention the principzl categories: -

First, there are the papers concerned with geological aspects of
thrusting. Anderson's (1951) of course was an important earlv contribution
but perhaps the mest important of all was Hubbert and Rubev's (1959)
introduction of the concept of effective pressure and the influence of
pore-water pressure in sediments. This concent was extended by Carlisle

{1964) in & peper to which further reference will be made.



The second principal categorvy consists of those works dealing
with sliding friction. Geologically, this is usually conceived from a
rock mechanics point of view, but there has also been a great deal of
bure research into friction as a whole. Theoretical and exverimental
work has shown that very high temperatures can he achieved locallv in
sliding friction. Stated very briefly, two important variables control
fhe temperature rise in a given material; the rate of sliding, and the
ratio of the real area of contact to the apparent area of contact of the

sliding surfaces.

Thirdly, there is the vast fleld of seismology, which is
primarily concerned with earthquakes, but is intimately involved with

the study of how faults move.

WORK ON THE ORIGIN OF PSEUDOTACHYLYTE. It was Clough who was once again
the first to realise the significance of rapid rates of movement in
pseudotachylyte formation in his work on Glen Coe:~ "movement of
subsidence was of a somewhat unusual, prohably verv rapid type, as is
indicated by the manufacture of a flintvy crush rock at some points."

(Clouzh 1909).

Jefferies (1942) was the first and so far the only author to
quantify the problem. He showed that at 2 depth of 1 km. the rate of
generation of heat in sliding friction would nroduce melting when the
rate of sliding was about 5 cm. per sec, and that pseudotachvlyte should
be expected normally on fault-planes since earthquake data show that ratcs
of movements producing shocks are very high. Since it is not commonly

found, he suggested that the displacement must take place in very smll
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stages indeed, and that a fault of 100 metres displacement would have to
be the result of at least 2,000 separate movements if pseudotachylvte

was not to be produced.

This agrees well with earthquake data, which shows that single
displacements of as much as 6 metres are very rare, and that most

movements are of stochiastic or stick-slip type.

Perhaps becausc it was couched in rather terse, mathematical
terms, Jefferies paper has been almost completely ignored (it is never
referred to by later authors) and other hypotheses have heen proposed,
notably the concept of fluidization bv Revnolds (1954). Since this
paper has received widespread acclaim, it is proposed to consider its

relevance at some length later in this scction.

The most recent contribution to the studv of the origin of
pseudotachylvte is by Pnilootts, based on work in Quebec. (Philpotts 1964).

He reached five important conclusions: -

First that pseudotachvlyte formed by friotional fusion can be
distinguished from rocks of similar appearance bv the presence of
features such as glass, and recognizes two categories of rock that might
he termed pseudotachylvte; injected mylonites consisting of fragmentary

mterial, and melted rocks oproduced bv frictional heating.

Philpotts seems hers to be following Waters and Campbell's rather
strange separation into wholly fused and non=fused types, when it is
much more natural to think in terms of a range of p-rtly fuscd types:
those ot one cniraie Dodn, acctly fusol ond thooce at the othor uwostly

fragmentary - in other words a paste of fused and unfused material.
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Second, the chemical analyses that he undertook showed that
total melting rather than partial melting occurred in the formation of
pseudotachylyte. He also suggested that regionally elevated temperatures
of the rocks were essential before melting could occur, and produced some
very unconvincing evlidence to demonstrate this had been the case in his

field area.

Third, he suggested that pseudotachylyte is not the end result
of extreme myvlonization, and thot mylonization reduces the probability
of fusion occurring. Philpotts also suggested that quartz must be
present in the rock, since it hinders the production of mvlonite, hut
this can scarcely be true generally, since there are numsrous accounts

of mylonites in quartz-rich rocks.

Fourth, he suggested that abundant gas was involved in the

formation of pseudotachylyte, as evidenced by the amygdules and vesicles

found in the occurrences in the Himclayas and the Antaretic., He
further suggested that hot gases escaping from sliding surfaces might
cause melting along fractures some distance away, in undisturbed rock.
This is inherently improbable if one considers the likely temperature

of such gases, their thermal capacity, the specific heat and latent
heat o7 fusion of rocks, and the Joule~Thomson cooling that the gases

would undergo as they escaped from the sliding surface.

Fifth, and perhaps most interesting, that selective melting of
included material in the molten pseudotachylyte tends to alter the
composition of the liquid, and that rapid decomposition of biotite tends
to produce aluminium rich liquids. As Philpotts points out, mafic

fragments are very unmusual in pseudtstachvlvte and seem +to break down
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before quartz and feldspar. The significance of this point is that
though total melts appear to be formed first, in their subsequent
history their composition can be changed, by digestion of fragmentary

material.

This extended survey of the literature has been included to
emphasize that this 1s an extremely well described and much debated
topic, and it is therefore hard to introduce new facts into discussion

and even harder to offer new explanations.

(1ii) The Nature of the Material

Numerous authors (for example, Waters and Campbell, Willemse and
Philpott) have cast doubts on the origin of pseudotachylvte as a melt,
and have suggested that many pseudotachylytes mav be merely intruded
unfused mylonitie material. This seems unlikely for the following

reasons:t -

First, all transitions exist between indisputably melted, glassy
mterial and material composed of erystalline phases. This mav be the
4

case in Waters and Campbell's "ultramylonites with isotropic matrix,'

and certainly seems to be the case in the example described by Jensen

Sececond, 1t is difficult to envisage a process of sliding which
leads to melting through the generation of {rictional heat that would
not also produce a great deal of fragmentary material. A pastey

mixture of melted and non-melted material would be the exvected prodiuct.
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Third, it is very difficult to understand how any sort of unfused
mylonitic material could be intruded as veins and dvkes, without being

mobilized hy some sort of fluid.

It is thus concluded that wherever glassy or intrusive
pseudotachylytes occur, melting has taken place, at least to a limited

extent.

(iv) PFactors Controlling Pseudotachvlyte Production

GAS. Shand, Revnolds and Philpotts have all stressed the importance of
gas in pseudotachylvte formation, and thelr suggestions have heen

widely accepted. The only direect evidence for gas activitv, however, is
the vesicles which are found in some localities of pseudotachvlvte.

Such vesicles arc often filled with minerals usuallv assoclated with

hydrous alteration (quartz caleite ani chlorite in the Antaretic loc. lity)
which may suggest the presence of low temperature gases. Vesciles on
the whole, however are not common, and it 1s suggested that where the-r

are Tound, gas played a secondary rather than a primary part in the

formation of pseudotachvlyte.

The industrial process of fluidization was introduced to geology
by Reynolds in 1954. She described many examples of geological
nhenomena which could be explained bv this previously neglected mechanism.
Many of these examples are first class, but unfortunately she also
attempted to explain the occurrence of pseudotachylvte in the Vredfort
area on the same basis, inspired perhaps bv Shand's concept of "gas

1

fluxing." There arc four princinal objections to interpreting pseudo-

tachylyte as a Tluidization phenomenon: -
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First, as Reynolds herself states in her paper, a fluidized
system requires the free passage of very large volumes of gases. Most
of the geological examples she cited were in potentially gas abundant
environments, such as near volcanoces or granite intrusions. In the
case of pseudotachylyte, however, it is impossible to suggest a source
for such large volumes of gas, nor is there any passage for its flow.
A fluldized system nust inevitably be an oben system; all pseudotachylyte

occurrences suggest that they formed in closed systems.

Second, in the industrdial applications of fluidization, one of
the chief purposes is to accelerate reactions in the gas/particle
system, and in many of the geological examples quoted hy Reynolds, the
material concerned is visibly altered. The intrusive appinites, for
example, (of the type first described by Pitcher and Read) show excellent
onion skin alteration of the pebbles involved, which is what ope might
expect if they had been in contact with hot, high pressure gases. The
walls of the intrusion pipes are similarly altered. In no case, however,
has an occurrence of pseudotachylyte heen descrihed in which the

fragmentary material or the wall rocks are at all altered.

Third, Reynolds considered that veins and dykes produced by this
mechanism should be non-dilational, and showed in the case of the famous
enstatite granophyre of Vredefort a*+hat thils might be the case . In the
case of pseudotachylyte, it 1s often possible to show that the veins are
dilational, by matching up fTeatures across them. There is some room for

argument, however, in the case of the pseudotachvlyte conglomerates.
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Fourth, she suggested that a gas/particle fluidized svstem would

~nct as a sand blast and would account for the observed rounding of the
included fragments. Such rounding is well seen in the present area

(Photo 33) and does require explanation. That it need not have been
produced by sand-blasting is suggested by the results of laboratory
experiments by Kuenen and others, who have shown that the bulk of rounding
oceurs relatively repidly in the first part of the experiment, that large
fragments are much more easily rounded than small ones (by a factor of

300 times) and of course that such rounding can occur in liquid/particle

systems.

The problem of rounding will be returned to later, but on the
basis of the evidence so far, it is suggested that gases mav be discounted

in considering the primary origin of pseudotachylvte.

ROCK TYPE. Almost all the known occurences of pseudotachylyte in the
world are in granites or gneisses. If one was to sav merely crvstalline
rocks, this would sum up the distribution neatly, and take account of
the Pew occurrsences in hornfelscs and quartzites. Rocks of granite
gneiss composition are by far the most common, though Philpotts has
described occurrences in Jjotunites and norites. In the present area,
pseudotachylytes may be found in both amphibolites and gneisses, but it
is alwavs impossible to say whether it has been introduced.
amphibolites, or whether it was actually formed from amphibolite. Philpotts
has shown that slight differences in composition are found in pseudotach=-
ylytes from different rock tvies, and this aspect would ™e¢ well worth

further investigeation.
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Chemical considerations apart, the rock tvpe is significant for
two reasons; first, because variations in pore-water content of rocks
can materially affect their behaviour in thrusting as we shall see
later, and second because variations in mechanical properties can
produce variations in the heat generated in sliding. The important
variables are the rate of sliding, the coefficient of friction and the

ratlio of the true to apparent area of contact.

Sliding surfaces are considered in terms of asperities (no surface
is perfectly smooth) which interlock and fuse on sliding, and it 4% the
shearing of these fused asperities which produces resistance to sliding,

or friction. As Bowden and Taylor (1956) show:=

Coefficient of frietion = F = As = 8 = shear strength
N Ap p vield pressure

where: F = frictional forece, N = normal load, A = area

Now in an unloaded state, the asperities form the only true
contact between the two surfaces, and the area of contact may be as low
as 1 millionth of the apparent area of contact. On loading, the
asperities deform, elastically initially and ultimately plastically, and
the true area of contact increases. Archard has shown that the co=
efficient of friction decreases with load in the elastic stage, but.
remains constant with increasing load in the plastic stage. This is

where the effect of rock type is important. Strong rocks, such as
granites and quartzites will not show a very great increase in area of
real contact, while weaker rocks will, under the same conditions. This

is illustrated by a table of Carlisle's:~
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Rock_type Pm (Yield pressure)

10° Kg/cnt

Quartzite 18 - 55
Granite 42 - 48
Basalt 29 = 57
‘Limestone and marble 4 - 15
Siltstone 1 -4

Thus, under the same loading conditions, a marble, for exampie,
would show a much higher area of real contact than a granite, and this in
turn meanstthat the temperature rise at the asperities would be higher
in granite than in marble. Under given conditions, then, crystalline
rocks are inherently more likely to produce the high temperatures

required to produce pseudotachylyte than weaker materials.

DEPTH OF BURTAL. Several authors, most recently Park and Philpotts have
stressed the necessity of great depths of burial in order to obtain

the high temperatures required to produce pseudotachylyte. Philpotts
suggested a background temperature of at least QOOOC. The reverse my
in fact be the case, in other words that pseudotachylyte formation is
1¢ss rather than more likely with increasing depth and temperaturcs.

This is indicated for the following reasons:-

Fir=t, in considering melting taking place at tiny asperities on
sliding surfaces, the total amount of energy involved at each asperity
is relatively small whereas the total amount of energy available in
s1liding is relatively large, and could easily provide sufficient heat

to increase the temperature at the asperity by, say, 200°C.
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Secondly, the mechanical properties of rocks are drastically

changed by increasing temperatures. Any text on rock mechanics will show
time=strain graphs for rocks at different temperatures:- at ordinary
temperatures the initial, instantaneous elastic strain is followed hy
primry or elastic creep, secondary steady state or pseudoviscous creep and
tertiary or accelerating creep. At higher temperatures, the creep mode
of deformation sets in earlier, and becomes much more extensive. This has

two consequences: =

In hot rocks, the asperities on sliding surfaces will be much more
liable to deform plastically, thus increasing the true area of contact

and reducing the possible temperature in sliding.

Also, and more important, with increasing depth, there will be much
less tendency for rocks to fail at all - the rocks will no longer show
brittle behaviour but will respond to shear stresses on the fault plane
by a slow ecrecep. Clearly, in the absence of brittle failure, sliding

of course will not cccur, and thus pseudotachylyte will not be formed.

RATE OF SLIDING. This will be considered from two points of view:-= the
rate of sliding required to generate sufficient heat to cause melting, and
the rate of sliding that can actually be expected to occur in geological

environments.

The work of Bowden and Taylor (1956) cte. can be used to obtain
directly a value for the temperature rise in sliding. Their method is
briefly summrized in an appendix, but it should be emphasized that it
appllies to an asperity of an ideal granitic rock sliding over similar

material. It deviates from natural situations for the following rcasons. -
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First, the rubbing surfaces would not be simple planes, but
complex zones of rupture and deformation. The concept of asperities
however will apply on the microscopic scale of individual surfaces in

the zone.

Szeond, it assumes mechanical properties for the rock material
which have been determined in the laboratory on small specimens, which

may not be directly applicable to natural rocks.

These factors must he borne in mind when considering the results,
which show that at a normal pressure equivalent to a depth of 1 k.m.
a temperature rise of 180°C will occur in steady sliding at 1 cm. per
sec., and that the temperature increases approximtely logorithmically
with rate of sliding, so that at 10 cm/sec a temperature rise of 1400°C

would thecretically be expected.

Jefferies considering the problem in terms of bulk heat energy
generated and the rate of dissippation of heat, concluded that, for the
same depth of burial, a rate of sliding of about 5 cm per sec would be
necessary to produce fusion. There is clearly a fairly good agreement
between these-two independant methods, and they provide a guide to the

order of magnitude of the rate of sliding necessary to produce melting.

In considering the rates of sliding that may be expected in
geological situations, we have to resort to seismological methods. It
can be shown that when displacement along a fault results in an earthquake
the two sides of the fault will move past one another with a relative

velocityV, where
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2G

and where T = average strength of the surface
S
G

shear wave velocity in solid
bulk modulus of material

Now depending on the figures used, this gives values for rate of
sliding between 500 cm/sec (Jefferies) and 1,000 cm/sec (Ambrascys).
This is clearly greater than the velocity required to produce sliding
by a factor of about 10, and as Jefferies observed, one would expect
to find pseudotachylyte on most faults. Anmbrascys: has indicated two

possible reasons why this is not in fact the case.

First, he has shown that in modern earthquakes, particularly in
Anntolia, a fault-scarp is almost always produced, which may be many feet
high, but that the severity of dammge produced by the earthqunke is much
less than one would predict from an instantaneocus movement of several
feet, and he has shown that in fact the total displacement at the time
of the earthquake is very smll, and that the large displacements are
produced after the main shock by creep, which my continue for several

hours.

Secondly, he suggests a modification of the above equation which
takes account of the residual strength on the surface by a factor P,

which is the ratio of the strength at failure to the residual strength:-

Vv = TS(1 - p)
2G

p is a function of the depth of hurial and the nature of the
material., At shallow levels and in brittle materials, p appreschen

zero, while at high confining pressures and depths, materials are more
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ductile and p approaches 1.0, reaching 0.9 at about 15=-20 k.m. At low
values of p, maximum relative velocities are obtained, and as p increases,
the velocity decreases. At p = 0.75, a value which corresponds to the
depth at which shallow earthquakes occur, the velocity would be above

100 cm/sec.

A complicating factor is introduced by strain rate. The sort of

movement we are considering on faults is caused by a sudden failure

in response to gradually and continually increasing stresses= after
failure, these stresses begin to build up again, so that the movement

on the whole follows a "stick slip" cycle. For very slow strain rates,
each of these stick-slip cycles may be considered as an individual
fracture, independant of others before or after it, but in which the peak,
strength of the surface 1s much below what it would be in an undisturbed
mass, and the strength drop on failure is very small, so that p appro:ches
1.0. As Anbrascw states "if p = 1 there will be no energy release and
no shock, and if p = 0, there will be a maximum velocity with which the

fault will move, but the work done on the fault will be zero."

The significance of this for our purposes is that wherec p = 1
particularly at great depths there will he no release of strain energy
on the fault, which will move in a slow continuous creep, whereas where
p = 0 the fault will move in a sudden, fast Jerk, but no work will be
done in sliding, and thus no heat will be generated. For melting to
ocecur in sliding, work must be done, and this is done where p is greater

than zero, in overcoming the residual strength of the surface.
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For vertical faults,.which are the cases where the factor p is
principally concerned, one would expect melting to occur at relatively
deep levels, but in the case of low angle thrusts not only does one
have to consider the residual strength of the surface, but also the work
done against gravity, and thus one would expect melting at much shallower
levels. THis might explain why psuedotachylyte is more commonly found on

large thrusts than on vertieal faults.

FIUID PRESSURE. We have already noted that pseudotachylytes. &are confined
to erystalline rocks. Thus our problems are very different from those
that have arisen in most studies of thrust mechanisms, such as that of
Rubey and Hubbert who were dealing with sediments saturated with water.
Carlisle even went so far as to suggest that the nose of his thrust, the
Roberts Mountain Thrust, ended up in the sea. Their ideas, however

are important. Rubey and Hubbert suggested that pore water in sediments
might reduce the effective pressure, and thus reduce the coefficient

of friection to very low values, as low in fact as 0.078 which is close

to that for materials sliding on ice.

Carlisle developed their concept, and suggested that all that
would be required would be a thin saturated clay layer at the interface,
which wauld have o very low shear strength, and therefore a very low
coefficient of frietion, low enough in his case to allow the upper

plate to glide some 50 miles down a slope of only a few degrees.

Highly interesting though these ideas are, it is difficult to
apply them to the present situation. Data on pore water pressure in

crystalline rocks are very scarce, and it seems unlikely that pore water

L
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could significantly affect the load pressure in fresh rocks. (Notice
that we are only concerned with'liquid water, since water vapour, being
compressible, will not affect the issue). However, the crush zones of
faults and thrusts in crystalline rocks could well be permeated by water,
so that the effective pressure concept could be applied to the later
stages of thrusting. If this were the case, then one would expect the
coefficient of friction to be reduced in the later stages, and therefore
one would expect pseudotachylyte to be formed only in the initial stages

of thrusting.

It is interesting to speculate here on the part pseudotachylyte

itself might play. Could a melt of rocks on a faulteplane provide its
ownt thin film of liguid which would act as a lubricant? This 1s of

course a possibility, because the liquid will have a low shear strength,
and therefore a low coefficient of friction, and would also reduce the
effective pressure., Such a situation, however, would be self=-terminating
since as soon as the effective pressure on the surface is reduced, the
rate of generatlon of heat will decrease, and the pseudotachylvte will
solidify again, so the whole process would grind to a halt, unless some

sort of equilibrium wav tt.incd,

(v) The Problem of Pseudotachylyvte Intrusion

In trying to define the condition and environment in which
pseudotachylyte is formed, it is important to consider its very
distinctive mode of intrustion, which appears to be much the same the
world over. Three general types of intrusion were described earlier,

and are probably of general application:=-
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First, along distinet, regular planar surfaces as thin veins

or stringers, and often associated with minor mylonites.

Second, as irregular, non=-planar veins or dykes, up to six inches

thick, which mey show darker "chilled" edges.

Tnird, as the mtrix to conglomerates.

No example was found of a conglomerate that was not intimately
associated with a member of the first type, which forms a floor or
ceiling to the conglomerate. (Photo 33). The first and second types,
however, may be found entirely independently. It is suggested that it
is only in examples of the first type, that pseudotachylyte can have
been generated by sliding friction, since these clearly can be interpreted
as shear planes along which movement must represent intrusion of

pseudotachylyte away from the saurce of generation.

How do we account for the formation of these highly irregular
veins and conglomerates? It is not possible to introduce any hypothesis
which lnvolves compressive stresses, since these are well known to
produced shear planes or regular geometrv. It is suggested that they
can only be produced by tensile failure in brittle conditions. Tersile
failure in rocks has been little investigated in general, due to the:
practical difficulties involved in performing anything more than simple

uniaxial tensile strength tests.

Apart from boudinage, exammles of tensile conditlions are
unusual in geologv, except, possibly on a continental scale. How do

they arise in the present circumstances? It is suggested that they arise
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as a result of the reflection of shock waves at & surface, which produces
the phenomenon known in mining and civil engineering as spalling,

Ambrascys has explained the mechanism as follows: -

"Consider a plane wave from an explosion or earthquake advancing
in a semi-infinite elastic solid, with a given shape, amplitude and speed,
impin ingena free surface. At this moment, a simllar wave, but with
opposite sign, will arise and will interfere with the arriwing wave in

order to satlsfy the stress free condition at the surface. As these
two waves sweep past one another inropposite directions, these will be
a moment and also a distance from the free surface when the resnlting

stress will become .t 5ile, and equal to the tensile strength of the
solid. Splitting of the mass will occur, and a 'slab' of the solid
will be detached, carrying away part of the momentum of the wave and

becoming an independant vibrating system."

Putting this in geocloglcal terms, if one had a free surface, in
nis case a shear plane in a rock mass, then in the event of an earthquake
arrival of the stress wave {rom the earthquake at the free surface would
momentarily produce tetsile conditions. This would cause fracturing
of the rock adjacent to the free surface, which would ideally produce
a slab of rock, but 1s more likely in practice to produce broken

fragments,

Such fragments would naturally be angular. How then do they
become rounded, as we oObserve them in pseudotachylyte assemblages. Two

possible mechanisms are suggested:-
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First, during later movements on the free surface (shear plane),
pseudotachylyte would be ganerated and would be intruded into the
spaces around the fragmented material, producing in the first instance
a pseudotachylyte breccia. The liquid pseudotachylyte however, would
have a fintte quantity of heat energy which might produce local melting
of the fragments before the whole became cooled by conduction. Such
melting might cause a certain degree of rounding, but is more likely
to produce textures suggesting digestion. Such textures are in fact

commonly observed.

Secondly, in eircumstances where angular fFragments of gneiss were

contained in a matrix of solid pseudotachvlyte, there would be marked
contrasts in properties across the interfaces hetween fragments and
pseudotachylyte. Such margins would provide ideal planes of weakness,
and in the event of later shocks or stresses, small movements would tend
to concentrate along these surfaces. This would produce a smoothing off
of the surface of the fragment, but it would not necessarily produée
rounding. Strongly curved fractures or joints may, however, be developed
and by the intersection of several such Jjoints, a roundedpebble might

be produced. This naturally sounds suspect, but such curved Joints
are in fact quite common. Photo 36 illustrates a very good example.

Here the rounded edge of a pebble my be traced directly into a curved

Jjoint or micro-fault, which very convincingly truncates another pebble.
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Conclusions

In the preceding pages, the environment and conditions favourable
to the formaticn of pseudotachvlyte have been reviewed, and it is clear
that these conditions are not particularly exotic. It is proposed to
conclude, therefore, by attempting to answer two questions-- Why is
pseudotachylyte relatively rare in nature? and what 1s the relationship

between pseudotachylyte and mylonite®

The 8Scarcitv of Bseudotachvlvte

It is suggested that the rareness of pseudotachvlyte is more
apparent than real. The "intrusive" mylonites of some earlier authors
are almost certainly pseudotachylytes, and we have already seen that
there are good grounds for thinking that some "ultra mylonites" consist
at least partially of fused material. Ultramylonites are relatively

common in the literature, and it is suggested that further close
examination of some of these would conclusively reveal the presence of

pseudotachylvte.

Furthermore, it is remarkable that in that part of the world
which has been known longest and mapved in greatest detail (Northern
Scotland) the largest number of pseudotachylyte localities have been
desceribed. It is suggested that if, for example, parts of the Canadian

shield were mapped in similar detail, more examples would be forthcoming,

The Relation Between Pseudotachylyte and Mylonites

Mylonites are well known throughout the world, and are very well

developed in the Highlands along the Moine Thrust. Also, as one traces
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the Outer Hebrides Thrust (zone) northwards, mylonites appear to become
progressively more common. On a brief reconnaissance of the Thrust in
the Park district of Lewis, it was noted there that pseudotachylyte was
subordinate in volume to mylonitic material, and that it tended to occur
as 1ll-defined streaks interbanded with the mylonites. Similar
relationships have heen described by Park, Jensen and many other authors,
and there 1s clearly, as one might expect, an intimate relationship .
between the two. What factors dietate whether mylonite will be produced
instead of pseudotachylyte in the same rocks? In the writer's opinion,

only three variables can affect the issue.

First, the mechanical condition of the rocks. Ambragcyc
pointed out that most faulting occurs along the line of pre-existing
fault zones or shear zones. This may seem ohvious, but it is most
important because the strength of sheared, damaged rocks is much less
than that of fresh rocks, and consequently much less work is done iIin
the course of movements in an old fault-gone than in a completely
new falilt. It is posslble that pseudotachylyte may be formed during
the first movements of a new fault, but not in its subsequent history.
Iater movements in the fault-zone, of course, may obliterate any evidence
of earlier psceudotachylyte, and the whole will constitute a zone of

crushed or milled rocks, in other mylonite.

Second, pore water pressure. In a thrust zone, the crushed rocks
will naturally be more permeable to liguids than fresh rocks, so a
pore water pressure could act in the later history of the thrust,
reducing the =ffective pressure and thus the work done in thrusting, and

therefore reducing the probability of pseudotachylyte formation.
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Therefore in rocks with an appreciable pore-water content one would

expect to find mylonites rather than pseudotachylytes.

Third, and by far the most important, there is the effect of
strain rate. As we have seen, pseudotachylyte requires high strain
rates, whereas most geologlcal processes are customarily considered to
be exteedingly slow. Slow strain rates in rocks at ordinarv temperatures
will cause crushing, fracturing and mechanical granulation of poly-
erystalline aggregates. The "cataclastic Tlow" will lead to this
production of a very fine grained homogeneous rock powder, which might

well be deseribed as an "ultra mylonite."

At higher temperatures, the
material will behave in a more plastic fashion, and recrvystallization
or amnealing may occur, and this may account for the veryrmrked

banding that is frequently observed in mvlonites, as some sort of

segregation may occur during re-crystallization.

Differences in strain rates can thus very simply and easily be
used to explain the contrast between the Moina Thrust, characterised vy
mylonites, and the Outer Hebrides Thrust, characterised Yy pseudotachylytes.
The factors controlling strain rates must be left to discussion by

geotegtonic philosophers.
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Pemperature Rise in Sliding Friction

In the text of this section some figures were quoted for the
temperatures which might be expected on faults. The backgraund work
was not really relevant to the text, but it may be of interest to

summrize it briefly here.

As we saw earlier, the two chief variables controlling the
temperature rise are the rate of sliding and the ratio between the true
and apparent areas of contact of the sliding surfaces. The first of
these is rather obvious, the second perhaps less so. No surface,
however highly polished, is perfectly smooth, and under the microscope
any surface will be seen to consist of asperities and depressions. The
resistance to sliding is produced by asperities interlocking, and it
is the strength of these asperities which govern the coefficient of
friction. Naturally, as the load on the surface is increased, each
asperity deforms and increases its area of contact. Bowden and Taylor
(1956) show that under conditions of sliding contact, the area of

contact at each point is a circle of diameter d, and that

d=1.7 Wr(l, 1) %

(E1 B

load
radius of origina} hemispherical asperity
Young's moduli for surfaces in contact

where W

>
[N

El’ E2
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and thaet the mean pressure, p, at each point is therefore:=-

1
p=0.4203 r (0L

+
(Eq

Under quite small loads, the asperities crush down plastically

until they can support the lead when: -

pmul2 =W
where Py = yileld pressure
21 = length of side of square of area

equivalent to area of contract.

As the area of contact increases with increasing loads, the force per
unit area, or yield pressure thus tends to remain the same, and this

is in accordance with laboratory observations.

Now Blok and Jeger (1942 etc.) show that the tempergture rise

in sliding, T, 1is given by the expressiocon: -

T = UWgv 1
4.2413 K1 + Ko

Where U = Coefficient of friction
W = load
v = veloecity of sliding
21 = length of side of square equivalent to area
of actual contact reglon.
Kyr Ky = Coefficients of thermal conducting of the
two surfaces.

This equation assumes that a steady thermal state is reached,
so it is valid for low rates of sliding only. At higher speeds, the
upver surface 1s cooled by the oncoming positions of cooler surface,
and thus the temperature rise will be less. At higher rates of sliding,

then, the rise will be thus:-~
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T 1
3.717 1.125K1x;2 + Kp(1lv)?

where xl is the thermal diffusivity

These are several important assumptions involved in using this

expression principally: -

(1) That all the frictional energy is dissipated “v thermal

conduction and none is lost by surface emissivity.

(2) The heat is liberated at the contact area only, and not

from within a smll region of contact.

(3) That there is only one area of contact ~ i.e. heat produced

at other adJacent points 1s neglected.

(%) That (for our purposes) thg average size of irregularity
or asperity on the sliding surface is about 0.2 cm, and that they may

be considered to be roughly hemispherical.

Armed with these equations and the appropriate phvsical constants
for rock materials, it is only a matter of rather tortuous arithmetic

to obtain the temperature rise in anv given conditions.
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V| suMvaRry

At the beginning of this theslg, it was stated that its alm was
"to produce a regional study of the area, to determine its structural
and metamorphic history, and to relate this as far as possible with that
of the rest of the Outer Hebrides and with the minland of Scotland."

It 1s proposed now to summarize very briefly the results of this work.

It has been demonstrated that the Lewisian rocks of the Barra

area may be divided into a supra-structure of amphibolite facies gneisses
and an infra-structure of predominantly pyroxene bearing gneisses. Both
units contain representatives of the Scourie Dyke suites in the supra=-

structure they are highly deformed and folded, whereas in the infra-
structure fhey are unfolded anrd relatively undeformed. The infra-structure
in addition contains representatives of several suites of intrusive rocks
earlier than the Scuourie Dyke suite, many of which retain their original
discordant relationships with the gneisses. By far the most widespread
of these is a suite of intrusive dykes and larger bodies of intermediate
or dioritic composition, hut early granites, pegmatites and other dyke

1

sets are also recognised. . -

In both units the same sequence of Laxfordian phases of
deformation can be recognised. An important early phase produced very
tight folding of dykes and gneisses in the supra-structure, and a
general "flattening" in the infra-structure, and was followed bv a phase
which produced the very large north-westerly plunging structures which
are the principal tectonic features in the Hebrides. Folding in the

supra=-structure took place in amphibolite facies conditions which hecame
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progressively more widespread and caused amphibolitization of almost all
Scourie Dykes and obliteration of all evidence of pre-dyke history. In
the infra-structure, on the other hand, evidence for a pre-dyke pyroxene
granulite facies metamorphism 1s preservel, and the Scourie Dvkes

almost all retain pyroxene=-granulite faciles assemblages which show

little sign o»f later amphibolitization. It was suggested that the
assemblages in the dykes, however, do not indicate a major post-dyke
granulite facles metamorphism, but that the dykes may kave acquired these

assemblages initially, on intrusion into hot or dry county rock gneisses.

It has also been shown that in most of the area maoped, the supra=-
and infra-structures are separated hy the Outer Hebrides Thrust, but
that in one area, the Oitir Mohr, an undisturbed relationship between
the two units exists, and in that area rocks of the Infra-structure are
structurally below those of the supra=-structure, in the case of a major
fold, the Scurrival antiform. This fold was also identified in the
rocks above the Thrust, and was used to obtain an estimate of the
displacement of the Thrust. The Thrust itself was traced from its
most southerly exposure in the Hebrides, on the island of Sandray, to
the southern part of South Uist, where it hecomes very much more complex,
and where four different tectonic units mev be recognised. A fairly

extensive discussion of the origin of pseudctachylyte was undertaken,
and it was suggested that perhaps the most important feature controlling

its production was the strain rate,

The existance of a supra-structure/infra-structure relationship
was shown to be supported by independant geopBysical evidence, and that

in general terms the structure of the Barra area cuould be considered
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as a Scourian infra-structure overlain by a Laxfordian supra=structure.

The overall similarity between the Scourian block of the mainland and
that of Barra was pointed out, uliicli is un’érlined by the (bdodute ge

dates obtained by Moorbath, and some comparisons were also made with

other areas of low deformmation in the Hehrides.

Some Sugpestions for Future Work

Of the many topies that came to light in any work and which

deserve following up only a few of the more interesting will be mentioned
here. Perhans the most interesting of all that arose in the present

work is the way that the metamorphic state of a dyke and its country

rock may control its behaviour in deforantion. Almost certainly, the

same prcblems will be met with in other areas, where dykes and gneisses

may have had different metamorphic histories. It would also be interesting
to see to what extent the shapes of intrusions may be controlled by the

metamorphic state of the county rock at the time of intrusion.

Secondly, it is clear that areas of low deformation, such as the
Scourie block of the mainland, have been areas of low deformation for
very long periods. What is it that decides whether or not a particular

hloek will remaiﬁ urndeformed? Is it its metamorphic state, or its
regional structural position? Does the presence of pyroxene hearing
assenmblages produce areas of low deformation or vice versa? Answers

to some of these questions would be of great value in interpreting
basement structures as a whole, and in investigating the supra-structure/
infra~structure relationships in general terms. Imr.the present-:area,

the supra-structure is characterised hy amphlbolite facies assemblages,
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the infra-structure by pyroxene granulite facies assemblages. Is

this pattern a general one, in other words, are pyroxene granulite
facles assemblages always at low structural levels, or is it & pubely
local arrangement? The general pattern of the Iewisian suggests that

it may be of fairly large=scale significance, sv 1t would be interesting
to see if the same pattern can be discerned in other arens of basement

rocks.

Thirdly, of course there is the question of the extent to which
the conditlons prevalling in the country rocks at the time of intrusion
will govern the assgmblage of minerals Just produced in a dvke on
crystallization., There does appear to he a growing body of opinion
that the primery assemblage will be directly governed Hy the outside

conditions, hut there is room for argument.

There is clearly a great deal of scope for work on the large
scale metamorpvhic conditicns in basement rocks an? it is suggested
that future research directed at the metamorphic controls of
deformatlion styles may throw some light on the fundamental vatterns

of basement structures.

Turning now to the Cuter Hebrldes Thrust, much still remains
to be done, since even the hasic mapping has not been completed,
especially of the northern continuation of the Thrust in Lewis. In

the present area, too, more work 1s required, e¢sSpecially in the
complex area of South South Ulst described in the text. Little is
known of catoclastic rocks associated with the Thrust in Lewis,

except that mylonites and pseudotachylytes occur together. It would
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be most interesting to investigete the relations between these rock types,
tc see if any conclusions may be reached on the factors which have

produced mylonites here, but not further south.

In general terms, it would be valuable to make a study of cataclastic
rocks as a whole, a group which has been largely neglected in recent
vears. Not only would this probably reveal closer relationships between
the various types of cataclastic rocks than is generally considered (for
example the pseudotachylyte =~ ultramylonite - mylonite group), but it
would also give a much better idea of the general conditions which

control the movement of major fractures.

On a smller scale, it would he interesting to examine in detail
some of the minasr structures associated with the Thrust. The jointing,
for example, which is so well developed in the crush=-zones, might well
repay analysis, and so might some of the questions posed v pseudotachylvte-=
Just how rounded are the pebbles in the conglomerates, and is there any
significance in the distribution of more and less rounded forms? What
is the ratio of volumes of pebbles to matrix? Hos there heen 2 net
increase in volume, or has digestion occurred? What is the relation
between these bodies and so called "explosien breccias?" And so one

might goon . . . . . .
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