
REGIONAT,  METAMORPHIS'I AND MIGMATInATION IN DELTING, rHETLAND. 

(Thesis presented for the Diploma of Imperial College) 

DEREK FLINN. 

May 1552. 



Chapter 1. Introduction. 	 1. 

Summary of the thesis. 

Chapter 2. The Sediments. - 	- 	- 	- 	1. 	 - 	 - 	 - 17. 

Sedimentary Structures. 	- 	- 	- 	- 	- 17. 

Stratigraphy. - 	- 	- 	- 	- 	- 10. 

Chapter 3. Structures. - 	. - 	- 	- 	- 	- 	- 21. 

Micro-structures and Structures seen in the 

Hand-specimen- - 21. 

Sub-regional Structures. - - - 	- 26. 

legiotal Structures. - 	 30. 
Chapter 4. lietallorphism. 	- 	- 	- 	- 	_ 	- 	- 32. 

Aetamorphism of Pelitea, Semi pelitos and 

Quartzites. 	- 33. 

	

Metamorphic Ainerabs. - - - 	- - 33. 

	

;Aetamorphic Textures. - 	- 	- 	- 	- 40. 

Inter-relations of the three ,etamorphisms51. 

	

The Metamorphisms. - - 	- 	- 	- 	- 54. 

Aetamorphism of Calcareous 71.ocs. - - 	- 64. 

	

etamorphic Ainerals. - 	- 	- 	- 56. 
letamorphic Textures. 	- 	- 	- 76. 

Metamorphism of Caloareru 1,octs. 	77. 

_etamorphism of !Thirlioritep. - 	- 	- 	3. 

	

.detamorphio A.ne,..als. - 	- 	- Vt. 

etamorphic Textures. 	- 	- 	- 	- r.!7. 

Metamorphiaa of Epidiorites. 	- 	- 	- 	. 



A Discussion of eta.rriorrhism in Pelting. 

Migratioh of Material (luring itetamornhism 	03. 

Chapter 5. Permeation. . 	 - 	- 103. 

Permeation Effects in Pelites and Semi-peliter 

of the Colla Firth and Scateta Belts. 	- 104. 

A.croclLne in t:le Colla Firth ane Soatsta 

Permeation i3elts - 	11. 

Permeation of other lock-types in the Colla 

Firth and rcatsta Permeation Jelts 	125. 

Quartzites. - 	 - 125. 

Epidiorites.- 	- 	- 	- 126. 

Pegmatite*. 	 - 	 • 12g.  

Permeation of Ttoc'.ts within the area of the 

Graven Intrusive Complex. 

A.otite ane Garnet in Epidioritee. 

Chapter 6. 	he Graven Intrusive Complex. 

The Pegmatite Granite.- 

The Dyke /ocks. 

The Inclusion Granite.-

Chapter 7. Dislocation Idetamor hte.— 

Chapter g. Conclusions. - 	.80 

- — 131.  

• — 135 
• - 140. 
- - 141. 

_ 146. 

• - 150. 

- 156. 

- 164. 



OHAPTER 1. 

ISTIOLUCTIOB 

This thesis describes the geology of a part of the largest island 

in the Ohetland archipelago, a group lying about 110 miles 7.N.r. 
of John o 3roats and about 22(.) miles west of Berean. These islaw 

which eay be regarded as a series of hills with a ratocinumheisht. 

of 12.0 feet above sea level, rise rather suddenli from the 

general level of the continental shelf, which to tea* in this 

region lies at a dept:i of 350 feet. The edge of the continent. 

al shelf, where the sea bed falls sharply from 6r)(1 feet to 

Y-300 feet within 30 miles, is rached 30 sailer ;7. . of the 

archipelago. 

There is virtuaA.y no flat ;round in flhetland. 

Glacial erosion, the deposition of boulder clay, and the fore-

ation of tie almoet universal cover of peat have resulted in a 

gentle rounded topography. This undulating terraite, for the 

most part covered by heather and poor :.,:rass and characteristic_ 

ally treeless, is extremely desolate ald J.minteresting, but it 

is bounded be a magnificanl; coastline. The cliffs are frequently 

500 feet high and in one instance rise abruptly to 1300 feet 

above the sea, 
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The best exposures are provided by the very indenter 

coastline. he cliffs and the shores of the long inlets or 

voes, which run as much as d miles inland from the open eea, 

provide many excellent sections, which compensate for the 

comparative poverty of inland exposures, these being largely 

confined to the stream beds and to scattered. outcrops on the 

higher s-ound. The continuous sections exposed in the shorce 

and water coures,- are in most districts quite sufficient to 

reveal the e,eolo.le of the underlying rocks. This ie certainly 

the case in tAe parish of Deltinz, tie area investi .ated in this 

study. 

netland is inhabited by a scattered pcpulaticn 

which lives in small towns cite and in isolated crofts. A 

very ocd networIc of roads has been built to serve these 

people, FO that very few places are more than one hourn %alk-

in di-tence from the nearest road. 

Shetland has been investi sated ;reologically by a 

number of private persons and by the officers of the Geological 

rurvey, althoueh no general account of the latter'n worlr has 

yet been published. Various aspects of Ceetland geoloey were 

dealt with by Jaeleson(100), Hibeert(1122), Heddle (1g79, 

1ge2), Tudor whose map of the whole e;roup remains the best that, 

has been published (1g15),Peach and Horne (079, 11Pf4)0  Findlay 

(1929), and by Coles Phillips( 1929). These pioneer studies 

are today la - ly of 'tistorical interest only, but they provide 
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the frame-work of knowlege on which the uore recent tora' ham 

been carried out by the geologists of the Geolo,Jcal Survey 

some of whose results appeared in tAe Summaries of Pro, r. 	for 

the years Y*(1 - 31, and in papers which have been published 

since by individuals from this team which included 	rilson, 

1.H. Read, J. Phemister, J. ;inox, L. Haldane, T. robertson, 

and J.K. Allan. reoent publications include a series on Unmet 

by Read( 1933, 1934, 193A, 1934, 1056, 11)37), a paper on part 

of "net by Fernando ( 1141) , on dyke' in North Maven by rhemister 

( 19Y)), and on the gar aolo Group of islands by G.V. 17ilson and 

J. 'vox (1934). A 10 miles to 1 inch rap of the whole of 

rhetland has been published by the Survey as pLrt of the 10 

miles to 1 inch geolozical map of Great Britain (1(1/0). 

1 mile to 1 inch map of Yetiar and maps of various scales of 

the distribution of various rock type have been published 

in the 7artime PamphletAa nos,9 and 13 of the eclogical 

Survey and in the Limeetones of Scotland Uemoir(1941). 

It can be established from a study of the publicat- 

ions mentioned above that the islands can be divided - eologioal- 

ly into four re,Lions. The most northerly division consists of 

Unit and Fotlar. The next division to the south le the island 

of Yell. The LAinland of ''hetland and its nelithborouilhing 

islands form two distinct unite. The =Yestermost of these is 

made up by.  north .:.even, buckle roe, and the 7"ally peninsular 

whilst the second region consists of the rest of the lainland 

to ether with Whalray, Sreteay, and +he olit ekfreee0e. 
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(Map 1). This latter region includep the ground cover_ 

ed by this investleation and unlike tee, other regione, appeere 

to be a single tectonic unit. The Geological rurvey whilst 

working in this re;ion establiehed the following facts. The 

area is underlain by a series of metamorphosed sedimentary rocks 

including siliceous end areillseeous echists and gneiseee, 

together with band e of lieleetone. These roclee etrike in a 

notthernly direction throughout eost of the area , but in the 

north half of Lelting and Lunnastine the strite swinen round 

to north-east. 	There is a eeneral increase in tie de'-ee of 

metamorphise of the sedimentary eeries from oat to west. The 

most easterly rocks are phyllitee and grits and include bands 

of ohloritoid schist in the kunrossneas Peninsula. Garnet, 

staueolite and endalueite are seen only near ieneous maeses, 

as for example at.Ohannerwick. Further to the west the eoces 

become more hiehly crystalline, and there is a zone of inject-

ion or permeation. This zone consists 01' large sheets and 

lessees of a foliated muscovite elicroeline oliecelase granite, 

which as far as can be ascertained. does not appear to have 

much effect on the enerel 7netamoreieiem. Numerees linestones 

occur among the sedimentary rocks to the west of the injection 

belt. Bictite and 	rnet are common minerals. rtill farther 

to the west staueolite-bearing rocks appear, in which the state,-

elite has been lareele replaced be muscovite and quartz. And 

finally to the west of this the rocs contain fresh staurolite, 
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kyanite, and large ga-eete. This seeimentary seeiea was intrud-

ed by basic rooks no Ito' nblendic schists and eneisses, ane by 

a number of eranites,aplites and peematitee. These latler are 

particularly oommon in the north pert of the parish of Leltine, 

where irregular maseee and sheets of acid ro  k make up one 

third of the complex, the country rocks of ehich have undergone 

considerable injection metamorphism. Lueine this proeess 

numerous eocks of mixed parentaee were produced, sillimanite 

and garnet developed in the sedimentary se-1es and garnetifer_ 

ous amphibolitem and hornblende schiste '.underwent extreoe 

injection metamorphiam. The bounceries of this injection 

oo -plex had been mapped previously by Peach and Horne. The 

Survey officers found further belts of injection or permeatior 

runnine parallel to the strike foe considerable distences and 

up to q miles wide. 

The metamorphic eocee eiesceibee above, and the 

metamoephic rooks of the rest of ehetland are unfooeiliferous. 

Th-7 are overlain by sediments and volcanic rocks beloneene 

to the Old ,led sandstone. These sediments demonstrate that 

erosion had laid bare the permeated series by Devonian timer. 

On the other hand the old Ped Eandetone in itself cut be 

granitic intrusions whicl might represent the last phases of 

the plutonic activity which had previously given rise to the 

permeated and metamoepeio -oaks. If this is the case the 

eetemoephism is of Caledonian age, if not, then the raetamorph- 
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isrc must be I eacambrian. Uut Shetland lies to the vast of the 

etrike of the Moine Thrust, and the ar-angement of deformed 

and intruded Old "ed Sandstone sediments and volcanic rocks 

uncorfor:2ably overlying a metwaor)hIc and miasatitio series 

is also comaon to Norway and rootland. The islands are thus 

probably part of tie Caledonian Mountain chain. 

The present study concerns a part of the eastern 

part of the 4ainland; the geolosy of the whole of which is 

susiaarised above. The selectee portion le that part of the 

parish of Deltins bounded by ')74011 Sound to the north, Swining 

Voe to the east, Sullom Voe to the west, and the townships of 

Laxo and Voe to the south. This area was mapped for the 

Geological rairvej by L. Haldane.fnap 2). 

The present 77riter spent r-bout “0 days in the 

field mapping. The mapping was done on airphotos of a scale 

of 1:10,000. In the course of this maspin 2,000 hand specimens 

sere collected of which 1,000 were sliced. :pnroximate modes 

were obtaine0 for the great malosity of these slicer rock*, by 

means of unaided visual estimation. These Paodes were ';see in 

two different wys. )"first they provided the basis of a simple 

statistical investiation of the variation in amount of the 

different minerals, both in. relation to other minerals and to 

the intensity of metamorplinm. This was done by plotting them 

modal amount of a mineral on a Iraph either against the modal 
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7. 
amount of another mineral in tne same rock or against the zone 

of metamorrhism in which the rock oocurn. The modes were also 

used to produce a number of small scale maps showing the 

aphical distribution of the different minerals and also in some 

cares of the 	intensity of their development. These diagrams 

and maps record much of the factual data fro% which deductions 

donde,-ning the elstlw;ical history of the Lelting area ere made. 

of the Thesis. 

No stratigraphic sucession ham been established in the 

varied. reries of metamorphic rocks wAich make up so much of 

telttn.„;, but these may be grouped into four divisions. 

In the south-east there is an alternating series of 

semi-pelitic, cab-silicate and calcareous rocks about 17,000 

feet thick. A limestone 1,20o feet across lies to the north 

al. went of this division and can be traced from yes to the 

eastern coastline; it warn named the Veisdale Limestone by the 

!7urvey and forms the second lithological division. To the west, 

and north of this 1 -  meetone a varied suoession in which pelitir• 

rocks and quartzites are abundant while calcareous rooks are 

infrequent reaches a thickness of 11,000 feet. The fourth 

division seen in the extreme north presents a marke6 contrast 

to the other parts of the series and consists of a monotonous 

sequence of nemi-pelitio rock.Y• and is perhaps 6t000 feet across. 

In general the metamorphic rockein rhetland have s. 
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north to south strike but in Leiting this eteeional trend le 

deflected by a 7-shaped fold many milee across. Am a reeelt the 

steeply dipping rocks which enter the area from the soute, 

running in a northerly direction, trend north-east in the central 

parte of the region and in tie north parte again eteike north-

south. A deflection. of striee eteilar to this •: '.s noted by 

the off-there of the Geological !tievey in the Cut Skereies 12 

miles to the abet of eelting. 	much a laese structural 

disturbance cannot be eluc dated by work in felting alone a 

number of smaller etructuree which may throw lie;ht on the 

regional tertonice have been noted in the district. 

The largest of there ore folds up to a rile across, 

which nave formed at eore than one period. some appear to 

date from the time of the re;  ional metemorphiem; others *wee-

may ASY0 formed at the time of the permeation which ie believed 

to nave followed the regional metar orphism. enoeher set deflect 

the lineation in the regional metamorphic rocks and are pres-

umably also later tAial the reeional metamorphism. On a smaller 

scale than many of these structures are several isoclinal folds 

ern on the north-east coast north of Pugla NOSP, which are 
easily eecoenisable because of the preeenoe of folded epidiorile 
bands. 

Lineation. shown be the orientation of hornblende 

crystals occurs in eotae epidloriter interbanded with the met-

amorphosed sediments; small drag folds hive been note" in lime_ 

stones and in oalc-silicates; mullion structure is developed 
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in semi pelitic dnd ilicooue rocs. In certain localities e 

erinklin; is developed on planes of schistosity. :ore than one 

set of lineations may occur in the eame locality and. even on 

the same. surface. Philo much of the achietoeity is parallel to 

bedding planes, sehistoeity cutting beedin4 planes can be se 11 

local */ where t ie contents of a bed ht, ve been folded without 

disturbin?; the confines of the bed. In the south-oast part of 

the arse the room are characterised Py three interseoting 

schisto.9tties which produce another type of lineation. 

Chapters two and thre deal with the sedimentary rocks 

and the structure of the ure nd are followed by a chapter del 

dealing with the various metamorphic episode 11.ich hsve lacn 

detected in Lelting. The metamorphic history of the district 

falls into four phoaes. In the first plce there le the wide-

spread ret&ional atetamorphisa which VAS followed by u more 

locA.ised 'oermeation. ia,ound and within such areas, which are 

rtferred to ae perme:Aion belts, the country rocks have suffercd 

a metamorphism that may be regarded as a. contet effect of the 

permeation pro a. Thirdly the iiguseue masees founS. in the 

north and. Test extremities, of the arse produced aureole of 

thermally altered rocits. Vinally we may distinguish the 
dislocation 'etantorphisa connected 7ith certain late movewents. 

l'he grade of reional metamorphism is lcwest in the 

northern and south-eastern parts of the lelting area and 

est in the nouth-went 	.icyanite is occaeionally found. Th. 

relation of the permeation belts to the regional raetamorPhiam is 
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of so :o intereat. One 	it, the calla rirth beL, eesin. the 

south-east part of the arse bounded by rocks of relatively low 

regional metweetorphic ,:;.s.de. The other belt, the Ecatste belt, 

occupies ground to the west where th erade of regional leetamore 

phism is hieeh,and runs from there in a northeasterly direction 

to the east coast. The pormeeted rooks are therefore not con-

fined to areas of higher trade metamoebhism as is the case in 

some other area- outside ehetland. 

The lerge Intrusions, principally of acid rocks, 

are later than the peracation belts, and occur in two areas; 

In the south-west the Zrae Intrusive Complex with a great 

variety of rock types is exposed along the shore and. for a ehobt 

distance inland. In the north a much larger Intrusive oomplex 

consistine of dioritic and pegmatitic rock alternating with 

country rock screens falls into two divieions; part consiste 

of numerous pegeeatite sheets and has been called the Pegmatite 

eranite, while a la-eer part made up of a quaetz-microcline- 

diorite rich in email inclusions has been given the field name 

of the Inclusion Granite. The whole complex is called the 

Graven Intrusive Complex. 

The field relations aageest that the regional 

metamorphise and the pe-meation eere independent procesees, 

though possibly fairly closely -elated in time, and vere folloe- 

ed at a later dete by the igneous intrusions equally independebt 

of the permeetion. it is not aiwaje easy however at any one 

locality in the field to distinguish the effects of the regionsi 
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metaeaorphism froll the effects of the contact laetamorphisme by 

.te.e permeation and the acid. intrusions. elthough this is the 

cese, the fact that the intensity of tie regional metamorphism 

varies from place to place quite differently from the way in 

which the degree of permeation fluctuated, provides a ready 1101 

method of discriminating bet een the resulte of the two processes 
„eeck 

This method),consiets in establishing the minerals present in larg 

numbers of sliced specimens collected from the entire district, 

in forming; BOAe estimate of tie quantity of each mineral dcvelep-

ed, and in plotting these results for e oh lithological type 

on a series of small scale maps showing the boundaries of the 

permeated zones and of tne acid. intrusions, frequently makes it 
MilittD1  

possible to say to what eeteet a cert•..inis the result of 

regional metamorphism or of contact alteration around an area 

of permeation of of igneous intrusion. This technique deals nbt 

only with minerals like sillimanite whose origin may never be 

in doubt , but also with the more common rock forming minerals 

Such as the :ntoas or the felspars, variations in whose abundanee 

might not be apparent during less methoeical eeamination of the 

specimtls. 'Then  the development of certain minerals has been 

correlated with s certain metamorphic event, it is often poeeible 
to date this event through an examination of the microscopic 

appearance of this mineral suite as many other accounts of 

metamorphic areas have shown. 

ee a consequence of thin approaoh to the problem rerh 

#66ptelifetWle4 eAtpter consiste of accounts cf 	microscopic 
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appearance of the eletamorphic mineralc and of eatimatee of the 

quantities present. Thle doee not mean that the field appearfeeee 

of these rooks has been passed over or that its importance 7mtd.r... 

estimated, but that the author feels that this nide of the wore 

can be presented in the illest atione anC maps without lent thy 

diecuseion. 

As a matter of convenience the notamorPhism of the 

altered rocks is considered in two sections; in the first the 

minerals found in the areillaceous and siliceous types are 

described, while, in the second part, the calca-eoun reeks, 

which are in some respects more difficult to interpret, are 

dealt with, A section dealing with the alteration of the basic 

masses intercalated in the sedimentary suceseion follows and the 

chapter closes with a discuseion of the results. In this die-

cueeice an attempt Is made to ccnsidee the movement of materiaZI 

during metamorphism in the light of data collected on the miner-

al compoeition of the altered rooks. Them. data (Lk-displayed mks 

a series of graphs showing the veryine amounts of aluinous, 

siliceous and calcareous meterial. 

In the fifth chapter the permeation of parts oft 

the eltine district is described. In twoevein belts, the Cone 
mirth bait and the Ocateta belt and also in the regions of the 

Graven intrusive Complex, metamoephie rocks have been intimately 

transformed by permeation, but miematisation involving veining 

and injection has not occureeC. Politic , semi-politic and to 

a lesserextent impure quartzites have been affected by permeate  

ion while talc-eilicateerocks, limestones and epidioretes have 
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reained more or less unaffected. 

The two main belts of perlleation are made up of 

a number of lenticlee of strongly perueated rock, separated by 

narrower areas enowirk; a lo-er tegree of permeation. The malor-

ity of the semi-pelitic and politic rooks within the belts have 

been completely trinsformed, although some partly modified relics 

of thee rocks, tozether with unmodified. bands of epidiorite 

and calnareols rocke, realn. At the a7! -Line of the belts, the 

lentiolos of permeated rook beconie less rrtraeroun and soon non-

existent. At a distance from the centres of permeation, the neck 

often show quartzo-felepcthic st-eaking or contain ill-defined 

pegmatitee. As permeation becomes more intense, recrystallieatio, 

takes place and the differences in composition betl,een the adiece 

beds are 7reatly reduced. The final products of pe,-meation are 

coarse, slightly banded, .7ranitoit ,7nelases. The whole charv;e 

to such rocks may tale place in a matter of feet. 

In the Coils Firth belt the gneissee produced by 

permeation are usually fairly miform, In the f7oatstn belt the 

rocks al=oet always show a streakiness due to the alternation 

of quartzo-felspathie and A.cas.eoue folia. The stable mineral 

assemblage of the permeated pelitic and semi-pelitic rocks 
quartz 

onsiets ,:“: 41100114144%, muscovite, biotite and plasiocl'hol, mioroolin 

 

le common and sa-net , sillimanite, staurolite,and kyanite zay 

be present. It is suggested that there is no marked incrweAle 

in the felspar content and there is certainly no change in the 

Ab:An _ tio during the permeation. 
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:.wring the recrietal ietion tiefelsrarr tend to Resume  

a rounded form at first and later to bocome rectaksular, while 

the other mineraim are accomodate in the irre:mlem erseee 

beteen them. in the uniform granitoid gneissem such as char- 

acterise 	Coll Firth belt the rectang- la" foleparm are evenly 

distributed. In the rcatsta belt Ruler or lenticles are Very 

common. On either edge of thile belt are narnow bands nf very 

prominent augen rock. 

Althou;h the rocks in the permeation belts show n0 

:1_eectional structuree other than inherited foliation, they arc 

sometimes contorted by flow folds and have probaoly undergone 

slight movement during permeation. 

The development of microcline le capricioum and 

seems independent of the "e'meation considered above, since the 

mineral is common in some regions outside the belie of permeat-

ion and is not abundent in the Scateta belt itself. Its growth 

was not accompanied by recrystallisation of tile matrix and may 

therefore have taken place at a. low temperature. 

flf the rocks other than arsillaceoue types within 

the permeation Tones, the quartzites may be recrystal iced and 

locally felspathised. Some epeioritee, in the most streongly 

permeated rogione, develop thin quartzo-felepathic streahe 0

tleos of epidotic .miner'qs but are otherwise unaffected. Local 

etaeh metasomatism has resulted in the development of biotite. 

Peematites an*plitio rooks occur as concordant 

lentiolee and as discordant sheets in the Coils Firth belt; 
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tIley are uch less con on in the foateta belt. 

In the sixth chapter an account is given of the 

eraven Intrusive Complex. It was formed in three stages, in 

the first of ehich the Pegmatite eranite was intruded; this rct 

type, consistine of many peseatite sheets most of which are 

sharply bounded while others have rather hazy contacts, is found 

principally in the extreme north-vest of the complex. reveller 

pegmatite bodies have been 'gapped on the coast within the main 

dieritio mass and near its southern boundary; sinele peematttee 

occur alceg the north-east coast at ilosabank and Fugla 

In the second stage, dykes of lamprophyres and 

related rocks were intruded. elthoieeh these have been found 

to the south of the complex, they increase in quantity within 

the graven Intrusive Complex area and clearly form part of it. 

In tree third stage a rock having the compositien 

of a quartz-eicrocline-biotite-diorite marred by many small 

xenoliths was intruded. In the field this Tepee leas known as 

the Inclusion Granite and the tc,-m has been retained. The 

final episode was the formation of narrow pegmatitee and aplites 

rutting all earlier rooks and frequently only a few inches thick. 

The dislocation metamorphism is described in the 

seventh chapter. It is associated with the development of faults 

and shatter belts and has produced both nechenioal and mineral_ 

cgical egfects. q_eddening, shattering, shearing, and the 

development of chlorite, sericite, and epidote are the most 

common signs of dielocation metamorthiem in eelting. The 

reactions of different rooks vary with their composition and 



16. 

with the conditions nrevailin.7, at the time the movementr took 

place; repeated raciveT3ents under varying conditions may have 

occurred in a single belt. 

The let chapter contains a breif review of the 

geological history of the district to ether with a dissuasion 

of the causes and the mignificance of some of the events 

described in the thesis. 
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gliATIT 2. 

TAE2EDIMENTS 

The altered sedimentary rocks in the Leiting area ere 

a very variable series in which pelites, semi-pelites, impure 

quattzites, °ale-silicates and limeetonee occur. Lvery gradation 

may be seen between pelite and quartzite, and in the calc-silleate 

between ithestone and, the pelite, esealepelite and quartzite 

rocks. The distribution of all these types is shown in map3, 

which brings out the predceainance of semi-pelites over all the 

other roeks. 

)dintentery Structures. These metamorphic rocks are seen in 

the,  field as sharply defined beds which are usually one or two 

feet thick but mae vary up to six feet thick, as for example at 

Point of -ulla and on the north shore of Laxo Voe. The beds gee 

mostly homoeneoes litholoe,ical 	its and follow one another 

without any sort of ascertainable lithologioal order. 

when the beds are closely examined certain inhomog- 

eneitiem appear, the most common of which are the flaggy partings 

to be seen frequently in semiepelitee and lees frequently in 

impure quartzites. These partings are extremely thin parallel 

layers of pelittio rook °courting at frequent and reular inter-

vals in the semi-pelite, They rarely join up, never cut each 
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other, and are not, current bedded. Yrequently they show 	_ 

strong very strong folding in a flowing manner, the bedoing 

planes of the beds in which they occur remaining undistorted, 

see ppe.24-Y). 

In the Yoxter aTess area there are a number of 

beds showin alternating dim; and light bands T to 1* wide, 

which are extraordinarly straight and parallel, photo 1. These 

rocks are here called the Ctriped impure .,,,uartzites. The 

light coloured hands consIst of quartz and felspar, the dark 

bands are of quartz and alspar with a sprinA.ng of biotite asks! 

hose rooks sre remarkable for their high content of felspar 

and almost complete latk of muscovite. 

ost of the sedilaentary banding, i.G. banding 

beddin, seen in the area is associated with calcareous 

rocks. The calc-eilicate beds and the limestones very frequent-

ly show composition bandin parallel o the bedding. bands 

generally about '/," wide of a very slightly calcareous impure 

quartzite are quite cora:Lion inside bodes of impure quartzites. 

On the coast between Voxter Voe and Caine Taint; and also on 

the coamt to the north of Fuglc., A'ese are a number of beds of 

ca 0-silicate rock which show a very fine and very intense 

striping. These rocks are shown on Map 3 as *Striped Cale-

silicatee. Under the micromoope these rocks are seen to be 

composed of alternating layers , each a fraction of a millimeter 

thick, of quartz and of calcareous minerals such as amphibole, 

pyrozene, and eptdote ;coup uinerals. 

Schist' which in the field look as if they were 



Photo 1. Striped. Impure Quartzit - 

Voxter Voe. 
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ealfewal eetweon peli.tea and saA-pelitee ie composition are 

eometieses Peen in thin-section to be made up of alternating 

layers of polite and semi-pelite rock. 

All. tAe aoove struceuree are interpreted as 

original sedimentary features. They are invariably parallel 

to one another. They live no mdication of the"way up e because 

they are never fond to form etructures of current bedded type; 

and on the rare occasions when they appear graded, the ;radin 

is either too obscure or the bedding ie folded in such a comple-

eated manner that the "way up " reading cennot be related to 

the general structure. 

Stratigraphy. The different litholce;ical 'ypee occur in a 

rapidly alternating succeeeion, which can be divided into four 

major unite. 

'Zee first unit is composed of all rocks to the 

east of time esLedale Limestone, and is some 17,000 feet thick. 

Seml-pelito is by far the most common rock bet there are also 

many beds of lieestone and cab-silicate rock. The second unit 

iE the Weiedale Limestone,which is well over 1,000 feet thick. 

iost of this thickneso to of slightly impure limestone, with 

occasional thin siliceous bands, but in the neighborhood of 

Voe there are veey lare numbers of calc-silicete and even 

of non-calcareous rooks. The third stratigraphic unit consists 

of all the rocs to the west of the 7elsdale Limestone and to 

the south-east of earthlouse. This unit is about 1,000 feet 

thick, and can be distinguished frcen the first unit in that it 

contains very considerable numbers of beds of impure quartzite, 
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a rook tepe ellost aliment frog' tee fieet emit, an( of pelitG. 

This unit contains very few calcareous rocs. The fourth metee 

unit is com-'poeed of all the rocks to the north-west of Garth 

House, and is poseibly of the order of -.;,000 feet thick. This 

unit differ r fr'm the others in that it •s almost entirely 

composed of semi-pelitee. ffone of these four maor units contein 

features which coul.r be made the basis far e further sub-

divirion. 

The eeisdale Limestone continues undiminished in. 

thicenese for miles to the south of Voe, after hich it enters 

the sea. The reason for its disappearance in the kora Ness area 

at the north end of its outcrcp is unknown. It gives rise tc 

a deep valley rennin obliquely aurora flhetland. 

Each of the four etratigraphical units hae a dew-

acteelstic concentration of the different sedimentary types. 

Therefore if it te assumed that the nature of the sedimentation 

continues unaltered for as far at 90 0  to the strike,i.e. in the 

plane of the bedding, as it dees parallel to the strike, then 

in conjunctien with certain structural considerations (ppr.29-30) 

it can be sheen that any repetition of the sucession by foldire; 

which may occur in the area is smell in comparieon with the 
real thicenese represented. The total thickness of the four 

major units, about 40,000 feet, must therefore b.e of the mane 

order of eize ae the true stratizrapeic thickness repreeented 

in the aree. 
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STRUCTURES 

The structure of the area has to be considered ap a 

1714a0 because many of the various elements of structure cannot 

be related to any prticular epode or even arranged In chron- 

ological order. 

Aaps 4,5,and 6 show in a somewhat simplified manner., 

the structure of the area. 'or the sake of clarity a number of 

unimportant coulplexitles have been smoothed out in these M4pR. 

In all the maps In this thesis, ornaaent indicatin the schistoritY 

cr bedding of root types has been Arawn elongated parallel to 

the strike. Schigtoelt/ and bedein were always found to be 

parallel 

MIURC.SRUCTURES AL F,T1UOTU1ES snEw IN THE ILZLSTECIMEN. 

Beddin7, is to beseen throuhout the area where the 

rocks are not too thoroughly permeated as separation planes 

between individual beds and ae flat 	partings and oollposition 

banding (see above, pps 17-). These structures are always 

parallel to the schietomity except in a particular structure 

describe below fppsa4-5). Thera is no apparent th.vergence of 

stratification and schistoeity on the regional scale. 

21. 
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`clistoeltr, All rooks ehice developed mice during the regieni 

eletaecrphism, have probably been at one tiele schistose. The 

eohistosity has in manf °apes,  'Jaen -holly or partially cestroed,  

by the peraeation and lei the contact metamorphisms a is deeortbe() 

later. .3ut iz is difficult to establish the extort to which 

the verging eegrees of disorder in imperfectly schistose rooks 

ate due to later alterations. The develonnent of the schipterlte 

requiree a complete and through ,oing reconstitution of the 

roc's. Cal/ two such episodes aro tnawnin the area; the region.. 

el mete morphirm and the permeation. It is certain that at the 

end of the re5ional metamorphism at the latest the roces were 

schistose, probably strongly schistose, everywhere. 

Two types of chistosity occur:- 

1 - a Multi-Mane sohistose stru tura characterises 

the politic eoc'em within the lowest zone of regional metanorph-

iS4, near laxo. A strong schistoskty occurs parallel to the 

bedding but it ie cros9ee obliquely at about 450  by two ;ainor 

schistositieP shown bi oocasional parallel orientated nice fleyee. 

A few recce outside this zone approximate to this condition but 

the subsidiary planes in thesr cases are rot so well developed 

2 - a normal single elane schietosity, of varyinc! 

dereee of perfection, charaeteriees the aicaeeous rocks of all 

other zones. 

Lineations. The 1,2n0 lineations mapped Mere cloesefied into 

two groups: the fundamental lineations and the superficial 

lineations. 

Fundaeental lineations are lineations which can oikly 



aeise during a complete reconstitution of a eeee, nep 5. 

7-lineation in epidioeites. The hornblende crystals in ,e 

epidiorites show more or lass perfectly throe main typee of 

preferred orientation- These are:- a/ X,Y,and 	al7 respectively 

parallel, b/ Y. directions all parallel but Y and 7 shoring no 

preferred orientation. and 01 Z directions all parallel belt Y 

and e showing no preferred orientation. Typeb  ;ivee rise to a 

iihistoeity and types a and o to a lineation in the rocks. 7eithee 

the lineation nor the echistosity are readily seen in the fie4 

but the lineation appears in general to be parallel to the 	1 

other fundaseental lineations, and the echistosity appears to 

ho perallelto tie general mchietoeity. 

2. 'luting lineation  of the semi-politer and the impure euartzitei 

ullion structure). This lineation to to be seen at tirade on 

the exposed bedding planes of siliceous vocke, map 5,photos 2  

and 	It may be caused by the flow folding (elpeez4-e) but ire 

more probably in the nature of a wave form net Op et the 

bouedary between eemi.pelites and peliter moving at different 

speeds !Sande-, 124.8 ppeoze0. 

%. Fold axes of intensive deag folding in limertonee and calc- 
s 
silicates, whicel is broue:ht out in weathered specimens in whirlh 

the Sore carbonote-rich bands have been more strongly dissolved. 

4. Crinkling lineation. This lineation does not necesseri y 

involve such a complete reconstitution of the rooks durine 

its foe-stun as do the first two. Further more it in confines 

to a relatively small area, map 5. It is often more ad a 



Photo 2. Fluting lineation, Limo Voe. 

Lotc3. Fluting lineation, Point of Kulla, 
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direction within the rocl,:s than a visible linear structure to 

be seen on t:le exposure. It Is formed by the intensive felding 

into email sine-waves at the rate of several to the inch, of 

etronlly flagj,y rocks. In contrast to the lineations 90 far 

mentioned it Is nearly always ham a very mteep plunge. 

5,g -lineation.  This very definite but not very obvious lineation 

is the necessary accompan7ment of the multi-plane echistonity 

mentioned. above. The lineation is caused by the intersection 

of the different mchistosities. 

Surerficial lineations are those lineatiOna 

'e-e or could be the reciilt of movement unaccompanied by 

the reorymtallisation of tie rook, (map 6). The only lineation 

in the area which comes under this heading occurs in politic OD 

rocks, and is the result of folding of the sohistosity in a maw 

manner identical with that in the crinklin3 lineation. It is 

often accoipanied by mtron7; linear features on the e7posures, 

photos 4 and. 5. It is not uncommon for two such lineations, 

equally developed, to c-'088 one another on the sarqc schistosity 

plane. It is even more common for the two croerin3-  lineations 

to occur on planes separated by an inch or two. 

The crinklin,; lineation would probably be 
better classified as lying somewhere between the superficil 

and the fundamental lineation e. 

Flow-foldin3.  In the flaw semi.-polite rocks in certain areas 

map 5) there can be seen on suitably wecthered and oriented 

surfaees an intensive flow foldingof the flagy layers within 

the undistorted confines of the beGa themselvf:s. The flaggy 



Photo 5. 

As photo 4. 

Photo 4. Limostono, 
Dales Vol. 

Photo 4, Lineation in 

pelites, 

Point of Aulla. 
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eartins are lever broeen and never become fused, yet a single 

loee-lite fold can take up alement the entire leidth of the bed. 

The etyle of the folding is much the same as that Peen in oil 

films; on water but Is more ordered; the serial planes are aleaye  

parallel to the bedding planes. It ie impoelible to t-ace any 

of the partings very far, or to resolve the structure of the 

bed for more than a foot or two, due to the faintneee of the 

phenomen se revealed in the field and to the lack of suitably 

leathered surfaces. The phenomen has no relation to the flow 

foldine of rocce mobilieed during permeation or contact net-

amorphirm, whe-e the folding is eseentially one of hands of 

different composition. Here each composition band i.e. each ledd 

of semiepelite, remains etral4et edged anri undistorted whilst 

the entire contents of the bed have folded. The aces of foldie/ 

are generally but not always parallel to the fundamental linest-

lone. Thinesectione frcel such beds show that the schietomity 

re7airs parallel to the bedding and cuts the flegey layers 

where thee are no lenge- paeallcl to the bedding. This 

schistosite lust be later than the fire _folding even if onle 

very slightly late-. 

Puch folding could not be established by a single 

act of laminage or "einecharige Scherune". But once the 

fleggY partings had become stronely faired, the peneteative 

movement c'eueins the mica schistosity would increase, possibly 

considerably tnereeee, the decree of this folding. The 

folding and the schistosity were probably foreaed during the 

same metamorphism of the roc'e. 
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Toirte. Three ereae were fceeld wheee jointing ie well Oevelopee. 

lelsewhere tee joints have 'leen deeteoyee by late chattering. !ft 

The plots of the jointe fo— thene areas are shown in fig. 1. 

In eacn oese teere appeeee to be two concentrations of jointe 

at e0 0  to each other and to tee• beddine; surfacem. in each of 

the three casem the joint pole Aaxima are about 45 0  to the 

vertical. since the fundemental lineations are approximately 

horizontal in each of the three areas, the pole maxima are at 

about /5/) to the lineation. 

e3eREGIOAAL ST7UCTU12S. 

These structures are too lay ze to be comprehenece 

in a single exposure, but are considerably smaller than the 

regional eteucteree, map A, 

Fold plunging at 20 0  to the present releface are 

found b! means of ntereographic plotting of dip and striker,  

in the cast- est part of the coeree of the b7Aen flowing north 

into Voxter eoe, to the west of eoseban, and between Toftr 

rest and Fuels Neel. But the beddin::; when plotted on a mne, 

chews a very 'complicated errangeelent, which could only be 

attributed to folding of a very small wave lenetn. No such 

foldine is vtsible in the arees eoncereed. 
area 

Thexto the south of Voeter Voe mentioned above 

in one of steone dislocation Aetamoephie . It en believed 

that the divergent strike is due to movement on tee big 

fault pee ing through the aeea dragging the bode out of 

alignnent and rotatin stelae nlicee of the eooke. 

The structure of tee eosebank eeea mieht be due 



te the neee caese, bet ette Vte Tofte liens area is 

better interpreted as being due to eetation of the 

contained within the Inclusion eretite, while thet 

was being intruded or was still elastic. 

eolde of three different types all 
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probably 

blocks 

eeenite 

of which 

plense at angles of less than e00  have been found. In eaoh 

fundiviental lineation in 

on the west side of wining Voe and 

of eio Ices are all on exoe widely 

different. ehe pi; fold 

the folds on either side 

type the relation nf the fold to the 

different feom the senerel dieection of the fundamental 

lineation within the fold. The simplest and beet example 

of thie is the 7winins fold where the Originally horizontal 

lineation plunges down ender the fold and risee up on the 

other side to become flearle horizontal aeain. The folds at 

ldto Nees and at leinine are strongly inhomoeeneous in 

relation to the regional structure. 

The fold south of e.osebane, the three fold 

areas on enlbece Nese and the fold on the peninmela just north-

eest of eenven are no eecompanted by lineations, except in the 

10 ban'. A.-ea wheee thre wide!! diffeeent Lineations occur. 

n there canes tee lienetione may have been destroyed by iatee 

con-teat meteeieenhieme. 

A third type of' relationshelle i shown by the 

folde et aonese mead, noetheeest of 'eethereta, and to the 

south of Voxter eoe. These folde are parallel to the fine-

mental lineation. The first two are closely associated with 

the permeation belts end. reee pecbebly feemed during the perm 



eetion. 	telcie at eoxtee cc se as to be associated 

with the crinkling; lineation and may be due to the same caur. 

Three types of foldin on the scale of the 

exposure can conveniently be considered here. 

e/ olding in permeation gneisses, generally with a wave-leneth 

of several inches, appearine to have taker place as the result 

of restricted eoveeent in mobilised or partially mobilised eoccs. 

:examples may be seen in tie ..osebane region and on the north 

shore of fjolla ei th, eletos 19820 

hi roldine on a scale va-ying from a wave-length of eeveral 

inches to several feet car be obseeved in places in non-perm- 

eated eeeas especially in limentonee and calc-silicated, roto 

5. Theee folde eenerally have axes paeallel to the fundamentel 

lineation of the area. if they tire interpreted a2 drag folds 

and a direction of "youneing” is obtained from them, then 4V 

seen from map 5 most indicate that the rocks become younger 

to the west. The occasional folds indicating that the roces 

to the east ere younger than those to the west may be:- 

1 folds on the east limb of a drag fold of a larger 

scale 
2 incorrectly interneeted folds; folds which are brof3lv 

exposed 

3 folds of a later date due to movement of a different 

sense, for example foldin associated with the permeation. 

0/ A. number of true isoclinal folds occur in the coast section. 

to the norte of Fu, l& Ness. Thee are obvious because their axes 

of folding dip i!*0 to 50 0  to, tee noetA-eaet. 'e hue in the cliffs 
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the eoidiorite bands can be seen bent back naeallel to themselvee. 

The folding is not eo obvirele then such bands are net preeent, 

but it cen still be detected. Along severe.l hundred yards 

of coast * a number of folds of this type were found. These 

folds all appe,r to be small eteuotures. 

•i'he question of isoclinal folding is of some 

impor ance in tae area. In the section on the etratigraphy, 

ppe le to 20, it was suggested teat 40,000 feet of sediments 

were eepresented. it is necessary to consider whether this 

thickness may not be due to the repeition oe a smaller sed-

imentaey thickness by isoclinal folding, eepecialiy since the 

beddirg eveeyweere appeoaohes the vertical. The etratigraphic 

areumente seeinet isoclinal folding have been iven. They are 

supported by tie structural evidence. 

Isoclinal folding on a scale so lac that only 

0e0 limb of a single fold is represented in the thesis area may 

have taker niace. As mention: 	eove, isoclinal foldine on a 

very small cale can be obseevee in at least one area. But 

isoclinal folding on any ecaie intermediate betweee these two 

can only have taken place on aeee which are noe 

since pluneing folds would give rise to convergent strikes 

of bedding and these are not four in the area, isoclinal 

folds with horizontal axes are unlikely because tee lineations 

are not horizontal except on the south border of the area. 

When the structural evidence is considered in 

conjunction with tee stratieraphical evidence, it can be seen 

that isoclinal folding must be limited both to a short weve- 
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length and to foe repetitions of am one etratigraphic level 

at the present su'face. Such foldires.  does not appear to be 

sufficiently well developed to infleence the stratigraphy to 

any naticable extent. 

PHeiONAL STT400TURE:'. 

The roces in the region of eelting are folded 

about a Vertical axie in a simple flexure hick has a half 

wave-length of about 	miler, map "). The diversioe cf etrike 

involved is also found some 12 miles to the ease in the Cut 

:`:terries 	This structure is of major importance in the 

structure: of the whole archipelago. 

A fee of tee structures describe( above can be 

related tc definite episodes in tae history of the roces, but 

eany cannot. The unive-sal, almost vertical attitude of the 

beds is due to a structure much larger than the aree mapped, 

and whose nature cannot be predicted from an examination of 

this eeletivele small area. Thilst the larieee struistUrs is 

un'enown, the sienif cance of man: of the smaller structures 

and their relation in time to the lerger structures euet 

remain obscure. 

any of the structuree are probably at least 

as old as the regional eetamorphise, and are related 	a 

regional or large structure. It does not reeel possible that 
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s,r)se^uent to tle 	letamorphism, the basic structure 

of the area can have been alore than superficiall A.tered. 

Even in the permeated areas the structure has been preserved 

in outline if not in detail. L'uch superficial alterations in t 

structure would b e4anal tiltin or rotation of the area 

ae a whole, and possibly the larle vertical axis fold which 

twists the strike into an enormous reversed C. A number of 

structures which fold the fundamental lineation or lahicA fold 

the schistosity are demonstratably later than the reional 

metamorpnism. Alt there is no evidence as to ho r taw much 

later they are, other than that they must have been formed 

before the dislocation metamorPAAem. 
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CHAPTE1 A. 
LIETAIACIPtiiSM 

Three periods of metamorphis:a, other than the die-

location metamorphism, are distinicAshable in the Leltim; area. 

The most wide spread metamorpiisrl le called in this thesis the 

re:Jonal :aetamorphism, because of Its similarity to iaetanorphirrAe1 

called regicnal els - where,(Harer, 1939,p.177). The other too 

metamorpi.o episodes are both examples of contact metamorphism.= 

or tlerfnal lettworphiss, arzer, 1939,p.22) one of Which was 

induced near the contacts of intrusive igneous bodies, and the 

other Al tie vicinity of belts of pereation, the nat7ire of 

which will be decor' bed late-. 

.:71vo widely different types of roccc are affected; 

the earl; basic igneoA3 int-usione and the sediments. The 

sedilentP fall into two sets; the pelite-quarteit roc's and 

the calcareous roans. `.'here three rceL TTups arc considered 

below separately , because of their difference in composition, 

and in their behaviour durin Aetamorphism. :,oreover the 

behaviour c-f the calcareous roolts is not so well understood as 

is the behavic,)e of the other roce. 



METAMORIPIISA Ol7e MIMS, SEMI-FEL/TIT ANL  etJARTUIP7. 

reference to map 3 will show that rocks of peliftc 

and seei-pelitte composition are fairly well distributed throuehe 

out the area. The impure quartzites aee more localised. 

ehese rooks are only considered es the tree 

separate eypes, petite semi-petite e. id impure quartzite, for 
convenience. in actual fact there is a complete :radation from 

pelite containin8 no quartz to quartzite containing no politic 

material. The teree types ere not accurately defined. rocks 

which appear schistose in tee handspecimen, and are seen in thin 

elation to be dominantly composed of mica° /and garnet )are 

wined pelites. races in whice .aicas are prevent in Ernall 

amount are walled impu e quartzites, or quartzites tf these it 

no mica present. The rest 1•,e celled semi-pelitee. 

.4iBTAIORPHIG 

Tarte.  The variation in the amount of quartz in 	diffe,'ent 

rods is largely an Lrijnal sedimenteey feature. rome of Vile 

variation may be due to variation in the intensity of metemorphe 

ism, because the diffeeent minerals developed at different inten, 

sitiee of metamcephism do not contain tee same amounts of silica. 

?hie lettee veeiation is much emellee then the vari-ties due to 

the oriejnal eompositioe, seW is foe ell erection' nurposes 

maeked by it. 	or  in stance the geographical distribution of 

the different eedimentaey types shows no relation to the inter. 1  

site of eetamo-phism. 

Muscovite. Two types of muscovitn ')-110'1. are usuelly distin 



3A. 

vishable frog one another are foand. in these roca:s. I muscovite 

whice Is distributed over the whole err e is called the regional 

euncovite, and e mescovite whine frequentla shows plane of late 

development is called the late muscovite. The regional euscovite 

foeme flaeee, a-4 ttrnee as lone es they are broad length 

parallel to the cleaveee)which are arranged parallel in the rock 

to form one oe more schLstosities. 'They have a similar fare 

and orientation to the biotite, bet may cut across the biotite 

in an oblique elaneee. The late muscovite flakes tau= vaee frees 

equidimeneional to la times as beoaa as fang, are frequently 

very ergs (3mme in cAameter), and are nearly aleeeys largo- then 
completely 

are Viseemeat,ly disoeientatea 

and may lie at any angle to the echistesity. 

'Frequently it iv very easy to dintinguish betwc 

the two white micas, because the late muscovite with its 

diso-iented fabeic must have o# crystallised later than and 

uncle- diffe-ent movement conditions from the regional muscovite. 

On the other hand, the distinction cannot be drawn in some 

instances, possibly dee to re-ceystallIsation of the regional 

eescovite after the re ional metamorphism, or ')ecaume of late 

aoveeent durine the crystallieatioh of the late mescovite. 

In the Coils Fireh region late muscovite often 

crystallize:7 arrow folae which are email enough to be seen in 

thin-section, and may almost replace rocks shonin7 folding on 

this scale. ''his folding is believed to be associated with th 

the eegionai elacovite flakes. The! 



Late muscovite. 
X257 

hate muscovite. 
X60 

1. Crystallization of silliaanite 
aisainst .T,arnet. 

2. 'flotation of./arnet. 

3. Crystallization of late muscovit 



permeation episode in that 7..ea. The late elecovito is there-

fore more Closely related to the permention than to the regional 

metamorphism. 

7 shows the geo;-aphical distribution of all the let 

muscovite found in tie area. The late muscovite is scattered 

unevenly over the entire area. 'Ile hip;hest concentration lien 

in the Collu'Birth area. !7everal other small concentratinne 

occ. r. 	comparison of t'le ancee-Ite of late muscovite in met-

amprphic rocks and in permeation rocyrs shows that although the 

late muscovite occurs in permeation rocks from ell over the area, 

it does not occur so frequenle or no profusely as it does in 

tee 7etomorphic rocks; 4(7) of all sectioned permeation rocks 

contain tete muscovite, whil et:, 50 of all sectioned pelites, 

semi-pelites and impure quartzit,ec contain it. The individual 

amoents of late mescevite in = 	eer, leation rock are consider- 

,y leas on t1.1.6 average tAl."1 	in6ivi.tual amounts in the 

metamorphic rocks. 

The va iation of the regional muscovite conent,-,atirm 

in the peliteequartzite series is considered in some detail at 

the en of kie chapter. Late muscovite ocours in all .r.crt-- 

from elite to quartzite in conposition. It occurs most often 

end most profusely in pelites. In the latter it can be AO well 

developed that the original rook is preserved only as inclusion 

in thelate muscovite. Therefore it is probable that the late 

musocvite is a metesolatic mineral in pert; altholIgh it fto- s 

the rock due to the additien of material, the. amount of materisr 
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depends on the original core -'o; ition of Vle rock itself. 

13iotite. Threo types of biotite are reroanisee. One of these 

   

is a red-brown regional metamorphic biotite. another :le a 

biotite of similar size to the regional metanorphic type, but 

varying in **lour from brown to a sliahtly o-eenish-brown. The,  

third ype is a 7reen.brown biotite of vera email Grain size. 

The distribution of these biotites is shown in mare S, n, JO, 

11, and 12. 

The areen-bron biotite in characteristic of a 

Tor !7'ode of regional metamorphism. The rooks in which it 

occurs are phyllites. 'he red-brown biotite is characteristic 

of all hiaher grades of metamorphism. There is a transition 

from on to the otter via the brown biotite. The transition 

tatcs place in the general region of the eastern edge of the 

Calla Irirto belt. The brown biotite of thts latter region may 

be of contact metamorphic or regional metamorphic origin. 

Nearly all the other rocks oontainina brown biotite are perl-

eation rocks, and the few other motamorphic rooks which cont,. 

ain brown biotete are mostly near permeation areas. 

In most of the rocks the biotite together v:ith 

re -ional muscovite forms a reaecnably good. schistosity 

parallel to any vistbla foliation. However a number of 

metamorohic rocks occur in nl.ch the micav r!o not ahoy Prefered 

c ientation. None of the pelitem within the Oraven Intrusive 

Compley have narallel orientated micas and some of the semi-rel 

-itas also show no prefered mica orientation. remi-pelites time 
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eelitee Show more e- less complete 	of prefeeed eeientaioe 

of micas it the olla Firth - vora less area and also in the 

area of the r-oetate permeation belt. The rocks at the extreme 

edee of the thesis area a larae show eomplete disorientation of 

biotite. All these cases of lack of prefered orientation of the 

micas are believed to be due to contect metamorphism surer-

imposed on regional metamoerism. 

3iotite in rocks of the type considered here 

varies s erateriaticelie only in relation to the quaetz content. 

igs. 7,50,12,13,14, show that biotite has a :smaller modal 

variation in recce of similar quartz content titan most other 

minerals. The biotite content remains relatively unaffected 

b' variations in tee amounts of minerals other than cis. This 

makes biotite extremely useful as a control for testine the 

veniations in the amounts of ()Vier metamorphic minerals. Biotite 

is only used up in reactions to a neticable extent ellen consid-

erable quantities of sill manite are forme( . 

Uarnet. Only one type of larnet 'as recognised. It is simile.,  

to the garnet usualy found in regionally metamorphosed pelitir 

to cuartzitic rooks. The garnets sometimes contain inclusions 

of biotite err /oe quartz, and are sometmes inclusion free. 

Pome of them have in inclusien rich core in an inclusion free 

ri 	eeyee are welt formed and equidimensional, whils1, others 

are 3-A times as lone es they arcs broad and follow thin nartings 

of pelite in more ouartzitic eoce. They show eltermtien to 

chlorite agereater and to. fine eeained muscovite-biotite 



ageregates. 

These chenges eee widosreead in tee an earnet zone 

map '5within the triangle Point of aulla, enitteradoo Burn 

and Voxtoe lieeepe  but they are not universal even within that 

trianele. The changes do not occur elsewhere excert as isolated 

casee. There is no determinable rule of distribution of the 

different chaneee. iiut the change to biotite and 7lescovite 

does show some miens of being asrociated with the permeation. 

It may be that within the permeation rocks of the l'.catsta belt 

ther 	tendency for :.arnet to breakdown to biotite and 

muscoeite. At the lower tempt 	obtaining outside roces 

being actually permeated the change le to chlorite. 

eccesionally the external form or the inclusions 

gives evidence that the garnets have been rotated. 

The geographical distribution of the gamete is 

eeen r maps4,(71,10*  11, and 13. There is no apparent difference. 

in the distribution in pelites and in semi-pelites. The differ. 

encen in the distribution of the hand npecthene et different 

rock types are reater then the diffe-encee ef distribution 

of garnet within the different -mock typea. This is illustrates 

by the fact that &4 of all pelites contain gnrnet, and 

of all semiepeitee. aut only 20: of all impure cuarteitee 

contain earnet. :aenet in impure quartzites in lietributed 

over a smalle- area than it is in the other two 'cc e types. 

This is partly due to the more liwtee eietribution in the 
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field of the impure quartzitee. it is also due to the fact that 

with inereaminT concentratiol of quart'z. sin 	the cryst- 

allization of garnet is inhibited. This supression of garnet 

in quartz ri-  h rooks cannot be easily related to the actual 

amont of quartz present becauee impure quartzite ver:T common* 

contain flag ',y partings and othe Tieven distributione of the 

politic laate-ial. The garnet in the permeated rocs, with the 

exception of one area near Loch of Voe, shows no relation to 

the distribution of permeation but conforms very veil 'A.th the 

distribution of the garnet in to metamorphic rocks. -huv 

in this area, ,,Tarnet in seml-pelite, pelites and. in permeated 

derivatives of these rooks can be considered as having the eare 

eographical distribution. In mapl therefore all the garnet 

information Ass b• en combined 

when the arAual amounts of garnet present in each 

rock are considered, it is found that there is a complete 

variation from area in which_ much -7arnet occurs in most of 

the rocke via areas in which. dome garnet ocoure in so9e of 

L;!-, rocket  te‘reas in. which no garnet at all occurs. This 

gradation mates it diffioultto draw a garnet isograd. contours 

bese6 on the modal amolnt of gar et and the: nzartber of roc 

containing garnet can however be drawn, if a large number of 

plots are available. In map e the inner contour iv a line 

drawn round the area containin6 all the rocs with more then 

certain amount of met. The outs?' contour was drawn 

side tAis round all rocs containing any garnet at all. Theee 
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contour are isc rads. 

Potnsh-felspar. Potash felspar occurs in 4 of all peliter, 

in 17'4 of all impure quartzites and in .3.3 of all seui-pelites. 

tash felssaw :scure to some xtent In most roci types in the 

area and appears to be due to many caused. Insufficient potavh 

fA.spar -,Jas found In the pel.tes and the ihipure quabtzites to 

be of any use in an investigation of its origin in these rocas, 

Only potash felspar tn the sela-pelites is considered belor. 

Potash felspar is sivn in thin section very 

frequently ae plains twinned in tie chare teristic microoline 

fashion. Not all of the felspar eho the twinning to perfect-

ion however. '1.1ite often the winning id very poorly develol,)ed 

and resembles the strain effects shown by quartz. All the 

potash felspar was identified as microcllne 

it varies in amount from complete absence to a 

major constituent. Then small quantities are prevent , the 

micrecline has an intergranular habit. 443 it increases in 

amoiNnt, it becomes mor 4ranular but its low position in the 

crystalloblastic series is very apparent. Even so it gives the 

impression of being a relativoly late mineral; a raineral which 

start in to gros Zn the inter,;ranular surfaces has rown ovt- 

wards replacing other Tlinerale bvit rtill controlle6 	ite fccrn 

by the oLd Intsrgranular surfse. 

Plots of micrecline k;ainst late ouscovito 

show no appaent 
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The distribution of microlcline in eeni-pelitcs is 

shown in map 14• lost of the occurrences are concentrated inte 

ter 	'eae. Al]. the roczs containin iiorooiine other than 

as an accessory mineral occer within theee are. ('no of these 

areas is the green-brown biotite zone between Laeo Voe and 

ewining Voe. A possible origin Cor this microoline will be 

mentioned on pps.97. enothee area is the outcrop of the graven 

Intrusive Coblex. It is sueveted later that this mlcrocline 

may be related to the cryetallizatioe of sillimanite. The third 

area lies alone the north shore of Lalee Voe. It rill be sugeest-

ed in the next chapter that folae at least of teas microcline ir 

due to permeation. 

elagioclase felepae. Flae;lociase felspar ie a very connon coest-

ituent of these rocks. Its relation in Ab content and in 

amount to the bulk composition of the rook: in which it occurp 

will be considered in some etall belom, pps96-7. There are 

relatively few plots shown in figs 21%29 and 30 in conparison 

to the number of rocks available due to sericitisation (eorreleted 

below with dislocatioe .aetamo-phisee and to the fact that many 

of the grains do not show Ab twinning. kb content 'as determiner 

from the maximum extinction anele of albite toins in the 010 

zone - more than 5 readines from eeoel sectien - le oombinatien 

with refractive index determinations by comperieon with canade 

balsam and quartz and in close of doubt be immersion in liquide 

of nown refractive index. 

The Ab content shoes a veej elde range of variation, 

ChArziir.' 



fiF;s. 2g,21,and 3o, and does not appor to vary with the intensity 

of the metamorphism. Plots of the Ab content 	felspar fojlinet 

.t ;e amount of toe felspar present do not show a si.ificant 

distributi.)n. 	he wide ronse of ,fib content of the feispars 

in the different rocks is probably related to the composition 

of the original sedioents. ishirty' four determinations of felspar 

in imvre quartzites gave 	average of ob5 and varied between 

AbC and Ab100 with one Ab5A. One houlcired and ci lit determin-

ations of felspar in semi-pelites;eve an avers. ;e of Alo1 and 

varied between Ab57 and obc“. Twenty one determinations of fel-

spar in pelites „Lave an aye-age of Ab75 and varied between LAI-

Ob37 and AO100. in this letter case the felspars of composition 

Ab37 000uroed as oellos inside felspars of composition Ab50, in 

the rocks on the extreme west of the area just north of Brae. 

Ipart from these the feispare vIried between Ab5!'; and Ab100. rf 

there is any progressive variation in the Ab content with incr_ 

easing metamorphism in this area such as is described elsewhere, 

Len it Is masked by the variation in conpoesition of the felspur 

itself in rocks showing the same intensity of metemorphie'q. 

Oyanite. ;.yanite has been found in 5 rocks; in 2 sea i-pelitee 

and in 3 permeated pelites, The „!,eosraphical dietibution of 

kyanite ie shown in map 15. 

In three cases Ole joyanite orysoals ere surround-

ed by shimmer aAgre3ate 7aateria1, though in one o' these capes 

this is only a very 'la 	,A 

The 'yanite in one roo4 shows itself to have 
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crystallized afte- the movement_ which gave rise to the schist-

osit of the roc, because the individual 'yeniten contain. 

parallel orientated elongate iron ore grains 'thich outside 

the ',-yanite are parallel to the ochistosity. The attitude of 

the iron ore .,2..rains to the kyanite lattice varies from gwalm 

kyanite to kyanite rath. Turthermore movement in the rocks 

has rotated come of the :::;rain e of kyanite till/the iron OrP 

grains are cut of allinment rfith tee iron ore grains in the 

rest of the rock. '::'hi' latter move-lent may be asmociated with 

the pe"me tion. 

3.arnets similar to those in the body of the rock 

are included in the kyanite crystals in one rook. 

Staurolite. 	,aurolite occurs in qrocke; in 	pelitee, 4e.e 

2 	alemi-pciitc and in 5 permeated politic rocks. It is rather 

weakly coloured. It does not show erefered orientation. In 

three cases the staurolite occurs instde shimmer a:7regates. 

one rook it forms good crystqls. In the ether rocs it is 

present as 7-an-eles or as aregates of granules. The 

geographical distribution rs shown in mar 15. 

Andalusite. Andalusite eccure in 1 rocks; in 2 pelitem, in 

semi-pelites and in 	permeated pelitio rooks. It shore ?lc 

prefered orientation. 7ercent in two cases it le slp.Y.ounded 

by shimmelare7ate zones, which are gene-ally broad, anei 

against which te andalsite usually has a frayed. outline. Zn 

one caee the , ladelusite partially eur-ounds kyanite, both 

minerals being in the centre of a shimmer aggregate. In tre 



caves it encloses etaerolite eeestals, in thee casee gaenet 

cryetale and in two caelee biotite crystals. Its eereraphical 

distribetion le shown in map 1i. 

Shimmer AgehPeatee.  These aee a common feature of the pelitie 

and semi-pelit10 'occ, and of the eermeated rocks. Thee arc 

almoet elweys puree sericite a[eeregates; only occaeionally are r 

fleeces of chlorite to be observed in them. The eegreeates 

vary in shape froe e,e0d reetanelos obviously cross cutting to 

the sehistosity, to lo -  g streaks, sometimes folded and sometimes 

ansetomosing. 	yanite , staurolite, and andalusite relics are 

to be seen in %aggregates in different rocks. The latter in 

perticulae appeer to be beeakin down into shimmer aggregeee. 

The agereeatee also contain ,ea -net and sillimanite. These 

lette"ehown no signs of instability. Fibeoue eillimanite can 

often he found both inside and outside the aggregates, especialle 

in the Coll Ftrth area, in such a manner that it As obvious that 

the needles are stable and always have been stable in the peeeence 

of sntmme- 

ehimme-laggregatee occu" in 3/t. of politer, in 

16'71  of semi-pelitee and not at all in the impure euartzitee. 

This clone correlation between the amount of the mineral pres-

ent and the composition of tree parent rock probably indicates 

that the orieinal mineral was of metamorphic origin. The late 

muscovite , which 18 believed to be partially of metasomatic 

origin, does not ehow such g cleee oorreleCtion with the compop. 

Mon of the pa-ent rock and in addition may develolYin such 	-4 
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quantities that it fo-ms the b-.j1;: of the rock. Shimmer .s.: ;ire;. 

rtes never develop to such an extent as this. 

The distribution of shimmer aggregates is 	c 

in map 1S. 

It ie usually not possible to say with any art-

ainty from what mineral or minerale the shimmer nggregaten have 

developed. aut it is believed taat they are mostly after 

andalusite, because:- 

1 if the agregates were after kyanite, then this avanite 

would have occurred in racks both inside foie outside the garnet 

zone. Such a distribution has not so far been describee. 

2 all aradaticns between stable andalueite and minute 

grains of andalusits present in the centres of aaareaatea occur. 

Staurolite and ayanit usually have only narrow rims of shimmer 

aggre7atte. In one rook kyanite occurred in the centre of a 

large shimmer aggregate. 3ut this kyanite was almost completely 

surrounded by a late- - owth of andalusite, which had therefore 

formed the laala of t e aggreaate. 

5 etaurolite and kaanite are occasionally preserved and 

stable in andalusite which is being attacked by late shimmea- 

ieation. 

4 the a:gregatee appear to be the products of later ev 

than the reaion 1 metemorphirvi, bec-use of their ocrapianally 

mess - ved Crow,. cutting outlines and thel- sharp idiomorphic 

nature. The contact luatamorpaism ba the permeation would be 

expected to the rise to the anti-etress andalusite rataer that 



the streme  

More is gild on this asoect late-,  

Fillimanite.  Three type, of silLtmantte are recognisable an the 

area. It occurs as coarse crystals, as scattered fibrolite 

needles and as matted masses of fibrolite, which in this thesis 

are caller fibrolite mats. The distribution of the tyres is 

shown in map 17. 

The coarse variety is confined to the areas of the 

Graven and tree Brae intrusives. It is seen in thin section as 

blades nr as eharacte-ietically diamond shaped cross sections 

ee as large crystals ;rsding outwa'do into fibrolite rods in 

rarallel 0;rowth. 

The fibrolite mats have a similar diftributien, but 

tile)/ also occur at three placet along the c•elt edge of the 

Colla "Tieth perieeation belt. 	heee fibrolite mats are solid mete 

of fibrolite, the individual needles of vilich have in many 

case!' no prefered orientation within the mat. The rat itself 

is often eloneated parallel to tie general direction of the 

schistosity o- foliation of tne roc,c. The mats chsraoteristickly 

have 9 yellowish colour. Thei are often aseociated rith biotite 

and may contain biotite relics. it seems that the biotite is 

used up in the production of these mate. 

The fibrolite not forminpi mite occurs as tTours or 

streate of separated ne,  dies. The individual needles occasion-

ally show e complete leen. of reefeeed orientation, but the 
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characteristic occurrence is as streaks of p rallel orientated 

needles following the schistosity of the rock or some cefinite 

thouen tortuous direction. 

There is a cemniele geaeation in aspect from 

fibeolite needles to fibeolite .late and to ccerce cryetale. 

The diffenent varieties of sillimen.te probably eepreeent ciff 

erences in intensite of metamo-nhism. The fibrolite is a 

weaker developemnt of sillimanete than are the fibrolite mats. 

•he ribeolite rowe in ail mineeale, eut it is most common in 

tne late muscovite. It shows very little association with the 

biotite. Plots of fibrolite a;tinst regional euecovite in 

nelites end in semlepelites, 	1 2 and T0, show thet whilst 

mcst 

 

o tne fibrolite oours in roces in which **yaw-regional 

muscovite is s,;sent, some occurs in rocks in which there is 

a re9eonable amount of regional muscovite. ;ies. 10 and 11 

shoe that fibrolite mats and the coarse eillimanite are almost 

confined to rocks in which there is no regional muscovite end 

they occur in greater amounts in sac: roc e than does the 

fibr,olite. 	he above facto eeg est that sil_imanite is foened 

from rezionaI muscovite till the muscovite is used up, and then 

it is produced from biotite. *,uring intense metamorpnism the 

biotite reaction may take place in the presence of muscovite. 

In other wo4rds, tie biotite reaction :v: y take place at a 

hieher temperature tan does the muscovite reaction. Coarse 

sillimanite may have a el:her temperature of foemeticel t Ian 

the fibrolite ma e, because it me a more restricted field 
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cf occrrence than tAe latter. 	sap 17 shows that the coarse 

sillimanite ocours only 7ithin the area of influence of the 

two •intrusive complexes, but not otherwise near the permeation 

belts. This reetriction in geo.Taphical distribution nay be 

due either to the contact metamorphism by the permeation bein :  

less intense than the contact metamorphism by the intrueives 

or 	some other factor. 

Another feature of interest is brought out by mar 

1 7. In this map is shown a line Lo the south of vhich only 

ver,; small eLnounts of sillimanite develop in the semi-pelites. 

-here are very few pelites north of this line, therefore the 

roaults of the metamorpgibam of the celites under uetamorphio 

conditions which produce large amonte of sillinanite in semi- 

pelites are not ',mown. 	in Calbacic .iese to solid mace oe sill-

i:aanite a foot or so across was found). Conditione which 

produce large amounts of sillimanite in the pelites of Lelting 

produce very little in the seni-pelites. Therefore the 

development of sillimanite is closell related to the bulk 

composition of the rocs in which it Tows. This conclusion 

suggests that sillimanite may develop from the material already 

in the rock. It may during its development eject 	e.p 

potash, from the roc:, Or it is possible that in the area. of li 

the intrusives muscovite+biotite+quartz oolabine to give sillim_ 

anite-microcline, since the area of the intruelves is an area 

of abnormally hi. ;h conont wion of microcline. tut the intros 

ive rocks themselves are all quite rich in nicrocline, 
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always snows a replacement relation to the plaeiocleee, epe144 

and which may have tle awe origin as the microcline in the 

sexi-pelites. At the lower intensity of metamoephiem et which 

fib-olite is produced it is possible that the potash eoee to 411 

shimmerise the andalusite. 

LETAk011iel10 TEXTMEF. 

The fabric of th- ee rocks is mentioned above under 

" muscovite" and "biotite". it was also dealt with on ppe.r -6. 

Ilowevee certain aspects neve tc be considered here. 

As desceibed on pps 23-4 and on map a corn on 

feature of ceetaie aeeas is a crinkle-like lineation in the 

miea schists. Then examined in thin section these folds are 

seen to be more or less well developed "polygcnal folds". it 

fist si -cht the micas, both muscovite and biotite, appear to 

be bent into beautiful smooth cueves. Closer examination 

shoAs no,evee that the degree of ,train ie elleht. The micas 

are all of such a lenet, and occupy such a position that they 

ec not have to bend. In some examples the eolyeonal nature of 

tie fold is more obviees, photo 7. :""ince slight stain of the 

micas is a fe tuee of the area as a whole, the relatively 

slieht stain in those forming the polygonal folds could be 

much late- then tie folds, and be associated with the dislocation 

metamorphism and with the eteain of all the °thee micas in the 

area. 2ne strain is far too small to account for the foldin. 

therefore this lineation and the microfoldtn: 
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which cases 	are believed to be para-crystalline. The lack 

of etrair snows that it oannot be post-crystalline. The pros_ 

ence o preferential orientation of the mica ehows that the 

folding cannot be pre-erystalline, whilet the fact that rt-

crystallization elsewhere in the area invariably recults in 

the lose of preferential orientation by the micas indicates 

that the mica has not -own late- mimetically in the fold. 

ho lieeation formed be this folding has a. 

very oomplicated areanement in tie field, in contrast to the 

fluting and the R-lineationz. The folds could have been 

termed at an/ time in the rocks history, after the establishment 

of the ochletosity. The crystaliizaticn ie-tder whose influence 

they were formed was therefore later than the ceestallisation 

of the 3-tectonite fabric, and was probably related to the 

permeation episode. Out of some 34 rooks which shot? this lin-

eation only 7) contain late Inuecovite and three of hose were 

involved in very strong dislocation metamorphism. The relative 

immunity from this movement of rocs containing late muscovite 

is perhaps due to the movement oeouring after the late muscovite 

had developed and therefore had strengthened the rocks. 

Late movement in the rooks of an intense penetr-

ative eharacter are indicated ley eteeeking out and even folding 

of ehielmenfaeregatee. An this is most noticable and most intense 

in the permeated rocks it is most probably due to movement 

associated with the permeation. But signs of movements asroc-
/isted/ 
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iated with the pereeation are not very common 	lecalieee. 

INTre-Te7eATI0 NS OP THE TIM= METAMereeleee 

There have been three main phases of consteuctive met-

amcephism le the area. 

The matamo-p'eism which produced the fabrics nf the e aid 

p-tectonites was characterised by a wide continuous distributinn 

an 	penete-ative movements. his is the regional metamorphism 

and it has destrcye' 	evidence of provious met. mornhicma if 

any hod taeen place. Some sedimentare steuctueee have ho-- 

eeer been preserved. Also there are peeserved 4 number of 

ectonic structures which may be contemporaneous or earlier. 

et is very probably the earliest metamo-phism. 

he Uraven and the Brae Ilitrusive Compleees have metamnr- 

phosed that- included and sue-oundine eocks. 

The regional metamorphism and the contact metamorphism 

by the inteueive eemplexes are obvious in the fiele. The former 

is chaeecteeieee by the teotonitee and the la-tee by the n- 

once of large quantities of eillimanite. en the othee hare 

the contact metamorphise of unpe-meated reelonal eetanoephic 

rocks which eve.e included in or alenzside the peemeetion belts 

is not eeadily recognieable in the field, but can be eetsctedt 

in thin sections. 

'he metamorphisms 'lave diffeeent and chaeseteeistic eeoe 

1phical distributions. 	ie eclueion erenite la younger then 

the Scatets permeation belt, ne the permeation areas in the 
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t 	eelbeee and eio 	eeoae, nince the granite cuts 

teeee permeation rocks in an intimate fashion. Each of the 

mint-ale described on eTr.33-4e ha e a characteristic distributior 

and the see relations of some aee known. A comparison of all 

these data maces it possible to relate tee minerals to the 

metro-phisms 'hice reodeced the, and to areanee the whole in-

to chronoloeical orde-. 

As shown In map g green-beown biotite, red-brown biotite 

[;arne•, steulolitee and eyanite form more or less concentric 

zones, which cover the whole area. These minerals are the char- 

esacteeistte mine-'le of the tectonites and of rocks which may 

once have been tectonitee. Therefore thee wee regional netamoe-

phic minerals and the zones are zones of regional metamorphiem. 

rome of the zones can be traced through both the peemeation 

belts and th,oeeh the eeaven Intrlielve Complex. come zonal 

minerels have become involved in Changes within the area of 

he contact metamorphisms. The biotite for instance has 

changed ite colour sometimes and also its orientation sometimee. 

The eeeionnl eetamorphism and the eontect metamorphisms 

cannot be elated phenomena, since the zonee of eeeienal met-

amorphism can be traced teeouee both the peemeation beite and 

the contact metamorphic areas. The metamorphisms clarinet have 

heepened at the same time; it iE imposeible to imagine euf,7. 

fundamentally different ceanges taein place without inter-

ference. The effects of permeation die out but 10 not grade 

into regions' metamorphic effectr!, they are often superimposed 
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on the regional metamorphic effects. The first signs of perm-

eation seen in thin section inet-texture, see 77s4111) are 

obviously not regional metamorphic phenomena. They appear to 

have Laen superimposed on the regional metamornhis. If the 

permeation belts had been present before 'Lae regional metamorn

ism than it is unlikely tut the relatively fragile net-te-ture 

which ic to be found so far outeide the main development of the. 

permeation would have been preserved in rocks which show evid-

ence of etron renetrative movement. The distribution of the 

mieroecopic net-texture beyond the limits of tie macroscopic 

aims of permeati'n shows that the present belts are not 

remnants of larger belts beiras broken down by reienal metamorc. 

hiem later than tie permeatio-. 'eerfectly regional metamorphic 

looking inolusions of all sizes can be found in areas of all 

degrees of permeation. The regional metamorphism could not act 

en small inclusions completely eurrounded by peaaeation rocks 

which nave preserved a characteristically dtffercn, texture. 

As will be desc*lbed later the calcareous roc'es nave suffered 

high erade metamorphism both witain the areas of permeation ene 

extending out into regional etamorphic areas. There very 

sensitive rocks would have been very eaeily re-motamorPhosed 

to tie lower Tes4e-regicnal metamorphielec grade, 	 the region_ 

al metamorphism had oocur-ed after the permeation. The perm-

eation and its associated contact metamorphism must have occurred 

after the rejonal metamorphise;. 

The Contact metamorphism by the inclusion 
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enite s later tarn tie acetate and tao trio Ness and Calback 

permeation belts. the Incaueion granite cuts lamprophyree. 

rAmilar lamprophyres cut the eoil a Firth belt. Therefore the 

inclusion eremite is probably later than the cella Yirth perm- 

eatian as well. Me 	Intrusive cannot be datee. 

The three metamorphisms are therefore in order of 

increasing age - contact metamorphism by igneoue intrusion, 

contact meramoaphism by permeation, and reaional metamorphism. 

They are placed in that order because so areenged they best 

explain the facts which are knon about taem. 'he ace relations 

of the different permeation belts are more conveniently discuared 

later, 

BE kETAilORPHISAAS. 

efer° peoceedine to consider the eneividual metama 

orphisms it is neceseara to consider the theoretical concept 

Of zones of metamorphism. arom the technique of zoning ,et-

amoephisas by the distribution presence or absence) of individ-

ual minerals has arisen the concept of isoarads. .sograds or 

isothermais are lines of equal temperature of metamorpaism 

(aarker,1e3e,p1 ;by definition. it is reasonable to aseume 

that the line marking the li4it of the first development of a 

mineral, oa fo taat matter a line of equal concentration of a 

mineral is an isograe, always providing that the utrese effects 

or some other factor have not varied over the area consideree. 

Such aseumpticne nave been made by innuaerable wo"kerc. 
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Ihe garnet isograd has been most frequently used. 

In this the is area the presence or absence of garnet in 1,000 

rooks has be 	inveetiated. For the purpose of garnet 900 of 

those rocks 

isoche ical, 

relative amounts of aroet in 350 rocks including 300 semi 

pelites and pelitee) neve been considered. 

It was discovered that there te complete gradation 

between areas in Which most of te rocks of ;Hppropriate compos-

ition) contain garnet and areas in which none of the rocks 

contain ger-net, but are otherwise the same. complete 3rudation 

was also found between areas in which individual handepecimens 

of rocks contain much earnet, and areas in which individual 

handspeciment contain no earnet. es one moves out from areas 

rich in garnet, so the ,earnet in each rock eets leer on thc  

average and the number of rocee containing garnet et less. 

eoth chances can also be found within a garnet rich area by 

careful selection. of specim A . There is no line at which 

garnet suddenly appeare. 

It is possible to contour the garnet occurrence by 

plotting on a map all garnet modes above or of a certain value, 

and then draeing a smooth line round them. Sucei lteee appeer 

to be closely related not only to the garnet amount in individe 

tie/ rooks but aIcc to the number of races containing garne-  in 

any one area. The contours are therefore probably paltrallel 

en 

se:Rt-velites and pelite, can be oonsidered as 
tiles 	Tfie .9 	30 

,eee also TilLee and LlIee,19010RS,PINWO. The 
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to isolirads. eet they are not eeraleel to the line at which gue-

net first appeeee, eace follows a somewhat tortuous course, 1p 

dependine lereeie on the selection of specieene in. the field. 

it is obvious teat tee garnet 	-ease within the ela 

rooks and in tee number of rocks eontaining it le a statistical 

one. The lines at lee to the contours art lines of statietioal 

increase. The occurrence of garnet, in these rocks ae revealed 

by tfDj5 Investigation, is therefore partly controlled br 

chance. earnet cannot develop below a certain grade of metam-

orphise, but above this grade it still eoeu not elays occur 

in cootie of suitable composition. The contours are theeefore 

lines of equal probabillity of occurrence of garnet. 	he 

chance el;ment may be introduced by the method of collection. 

if the garnete are eeperated be greater and Greater distances 

of matrix towards tee outside of tee garnet area, then the 

chance of collecting epecieene with no garnet would increase 

in tee sae° direction. eut in the centre of the garnet area, 

whilst some rocs are ve'y rich in garnet ether rocks are still 

garnet free. It is probable teat chence ae well ae the met-

amorphic grade controlled the oet: of the garnets. 

The chance element in mineral erowth Is possible of 

some importance in eetemorphise. It is a factor that is to be 

expected since the peesics of atoes themseIees is lereele the 

study of peobability. Probability may be a vory variable factor 

:he probability od develo -weeeeent of earnet increasee with tee 
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inceeasing metaMorphio ;'ads. 	is eelatively unpredictable 

behaviour of staurclite may be simply due to staurelite having 

a 'peer probability of occurrence elder suitable conditions 

than does even earntt. On the ether 'hand biotite undee suet_ 

able conditions appears to have a veee shies probability of 

occueeene. 

17egiona1 eetamorphise. The mineral orystallizine in this met-

amorphism are quartz, felspar, Auecovite, biotite, garnee, 

staurelite, and kyanite. The first four minerals show no evid- 

ence of their see relations. 	rnet sometimes contains identif-

iable. Lncleeions of quartz and. of biotite and is itself sometimes 

included in staurolite and in kyanite. This may indicate that 

staurelite and kyanite 1"ew after ;'net. 

eap 4 shows that the thee t3 area car' be zoned. on a 
miner lceical basis by these minerals. f:Ale elite- zone iv called 

the green-brown biotite zone. it is characterined by very fine 

grained. phyllit.le rocke with ,&-tectonite fabric. The micas 

are gee en-brown biotite and elescovite, both occurring as very 

small flakes. This zone is represented only in the extreme 

southeast corner of the thesis area. The rocs to the immediute 

west of tee green-brown biotite zone are of normal grain size 

and fabric but still contain brown or greenishebrown bietite. 

It is not clear whether tells chang e is due to the reeiena 

metamoee'liae ce to contact metamorphism by the permeation. belt. 

Tee next zone to tee west of the ereen-brorn biotite 



zone is the red-brown biotite zone. It ie characterieed by the 

pre,lele of twle red-bon biotite, nrIscovit2, quartz and felspar. 

There are one or two  isolated ,7Jc - 7.1r-ences of 3arnet. These 

arrete Alai represent local develonnent of tes garnet zone, 

or they nay be an unusual contact effect of tle permeatien„ 

771thin Vie red-brown biotite zone in the garnet 7on' 

The mine-81 aesclblages of this zone are similar to those of 

the red-brown biotite zone and in additinn frt.parmtl:7 ocntatn 

garnet. 7wo contours have been drawn on the basis of the ;:,arnet 

concenttien and distributioi. These contours dcltlit an outer 

.Larnet I zone and. an, inner virnot 2 sons. The outer limit of 

the -.arnet 1 zone is for all practical purposes the garnet 

isorad. 

7ithin the ga t 2 zone are a number of occurrencep 

of .taurolite. -.7hey are too 	in number and tor idly catt- 

ered to be made the basis for a staurollto 

lso within the 7,arnet 	zone is a small area contetn- 

ing T known occurrences of t.:/anite. The rooke of this kyanite 

zone contain. .itaisoovite biotite, quartz, felspa,-, garnet, staur-

()lite and k.yanite. 

The green-brown biotite, red-brown biotite, and 

garnet zones detailed above appear to apply equally well to 

rocke of pelitio and of eemi-pelitic composition, since no 

differences ;lere 6etected in the zeographical distribution. of 

the zone mineralc, which could not be explained by differencee 

in tie crqlection of specimens. 



The distribution of impure quartzites le geographically 

restricted, map 3. The one occurrence found in the green-bror 

biotite zone had an ascenblage normal for that zone. The same 
1,0tite 

was the caee -,tith impure quartzitee in. the red-brown),zone. Al] 

occurrences of 7arnet were within the garnet areas of the other 

rocke, but it appears thst the amount of route material in an 

impure qua-tzite and more particularly the nature of its dletrib_ 

uticl within the rock exercise a controlling influence on the 

crystallization of garnet in impure quartzite°, 'A.thin the 

zarnet zone of the more pelitic rocks. Neither Xyanite nor 

staurolite were found in impure quartzites. 

Contest Metamorphism by the Permeation 3elti. 

Although there are several different types of perm-

eation belt, Vie only differencec observed in the contact effscte 

are of degree. It is therefore convenient to consider the met 

amcrphisme belongin to the different belte concurrently. 

All the regional metamorphic minerals which happen to 

occur in the roots being contact netamorphoscd by the permeation 

renain qualitatively if not quantitatively etable, except per-

haps . .yanite and staurolite, the few discovered occurrences of 

whieh sho':,  sone eilne of re-crystallization to shimmer acreRte 1  

Nte,  mineral types crystallizing under the influence of this met-

amorphise; are believed to be andalusite, shimmer aggregates, 

silliTenite and late muscovite. These minerals 	alboceted 

to this metamorphism partly on the te7tural (age) relations to 

other minerals and partly on the evidence of the geographical 



distribution. 

The shimmer a3eregatee are believed to enve been 

derived from andalemite, for reesons given above. Yhe diatribe 

utien of the shimmer ageregates and the distribution of eille 

imarite 	apal; and. 17) ehow strong resemblanoe when allowance 

is made for the very strong development of sillimanitgein the 

areas of tee teneous int-usives. iioth of these distrie,utions 

appear o be eimilar et first eieht, to the dietribution of 

minerals allocated to the regional eetamorehism, map 4. eo: 

ever se map 17 shows , the sillimanite concentration is greater 

at Coils Firth than in the Scateta reeion, the mineral oocrring 

only in mere treces in the rocks of Vle latter reeion. The 

same conelderation applies to map i for andalusite. eoet of 

the pelites le the Coll a Firth deetrict contain much. ehimmer 

agereeate. Many pelitee in. the Scateta belt contain no shimmer 

aggregate, and when it occurs it is on the average less abundant 

than in the Firth eooks. It is concluded theeefore that the 

eeesUieretiene concente lone of these minerals within the 

individual rocke are related to the pereieation belts , whilet 

the 7eographioal distribution of the menerale io mere nearly 

related to the regioeal metamorphiem. 

The diseribution of the eielimanite in the Collo. 

Firth area le vent similar to the distribution of the shimm r 

aggregate. In the 2catsta belt, however the eillimanite has 

a more restricted occurrence. The eillimenite ay have there- 
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fol*rystallized at a hi- her temperateree than the mineral 

replaced by the shimmer agareaates . -aat it is not possible to 

dtaide when the sillimanite crystallized relative to this min-

eral or to the shimmer aggregates themeelvee. he shimmerieation 

may 1a1e teen place as a. result of reactione ivin rice to 191 

sillimanite which would eeplain the imnunita of the sillimanite 

itself to ehimmerization. Cr the shimiierisation may have °court-a 

ad later during tle crystallization of the late muscovite when 

the sillimanite was aaain im .unt to potash attack. 	he 

andalusite re ice occur in the area of lo r sillimanite and low 

late muscovite development. The sillimanite portrays the 

fabric of the roc well. It is not only concentrated in bands 

parallel to tae foliation and the schietosity of the rocks 

but the individuals are also all orientated. The shimmer 

exgregatett , however, often show cross-cutting attitudes to the 

schistosity, taus supelyin evidence that the original mineral 

crystallized later than the development ef tae tectonite fabrics 

photo 

The late muscovite is shown by its dietribution to 

he most strongly concentrated in the Golla Firth - Yore- -a a 

aeee. It crystallized later than either the sillimanite or 

the andalusite or tee shimmer aggregates. hus VLmeetielee 

encloses and even partially replaces shimmer aggregatee. ana 

streake of orientated sillimanite needles, running parallel 

to the foliation of tae rook i•oght across the section, are 
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undisterbed by large plates of late muecovIte, which have grown 

with their cleavages at all anglee to the foliation. 

Most of tee evidence for this permeation contact met_ 

amorphism occurs in peittic rocks, ane the metamorphism itself 

is most stron ly developed in the Colla Firth area. Yet only* 

in two of the pelitic rocks of this area does the sillimanite 

development compare with that in the samtepelitee of the 

eraven Intrusive Complex. The intensity of metamorphism by 

the igneous rocs is therefore considered to be greater than 

the intensity of metamorphism by the pe -'iaeation rock. 	s 

nay explain the fact that only a f 	rocks, and those all at 

Colla Firth, show no prefered orientation of the biotite. cn 

the other viand the movements giving rise to the email folds 

and contortions of the permeation rocks may have preserved 

the erieinal orientation. 

Conact Metamorphism be the e:,,neous Compleecs. 

The eree Ieneoue Complee. It is not poesible to date this 

complex at all closely on the evidence available. Its contact 

with the metamorphic and. permeated rocs of the thesis area 

Is eeee badly exposed. 'he contact metamorphism is only appae_ 

ent In the field in one expos ire, on the coast just north of 

Brae, ehin sections show that this matamorphise ex emde alone 

tie entice contact . The emplacement of the complex ir later than 

the regional metaeo-pelee. 

eee roces are very rich in sillimanite and garnet 

on the coast north of Brae for a few yards along the beach. 
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.0m map 17 it le sec that the sillimanite development contin_ 

nec alone the contact although it decreases in amount to the 

eoute. All sectioned roc!cs from close to the contact contain 

at least a trace of eillielanite. 	he high ooncentration of 

garnet le not repeated in contact meta orphic rocks elsewhere 

than at arae. ',This garnet probably belongs to the regional 

metamorphism rather than t:o the contact motamorphien. The 

basic Iabradorite felepar found in some of the rocks from this 

exposure may be due to contact metamorphism Acrever, es no 

felspar of this composition was found in any of the regional 

eetamorpAic roces. Frei map 1..; it is seen that this contact 

metamorphic belt is also characterised by bictite-eericite 

shimmer aggreeates. In those aggregatec the biotite varies 

from no-mai size tc the swee size as the sericite and is peeeent 

in considerably .reater proportions. The aggregate° have a 

very indefinite shape. In some occurrences tAey appeer to be 

aeeociated with chlorite. The biotite in tne aggregates is 

orientated parallel to the biotite in the rest of the rock. 

These agereeatee occur no Where else in the t.eais area. 'eheir 

crilin is obscure. In the Jrae =ea eepoeueee the rocks ehor 

no preferred. orientation of the micas, elsewhere 6n this cortact 

zone the rocks Aave the normal regional metamorphic fabric. 

The decrease in intensity of metaelorphism along 

the contact is peobable correlated to the decrease in grain 

size cf tee intrusiverocee in 'tele same direction. The nearest 
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expo ed intrusive rock o the contact at Brae are coaree :;rain: 

plutonic-looeina eot. From 7ethersta to Manaastea aurn the 

intrusive oca te relatively fine grained, and is almoet aeleritic 

in appearance. This change in 	in cizo of the intrusive rocas 

takes plaee sudaenly at a contact within the complex. 

eraven intruelve Coaplea. This complex aleo shows multiple 

intrusion, but no differences were obeeaved in the contact 

effecte of tee Peaaatite Granite and the Inclusion (iranite. 

Therefore the contact met - morphiso e eonsidered as if it were 

due ta a nin. je intrueion. 

This aetamorahlem is chagaoterised in the field by 

an abundence in places) of silliaanita. all the pelitic rooks 

examined and sole of the semi-pelitic show no preferred orient-

etion of tae blot Ito. he ehimaea aaaregates scattered through 

the are 	ay be due to previous events. .oet of them are aseae- 

tatad eta occaaaences of permeatlon. 

THaaelFaIali O CALealaeaS T7OCKV. 

Asp 3 shows that these rocks are not as well distrla_ 

uted oven the area as those previoue:la described. Their 

reactions to metamorphism are more complex than thos(? already 

dealt 'pith, a circumstance due not only to the fact tart two 

more components have been ad-ed to the systea, but also to the 

spscial nature of one of them - aa
s
. The calcareous rocks 

appear to be very much more sensitive to metamorphic changes 

than are the pelitic rooce. There is a areater tendency for 
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the effects of earlier etalorphiems to be obliterated. by later 

metamorphisms. Further more, certain aiagaearettc chengee have 

taken place whilst the ro as were coolina down after a phase 

of constructive metamorphtem. 

The calcareous rocas show a very aide eange of 

variation in composition. ahe 2 e oda aseemblages of which 

approximate modes were made can be sorted into classes on the 

basis of their Tuartz arf,  cite content. ?he anseablagee 

can be eAvided into tAose waica contain quartz but no carbonate, 

carbonate but no quartz, neither quartz no carbonate aria both 

quartz and carbanate. she essemblagee are divided feiely 

equally between these four claseee. These elaseee may be 

further su'a.divided. 'ale quartz and carbonate assembleaes 

may be split into these with more quartz than carbonate and 

those with less quartz teen caebonate. the classes containing 

auaez only or carbonate enla may be less accurately divieed 

on the baste of tee euaete or carbonate content of the individ-

ual rocas. The assemblages are not ually divided equally 

amon.7; these sue-classes. 

The four primary classes into which the calcereeus 

rocee were div1ded in the above pareeraph are beet considered 

ea the four parts of a trianlar compositional diagram of 

which pelite quartzite, mriel Itlestone respectively are the 

compolents at the teeree enenere. ralen this is Cone,assemblager 

on the bordere of a 	are seon to be 'lore accurately placed 

in the triangle than are assemblaaes fal 	within °lase. 
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ehis classification is not meant to be nn accurate 1 

one. It cannot be accurate without modem and cheeical analyser. 

eut it is sufficently accurate tn it present state to ehor 

the relation in composition between all the eetmeorphibeed 

sedimentary eoces found in the thesis area. It can be used to 

deteemine the compositional field of stability of a mineral 

in rocks of the same geade. 

Thie classification and the use of a pelite-euarteitte 

limestone trianele with which it is intimately bound up, is used 

throughout this thesis as a mental aid for keeping trace of the 

interrelations of the der event isochemicel types of metamorph-

osed sedimentary -oaks found in Deltine. The complete gradatten 

in composition foetid between all the sedimentary type makes 

such a concertleAessential. 

ereeeeeeedie ee,reeALS. 

eictite, Me colour of this mineral is rather va-iable. It ip 

eenerally ketWft lighter in o our than it is in the polite_ 

quartzite ecces. In some of the limeetonee it becomes eef•fic-

iently pay to be considered as phioeopite,. 

elotite occurs in ',ores failine in all parts of the 

eslite-geseteite-limestone trienele. It is also wide spread 

eoe-aphically, map 1)(. .1i15 V shows the close correlation 

between hit its colour in the calcareous rock e end in tee 

politic rooks. 

Chlorite. Aeart from the normal green chlorite, which is almost 
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certainly derived from biotite during dielocatier metameerhiem, 

another mineeal provisionally identifiers r a celorite rae foUnd 

in 1.:; roces. these rocee ay.e all relatively quartz poor, end 
roltr II 

may or may not contain carbonate. Thispay be coleltrlees 

or faintly green and pleocheolo by normal itght en thin sectiee. 

Then cclourless it may easily be mistaken for nuscovit 	except 

that it has a very euch ena1le- bi-refringance; first 0-der 

yellow le chaeacteeistic. ehe colourlese types a'r 

neeative and th 	'een typee ere uniaxial eeritive. 

eescovite aid eicrocline. iote theee minerals are widely 

distributed over tie area and occur in calcareous rooks of all 

c °apes it i one map 19. 

Their meet notable feature ts the tneeeee relation 

which they bear to one anothere see fie. 16. Mte le interpreted 

as meaning that with ineeeasine metamorphism muscovite .changes 

to microcline. he iicoc1ine ie moetly developed in pyroxene 

areas but has a wlder distribution than pyrreene. it may theree 

fore form at q Lover,  grade of metamorphism than does the pyre_ 

ens. 

It should be noted that in the celoium poor calc-

silicate rooks microcline frequently shows the replacement 

relation to plaeioclase which it shows in ac many of the ether 

roces of the area. 

Plaolase case 	wide geographical deeteibution 

and occvn in calcareous 'cols of all compositions. 

eee felspare show a very wide range of composition. 
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They vary from AbO to Ab100 but most lie between Ab30 and Ab70. 

F,o far as could be determined the ,l.bite composition of the 

felspars did nest change with increasing metamorphism, fig. 21. 

T1-10,-e is evIdence, however, fic. ,'72, that the amount of felspar 
regicia nl 

increases steadily with IncreasiWmetamorphism; the zones of 

re -ional metamorphirel bein -  defined by the pelite-Pluartzite series 

as deecribed above. 	hit in rcca which contain pyroxene 	ane 

have , as will be shown later, ppe 71 , therefore suffered contact 

metamorphism, the a_-mount of felenar decreases. 

arnet. Two kinds of carnet, are seen in the calcareous rocks. 

most common tocnd has a hi fn relief and is a faint pink in 

thinsection and red in the handspecimcn. It is indistinguish- 

able from the garnet in the politic rocks. The seecrid garnet 

has a notioably weaker relief and is a brown colour in thin 

section and in the handspecimente. Me distribution of these 

two types is shown in map 20. 

The low relief -carnet is prob,--bly calcium riot:; 

a .o.ossularire ,carnet. .r_t is confined in itr distribution 

to the area. of tie ineous intrusions. For this reason alr-IF 

it would be r-asonable to assume that it WRF f relatively 

late crystallization. In one thin section its late development.  

is '1).0..-12s. in this rooLc, in which Iv, very [::reat development.  

of "ini vicrnets of thisitype has ta,cen /-1.,ce, the areas of siren 1,•"" 

eat ',evelopment are se n to oe based on partially healer frect_ 

urea crossin; the foliation at of Q. 



The red garnet is believed to approximate in composition 

te tee garnet of the politic rock's, not only because of ito 

identical aspect, but also because of t,e. eseociation with 

certain aseemblaees. The quaetz-carbonate content of the 

assembleges of the e'; roc:see containing this garnet show that 

32 of tAem fall on the quartzite side of a line drawn from 

pelite to 50euartzite:501imestone on the pelite-quartzite- 

limestone triangle. ehree of the exceptional roc 	occur in 

tee region of tee eravon Intrusive eomplem on time north shore 

cf eirth Voe. 

In map 20 the plots called "rocks caphble of producine 

garnet" refer to aseemblages lying in the port of the pelite-

euartziteelLmestone trianele which contains most of the garnet-

ifeecus roces. '2hie map shows teat this arnet 12 somewhat more 

ridele distributed than is tee garnet of the pelitic rocks.  

eeen this fact is taeen into accoleet the eeoeraphical eietribut-

ioe of the carnet of the calcareous rocs iR seen to be very 

similar to that of the garnet of the belitlo rocee. 

Jut for one occurrence it might be. eseumed that this earnet 

forms only during regional metamorphism. 'Pee exception occurs 

ir a smell area in the eeeen-beown biotite zone, characterieed 

be the development cat i1ifl grade minerals of very small 

grain size) in tee calcareous rocks; garnets are developed in 

one srecimen. The bulk of the c;arnet was developed during the 

regional eetemorphiem, whatever may be tile explanation of this 
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exception. 

Amphibole. 'ere are two nein dietineuishable types of amphibbe 

in the calcareous rooks. One Alle an. allotriomorphic outline 

and is faiely strongly but variably coloured; the Yedireotion 

usually shows ereen, olive green or brown ereen. The second 

amphibole occurs as almost colourless blades or even needles. 

They cut the previously d scribed amphibole and either cut 

er for a paeallei interprowth with pyroxeno, if this in present. 

Needles of the aelphibole grow along the cleavaee intersections 

in the pyrox.ene to form the intergrowthe. This amphibole is 

regarded as of later orystalization than. both the first and 

tue refroeene, and is therefore called the late amphibole. The 

ogle amphibole, teceuee of it eide dietributien, is called 

the regional amphibole. As with the regional iuscovite and ti-

late euscovite it is not always possible to distinguish between 

the two amphiboles, this belle especially the cace where only 

one of them. occurs in the rock. it is possible to fine a 

complete gradation in. aspect between the two typee. 

he late ampeibole is usual .y asrociated with 

pyroeene. The growth of needles alone pyroxene cleavaee inter_ 

sections and the outtine of pyroeene by amphibole bladea v  make 

it probable that the late amphibole is cryetallizine from pyroxeni 

which. has become unstable, possibly due to decrease of temp-

eratuee after metamorphism. eete amphibole occur with regionki 

amphibole only in a number oe casee, and in one or two instances 
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poseible late amphibole occurs by itself. It is not clear 

whether in those caser it is leeLtimate to issue tnat pyroxene 

res once in tee rotes and has been conpietely recrystallised to 

late amphibole, because the late amphibole may poseebly develer 

from rg1onsl amphibole. 

Since eee iate alphibole scarcely ever occurs by itself 

the distribution of amphibole shown in map 21 is in effect 

that of regional amphibole. The late amphibole is elmoet conf 

ined to tee pyroeene a-eas. 

eyroxene. The d1rtribution of peroeene is shown in n-p 

The pyroxene aeaa at south of Voxter Voe may be a zone of 

regional metemorphic pyroxene coincidental with the kyanite 

zone, or it may be due to the contact effect of the Scatete. 

permeetion belt. Aost probaely it le due to a coebination of 

both effects (see ppsel) 	The two areao of pyroxene which 

coincide with the Coll. Firth eereeation belt and the subsidiary 

belts along side it, are obviously a contact effect due to the 

development of this bele. The pyroxene in the areas of the two 

igneous comple2e:s is aeoumed to be due to contact metamorphism 

by the igneous intrusions 

The possibility therefore arises that there may be 

two generations of peroxene in the rocks of the eossbane 

No evidence was found indicatiee the formation of pyroxene 

in asecciation with tie permeation. of this area. if two 

generktione exist they are identical in aspect. But in the 

4osebank. area it is possible to prove the relatively late aye 
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of some of the piroene; in a number of rooks, the pwroxene con 

he seen to have rows preferentially along old recrystallized 

fro,ctures and microscopic shears 

The pyroxenem are onerally .7ranular crystals 

with a. very pale 7,een colour as seen in thin section. In the 

room north of Mfte Ness, see p. IJ, horover, 
tne rather Nile ;rained. piroxenes have a strong green non- 

pleochroic colour. It should be noted that almost identical 
rocs, without pyroxene, occur on the coast to the north of 

voxter Voe and have stronly and somerhat unusually coloured 

amphibole. 

Pyroxene and Amphibole. It is believed that during contact met-

amorphism, wen a certain temperature ran reached amphibole 

began to crystallize to pyroxene. Co7iparicon of the nodal 

amounts of amphbole and pyroxene show that the two minerals 

bear an inverss relatioh to ones 	but since both are often. 

major constituents, this is to be expected. The :,eographical 

distributiol proves the inverse ri:Aationship. 

lost calcareous rocks contain pyroxene and/or 

amphibole. Assemblages ,Nhich contain neither fall near to the 

pelite-quartite and the limestone-quartzite sides of the 

pelite-quartzite-limestone 	."hat is, these rocks are 

eithe very near in composition. to .'ierabers of the nelite-quart7-

Its series but contain some calc-silicate minerals such as 

zoisite or clino-zolsite, or they are rocks made up mostly of 

carbonate and quartz. in the first ease, before amphibole or 

4 
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pyroX ene can develop in a calcesilicate roc'e, there ;eust more 

teem a certain amount of calciue. In the second case more 

than a certain amount of pelitic material nest be present before 

aeipMbole or pyroeene can develop. In neither case are 

aemehibole or pyroxene necessarily ti.ie first 	loesilicate 

miner is to be able to cryetallice as the amounts of calcium 

and of polite respectively are increased. 

Clino-eoisite - epidote minerale. The distribution of these 

minerals is shown in map 22. 

There is a comp1ete gradatien in composition between 

clino-zoisite ane epidote, but most of tee.e minerals of t?lis 

type found in the rocIce oan be classed as one or the other 

type. 

Epidote. all pistaehite and epidote - clino-zoisite type 

minerals showing a bierefringance of more than 1st order 

co/ours and a eve 2V were considered to be eeidote. The rept 

were considered to be clinoezoisite. 

Epidote appears to have 3 different occurrences .n the 

calcareous roces, One type of epidote occurs in the green-

brown bictete zone. All the asseeblagee of Celcarecue reces 

which occur in this zone contain epidote granulee ap the only 

°ale-silicate eineral, 	hi e eeidote is believed to be of 

regicnal metamorphic criein. 

Epidotes in a large number of rock e are shown by tiebbek 

their textural relations to have crystallized late. ehee 

particularly true of coloured epidotes, which may form creme_ 
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wetting veins in the rocks, or they may grow as granules in 

rocks showing si7ls of cataclaSceis. This type of epidote in 

believed to be of dislocation metamorphism origin. euch of 

the remainin epidote oceurs in or near belts of dislocation 

metamorphism and altTiouh its late ae cannot be demonetrated 

it le very probably also of dislocation. metamorphic origin. 

The final occurrenc- of eptdoteprepresented in only a 

few roc, is not apparently associated with dislocation ror 

does it ocour in Low grade regional metamorphic rocks. This 

epidote ie typically found as -;ranules in felspars. It may 

have grown curing the cooling of the reeks after e phase of 

metaeorphism; it may be due to dtapthoretic reoryetallization. 

It La net believed that epidote occurs in stable 

assemblages at a higher grade of metamorphism than the green-

brown biotite zone, in the rooks of Lelting. 

clino-zoielte,  as is shown by map 22, has a Wide distribution. 

host of the clino-zoisite occurring outside the are' of the 

pyroxene development shows sins of secondary development, 

eseecially after felepar. It is often found as a grorth in 

the relics ef e, earltee mineral, which was poeeibly feinrar. 

Also it is often found as Iranules in felsear. i3ut several 

cases occur of clinoezoisite, which showirmas no dins of late 

crystallization. This evidence suggests that clino.zoisite 

either does not 000ur in stable assemblages in regional metanoe. 

phio anC non-diapthoretic rocke, or that it ta stable in such 

assemblages only over a nee-ow range of conditions. 
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most of the clino-zoisite which does not appear to be 

ef late origin occurs in the pyroxene areas. It is possible ee 

that it may have developed Burin the metamorphism, which 

caesed the crystallization of the pyroxene. 

eoisite.  eae ,:2 shows that thte mineral. has a restricted distre- 

utien. test of tee occureences lie alone the edges of th ()11p. 
e! 

Firth pyeoxene zone. Teo of the three other occureences are 

in pyeoxene zenee. One of the latter cases, that south of 

eosebank, in of cryetals erowine into free space on the face 

of a joint ceaoe. These crlpe,ale reobably gree during the 

contact metamorphiem. 

The zoteite in the Coila Firth permeation a.-ea has a 

similar distribution to the pyroxene, but it is not so abunCene. 

Thin sections of some of the eocke contain zotette which is 

apparently of the same aee ac the bulk of tee minerals. Other 

rooks, he ever, have zoisite ac skeletal cryetale in what was 

once probably fel-sear. eheee is a poseibility therefore that 

zoieite can gror both on the ueerede and on the downerade. 

eotette, clino-zoisite and epieote occur in rocke 

falling in all parts of the pelite-euartzite-iteeetone triangle 

except the polite-quartzite and the quartzite-ltmeetone sides. 

.he distribution and frequenoy of occurrence of all three as 

stable phasee in stable emeembleeee is considerably less than 

is apparent from mere lists of minerale forming the individual 

reeke. The true etability relatione of these minerals are 

Obscured by the great difficulty experienced in determining 
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which are early and which are 13.te cryrtallizing members of these 

types. 

cllaetonite  occurs in two rocks from near Voe ohurch and it 

also forms in. calcareous rocks included in the Inclusion 

Granite on tne north side of Firth Voe. 

ipatite is found. 1:1 nearly all oalc-ailicate rocks. 

iyrite 	is also coxamon. 

illaene and biacc iron Ores.  ;T)-slene is a very common constituent, 

often (ccurring in relativelj large amo'mte. in some cases 

it is highly coloured, a 'Kind of reddish brown, and is pleo- 

chroic. 7,phiene is much more common than tf4e ores, which occur 

mostly in sp'nene rica rocits. SiLiene oftn forms rims round 

ore grains and "nal be derived from them, bIlt no significant 

distribution of either Al.s determined. 	his may be due to the 

fact that no attempt WAS iaade to diatinguisa between ilmenite 

and liagnetite. 

1,kalCIPaii.; TILATURE. 

These rocks are mostly granulit ( in the 2cott1s senee) 

in thin section it is occasionally possible to determine the 

age relations of ce-tain minerals but for the ;Iost part the 

rocks appear as granular aggregates. The biotite and. the mue-

covite, especially awe; from the contact metarorphio arena, 

show quite often parallel orientation, even though they may be 

scattered through a granular 1.18.tri of other minerals, which 

show no preferental of exte,..!lal form or apparently nf internal 

........ 
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steuctere. This siveetuve sohisteeity is always parallel to any 

composition bandin visible (except in the green-brown zone). 

eess commonly the regional ampAibole shore preferred orientaticn. 

Therefore the regional le netamorielosed calcareous rocks are 

probaoly tectonitee, alt.iou h this fact is not alwaye immediatitly 

apparent. This fabric was destroyed by the later contect met 

amorphism 	hen the late amphibole developed it grew without 

preferred orientation in the roOkse 

,eETAAORPAISA OF ',ME 	ROCKC. 

.'he calcareoue rooks appear to eetain equilibrium 

acre easily than the pelite-quartzite rocks. 'hey are also con-

eiderably more complex in behaviour and are consequently lees 

well understood. it was therefore* considered beet in this 

thesis to interpret the metamorphism of the calcareous rocks 

with tee aid of the knowl6e gained from the pelite-quartzite 

rocee. it is acsumed that the sequence of metamorphiems 

recorded in the eelite-quartzite rocks has also affected adjoin-

ing cale-sillcate roces. 

'7egional ;eetamorphism. All assemblaees obtained from the ares 

in which pyroxene is not developed in, the rocks, see map 21, 

were divided into groups based on the zones of poltieequartiate 

regional metamorphism shown on map J. 

Green-brown bictite zone - 	aueemblees. The characteristic 

as emblage is green-broen biotite, muscovitepepdote and pleiele-

clase. Nearly all the rocs contain quartz and about half 
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contain carbonate. '..Lagioclase occurs in only about half the 

assembleoies, but due to the fine grain size of the minerals 

it is not easy to identity it. Only tnree flspars were 

determined and they were about Ab30 in composition. ,our 

assembia,,ee showing signe or dislocation etetomorphis contain 

eiicrocline. One aivemblee, tele only potash free one contains 

hornblene. 

'ed-brown eiotite zone - :7 aseemblages. The oharacteriptic 

stable minerais of tate zone appear' to be hornblende, muecovite, 

nedebrown biotit and felspar. loree'ilende is miesing from 

of the aseemblages. Six of thesc aseerabla;ec arc very rich in 

quartz and carbonate whilst the other tro are very poor in calc-

areous minerals. Therefore as mentioned on pp:172-73, all 

aver 	are of a composition which cannot develop a nhibole. 

•uscovite and biotlte show the haphazard develo -erdent usual 

for these roces. Plagioclase is more common and more s ongly 

developed tlan in the gneon-brown biotite zone. 'Ir-o felsparelk 

of about Abie and Abq't were determined. 

?our rods from this zone contain zaleite, which in three 

cases c n be seen to be forming from felspar. The zoisito 

probably develops in response to the contact metamorphism by 

the pe-mention, toe effects of nnich must extend to a ce-taln 

extent beiond the lielits nf tte retnoxene sneae. Oolounlece 

chlcri e occesionally -cnlre to small quantities. 7oisite, 

ollno-zoisite ane' epidote are all formed but in most case' 

shoe evidence of late developLaent. There are three cases of 



71. 

microcline in smal quantities end three instances of gernet, 

garnet 1 zone - 12 assemblages. The essential minerals in thin 

zone are gernet, hornblende, biotite quartz, carbonate, and 

plegieoleee. Garnet Is now more frequent and is better developed 

cases- than in the red-brown bietite zone. Amphibole occur 

in all aeeemblageo, but in two oases ea.. be letc mmphibole. 

Biotite occure oceaeicealle. Felepar is well developed and an 

AbSe and a bytownite were determined. Clino-soieite and epidole 

occur le about half the assemblages, in most casei but not in 

all showing el 1Le If late develoevment. 

In. peseine from tee eedeerown biotite zee to the 

ga ee 1 zone the oils-  change ebserve6 in the calcareous rocks 

is an incroese in the *4. equency and amount of garret. 

Garnet 2 sons - 12 assemblagee. These rooke differ from the 

previously described rocks onle in an increase in the frequenci 

and amount of garnet developed. Four felspare which ranee 

fro Ab37; to 411,12? were determined. Clino-zoieite and epidote 

ncee usual they nearly always show signs of late developmeSt 

eseemery. 411 fi4e. 34 tns approxiate compositirmal fielee of 

stability of the minerals t the different zones of pelite-qusetz. 

its eejenal metamorphism are shown. It °iis evident that zones 

of resional metamorphism can be erectee for the calcareous 

roots. esenet will provide e zone or zones in the some manner 

as it does in the pelitle roc ke but Vise zones so eielimitee 

will for equal amo-ente enel frequency of develoreent of garnet 

be of greater geoz asell al area for the calcareous rocks. 

the/change from Vie characteristic assemblage 



of the grecnebeewn blotit4 zone to that of the rodebrown 

biotite zone taeee place in the general region of the east 

front of the Cella Firth belt, in the pelite-quartzite rooks. 

The equivalent change in the calcareous rock.s nrobably takee 

place also in this reeien, but all evidence of the change 

has been destroyed by the development of the pyroxene area of 

the Cella Firth belt. if this contact metamorphisn had not 

taken place, then it is probable that both the change of 

colour of the biotite and the change from epidote to horn-

blendeOould heve been made the basis for isograd lines. 

Contact Metamorphism. The development of brown coloured garnet 
the 

in the areas of the igneous complexes is/only observed differ- 

ence in effect beteen the contact metamorphism by the ieneous 

roces and that by the permeation. For this reason the effects 

c the two contact metamorphisms can he conoide,,ed toeether. 

Peroxene is regarded as the characteristic 

mineral of the contact metamorphisms. It is probable that at 

sufficiently high grade of regional metamorphism pyroxene 

develops, but if this change occurs in. the welting rocks 

it is confined to a small area east of eree, map21. The 

areas of pyeoxene development are therefore regarded 	the 

domaine of the contact metamoephisme. Iiut the contact met- 

amprphisms must have produced changes in the calcareous rocks 

beyond the areas of the pyroeene development. These areas can 

be considered as a zone of contact metamorphism of lower grade 

than the pyroxene zone. This zone lies indiscriminately 
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across all tae above described zones of reional metamorphism, 

and therefore in son oases the chanee in response to contact 

metamorphism will be diarthoretic and in other casee construct_ 

ie. Changes observed in the roc 	ound the petroxene arese 

are ;- instability in the regional amphibole, the development 

of late aepalbole, the development of lat- clino zoisite, 

epidote, and zoisite, tie vent etron3 alteration of the feltner 

the development of chlorite from biotite. 

'ins of re-sorbtion in the hornblende are mr'et 

probably the result of contact metamorphism, but sie,ns of 

instability such as the development of chlorite or carbonate 

in toe hornblende are probably due to dislocation metamorphism. 

All late amphibole is aleeont certainly the consequence of 

contact metamorphism. eost late amphibole occurs in the 

pjroxene areas, where it has  obviously developed duringthe 

coolins, but in the outer zone it may develop at the maximum 

temperature reached at that point durine; the contact metamor 

phiem. 

The development of eltno-zoisite from felspar is 

diaethoretic effect of contact metamorphism, but the laeeest 

part of the epidote ie due to dislocation metamorpniera 

to low grade regional metamorphism. 7.oisite, einoe it ceol 

occur as both skeletal crystals in felsper and as 

crystals on its own, and cqn alac occur,- both with and without 

pyroxene, is probably formed. during the hcatin up and the 

/ cooling downA/ 
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cooling doen, and in both casee it may have a limited field of 

stability. Zoielte can be regarded as a hiker grade mineral 

than olino-zoisite and therefore than epidote, but it does net 

continue stable es long as felspar. 

The felopare of the contact metamorphic rocks are* 

less eericitised than are the feispara of the non-contact 

metamorphoeed roc'es, so that there is nn reaeon to think that 

the sericitisation of felspar le related to contact metamorphism. 

But anoter alteration eccasiolally feunS in felopar may be 

an effect of the contact metano,-Dhis 	ehie is the development 

of areas of fuzzy aterial witi a high relief, which can 

eceasierally be aeon to have a low bi-refringance. it also 

sometimes eesembleo seeletal zoisite developing in felspar. 

This alteration may be an early stage in the development of 

eoisite in felspar and so an. effect of the contact metamorphism. 

rho above changes are relatively slight. On entering 

the pyroeene one, the effects of tae contact metamorphism are 

more obvious. Pyroxene develobe in apiolxnta varying f-en more 

than 70 of the rook. to Only a few . ;lost of the nicmoc11'e 

oeoure in the pyroxene areas as does most of the zoieiee. 

The change amphibole to neroxene involvee les of 

a luminium and gain of magnesium. A plot of pyroene againet 

biotite ehowe a moderately good inverse relation. fie. V. 

A similar plot of eleoxene against microcline shceee that 

microcline is as common in pvroxene rocks as in non-pyroxene 

rocks fige17e  and occurs mostly in rooics of tqe pyroxene 
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Rres. An inveree relation between pyromene and quartz is shorn 

by queirtz-Xene plot,fp. 1!7. Pyroxene is often a taier 

constituent and therefore all ,the' minerals can show an inveree 

elation to it. ilevertheless, it is possible that the extra Sat, 

magnesium necessary to form pyroxene comes from biotite, the 

potash of the biotite and the alminium of the hornblende 

then formin rnicroo.line or leaving the rook. 

The presence of wollastonite in several places 

indicates the possibility of the development of a higher grade 

of contact metamorphism than that characterised by pyrosene. 

The same consideration might apply to the very localised 

develepment of the coloured. garnet. Tut it is possible that 

the cryetallization of these miner is is due to an approach 

to the conditions under which akarne develon. The 000urrencee 

of these minerals are too few and too mi6ely scattered for 

an7 conclusion to be drawn fro them. 

Uonsiderations detailed above show that the contact 

matamerphic rocks are of two ages; islreoue intrusion and perm- 

eation 	13ut that is not se obvious from tile rooks of the 

polit-quartzite series is the great digferynce between the 

contact effects of the Scatsta belt and those of the Colla 

Firth belt . Therefore the metamorphisms by the different pers. 

eatier belts must be considered separately where ever possible. 

4ETACPPHISAi OP THE EPILIORITES, 

Lpidiorites occur in the field ao black massive 

homogeneous rocks forming bands parallel to the general 
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schistosity. In thin section they are seen to be ';:lade of 

hornblende an 6 felspar with some quartz and with ephene and. 

blace iron ores as very common and. often ce:.rongly developed 

accessorie::. 

But in a number of areas and particularly in the north_ 

rest of th6 thesis area tie opieioritee have been more or lees 

completely converted to biotite garnet echists. 'hie change 

is due in part at least to eletasomatism. i:ulether more it has 

not so far been found possible to date the metasoiaatism. 

Therefore this problem is considered ceperately below, ppr..1%9. 

META4CRPHIC MINERALS. 

Quartz. 	'euartz occurs in all but 20Y of the rocs(94 aeseme 

blageR cobsidered). It is always a minor constituent but 

occasionaly it exceeds the felspar in amount. 

otite. 	eost of the rooks containinT biotite occur in the 

metasomatic area to tee north-west of the line from Iirae to 

'Irth, but it is also developed in rode along the edges of 

tee Colla Firth permeation belt. The mica is usually red-

brown in colour, exact).y like that seen in the regional 

eetamorphic pelitic eocke. A number of the rocks however conte 

..ain brown biotite, includin6 several in tie green-brown 

biotite zone of teee politic roces. 

Chlorite. so much of the chlorite can be shown to be derived 

from biotite, or e,.arnet that in the absence of any other 

evidence there is no reason to thine that any of it has any 

other oriin. 
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kiornblende 	1.7 tAf; de7linant mineral of the unnetasomatised 

epidiorites. 	t is strongly but variably coloured.. There are 

tiro main types of colouring; in one the ::-direction showe a 

bluieh-green, and in the other a slightly greenich-brorn. It 

is possibl to find all gradations between these two colours, 

and furthermore there are a number of other colourE which 

do not fall under either of those types. The brorn hornbionde 

frequently shows rime of blue-greei waphibole. In map 23 the 

istribution of these varieties has been plotteC. The distrib_ 

otion of the brown hornblende is as far as one can see from 

available specimens similar to that of Arnet in the 

p lite-quartzite rocks. Therefo 	the colour of tie hornblende 

le probably related to t:le intensity ef the regional metamorph_ 

I sm. 

Pyroxene 	occurs in. three rocks. 	na rock from Lax° ,:ster 

the perexene (evelope in one of the small reaction zones which 

occor in epidiorites in permeation areas, see ppe.}2l. The 

composition ithin these smal areas of reaction Is lttle 

c'ifferent from that of some calcareous rocks so that it is 

natural to expect pyroxene to develop. The other two cases 

of pyroxene development are in roc la along the edge of the 

rraven Intrusive Complex. 

iernet shows the same distributi- n as biotite, and is considered 

later. 

,, elerar 	12 on!! mi5sin,1 from one of the 4 seemblages an' 

that 1 	rocks in which all the amphibole has been changed 

to biotite. / 
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to biotite. Felspar can make up nearl;j half 'tee roc:. 	Most 

of the felspar is sericItised to eoele extent but it was posrible 

to determine the composition in 33 assemblages. Ceven felspar!,  

are between Ab90 and Ab93.  The rest are.,  between 1025 and Ab70. 

he two most basic folepars, Ab2':; and Ab0, occur in rook e at 

the edge of tee Brae inrusive Complex where the most basic 

feispars of tie eemi-polites were found, pps 42&63). Some of 

the most aodic felspars occur in specimens from dislocation 

belts but more calcic felspars also occur in these belts. 

elino-zoisite and Epidote occur in a third of the rocks. 

Bost of tee epidote is obviously of dislocation origin. lluch 

of tie clino-zoisite is also of eecondere ori;eln. lhat le, 

It occurs in and around the reaction areas attributed to 

permeation, pps 	• The remainine, cocurrencee oe oline-zotsite 

are all within the permeatioe areas ac that Viere le no reason 

for assuming that clino-zotsite is ever of egional metamorphic 

origin In these roces. 

'phene and Iron Ores 	shoe tee same , as yet unexplained 

relations as they do in the calcareous roc's, but in these 

rocks the iron ore Is more COATMa than th4Thene, the reefer e 

being the ease in the calcareous rocks. Ophene forms rime 

round the iron ore screetimes. Sphene occurs in permeated, 

unpermeated and contact metamorphosed areas. Iron ore also 

occurs in all these areas. No attempt was made to distineuish 

between ilmenite and maznetite. 



TEXTURES. 

The hornblendes of these rocks in more than half of the 

sliced specimens show preferred orientation, the nature of 

which is described on pps 23. flocks with no preferential 

orientation of the hornblende are frequent in the Graven. 

Intrusive area, and also occur occasionally elsewhere but 

eeually near tae permeation areas. Such rooks are considered 

to have recrystallized under contact metamorphic conditions. 

Throuehout the theeis area there are epidiorites which are 

tsctonites and are considered on that account to be regional 

metamorphic rooks. 

The epidiorites thus stand ie contrast to both the pelttee 

quartzite rook and the calcareous roce.s. The pelite-quartzite 

rocks show equally the effects of regional metamorphism and 

of contact metamorphism. In the calcareous rooks the contact 

effects predominate. But in the epidiorites the regional 

metatorphie effects dominate. The calcareous rocks and the 

epidiorites taken together the show that regional metamorphism 

was early and universal and that contact metamorphism ras 

late and restricted in distribution. 

Anothe- feature of the 	idiorites ie the occureence 

of cracks which have beer mono ee 1es healed by reorystalliz- 

ati-n. 	ithe- the quartz-felspar elemett of tee fabric has been 

healed or both that and the hoeeblende. 'hen the hornblende 

grows across tie facture it generally grows as colowrlesP oe 



nearly colourless amnhibole in optical continuity with the 

original hornblende. This recrestiallizetion is poseibly assock 

iated with the pereeatien or the contact metamorphism according 

to the location of the cracked rocks. 

EHISi (7?? 

The regional metamorphism resulted in the develop-

ment of stroneLe but variably orientated hornblende in a 

hornblende, felspar, quartz eook. In the green-brown biotite 

zone of regional metamorphism, tAe erain size produced is ehar_ 

acteristically smeller than enywhere else in the thesis area. 

The hornblende ts normally one with a 7-direction colour of 

blue-green. But in the areas co-eoeponding to the garnet 

zone of the pelite-quartzite series tAe 7I-direction colour 

s greenish-brown. The erain size and the colour are the/*ly 

obvious feetures seeable of beiree ueed for regional metamorphic 

eoeing. 

Permeation besides bringing about a certain amount 

ol felspathieatton and reaction and come biotite and garnet 

development may have also deetrelyed the preferred orientation tk 

of tee hornblende. 

Contact metamorphism by the raven intrusives 

appears to have destroyed the eornblende fabric in, a number 

of rocs. It may A.eo have ceused tee oryetallization of 

pyroIene in certain cases. 
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A LISCUSSION OF eleTeeke9PeISe Ie LleaTI4Q. 

An attempt hat hen made above to reconstruct from each 

of the threJ mein rock types or rook eeeies, the pelite-quartzete 

seeiee, the oalcesilicateelimeetond series and the epidioritee, 

the metamorpaic history of tae area. The three histortee 

otained are to some extent different. They differ in that thpy 

ee not ali tell the oomplete eistoey. 'or inetanoe it 'wee found 

eecessary to use the peliteequarteite rocks to a certain 

extent to interpret the history of the calcareous rocks. There 

eemaine the task of combinine the thee- metamorphic hstories 

into a siilo eletoey. 

the regional metamorpeism is tee earliest metamerphism Of 

which there is evedence in the reaaa in the three seeiee of 

ecees, and various feats suggest that it was the first metamorph 

ism or was at least more pronounced than any earlier one. es 

has been 6. :,,Iribev• on pre 17400 various sedimentary structures 

are reeeerved in the rocs. These structures are parallel to 

or are folded on axes parallel to reeional feetamorpaic structure 

Any earlier eetamoepaisla woule have to eave been so slight 

as to have left the structures relatively undisturbed. 

intensity of the regional deeamorphien varied over 

the thesis area. The distribution of this inteneity is shown 

in map 

The permeation to place alto' tie regional metamorphiQm, 

and at the levee of the present surface of the earth the two 

phenomena are uneelated,senoe tae permeation l'elts cut across 
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the regienel metamorphic zones. The evidence on which the 

statement that "the peemeation took place after the regional 

metamorphism" and not contemporaneously efith or earlier than 

the regional metamorphis, is based 	is summarised on pps52 . 

The history of the contact metamorphism by the 

permeation is maee complex by the differine effects of the 

different permeation belte, bj the differine; effects of the 

same permeation ;pelt on the different roc e types, and the 

differing effects within the same permeation bolt. Cnly the 

Calla girth permeation belt and the Ecatsta permeation belt 

outside the domain of the contact metamorphisms by the Graven 

and the Brae Intrusive Complexes, will be considered. 

7ithin th=e t o belts the silliman e shows a 

distribution similar to or more restricted than that of the 

mineral which preceded the Shimfeer agregates. The sillimanille 

is therefore eegarded a\Sof higher grade than this latter 

mineral. But within the Colla Yirth belt both these minerals 

show e striking relation to the rezional metamorphism in 

distribution. (it is the distribution and intensity of 

development of tease minerals over the whole thesis area, which. 

shows that teey are not regienal metamorphic minerals, quite 

apart from textural consideeatione) in the 'catsta belt these 

minerals, sillimanite and the predecesoor of the shimmer aggreg. 

ateS, are much more widely distribute e ane lose intensively 

eeveloped. 

The above is interpreted as follows. then the 
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eclea ?irta permeation took place the regional metamorphism 

ha finished, but the temperature gradients established 

during the regional metamorphism had not been eliminated by 

doeling; areas which hal suffered more intense regional 

metamcephism were still aotter than areas which had sufferee 

less intense regional metamorphism. As a result, when perm-

eation took place, bringing with it or manufacturing in place 

its own heat, the contact effects were stronger than they were 

in areas ef le s "strong regienal metamorehlsa Appltcation of 

the sa7ris arguement to the eeatsta belt ehryve that thore, 

either t'ee rocs had cooled down more than in the Cella Firth 

area, i.e. more time had elapsed since the regional reetorphism,,  

or the permeation eave rise to lose heat. 

It should be noted that typical contact netamorphic 

effects occer as"outliers" in the rocks at Point of blulla and 

to the wst of Voe Church, Sillimanite occurs at both places, 

an e the perexene area extends far out toward e Point of nulla. 

These two areas are belLeve,3.1 to '5e contact aureole of outlying 

pefle of permeation occurring above oe below the present surfece. 

In the field the tee° areas are characterised by a slightly 

ore rtoblie aepearence in the rocs than is usual in the 

eeteaceehic -00X9. -hey were identified. as areas of weak 

peemeatien before the contact metamorphic effects, or in the 

case of the oe cocurrence, the net-texture in the eoc'es were 

observed. The fact that weak permeatin produced contact eff- 

ects, in arnet zone areas, makes it probable that t',.1e. perm_ 



eationkelong,  in time to that of the Culla Firth belt, Such 

outlying rroducts of permeation have their eounterrart on the 

east sine of t'ae belt in the small area at Laxo. 

The distribution of pyroxene is similar to that of 

tee ahimmer aggreeates and tee sillimanite in that it is better 

developed in the Ocala Firth belt than in the ScatrAa belt. 

After using the same arguement as is used above, it i concleldOd 

that the metaelorphism of Vie calcareous rocks in the Colin. 

Firth area, and therefore the permeatien, was eccomplished at 

a hi4hee temperature tan it 17ae in the Ecateta eegion. i'3ut 

if VA. malc 'aetamorphism of the calcareous rocke Jo compared 

with the metamorphism of the pelite-euartzite rocks then it is 

seen that the development of the pyroxene is much more wideepre 

in tie Cola ,eirth area than the sillimante and shimmer aggrery. 

ate mineeels, whilst in the Coateta belt area the pyroxene 

has a much. more restricted distribution than the sillimanite 

an 	shimmer aggregateP. Alerefcre in the Coll a. Firth area the. 

peroxene anpeare to be a lower grade mineral than viilleenite, 

and in the Scatsta area a higher grade minerel. 7...ither the two  

mineral as seen at present, are the results of different 

metamorphisms or one of the controllene, factors, which apresr 

to se easily influence the metamorphism of oa °seems rocn;  

was flifferent. 
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ne MATErliAL TWIING IALVA(PPAISA, 

Althouh in this thests the rocks are often 

written of a eedtiiente, to actual fact they are all metamorphic 

roces. The question therefore arises as to how far their 

sedimentary chemical composition has been preserved Ouring the 

metamorphism. Yerteee moe the conception of a eelite-cuartziee- 

limestone teianele of composition as described above raises 

poseibitity that a correlatien may exist between ti' , individ-

ual components; that the presence of eifferent amounts of the 

cimpl components quartette and limestone in a rock may alter 

the nature of tee third component, pelite. 

The approximate modes of some 700 rocks whose 

e ional metamorphic composition can be estimate wholly or 

partially were plotted in various weye in an invastieation 

Of these probieLle. 

element Deficiencies. 	Without accurate mode' it is impossible, 

beeause of the dilution effect of the other 	COMponents, 

to determine directly the presence of, or lack of minor 

variations in compoeition within the pelite component. Larger 

varistins, espeoially when thee lees to tee complete absence 

of an eleeert normally present , in the polite component, can 

be detected.. The actual detection of variatiens ithin the 

pelite component is done indirectly by observing the variations 

in amount of te different minerels. 

. eontlnuous ,eiriation - i.e. variation showing a definite 
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relation to the major components of the pelite-ouartsite-limeetone 

triaregle. 

Calcium. Taken as a whole the rooks show coniplete 

gradation from no quartz to 100, quartz. At the same time they 

show complete gradation froll no calcium containing minerals 
100 
to/calcium containing minerals, and from no CaCe to 10(Y'  

3  -tmriet 
CaCO • in other words they show the total composition range 

a 

represented. by a trianile with pelite, quartzite and. limestone 

respectively at the thre corners. As a firet apprcwimati(7r 

the pelite-quartzitd series is a simple dilution of pelite 

by quartzite. The pelite carbonate range is not co simple. 

.che calcium combines with the polite to give calc-silicLte 

minerals for the first part of the range, and in general 

only appears as carbonate when at least a certain proportion. 

of the silicate minerals present contain calcium. In 7 rocks 

out of 70C, carbonate occurs with no other calcium mineral 

present, and in I rocks with only plagioclase as a calcium 

mineral. ,oat of these rocks show evidence, in their texture 

or in tie rocks associated with then in the field, of extreme 

dislocation. All there rocks fall near the carbonate-quartz at 

side of the pelite.quartzite.limestone triangle. 	hiss mean' 

that either some of the pelite bases have been ejectee from 

the rock during metamorpbaem or that they were never there. 

The bas chiefly concerned is potash since biotite and muscovite 

become replaced volumetrically) by the amphibole-pyroxene minim 

• Ur 
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and by the clino-zoisite 	epidote - =oisite minerals. 

it can safely be assumed that the talc 	content is 

large4 if not entirely due to the orii.;inal sedimentery 

composition. The presence of calcium affects the bases potash 

and soda, since it combines with the manesium, iron and 

aluminium with which these bas 	are normally combined. Zile 

usual solution of this problem offered in the literature, that 

the original limestone component 	dolomitic, is not accepted 

for this region (see on) 

Potash. noticable feature of the rocks le the scarcity 

   

of the regional muscovite in toseili-peliter, compared to ite 

abuniance in tie politest 1..7 passing it should be noted that-

occasional references to such a scarcity in similar rocks can be 

found In tas .i.teratture dealin:7 with the toines. 

Using the 360 approximate modes available :._ 

..Auscovite can he plotted against biotite for each 

of the composition types, pelite semi-pelite and impure quartzite 

Se6 figs. 12,13,14. Fro(1 asalW the fiTlres it can be seen that 

in each case biotite shows a normal distribution about a positive 

amount. Jut whilst the polite shows a similar distribution 

for mwcovite, fig.4, the semi.pelite,fiz;.5,ehows that most of 

the eei-pelites contain no muscovite at all. 

::uscovite can be plotted a :jAinst regional metamorphic 

zones, see figs. 25,26,27. From the. ,Jazrams it can be seen 
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that there is a alight loss of lescovite between the greon-brorn 

biotite zcne ani the next zone above in both cases, but that 

otearwiee the same pictute in presented as above. 

The relative lack of regional mudcovite in seciepelites 

as against its relative abunCance in the polites goes back to 

an earlier stage in the history than regional eetamorphism or 

to a lower grade of metamorphism than is preserved he-0. 

impure quartzite has diagrams of the same type as the semi-

peli#es. 

Sodium. 	In the pelite quartzite neriev the of plagioclase 

increases from eelite towards the quartzite end of the series, 

when allowance is made for the dilutton Iv the quartz component. 

Tor instance 25'4 of pelites contain no felspar, 7.5 of semi- 

pelites, seri. only 1  of impure quartzites. 

In figs. 7,4, and 2 the differences in form of 

the lelepar-biottte plots for  eemi-pelite,and impure euartzite 

and fo- pelite show this variatiol well. 

In figs. 4,5, and e, tie difference in fore! cf 

the plots of felspar and. mescovite show an inverse relation; 

119 felspar increases so eJuscovite decreases and vice veree, 

In fies. 31, re and 33 it is shown tleit the 

great range in the modal amount of felspar in prerent fron 

the red-brown biotite zone of reeional metamorphism to the 

the Bernet 2 zone, foe the pelites, the semi-pelites, anfl for 

the impure quartzites, he parts of the plots dealing with 
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the green-brown tietite zone are not very satisfactory es it 

is difficult to recognise felon' in the very fine grained 

eoces of this zone. It is possible that there is a snail 

increase in felspar on passing fro-' the ;;ree'-brown biotite 

zone to the red-brown biotite zone. 

In the calcareous roc 	tie behaviour of potash 

and of sodium is fundamentall.e.  different. Both biotite and 

efeecevite e microciine (here eonsidered together because of 

the above proved relationship, pps 67) show a decrease in 

amount 'with increasing metamorphism, fi..;s. 23 and 24, In 

both cases the loss is almost entirely completed at the 

boundary of tie ereenebrown biotite zone. The loseofpotarh 

is so srest and so eudden that it can only be aseumed that there 

is an actual chane in the built composition of the reeks at 

this intensity of metamorphism. It is possible that 	is loss 

le potash is correlated with the 'teicrooline belt in the eemipet-

itee near where tie change oc• 'ars, nap 14.0  p. 41. Neither 

the biotite nor the muscovite + miorooline show a variation 

in amount in the pelita-qMOIrtilite -limestone triangle greater 

than the systematic variation duo to dlaution by the limestone 

and the quaetzite components. 

20 far as it goes, the plot of Ab content of felspaes 

stainst zones of regional metamorphism, fig. 21, shows the 

same range in composition for each zone. As with other similar 

diagrams the width of the range may be due to a number of 

different effects, such as the oompo7rndina; in the ia-rem 
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of a number of rocs of difeerent composition, figs. 2 and 

But the information evailable 	insufficient to analyse 

such causes. If the amount i -f° fele 	ir each roc e is plotted 

againet tie zone c4 regional metamorphism in which the rock 

occurs, fig. 22, a steady Inc-ease in felspar in the regional 

metamorphic range is folowed be ae decrease in the Contact 

metamorphic zone. This behaviour stands in contrast to the alm st 

constant amount of felspar ie t e zones other than green-brown 

biotite in the pelite-quartzite eerier.  

In order to teet whether the inverse relation found 

in the polite-euartzite series,  e'tween muscovite rani' felspar 

eetenes into tee oalccreous rocks, t pelite-quartzite-limestome 

trlar 	was eiviled into two parts, separated by a line 

fromles 
 of the way free pelite to quartzite, to V

3 of the 

from limeetone to quartzite. This elves a pelite-calc-

silieate-limestone part and a semi-pelite-calc-siAcete-impure 

quartzite part. The division was made by dividine the calcer-

eous eeeemblaeee into two parte; those with less than a certaie 

amount of quartz ane those wits more. The critical amount of 

quartz chosen corresponded to that at which in the polite-

quartzite series it became difficult to ctcide whether the 

race was semi-pelite or pelite. she fe'Lsrsar e xtant was, in 

each of tee two series, plotted against ouecovite + microclins., 

Flee. 2 and e are the reault. it is seen that the inverse 
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"elation between , eel minerals an Nadi minerals found in the 

pelite-quartzite series also occurs in the calcareous rocks. 

Nearly all the rocks failing on tie felspar ordinate in the 

pelite-calc-silicate figure, fig.2, occur in the Losebank 

region and in. fact are the majority of the calcareous rocks 

whice came under the googuir.influence of the igneous contact 

metamorphise. 	he elimination of this inequality in the data 

between the two areas leaves an even gweestrets clearer inverse 

relation between potash and. sodium. 

Aluminium. Siens of an aluminium deficiency sufficient 

to outweigh the inaccuracies of the methods used, were Indicated 

by t*e  presence of some 25 rocks lacking all eluminium containkng 

minerals except plagioclase and amphibole, rehose all fall 

within the area on the limeetone-pelite eiee of a line from 

50 pelite $ 50 quartzite to 50 limestone : ee quartzite in 

the pelite-quartzite-limeetone triangle. 

this fact taken In conjunction with other facts 

given above suggests that the lagioclaoe felspar lattice heel), 

priority en aluminium over all other lattices with common 

constituents, -.6ut whilst it is comparatively eaey to show this 

due to to very great number of variables, both components 

and phases, involved it ie tepossible, without the use of 

more accurately determined data to deduce an order of priority 

for all lattices or a rule of partitioning of elements between 

latticee. 

Discontinuous Variation. Come of the continuoue 
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variations mentioned above are also to a certain extent die-

continucee as Is shown e'er examele be the variations in amount 

of the different minerals present in roc ee which are regarded 

as isochemical. The presence of non-essential discontinuous 

differences in cheelical composition is also ouvested by the 

occasional presence of potash mineral free pophibole-pyroxene 

free, clino-zoisite rou Pee and plaieioclaee frec assemblageee  

whiten, when plotted on the pelite-ouartzite-lielestone triangle 

fall in areas normally characterised by the presence of those 

minerals. 

Such occurrences may be due to :- 

inaccurate methods of woreing, 

- chance, 	to the fact that minerele see to have a prob- 

ality not 4 certainty of occurrence, ppe. 54-7, 

- variatien from the normal in the original bulle composition, 

even to the point of complete absence of essential elements. 

This latter cause seems to be a very real phenomena., Lt is more 

common in tee calcareous part of the polite-quartzite-limestone 

trianeie, than in the non-oelcareoue part. 

CONCLUSIONS. 

It s apparent thet the metamorphic roots of this area are 

not mixtures in all proportions of the three components, 

pelite, quartzite, T:nd limestone. The complex relite component 

varies in mposition both predictably and to a much lesser 

extent, unereitictablyh in the presence of different aaounts 
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of the two simple compenents quartzite and limestone. 

At first sight the presence of limestone does not 

peear 	upset the relation between the peliteequartzite e  

compenenta. Large quantities of potash are lost free the 

reces eeen celcitea cokebinee with eagnesium to give amphileAe. 

'Out tee calcium we already combined with aluminium, which 

late goes to forty felspar and te help form aephi 	. There 

is no reason for oonsiderinz the original limestone component 

to have been dolomitic. Therefore the presence of dolonite in 

the origins1 eediment should not be assumed unless it can be 

proved. or perhaps lemenstrated by the presence o -  magnesuo-

silicate minerals. The problem of whether this aluminium 

with which the calcium first combines was excess in relation 

to tie petits component (sucression of potash by the presence 

of culcium at sedimentation)or whether there Was a leek 

previous eJectiee of potash from the rock at an even lower 

intensity of metamorp'eism,remains unsolved due to lace of 

'ewer grafle 414A419144444- roces. 

The inveree relation between potash and sodium in all 

rocks, demonstrated above, was poeetble an equilibriem relation 

established durin -  sedimentation. The term sedimentation is 

use" here in a general sense to inolude all the time durieg 

which the rocks were in'oontact with the medium in which they 

were sedimentel, 	,4 epoeition and compaction. The sodium: 

pctaeh equiLibei= could be established through the base exch.- 

an6e propertie of tree clay minerals, with the quartz concentre 
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tion or some correlated factor exerc1sin3 a controlling Vnfluonoe 

on the .potaA. 
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CHAPTFRJ3.  

PER  

The belts of permeation in Peittnz are areas in which 

rocks have a totally different aspect, both in the field 

and in thin seotion,from that shown in the metamorphic areas, 

The ohangea are identical with nose usually referred to as 

bein due to migmatisation., but in this thesis the term 

permeation is ueed in order to emphastee the fact that the 

change is an intimate and complete alteration of the room rather 

than a veining and injection of tie rooks producing egatites, etc 

The rooks showin:; permeation are chiefly pelites, 

semt-pelites and to a much lesser extent, impure quartzites. 

Cale-silicate rocks and limentonee show no direct signs of 

permeation, whilst epidioritee show slight signs only. hap 

24 shre the distribution of the permeation; there are two 

nain belts, the coils. Firth belt and the beatsta belt, toeethar 

with a number of areas of permeation within the Uraven Intrusive 

Complex, which., due to lack of exposure, cannot be shown to 

haze any definite form of outcrop. 
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THE  PETWATION EFFEUNIN THE PELITES Am THE SEUI-FELITFS CF  

TA:" GOLLA FIRTA OD THE SCATSTA PEPMEATION BLL"r 	are conaieer 

first. 

The mettclorphio rocka of nelting are well bedded. 

The bed,lin tO a 	obvious feature in the field, photo 410  

except where the roots are extensively shattered by later 

iJovements stroll it separates thoa rooks into a Re'-1O of 

homogeneous ltthological units with an averae thicknene of a 

foot, The only inhomo,zeneity of coIposition ie the flaggy 

partings of the more siliceous rooks, which are not a very 

striking feolture, composition banding within the bees being 

almost onfined tb the Calcareous rocs. The Train sive of the 

metamorphic rooks, even of the hijierc,t grace metamorphic rocks 

found o'Aeirle the re - eation areas, is sufficiently fine for 

the rocks to appear mF;seive and compact in the hzm4i specimen 

anfl. to ;alike difficult t ,e identification of mineral: other 

than mioae. 

The Sestets and Cohn Firth belta are both composed 

et 
of a main be 	In whif‘h nearli nil the rocks capable of being 

permeated are stropsiy pereated with a number of outlying 

pole of pe-!neatin which vary 171 si7:e from a few Thet across 

to 4  a mile, but which are all. Ve7ly elongate in the n9ireotton 

of strike of the rooks. 

The metamorphic ocks can be sAin to change quite 

rapilly into well permeated rocks in the Cone Firth belt 

durinq traverree across well exposed areas. The first indiostion 
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of the proximity of pereleation is often given by the occuerence 

of pegeatites which, inetead of eeine revere edged lenses of 

sheete cutting or conformable with the metamorrhic rocks, 

appear to soae into teem; the peematite has no eefinite bounar _ 

but geariee into the metamorphic rocks by ever fewer ane ever 

eller and more widely separated pegelatito streaes, .nother 

outlying siee of permeation le the occurrence of small areas 

in which the reeks show the development of quartz-felspa-

treatinge  photos 10, 11, 12,13, The farther eucel areas are 

from the main belt, in general the smaller they are and the 

weaker the permeation effects are. 

Tee pasweee fro e apparently unpermeatee metanorphio 

rocks wialela to roces which are strongly permeated generally 

occurs in no mere than a for feet. The first signs of the 

change are ueuelle quartz-felspar streakings, similar to those 

mentioned tameeiatIkly above, which on suitably weathered 

surfaces can oe seen to be accompanied by streaks of re-

crystallization to a much coarser texture. Photo 10 shows that 

teese changes are typically related to the litholoey. e fee 

feet across the st-ike from such roces it is quite usual 

to find that the beddine planes have been destroyed, and that 

the units of different composition which formed the bees have 

lost their separate entity, photo 14, in such areas tee rocks 

have becoee reassive anl eranitoil. There is a very considerable 

Increase of grain size; all t e minerale can be ceen. 	he 

compositional differences are evened, out until there are no 
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loner any very pelitio roc. Cn the scale of the hand specimen 

the ro4 	have been homogenised but on the ocalc of the exposure 

an on. larger scales the homogenisation 1P not completed, 

beouse, apart from the faot that calcareous rooks and epidiortte 

remain intact and undisred, and, reco4nisable relcs of semi_ 

Tolites and even pelites are qtate coouon. These inhomogeniettep 

vary from streaKs the size of a finger to whole areas of apparent 

l unpermeated roc-s, which are the equivalent of the outlying 

pods of permeation in the metamorphic areas. tostly those 

relics occur in situ. That is, if they ore bedded 	schistose 

then the bel,ling or sohistosity •i3 parallel to tie general 

bein and sohietosity in the nearby metamorphic rocks, and 

if they ar,, elongate then the elongation is parallel to the 

eneral stri,ce, photos 15 and 1. The rocks have also failed 

to becoAle completely homogeneous in that the granitoid rock 

itself varies in composition, as is shown by the colour ;1.ven 

to it by the wica content. Txposures which at first siht 

appear to be quite homoeneous are found on hammering to 

be a mixture of all shades from dark to light brown due to 

varying biotite content, which reflects not only variation 

in the leo;re of permeation but also probably variation in ori 

inal oaterial. -ll these inhomogenieties combine to give a 

planar structure, which aan be mapped throughout the belt and 

in? found to conform to the attitude of tne beddinA and schistoF-

it; of tie metamorphic rocxe outside tie area of permeatioi, 

photo 15 and map 24. It should also be noted that the change 
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from metamorphic rock to granitoid roc is in part one of more 

or lest; complete loss of preferential orientation of the micee. 

n one or two small areas ie which these inhomogenleties are 

reduced almcst to vanishing point, the rock sometimes contains 

small sharply bounded disorientated inclusions of epidiorite, 

calc-silicate and even semi-pelite and polite. The rocks of 

sus areas can be said to have an igneous appearance. 

the general app. impression given by the Coils. Firth 

belt is that in a number of lenticular areas which together 

form a belt lying to the east of the 'ioisdale Lis  

ehanes have taken place hich r suit in the rocks becoming 

more or lee: completely hoogeneous and structurally isotropic. 

Although within the main part of the belt the changes have 

failed completely in °sly a few-lacoo a n.niber of places, 

and nave reached completion in only a few places, yet over 

most of the affeoted area the rocks have changed a very long 

way towards a uniform ;.ranitoirl type. 

The general impression j7;ained in the field from 

the Scatsta belt is very different. The form of the belt 

is the same, and also in both cases the transition from apparent, 

ly unpermeate rocks to well permeated rocks nay take place 

within a few fee' across the strike. Furthermore the first 

signs of permeation on approach to a permeated area are the 

felspar-quartz streakinis and recrystallization of the rocs 

described for the k;olla Firth belt, photo 10. Jut these 
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streaky rocks are tAemselves the characteristic rocks of the 

2cateta belt, There is no transition to areas of f,ranitold rock; 

there is only a. variation in the number of quartz-felspar 

streaks and •y e. As the number of streaks increases so the 

mica partings get thinner and thinner and eventually by this 

pro ese a rock le oc::asionally produced which it almost 

identical with Vas 7,ranitoid rooks of the Cella Firth belt. 

but such rocks are not coon and usually they contain many 

remnants of the mic partings which ori4nally separated 

the quartz- leper eyes. Thus tie rocks are characteristically 

schists instead of granulites, and are etreakVIneissielo 

instead of uniform and homo3ensous, photos 17 and 1. The 

Scatsta bit also differs from the Coll Yirth belt in oontain- 

in a band of very distinctive augen gneiee., which can be 

traced alorv, tlie strike from north of rethersta to the Rea 

just souta of girth Voei One (or more) bands of a porPhyro- 

blast schist often containing felspar a big as a clenched 

fist are exposed occasionally along a line which can be 

traces parallel to the strike frou Voter Voe to .;joesbalak. 

These rooks ar.,  described later, pps 1 :7_. 

The two main types of permeated roc ue seen 

in the field, tie etrealy rocs and the granitoid rocks, 

occur in both the cone Firth and in the Scatsta belts but 

whilst a very large proportion of the pe-neated rocz in the 

oatsta belt are of streaky type or approachin that state, 
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most of tie permeated rooks in the Uolia Firth belt are of 

more or leso pe-fectly developed, f,ranitoid tye. The two belts 

from their field aspect, thozs appear to be variations on a 

similar theme. This conclusion is supported by the microscopic 

evidence. 

The rook forming mine-ale of the two belts are 

the same. The stable assemblage developed by the permeation is 

L n both oases:- quartz, muscovite, biotite, and plaioclase. 

a,lorocline le extenelvely developed in the pe-meation rocks, 

but, since it is believed that this mine-al orystallined ae one 

of the last stages of the permeation and only when the rocks 

had otherwise attained the etat e in which they are found at 

present, it is poseible to simplify the discussion ver'r con- 

iderably by postponine the censideration of microcline till 

later. Late moecovite, garnet, eillimemite, shimmer aggregatee, 

etaurolite &i yanite are found in these rocks, showing the 

same relations to one another and to the rest of the minerals 

which they show in the o.tamorphic roe, and which have hen 

described in the chapter on metamorphism. Pinaily the usual 

sirs of lielooati on metamorphism, such ae chlorite after 

biotite and sericltisation of felspar a-e common and these 

are ,ieecribe1 below tn the chapter on dislocation metamo.phiam. 

iiiciite. 	Some of the biotite is of the vame rer 

Crown colour which is so characterietic of the biotite of 

the metamorphic rocks. Juch hcesover is of the brown and 



even geeenerown variety 'ehich ha57 been mentioned above,per 36, 

map 12. 

Olieioclase eelspar. 	The cO:mposition of the felspare of 5.9 

rocks from the Scatet belt and 35 from the Coils Firth belt 

were determined more or less completely by the same methade as 

were used for the determination of the plagioclase felspars of 

the metamorphic rocks, p. 41. No significant difference 

found between the compositioefl of the felepars of the to 

belts. But whilst the felspars cf all the net 	rock 

groupe showed wile ranees of composition, figs. !;1, 3n, 29, V, 

and 21, all tie felsear determinatiens froeL the permeeted rocks 

show a nareow range of composition centre0 on. ebo. FA.xty-three 

percent of the Ecatsta rocky and 45'" of the Cella Firth rocks 

h.eve felspars with a maximum extinction angle of albite twins 

cut normal to 	10) of lose than 120, that is, the felspars 

are between Abel and Ab70 in composition. such felsra,,p were 

net completely determined ( i.e. whether more or lose albitic 

than Ab'tV0) since the labour invoa)ved would not he Justifier! 

by the r9e.its. A st,'..on indication of what the results 

would be of such a determination, is given by the composition 

of the renainine felspars. The 	of the Coils Yirth rooks 

whose felepars are not of elieoclase composition (Wb90—Ab70) 

lie equally distributer3 between Ab95 & Ab20 and. between Ab70 

& AbS4 with one Ab5. eost of the 37e scatsta rocks whose 

felspers are not of olioclase composition lie between Ab70 & 
lte 

Ab2, the remelnderfbeteen Ab94 & b90 with one Ab100. Yet 
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these felspars are contained in ree'ee which ary from metamoelhi 

echiste with only microscopic tracee of permeation to erenuttic 

eneiesee; they are not from 	Ally selected grow of similar 

end highly permeated gneieees. If these felspar compositions 

are compared with tho of the pelitee and semi-pelitee p1ette4 

in fiTs. 21 and 29 (pelitee and. semi-pelitee are the pot parent 

rocks of most of the permeated rocks sinee they are the most 

oommon of the metamorphic rocks) it is seen that the swage 

compeeition vanes only several percent between pelitee, semi-

pelites. Cola Firth permeation rocs end Scateta permeation 

roots; only the degree of variation haAi been altered by the 

permeation. There is therefore no evidence of R change in the 

proportion of Callia (103:An) in the rocks, durine the permeation. 

It is possible that 1ere  may be an increaee in the togral 

amount of felseer in the rocks, but such an increase ie to 

small to be detected by the metho4e of estimating modes used 

ir thie thesis. 

It has already been ms toned that the permeated rocky 

Ivave a 

 

considerably larger grain size than the metamorphic 

rocks. One tonth of a millimeter ie quite a corion avers 

diemeter of quartz and felspar eraint in ser421,,-pmlites of the 

red-brown biotite zone and the garnet zones. Jiut felspar and 

even quartz grains of 'rm. diameter are very comment in the 

more etrongly peemeated rooks, whilst por7hyroblastio felepare, 

when they QC re may grow as lie as 	olencho,I. fist, 

although, much s7as.U.9r ones, say of lcm, dianster, are more 
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common. The biotite and the muscovitet other than fete muscovite 

are inceeeeed in size ie proportion. 

The increase in grain size is accomplished by consieer-

able changes in teeture. The texture of the metamorphic 

eecee from which these permeatee eoces are developed, the 

itee and the semi-pelitec, As controllee by the mica. In 

typical regional metamorphic rock, no¢ affected by latee 

canes such as contact metaeornhism, the micas, both btotette 

ane muscovite form a frame work amongst which the quartz ene 

felspar fit in ae equally developed naetnere, that im neither 

quartz nor felep r tend to leveler their form at tee expenee 

of the other or of the mica s, This texture is shown beet by 

the semi-pelites in which the eloneate welt former micas 

are orientated parallel to one another und ecatteree through 

the rocs: with the an between them filled up by tee ruartr 

sne the felepar. In the espt eelites teere nay be eo much 

eice that tee quarte any' felspar tend to be firieetatele 

onfinee to lenees but this is an extreme cese and the 

leeeribee texture reel be redlognised in most of the non-calcee_ 

eoue peeee 	lorphic 'Jocks ef eeltine. 

' the eermeatee rocks these relations are reverced 

by two eifferent methods which may be coreelatee with the two 

Miffeeent types of permeatee rook, the etre. y and tine eranitoi 

Tee fiest 'vno of rermeaticn texture is called to 

net-textu-e, photelea, it eo urs in both belts, but more 

commonly in the Oolla Firth belt, and is one of the signs 
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of marLinal per-leation. 43ut it is a texture which cnn only be 

identified in thin section under the microscope. It is most fe 

frequently found in strea e parallel to the sehletoplte in 

recite which in the hand specimen appear metamornhic. ' ithin 

these etreake recrystallisetion taleee place before there is an 

aprreciatable increase in ;rain size. It is rather an alter-

ation of the form of the individual mineral grains. Durin; 

this recrystallization it is obvious that in contrest to what 

happened durinr the regional metamorphism the felspr has been 

the dominantly ceystallizing mineral. It hap chan;ed its shape 

whilst the other minerals have recrystallize," naseively in order 

to accomodate themselves to the felspar outline. ceuartz occas- 
effe ck 

tonally plays a dominant role as well. The reaultantis of 

a net, the meshes of which are the felspar and, quartz grains 

and the threads of which are the micas. In the preliminary 

stages the feispare obtain a rounded epuleehmeneienal outline 

insteed. of the original amoeboirl outline. The micas may 

react either by retaining their orientation and losing their 

original sub-rectangular outline, or they may lose thts latter 

and retain their orientation, eenerally in the same rtTx,k they 

all to tie same thing. 

Regional muscovite plays the same role as the 

bictite when it is present, but in many rookeeshorin net- 

texture there ie no muscovite. 	his lace of mescovite ane, 

the quits common lack of quartz may be due to letaeomatic 

changes during the development of the net.txture. 
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4'tie second type of -ermeatioe texture is called 

the eye-texture, photo 20. t occurs in both belt, but is 

enaraoteristic of the V.cetsta belt. This is also one of the 

marginal signs of permeation in both belts, and it can be seen 

Jn the field. Lie tie net-texture it receitiree more than the 

average alaoelt of AiCU in order to show its best develceement. 

Unite the netet •ture tuts felspar and quartz insteao of re-

crystallizing In el-ace grow togetaer i eyes ld otreaks whice 

open up tae scnistostiy of t .e rook. 	sohistosity is diverted 

but tne individual micas, except those occasionally found in 

the eyes and scene along trio edges of the eyes, do not change 

that- erystalloTeehio orientation relative to o e another. 

itein the eyes the felopars, except where they interfer 

it one encthee, show rominant crystallization with .respeot 

uo tee cuaetz. Zle proportiel of euertz to felspar appears 

,ee increase from very low outside the permeation belts to 

\,"1 Men in a few of the permeation ecces within the belts. 

,ee average eyes are probably ,cquartz:50felspar. some of the 

,:ies are single felspar crystals, but the most prominent of 

t 086 are miorooline and Will oci Moscribeo later. 

Streaks and evel,  of quartz and felspar growing 

in otherwise metamorphic loorditg rocK2 of all compositirms 

from pelites to semi-pelites are the most common rocks of the 

Scateta belt. As the numbers of streaes increase so the 

micaceoes or cotaeorphLo stroaes oeperating the eyes get thinner 
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till eventu 1Iy the rock is composed of streae7s and eye e separated 

by mieaceous partings. The number cif streakn and eyee per unit 

volume ef tele rock varies from very few to so 7aany that the 

roe is almost a Tranitoid permeation rock wit a schistoee 2.o 

iiven to it by ellen re1t.c streaks of the old miceceoez partings. 

These 'Etter rocs are not at all ccmmon in the Seatata belt. 

The net-teeture describe above in aloo only a 

prelLminary stae in the permeation of tee roc. eeparntly 

after the initial developraent of the net-texture the rock 

beoemes progreseively coareer, more quartzitio and les- biotitec 

until it is a typical :;ranitoid pe'meatior rock. To exhibit 

the typical net appearence the rock euet be moderately mica wfila 

rich. The semi-pelitee can re-crystallise in tie same way to 

a granitoid peneation rook without a notioablc: net-texture 

stage. The end stage of permeation Ln the colla FirtJ/ belt 

appears to be a coarse -;ranitoid permeation eleise with cub- 

rectamsular feispare contained in a matrix of randomly 

orientated. micas and large quartzee which fill in the gaps 

between the micas and the feispers. 

The permeation acting in these two ways tends to 

prodol/eventually rooks similar in aspect and in oompooition 

from similar eaterials. It is possible therefore that whilst 

tile causes of permeation were the same in both case e the condit- 

ions lemIr which permeation took place were different. Various 

reaeons for eelleving teat per:Aeatien took place at e higher 
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temperature in the Colla Firth belt are sutesestee on nre. 90-2. 

It shoeld also be n:Led that the development of euarteefelepar 

eye 	nd streak, the typical pereleation of the :,catsta belt, 

io confined more or lose to the Jgoc of the Col e Firth belt. 

It le best developed on the north shore of Coil Firth, where 

t—le coast asees obliquely across the south border of the big 

outlyine permeation lens, photos. 19, 20, and TI. 1 is also 

very frequent along the shores of 2winin,3 Voe, there the edge 

f ti a eoLla girth belt lies parallel to the shorc. There are 

never an; signs of streaeing in the ,ranitoid permeeticn rooes 

an even porphyrookastic feleparg of large size are unoortien. 

If thee argusments are valid, then it can he said that with 

inceeasing 1-44414-64•4-il temperaturo, but not noce:earily with 

increasing intensity of permeation, the pe-rleeti n becomes 

more penetrating and develops tore strongly the power to re- 

crystallize tae roc:s completely, an ppposed to only recryetale- 

izing small separated steeaes of it. 

Aut thie throws no lipt on the reason for, the 

cause of, or the si,enificance of permeation. The results of 

perneation are:. 

1 considerable increase in grain ale-. 

I,  a tendency, very strong in the (111, :Irth rocs, to 

complete lose of preferred orientation )f the 'aices and to ices 

of all structures in Lie rocks, i.e. liueations, berding, 

composition bandin;. 



Photo 19. Streaky perm-

eation roeke, north 

side of Colla kirth. 

Collo. Firth Permeation 

belt. 

Photo 20. Contorted 

streaky permeation 

roc., north elle or 

Colla rirth. 

Colle Firth Permeation 

Belt. 



Photo 21. 2treaky per-a_ 

estion rock, north etdo 

of Colli 

Colla Firth Permeation 

Re I 

Photo 22. Streaky permeation 

rool losabanic. 

clateta Permeation 
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3 a tendency to standardisation of the composition of the 

felepars. 

& a tendency to standardisation of the composition of the 

reoce. 

5 a re-crystallization durin which ti,e felspar has nla7c(4. 

a dominant role. 

he NOS important mineral appears to be felspar. Itp 

behaviour is 6':1C1.1 '*is to indicate that a felspathisaticn of the 

rocks has taken place. But facts quoted above show that the 

composition of te felspara as whale remain 7.4nchanged. 

?urthersore the permeation areas may be no 1::lore felspathic 

tin ttle metamci ale aeae. 3ut whether the arerJ as a whole 

hUS been felspathlsel or not the chani;en in the rocs which 

tether are called pereation are ones of homo;onlv, ation and 

espeCially in tie Oolla Firth belt are towards isotropism. The 

apparent isotropis of the more strongly peruioated roce 

indicates a lac.( of .-1.1.rooterl movement in the rooks 67)ring 

the per 	34t Vle presenoe of relic nicaceous streakp 

etc., especially those in the rocIte of the Scatsts belt may 

indicate that the pe-meation had insufficient energy to 

re-crystalliza tTle rocks completely, rather than that 	erc 

was movert in the rools to give the micas their preferred 

orientation. [he two miin processes which Jive rise to thie 

IlasTasse- change towarls hoogenisation and isctropiwi, are 

the felspar standardisation c.)7^ felepathisation ?) and the 
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recrystallization. These processee may not be as closely related 

as they appear et first sight, because theee is no very close 

aersement between tie felspar composition of the rock arid the 

amount of permeat 	has undereone as meaeured by its 

appearance in 	hand specimen; some of the most stronelY 

permeatel roces are those with felspars of composttionn 

fartheet removed from the averse°. 

The rocs appear to re-crystallize taeards a struct 

urally isotropic fabric, which indicate crystaliizetion under 

mechanically static conditions. Jut there are a number of 

structural tndications of movement in both belts. Some of 

these are dcsribed on pps. 	They consist of a certain 

amount Of folding in the metamorphlc rocks alangsede the 

Colla Firth permeation belt and in small drag-foldlngs in 

the strea4 races in both the .tivrefeepolla Firth and the Ccatsta 

a'-ea, photos i and ).0. 14'urther more in the aossbank region 

where the Vcateta permeation appears to reach its greatest 

intensity, there are sine of an even more intimate mobilie-

ation of the permeated roc, 22, 23, 4, and 25. rimilar eigne 

of mobilisation are found alone the north shore of lirth Voe. 

The movement 4.a.  Sea Ala, Q,it440 necessary to form these etructuree 

Is in all cases eery small. Thej could all be the result 

of a local relativelj slieht plastic flowaT3. The movements 

involve3 can in no sense be compared !site thoo pperative 

during the regional metamorphism. 
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gloccillp Ix TKE c):,,LA enTa 4np TAT!, CaliTSTA2PMEAT;ONT5E1,7F, 

Map2s.croscopic examination of these rocks shows that 

microcline is an. i*portant mineral in nany of the roce 

described above. It occurs in all amounts from a mere trace 

to that of a major onetituent. jut it almost invariably 

appears to have developed ff'ter the state of the roch:s describ_ 

ed abve had been ,sstablished. The microcline occurs most freq-

uently as tiny shreds and as small el ,ngate grains owing out 

from the intergranular net apparently by replacement. The 

outline of these small grains and of the large*. grains and 

even.' of the porphyroblasts into which they frequently develop, 
clue 

is extremely ragged>to the out3rowth cf InnuTlerable pointed 

and even almost hair-like processes. This form is particularly 

well shown here the microcline is growily; beside plagioclase. 

It does not appear to he able to replace quw-tz or the micas 

so easily and does not usually show a 1-agleri outline a7ainst 

2oth quartz and the micas are frequently hole te 

inclusi:ns inside the larger microcline grains. Ilyrmekite 

is found quite often in the rocket  but it °clews In rocks which 

do not contain microcline as well se in those which do. 

Furthermore it is not confined to microfqine-plagioclase 

contacts. There microcline is in contact with myrIlekite 

it is 7nerally separatal - rom it by a smooth rounded 

line 	which is con.v.:x a;ainst the miorocline. Thus the 
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relation of the miorocTine to the other minerals is the same for 

the pereatio_ 	s for most of the metamorrio rocs. 

JUBt 1.74 streale:s an ores of quartz ene felspar are 

much less cmon in the Coll a Firth belt than in the boateta 

belt, eo are rorphyroblasts of fe1Dar 	n1y n one area ere 

such felsrars found in th Coils Firth belt, other than as 

isolatel occUrrences. This F1."0, ip that of a linear series 

of exposures arrange:-  from ',.orth to soutA and lying immeelatsily 

to the east of Loch of Voe, in ery[le of these exposures the 

rocn3 stern to have been so permeatto that they iv,ve lost all 

traces of their origin; they may be des° toed as ,Iranitse. 

Some of these rooks contain rornhyroblasts of miorocline 

between !74.  and 1" long. 

In tae 7.oststa belt 1r1,--7e teleDrlra aro ).1.v7h :sore 

common in the rocks. come are of plagioclaee, but, there are 

a number of remars.sble occurrences of von rorphyroblastio 

rocks in which the microcline is the most noticable mineral. 

The :nost remarkable of these rocs is call 	the Austen Gneiss, 

see ma 24. This rock forms a be not more than 20 feel 

wile which can be traced with one or two gape all the way from 

a hillside just north of Wethersta along the strike to the sec 

just to the south of te +raven Intrusive oplex boundary 

on the scut shore of 1,'irth Voe. it can be found in all 

the streaws which cross it course and provide exposures. 

Iron soutla of iraven to whore t disappeurs ncrth of ethersta 

it forms a topographical feature, in tie form of a email 
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valley or gully which oan be reconised both in the field and 

on air photos, in all exposures this rock has the same extreme- 

ly characteristic appearance. 	io poor in mica compared to 

the other permeate4 rocke, nd contains very numerous oval 

to rectangular felnpars about ',11  long which are orientated 

7arallel to the general ochtstoeity and bedding, and which are 

seen to has carisbad twinning. This rock is very similar to 

the great granite sills in the west face of Tonga in the alla 

ITield bloc of Unst (ea0,1540 r.4). In thin section it 

appears originaly to have been a quartz-plagioclase rock with 

sparsly distributed tiny biotite flakes which give it a weak 

schistosity . The plagioclase feispars re laT.oce and Yiell 

forme:d o -that is they aro tectanular except where they interfere 

.with one another. In all the sectioned rocks the establish-

ment of this fabric has been followed by a development of 

uicrocline so axtensiveVy that it is now the chief mineral 

in the rock. All the feispars are being eaten into and 

replaced. by the microclines  which occurs on all s7 les from 

enormous porphyroblasts with the usual ragged 00ges to tiny 

veins alono,  the pal:siclave edges. As the microcline iTows 

outwards it appears to break up the pkgiociase into smaller 

disorientated grains, an to cause the microcline• shreds and 

Trains in its path to reorystallize into crystalloraphic 

continuity woth itself. The Augen Gneiss band forms the 

southern most limit of dominant permeation in the m&in part 
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of the Scateta belt. The proportion of per7neated rocks to 

metamorphic rocks drops sudeenly to the south-east of the 

Augen Gneiss although locally small lenses of permeation do 

occur. 

The other porphyroblLst rock is called the 

Porphyroblast schist. It is found locally along ti e north 

side of the main pert of the ,2catsta Permeation belt, map 24.t  

photos 25, 27, and 2. It occurs just south of Voxtor Voe, in 

tivo places 1 mile to t e eoutA-east of Calna 'aing, and in a 

nn!nber of places in tie .cfssbank region, it :my have formed 

continuous band like the Augen Gneiss, until *t ,e intrusion 

of the •..raven intrusive Complex, but it is neither so well 

exposed nor so efinite a rock type as the .tugen Gneiss. 

The exposure south of Voxter 70e is of a rather pelitio rook 

containing nufabers of rounde microoline fclepars varying 

fron an inCA or !lore Ln diameter to three or four inches in 

diameter. The other exposures of Porphyroblast tohist contain 

felspars ve' eta-liar to these but sometimes in a matrix 

which shows also the development of streaky permeation. 

When the plagioclase felspare recrystallized 

in the couree of the first described permeation, they did so 

in an apparently mechanically static environment, but in an 

environment which appears to have ben ionically very mobile, 

since all the other minerals were forced to re-crpAellize 

in conformity with te feleparo. The completenesc of this 



Photo 2-5. Porphyroblapt 

3chtet, voxte-r Voe. 

glItsta Permeation Beat. 

r'hoto 21, Ae 

Photo 2. Ar photo 2-7) 
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recreetallization was consider'olf less In t le streaky rock 

than in the granitoid rocas. It wea seleeted that this ie te 

be correlat -d with a lower temperature of permeatien in the 

etreaay roc-s than in the granitoid rocas. -hen the microcline 

crystallized .t was accompanied by no re-cryetallization of the 

z--ther mineriaLs. 2he microcline grew by replacement in a solid 

rock under mechanically static conditions, and probably a 

relativelf low ionic mobility. 'here the - eicrocline has a 

good rectan-.ular form it has obtained it by consolidation of 

own outline or by complete replacement of an oriainally 

rectangular p Joclase. ',furthermore the etyle of the replacement 

in quite sleeLlar to that of the development of orthoclase after 

plagioclase in roce-s exposed on the bed of the ocean,(Pleth 

Iature, 1956?,e64) it la quite pessible therefore that the 

development of microcline tonic place at a lower tempersture 

than the permeation. 	
from the Ocatsta belt 

Twenty-four of the 99 rocksfwhich were eectleTned 

were found to contain microcline, but 12 of theso were samples 

of Augen analse and of Porphyroblast Schiet. Forty of the 64 

Cella 'iirth roc 	whicaA were sectioned containa 

:het Is 1 	of the normal Llcateta roeke ELFRAnet. ;(.Y of the 

Colla firth rocks contain microclinc. Thie fact taken in conIur-'.  

otion with the poosiele lue toriperet7lre of development of 

microcline meat mean ti - t the notaeh . letasomatiom rao not 

directly related to the permeation. it wee not for instance 

/ the crystallization/ 
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the crystallization from the Inter-.7ranular film by cooling, 

of potash previously displaced :by a Aa pernestim since the 

Ecatzta permeaticn was not followed by a general potash metasam- 

atism. Furthermore. several belts or areas of 	ocline develop 

_ment in tie semi-pelites,were r!escrIbed abov,pirs A-(7.;-1 0  mar V. 

Lltiaougb a number of possiblenations were sugested for this 

microcline, it is quite possible that, for instal-los., the 

belts alon,±; the north hore of D:Aes Voe an e alon the enst 

edge of t.'ie walla Firth belt, may be 

stism eulvaleot to the belt of potash metasomatiel co-incislental 

with the Cella Firth belt. The similarity in appearance of 

the microolloe in the metai4orphic rocs snd in. the pe-noation 

rocas inn icatel that it (levelosed in both the metamorphic and 

the mig4latttic rocks under very similnr conditi(mr. There 

appewqc to be no reason why the potash metasomatism rhoulrl be 

confinerl to, or even occur st all in per 	areas, The 

establielent of the permeation belts without regard to the 

intensity of tOe regional metamorphism, is therefore matohN1. 

by 	the still later potash metasomatiem which appear A to have 

been established without rozar(i to the beltm of permeation or 

the regional metamorphism. 

leamons were given above, r7,  .35.64  foe' 

supposin,l;  that the develonlent of V.I.e late muscovite wan also 

au effect of potash Ilataso-,atisn. TJ.to  lusoovite occurs lose 

cloonly in pereated rocks VAan in rietanorohic roots and 

it is much more widely  distributed in metamorphic rooIca than 
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ie licrocline, mans 7, 14, and 25. The late muecovite in these 

permeated rock resembles that in the metamorphic rooks, pps. 3'7,4; 

34. It occurs in tie same manner in the permeated and in the 

permeated parts of the roes am well us within the quartz_ 

felerar streaks and e,res. It ehoTe its 'umal lood outline auinet 

all other minerals. Ti several sections it can be seen to have 

groNn aoros 1D.rge weli forme,' plagioclasee. Therefore the 

late muscovite developed after the permeation. But its relation 

to the microoline In obscure; the two minerals appear to avoid 

one ancther. In one section where they are in contact the late 

muscovite is symplekitio at the contact. In another section 

they both include and cut oneanother. 	develowlent of the 

microcline iT a1 ost confined. to rocks of semi-pelitic compos-

ition oxhilst the late muscovite is best developed in pelitic nooks, 

The two processes may or may not be related. 

PEI2EATION 077  OTHE1 ROCK TYPES IN 	MATSU AAD THL COLLA F TU 

DELTS4.  

IMPURE QUARTZITE:7. 

The e4seite descriptions ,;iven above apply to the 

emi -pel it es and pelites and their permeated derivatives. But 

implore euartzites also occur within the permeation areas and elee 

unaffeoted. The great belt of quartzite traced 

from Point of Hulls to the sea north o0Yora Ness may have been 

a major factor in the limitation of the arlvance of olir;matisation 

to the south-east. The occurrence of pods of permeation of 

more oelitio rocks within the general quartzite area ehowe 



that guart,zites did not form a barrier. They have limitee the 

advance of the permeation eimple by failine to 	peemeetee 

themselves. The beds of quartzite within the main development 

of permeation are frequently uneffectee, eemetieee re-cryptallee_ 

el to .;lee 	extremely coarse rocket  a.ner finally sometimes have 

st-eake of coarse re-crystallization within which the proportion. 

cf felspar has risen to equal to 	t of the quartz, and. at 

the same time) ae tended to develop its own outline. 

EFIneereITS. 

The permeation of the epidiorite<s is somewhat more 

complee, even. when the development of biotite end earnet is 

left out of consideration (see below) Two direct effects of 

permeation are found in the epidiorites. one of which is the 

development cf quartz-felspar streaks or eyes in the rook. 

These eteeeee anI eyes ere  on a much more re'  uced scale than 

tne stroating developed in the peittic rooks. They are develeree 

in only a small proportion of tee epidioriten in. the permeation 

areas and the streaksteemzelvee are relatively insignificane 

and few in number in tie individual roces. The mteonzest 

develop nt is perhaps that to be seen in an epidiorite on 

the extreme north tip of the eiosebant peninsula. This race 

e cut by a system of very thin quartz-felspar veins which 

tend to break up the eoce into rectaneelar franente. If 

t ese veine became stronly developed the rock would be en 

eeamete of e normal • atits. Usual _y however, the quartz- 
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felspar streaks tend to follow the schistosity of the rocks. 

The other effect of the permeation ts te:e develoe_ 

ment of email flees or areas of reactien. They aec ermh lees 

common than tee quartz-felspar eyes. In thin section they cer 

be seen to be composed not of quartz and felspar but of such 

minerals as clino-zoleite, erilote, felspar, hornblende, apatite 

sphene and in one or two cases soy nyroxene. 	ithin such 

areas of reaction the orilinel 'ioreblende-rech felspathic 

rock has been re-crystalfized , ane moet of the hornblende 

hae disappeared but sonetimes odd grains of vary pale coloured 

hornblende oecur. The felspar iv also recrystallized to a 

much coarser sruin size and Generally is extremely pericitised, 

goat of the space Is taken up by clino-zoieite ane/er epidote, 

both of wh1.ch , and especially the 1 tter may be synple;eitio. 

Very lw-ge apatites end sphenes are frequently present. the 

'hernblenes aloe the edges of the areas are frequently re_ 

crystallized to a lihter colour. These areas of reaction 

must replace previously existing minerals since there is no 

oiee cf the surrolinding hernblendes being risturted. 

The metaeomatie proeesres 	rise to the 

te!To types of reaction appear to be chemically similar, since 

the results, felspar and epidote type minerals are chemically 

similar, The physicil conditions, i.e. the temperature, may 

determine which of the two minerals develops. 

pidiorites showinq these types of alterations 

are reetrioted in their geographical distribution. They all 
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ocaur either within the main belt of dominant permeaticn in the 

ecatsta area or witein the Calla eirtn belt- Thus the epidicrites 

ehow the effects of permeation only in the areas of strongest 

permeation of the politic rocee and. even then tee effects are 

very sliTht. 

PEGMATITE3. 

lap eS eho 	tne distribution of eegmatitee. eost of 

tease roots occur as lenses or hot 	in the beddine and schist-

oillity of the metemorpnic anfl permeated make. Quite often 

tAey oc,Alr as short fat lenees, in which case they can be seen 

to have oeened up the bedding to maee room for themselvee, in 

sJuch the came way that the quartz-felspar streaks in the streaky 

permeated rocs do. A proportion of pegmatites are, however, 

crose-cuttine she - ts. 	he great majority of the pegmatite 

are between 1 Pnd 	feet thice, but several, especialjy along 

the shores of Dales voe are more than lc fcet wi'e. .he teri. 

pegmatite has been used here to denote a suite of roces rather 

than one particular type of roc, because the rocks vary from 

aplites to eztremel/ coarse true ptegAatites. Atli however have 

a charecteeistie essemblee of minerals in which quart: are 

felspar are prominent while euscovite is usually present, which 

mineral assemblage has an indescribable but very characteristic 

e Other than those in t to area of tic Graven Intrusive Complee. 
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appearance. euscovite, biotite, tourmaline, and rarely garnet 

in that order of decreasing importance are the chief rise) 

accompanying quartz and felspar but only muscovite is ever of 
sufficient ieportance to be considered as a- major constitUent, 

1. fer of these roces are schistose. Thin section examinstion 

ehow s that the plajoolase felspar is almost invariably 

between Ab95 and Ab90 in compositien . It also shown that 

the ..reat majority contain microcline, such microcline invar-

iably showing a replacement relation to the plagiocleso. The 

presence of the microclino can sometimes be deter 	in the 

field because during the dislooation metamorphism it tends 

to becoee reddened; this reddening is not detectable in thin 

section oe aocompaniel by any apparent breakdorn of the 

felspar. 

A number of sheets of roc e occur in the regiOn 

whice are perhaps more accurately described as eranitee cYr as 

granitic pegmatites tnan as pegmatite' of apliter. The quarte, 

muscovite, and felepar are of equal erain size and habit in 

these rocks, most of which occur in an area aione the general 

etrike south of Laxo 7ater, and most of which are sohietoee. 

They are usually wider than the pegmatttes, one et Lawn 

being 17 feet wide. One of these foliated. leaggatUeele ;:ranitiO 

rocks was found to be cut by e normal tourmaline pegmatite. 

'hie latter occurrence, taken to;7ether with 



the followine facts:- 

1 the presence of innumerable, undeformee pegmattee both 

crose-outting and conformable in areas of etrone permeation, 

2 tee occurrence of schistose Beemetiter in per:lea-tee 

ani unpermeatee areas, 

5 tee occurrence of pegmatites eoaking the metamorphic 

pps. 104-5, near permeation areas, 

all indicate that the peematitee eave probably developed 

throughout the deeelop2ment of the/peeneation or at least at 

nember of different stages during the course of the peemeatione  

thou eh meet of them must have been . eeeled before the potash 

eleasoeatiee. 

The abundance of the pegeatites in the Colla Birth 

belt, map 25, provides yet another distinction between t 

Colla Firth and the ecatsta belts. 

The concentration of pegmetite shown north of 

Vexter Voe contains consieerably more peematite then Occurs 

anywhere eis south of the Greven Intrusive Complex and is prob-

ably therefore unrelated to the Soateta permeation. The 

coat line to the north of Voetee Voe contains considerable 

euertities of peematite, mostly occurring as parallel sided 

regular sbeets, parallel to the strike anr. to one another* 

These pegmetites contain felspar, quartz an e one nicrocline 

ane muscevite. In the noemal metamo-phic rocks the sheets 

vary up to See5 feet in wieth. ant in the Striped Impure 

euartzies they form innumerable sheets about 1" thick, all 
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exactly parallel sided and parallel to one another, all in a 

vertical plane and all cutting obliquely through the schietoseey 

and foliation of the Striped impure euarteites at about 

photo 1. A thin seotion of one of these pegmatitee shown thatlt 

contains felspar of composttien about AVO and that the felspar 

is being rep"\laced by microeiine which. forme mumeroue snaii 

ragged edged ereins both in and aroene the plagicclasee. This 

attack by the -:eicrooline extends in an exaotly similar nanner 

into the contacted ouartzitee for several ene. and then dies 

out rather suddenly. 

PFgggalaN 	O 'r L T 	T   (DAVIT INTPUfln 

TLEY  

The descriptione given above of permeation refer to 

rocks of the Colla Fier{h(t and the Scatete belte, eut wi0in 

tee area of the graven Intrusive Complex additional examples 

of permeated rocs may he found. The poor exposures and the 

presence of later maematio rooks mace it impossible to decide 

whether these for belts or not. The nature of the pe-meetice 

in this area. is further obscured by the effects of the contact 

metamo-phismby tne eraven Inteusive Complex, ehice by the 

crystallization of new mineral such as sillimanite and pyroxene, 

and by the reorystallization of otd textures, has destroyed. 

all evidence of the effects of the permeation on the unpermeated 

•xtamo-phic rooks. Lost of these permeate -  roces, apart from 

the effects of later contact metamorphisms are indistinguishable 
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from tee streak/ permeation rocee of the Ecateta belt, and were 

probably formed uneee the same conditions es tee catsta roceee  

But there is another very listihctive type of 

permeation rook which occurs in the general area of the 

Graven Intrusive Complex. It le found at iti beet at Caine 

Taing, in the west just outside the southern most limit of the 

craven Intrusive Complex. it le found again on the coast 

to the north of eugla NesE. Rocks which are somewhat si,eiler 

may be found near to ;arth House, and scattered over the 

eelback Ness region, but this resemblance elay very roll be 

fortuitoes. in tee Calm. Taing region the transition from 

metamorphic roces to these,1ethe Caine laing type of permeation 

rocs, is rather sudden. . For some distance to tie soutlIkpf 

the bo ndary separating the eetamorphio rooks from the Caine 

Taing rocice, well bedded moderately fine grained homogeneous 

semieTelites are the dominant rock type. Then suedenly and 

without warning , within 12 feet measured across the striee, 

the change takes place; the recce 	have become massive. 

The metamorphic roses were in belle aa thick as 3 feet, but 

in tee Caine Taing rocks all sins of bedding are lost and 

joints become the dominating structure. 
	lee the rocks 

are apperently unchangel. e few yards farther on, the typic e 

Calna iaing rocks are fully developed, photo 29. They appear 

to be slightly more COW"Oe them the original seni-pelites, 

and. they are schistose, the latter feature being emphasised 
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when horizontal surfaces are viewed, by the development of 

innumerable tine eyes. in f et tAe eyes are more in the nature 

of rods which plunge eteeply within the schietosity. Froe 

where this rook is first developed to the craven Intrusive 

complex boundary, a distance of a mile, there is no other 

type of rock and no variation. in this one type which is, for 

a mile perfectly homogeneous and absolutely inveriable 

eio ever map 24 shows that the eehietoeity which dips at 700  

to the south-east is sub-parallel to the coast, so that the 

thickness of rock exposed is Luch lees than 	a mile. I:eeactly • 

the same type of rock is exposed on the coast to the north 

of Fugla Ness, but here it tendo to be intercalated with other 

rook types, and its continuity is also upset by the Inclusion 

eranite. in thin section these rooks have cheracterietic 

features also. They are all of semi-pelitic coreposition. 

Felspars in three of tee -ocks were termined :- two are 

between Ab90 and Wb 70 and one is Ab57. They are all usually 

fairly schistoee due to parallel orientation of the biotite, 

no muscovite of any description was found in any of the 

sectioned eocks) and to very fine hair-ithe quartz layers 

which are visible in the hand specimen with a lens but are not 

so apparent in thin sectien. In slices the individual quartz 

grains can be seen to 'be very elongate parallel to the ecelintos-

ity. These races differ from the aemi-pelitee in the frequenoy 

with which the felspar shows a good definite shape (as in the 

permeated roots) and even forms small eyes. But the average 
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grain size is little ;'ester than that of many semi-pelites. 

The rooks thus combine the chacteristic features of both 

the regional metamorphic rocks and. the permeation roc'd:s. 

They apparently have the same fabric as the regional metamorphic 

rocs, i.e. they are 3-tectonites, and they have the swao 

grain size as the regional metamorphic rocks, but they shor 

the characteristic dominating 1.ystallization of the felspar 

of the permeate,1 roce. They may therefore be the result of 

syntinematio permeation, in contrast to all the other permested 

rocks which appear to be postkinematiolly permeated rocks. 

If this is the case then it is possible that the Caine, Thing 

rocks were formed earlier than the rocks of either of the 

two main permeation belts. 

All 10 rocks of this type Which were sectioned 

contain microoline, whieh v rie7 in amount, but is frequently 

the chief mineral in the rocks The microcline always bears 

tie same relation to the plazioclase as it does in the other 

pe-meated roc, but it iP usually far more strom;ly developed. 
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BIOTITE  AND IANT IN THE lapjolITEf3. 

As is shorn in man 23 a larze proportion of the 

epidiorites in the north-west part of the thesis area have 

been converted to biotite garnet schist. e'his change is 

considered here because the phenomen is in part at least one 

el eetaaoatism. 

Tile main are of biotite garnet development lies 

eo the north-west of the line from just south of lioxter Voe 

to just south of Firth Voe, which is drawn on map 23. But both 

garnet and biotite) do occur in epidiorites to the south-east of 

this line Biotite end garnet cooler in same epidioritee along 

tee edge of the Colla Firth permeation belt. he ntroneest dev-

elopment is az usual in the Colla Firth - Po-a Nees -e7,1on. 

The regional metamoreeism of this latter area is Mellor than 

elsewhere in this permeation belt, but the biotite an arnet 

development cannot be related to the reeional metamorphism 

on those rounds since both minerals are very poorly developed. 

in the main earnet zone west of the 7eiddale Limestone. The 

biotite and eaenet alone the edgee of the Cella Firth permeation 

belt are probably theref:ore related to that permeation. Biotite 

and garnet do not appeer to have develoeed in epidiorites in 

association with the Scatsta permoati2n, unlenn the local 

concentration of biotite-epidiorites in the general region. 

of 7ethersta is due to this cause. 	he localisetion appeers 

to make this unliAely. 



Photo .70. Garnetiferow 

opiliorits, Fula Nese, 

Photo 31 	Crarnets on a 

eemi-pelite bedding plane, 

north side of Voxter Yoe. 
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All the occurrencee of biotite and garret rnentioned 

above ar,e relatively minor affairs, since the minerals are 

only seen with difficulty in the hand specimen if at all. 

But to the north-west of the Vorter Voe - Firth Yoe line many 

of the epidiorites have been more or lees completely changed 

to biotite - garnet schists. .he complete change is confine 

to three ares;: the entrance to Voxter Voe, part of the 

coast north of Voxter Voe, and a place to the north of 

Fugla Nees, in 'v-thich latter place only a few epiolorites 

have undergone the complete change. 3ut even in the Voxter 

regione many of the roake have not been completely cliclnged 
0f the 

or for that t:aAtter have developed both or even eitAfrxminerals. 

The:net is seen in the field to have an. extremely 

erratic occurrence. 2he garnet crystals vary in size from 

V,4" to nearly 1" in diameter, not only in nearby intrusions 

but even within the same intrusion in a number of oases. 

larnet is usually distributfyi evenly throu;nout the rocks but 

where this is not he 	, the distribution is without any 

determinable rule. Fspecially within the are where complete 

biotitiaatio is common, and occasionally outeide them 

e.rnets up to 1" in diameter develop across the contacts 

between epilioritee and the nel4hbourinA eemi-pelite bode, 

which in those ares do not normally develop garnet. In the 

coast near Voxter it is common to see semi-pelites with their 

beddin planes covered with Garnets which stand out in relief, 
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where the biotite-garnet so:hist has been preferentially 

44444eirs4 eroded . In areas wAere -.;aacroscopic garnet is poorly 

developed, it is often restricted to such a mode of occurrence. 

Biotite behaves in a more regular manner than 

does garnet. The eiic4roduct of biotitisation is a coarsly 

crystalline schist with a rich dare brown colour, which gener- 

ally enables the rocc to be distinguished from the pelitic 

achiats, whic:.A latter besides never develop garnet, to the 

same extent or size as do the epidiorites. Biotite is not 

always evenly developed in the individual epidiorite banls. 

It is frequently confined, as far as can be seen in the field, 

to a selvage an inch or so thick along the ed7,es of the epidiorit, 

es. 

in thin section the most noticable feature of 

these rocks is the biotite fabric. in most rocks, 

much biotite biotite is developed, that biotite is extremely well 

orientated . It forms a very good sohistosity directly related 

to the honnblende orientation. when the hornblende can be 

said to form a schistosity, that schietosity is parallel to thr. 

biotite schistosity. But in the rocks in which biotite is 

best developed, a proportion of the flakes are arranged with 

their 00t cleavage at 90c to the schistosity. ilthcugin  

several of the rocs there is no preferential orientation 

of the biotite, most of the rocks appear to be unaffected. 

the contact ,etamorphism by the t.raven Intrusive Complex. 

Map 23 shows that with the exception of two orgies 

sww,„ww4vmo,1,4k0,4ArpsAtpl,within azone of biotite aeg development. But 



the assemblage list shows that on the scale of the thin section 

it is quite common. for garnet to develop without, biotite being 

present and vice versa. It '::ould therefore seem that they are 

dependant on the same controls but are eometimes if not arrays 

independent of one another. 

Lt is poeeible to say with some certainty 

that the developemnt of garnet is in no case in response to the 

regional metamorphisea, further more it does not appear to be 

bi-preduct of the procesees producing biotite from hornblende, 

and finally it can be said that in many canes the garnet has 

era-en for much of its Aintory 	a rock containing hornblende, 

althoueh it may now oont in within its bounds all the hornblenes 

left in the roce. 

i'or the biotite it can be said that in the 

erat malorlty of casoe it le due to potesh metasomatiam. A 

few rocks ecuth of the Voxter Voe eirth Voc line may contain 

biotite due to an original pot sh content (as have been sivet,e,7q1 

for bictite in epidicrites elsewhere; but most contain so much 

biotite that thta orlein is ruled out. The addition of potash 
aleet 

was accompanied by addition of watee and the),complste lose 

of calcium, since in completely biotitised racks the rather 

zparely occurring sphene and felspar are the only calcium 

mirarale left, In such rooe there ie a tondenoy for peartz to 

increase and for felspar to decrease in amount. 

The domain of tee main biotite.garnet dev- 
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eloirtent is uttsrly distmilar to tie romaine of any other 

tamorphism, pe7nlestion, or event which. has taken place in 

7.elting. It must therefore be unrelateri to time tr:7 any other 

itnown episode in the area, rine must be nonsideree an episoes in 

it own 
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CHAPTER i.  

THE GRAVEN INTRUSIVg. COMPLLX. 

The Graven intrusive Complex occupies all that part 

, ;.f the their 	ea which lies to the north of a line from 

juEt north of Calna Taing to tho south aide of Firth Vo, 

27. It aiso extends outside the thesis area into various 

i 	and onto the east coast of North Maven. The coplex 

was elplaced in three main stages, each stage being marked by 

emplacement of a particular rook type or suite of roce. 

..'33 intrusion of the 7e,Loatite 1Jranite was f0110,4eri by that 

of tne ety;le rocks and finally by that of the Inclusion 

Cranite. The raletins of the three rook types to on s another 

are obvioas in the field, but just as it was found impossible 

to 3e1ia1t the domains of permeation within the uraven 

Intrusive Complex, so it is iffipossible to dram boundaries 

between the two main roe'4, types, the Pegniatite Granite ano 

the Incluson Granite. The lines which have been drat on 
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map 27 merely separate areas dominantly occupied by the to 

different types, and are not intended to represent the actual 

contact between the two or to show the structural relation 

of tie one type to the other. The boundseiee can only be gueseee 

at because within the outcrop of the Graven Intrusive Complex 

there are 'except in the Mossbane region) virtually no inland 

exposures and the otherwise cc plate coast section fails 

between the main intrusive boundary no th of Caine Taing and 

Calbacie. 

Tfl PEGUATITE 

The mein area of the pegmatite granite lies to the 

north-weet of a line from Calback to Mio Ness. Two small arose 

of very ewall similar rocks occur on the coast betwen Path 

eilse and Qalbacee, whilst to the east of Garth House and aloe 

against tie south boundary of the complex to tee east of 

leaven are areas in which only coarse pegmatite ts visible. 

A number of pegeatite dykes celt the country eeek-e, but not the 

Inclusion granite) in the stream just *Louth cf eeaven, and on 

tee tip of the peninsula lust north-west of ereven. Pegmatite 

is found along the coat between. Iraven and the main boundary 

Of the complex north of Calna Taing, The exposures in this 

latter regien are so poor that althouh it can be maid that 

there is pegmatite present, ne evidence of its relation to 

the other recee can be cited. Pegmatite sheets cutting or 

conformable with the country rocks and even soaking into them 

are found at lie Ness, in the P'ugla Ness area, near Mosebank 
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and on the north shore of Pirth Voe. 

In the main area of the Pegmatite eeanite, 

enormous quantities of reenatite are exposed, prebablev 504 

of all the roots in this area is pegmatite. A number of 

differeet eegmatitee apnear to be involved. The most plentiful. 

19 that rhich hee been called the Peematite Granite, which ocoure 

in veey 1re easses. it ie a very coarse neematite mostly 

eale of felepar with some uarte, an,4  'rite elteht amount 

of muscovite and even lees of biotite. 	te generally 

possible to leteet two felepeee. One of these is white, is 

always preeent an is eenerally not very oeerely crystallized. 

The oteer felspar le in verious ehadee of eine end it is most 

frequently present as large blotches, which may eithee be 

eulti-crystelline ageregates or single crystals. The conetite 

tent mine-ale differ quite considerabli in grain size and in 

aeount. 	section examination shows that the white felspar 

ie plegleclase which has the composition of olleeclase in the 

four sectiene examined. The pink felspar ie eioreeline, which 

is clearly later than the 	aeiocl, me anti i replacine it. 

The Peeeatite (leanite in distinguiehee from the 

other peematitss mostly by its mode of ocourrence ir large 

meeses. Along tee coast south of Mio Nees it alternate with b 

the cettntry rocks, each taking up stretches of coast 10 or 

even 30 yards long, Tven greater stretches of Peematite 

Granite are found on t 	()oasts of Calback Nese, whilst the 
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the massoo of pegmatite east of Garth House and of Graven 

appear to be typical Pegmatite granite. lien the Pegmatite 

Granite occurs on this massive scale it is often possible to 

see that its centect with the country rocks is croseecuttine. 

But in many places the alternation of the Pegmatite Granite 

end the country rocks is eluch more frequent and in feet may 

take plaCe oeveral ttneo within the width of the coast section, 

In stl such exposures, it can be seen that the country rocks 

form bloces in tne Peepatite Granite, or that the Peiematite 

Granite dykes the country rooks in all directions, the result 

being the same teeing. The Pegmatite Granite sheets are of the 

seat order of thickness as the blocks of country rooks which 

they separate. If the shape of the smaller expoecd blocks ie 

any indication of the shape of the larger blocks, then the 

latter tend, to be equiditmensional or at least tend to a largest 

diameter only seveeal times that of the smallest. 

Therefore enormous quantities of peematite 

rock nave been intruded into an are of closely :attured roc F p 

in such a manner that the area has been expanded to at leeet 

twice its original vel4mele eetent. It is not pnesible to say 

if the intrusion took place in a piecemeal fashion. The 

peemattte, witein certain limits, is variable, but its 

sueface is so rough that it is rarely poosible to trace the 

variations in the exposuree. 	But in certain favourably 

weathered places, it can be seen that a number of slightly 
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different tyres of pes.eatite cut one a eet'eee. The pe,ceatite 

Granite may have been emplaced as Ft 9 e--le of (-'e 	cele 

injected Acr's.- the other till the areal' we 5O pegmatite. 

This method of intrusion oould explain the preeervatton of the 

structural orientation of the inoluded °wintry roc! masses. It 

te not possible to determine how far these !lessee have preserve 

their original orientation relative to the recke lying to the 

south of the Graven leteusive Connlex, but, en mien 27 ehewe, the 

ndividual blocks have reeeerved thei- e,-ientation relative to 

neighbouring bloc 11 . The only block which o not show the 

E-eneral etructural orientati -n are gone of thoee which are 

only a few feet in diameter. Jut, as will be exrlained. latere„ 

„tecemeal method of intrusion is not neceesaey to explain 

tL reeservetion of the structural orientation of included 

ameeee in an irrieous intrusion. 

in places, eneecially in the Calback No 

eeea, the qtYle of intrusion of the country ?acmes by the 

peemettte PlOerne to change. -n these area o the pegmatite is 

sheet 	ene-ally only a few feet thick, which cut the country 

rCiolfe in enormoue numbers but which are often rarallel to 

each other so that the country roCI:s instead of being broken 

ut into blocks are cut ee into sheets. The general effect is 

almost identical with that of tee pevtatit intrueicee of the 

Voxter regien, except that here are no Impure Quartet' ee 

present I, epe 	1 30.1 31 ) 
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Yet anotoler type of pe4matits ie that which very k 

Slightly soate into the country rooks instead, of being sharply 

soperate0 from theolo as are the previously deecribed types. 

These peTlatites are best developed in the no.ifl part of 

Calback Ness. Here the pegmatitoes cut up the country rocks 

on t 	same scale as previously but tend to fray out their 

edgee specially where they cut acroue the strike of the roc, 

photos 52,ip 3!„ and 34. A pegmatite type which very frequently 

ehowe a soaeio relation to the country rooks is one which 

contain e vee-e large and very thin sheets of biotite, which give 

the rock the characteristic appearance of a number of crows 

foot prints, photos 33 and 35. This pegmatite was aloe) found 

within large zaoeoes of Peleatite 6rantte, where in one case at 

least it appeared to form cross cutting cheete. 

The complex nature of tue intruoion, the nature of 

the pegmatitee theAselves, and the intense dislocation metemorrno 

lem which occurs along ',mach of the coast, together maize it 

difficult to separate these different pe8ma,ite types. 	But 

they all have in common, together with the par;matitec of the • 

Voxter area, the fact they they occur in prodigioue quantities. 

I 	is lieely that the same condition o prevailed during their 

intrusion even tJouh that intrusion may have been epread over 

a period of time. The first remotites intruded may have 

sceeed into the country rooms because the letter were still 

hot. Jut the later intrusions of pegmatite, which differ 

little from the firet, invariably cut the country rocks sharply 
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Intrniing mi:,7matitil and 

fraying it out at the 
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Photo 35. Biotite-

pegmatite, near 

Sta. Taing. 
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and show no si7es or -eactLnt with t011, 

7:E ROOKS. 

The next etas in the history of the area ie the 

intrusion 01 a very considerable ntuaber of basic dykes, mar 2, 

The great majority of these dykes are only one or two feet thick, 

and they probably strike in all directions, although at first 

sight most appsar to strike at (100  to the coast line. But the 

coast line direction is variable so ti.atlale-this s-pparent 

prTferential orientation may be due to the fact that dykes 

etriking parallel to the coact have leek chance of being exposiod, 

than those striking at 900  to the coast. The dykes are usually 

vertical and ver; regular sheets which cut straiT;ht throt01 

the country rocks and the pegmatites, but which are cut by 

he inclusion ranite and are never seen outting the Inclusion 

tranite. in a number cf eases the dykes themselves are cut by 

tlAs pegraatite and aplite veins an inch or two thick, even when 

ty are hemselves cutttn;; throu4i pegmati.te, photo 

:Isse veins, which also cut the Inclusion 7._..anite, ust have 

ben emplaced mu later than the regnatite Granite. 

The irtes occur most profueely in the Calback Ness 

region which is also an are of very strong dislocation metam-

orphism. In consequence many of the dykes in this region are,  po 

rotted that they have the consistancy of tartia ly consolidatee4  

sand. Even so it ii pos,ible to eee that a number of them are 

sehistose. In some of the rotted rocks t 	schtstosity may be 

due to a relatively late shearin but in many others it is a 
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Which gives the improsvion in the field of having been fabric 

imposed durin the (,..rystalliation, in the same way that a 

regional metamorphic fabric doee. 	schietoeity of many 

of the dykes is parallel to their contacts but in Rome the 

echistosity cue obliquely across tie dike at low an6les to 

the onta t. 

There are two main classes of dyke rock. One 

class is composed of lanpro-phyres an porphyrites. .any of 

these rocks are very tynicJ. I'mpropAyrcs, being fine grained 

lark to liht clooured rocks containing raneomly orientated 

ph nocrysts or hornblende or biotite or both. Thin sections 

shov that 	dark rocks have a matrix oftiny felepars, crener 0 -. 

ally with some quertz and wit biotite and/or 'hornblende grains 

of airnilar sie. As the proportion or biotite and/or hornblenMe 

in the matrix decreases so the roc become lihter.coloured. 

ruber of the leinprophyree are off.white rocks containing 

large biotite nhenocryete. The matrix of these rocks is 

entirely composed of felspar with some quartz. A large number 

of dyke roc'ke occur which appear to differ frO the lamprophyrps 

only j that they contain lar;ollsh rounded felsoarS phenocrystp 

ae well as the matte ones. These ar,  t.e porphyrites. Composite 

dyes male of these rock tyre ars found in several. place. 

A double lamprophyre, a double porphyrito, a lamprophyre 

oontalnin frasments of pnenocryst-felspar-rich porphyrite, 

and a dyke with . lamprorhyre ege and a porphyrite (entre which 

itself contains pegmatite fragments were observed, 
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Xen rooks, cote lamprophyree and orph'ritee whiee were sectinned 

provided ;5 felspar determinetions of bote phenocrjste and felevre 

from the matrix, all of which fell within the andeeine range, 

mostly between Ab30 and Able. Thin sections also phew that 

the ecaletosity of many of the rooks la due to the parallel 

orientation of the matte phenooryets. ioth the penooryst? 

and the ground mass minerals are perfectly fresh and undietur-

bed in such roces thun indicating that the schistosity was 

imparted to the rocs by wereetente teeing peace during the 

crystellization. 

The other group of roots are all basic dykes. They 

differ from the lamprophyres prie:larily in the absence of 

mafic phenocryste. They aloe 	ppear from their darker 

colour to be etore besio, whilst no macroecoplc felepare are 

visible. Lie the iamprophyren they are variable rocks with 

lieitsi they are all relatively fine erained but show a wide 

range of dark ehadee of creen and brown. Q thin seotion of 

ele of these roans snowed tnat it was mail., of hornblende with 

some felepar and it was therefore a micro-diorite. The 

field relations of these rooks aro also the same as those of 

tne lamproehyres but due to the lack of phenocrysts and to 

tie very a.re colour it is -mew* not poseible to see if they 

are schistose without the help uf thin sectiens. 

eamprophyrea, porphyritee and 	rooks 

.1 those Jeseribed from the area of the Graven intrusive 
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Complex are found distribute( ,inevonly throughout the area 

covered by the thesis. But south of the complex they all 

occur as conformable sheets!. Furthermore they are never cut 

by any other rock typem, although they are disturbed by lete 

dislocation metamorphism and oc' tonally have a echistosity 

parallel to their contacts. 

The petrelraphic similarity and the stmjlasimilar 

occurrence of the dyke rocks of tee Graven Complex and of the 

area to the south makes likely that they 	belong to the 

eaee sta e in the history of the area. Probably most of then 

weec intrudeel after the Pegmatite Granite and before the 

Inclusion U-anite. 

The dyke rocks within the eraeen Intrusive 

Complex are closely associated with the dislocation metamorphism. 

In one case a dike appears to have been intruded into a 

shear and then to haee been sheared iteelf. In other coats +hr 

dykes cross strong sheer zones without showing offset. The 

echistosity indicates movement 	crystallization, whilst 

the oblique sheering indioate* movement at a late stage in the 

consolidation of the dykes (Si th, F.G4H" Q•J.G.C., 11501). 

Furthermore the discovery of sheared molts recryetallized 

during the contact metamorphism by the Inclusion Granite also 

points to the concluelor that. the Itslocation etetamorphiem 

in Delting started at 1 ,t as early as the emplacement of the 

dyke rocs and was well eetebliehed by the time tee majority 

of teese rocks hal been intruded. 
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THE 1Ne7AU5ION eUNITE. 

elap 27 ehow s that the distribution of the inclusion 

Granite. The main mails lie to the south of a line from Calbaek 

to nio 	e. f7everal other small masse, which cut both metamor-

phics and pevatitem, are. found alon the coasts of Calbace 

Nees, photo 37. The Inclesion Uranite is a moderat ly coarse 

grained plutonic roe.. with a magmatic habit and has a rather 

oharacteristic in the field, photo 34. It is a felspathic rock, 

speckled wIth eornblende and biotite, usually containing some 

quartz, and lIcth a ;ranular texture. It ie called the Incluellen- .  

eranite because le invariably contains many small inclusions; 

these are of two diffeeent typee. The least common type are 

inclusions of eetamorphic rocks etmilar to those which the rock 

itself intrudes. 	The store common type a' basic inclusions which 

eithee have the appearance of recrystallized epieiorite 

fraemente or, and maeine up the treat majority, ev;reeates 

of a etch gesen eornblenee which has tie characteeimtic 

appearande of the hornblende of the zoned balls of enst, read,M4YIT  

1e34. inclusions of all types are generally less than 1" in 

diemeter, and ye y few are lee' than 2 1  or 3. 	These 1clue.... 

ions are usually scattered. fairly evenly eweø through the 

rooe, but now end teen ooncenteatiens of inclusione occur. 

in. one place there is e very-  close conoentraticn of angular 

fragmente each eeve-al inches ecrosel  but usually the cement-

rati ne are of a mixture of the hornblendic and the epidioritic 

types, each being little bif,k3er than a thumb nail. The other 
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type of inclusion appear to be a slihtly 	r grained ane ret- 

her darker version of the inclusio qranite. It contain' 

inclusions identical with those in the riolusion Granite proper. 

Over much of the area the inelueions are routhly equidimensionel 

and the granite as a wh,71e appeare to be s7Alucturally ieotropic. 

But in a nu':ber of localities, for instance near UalbacK, to 

the south of Graven, on the south shore of Firth Voe, and both 

to the west and the ea** south of Mossbanic, small areas of the 

granite appear to have a roughly schistose struoturc. The 

rock loo 	as if it had been slightly sheared on a vertical 

plane. The etrie of this sohietoaity is always paralel 

to the general attic, of the metamorphic rocks and the migmat-

sktie rooks and it iu sometime aocompanied by an elongation 

sod parallel orientation. of the inclusions. 
"ele Lt CluSIory 	amte 

Eleven hand specimens of tArie—rewere elieed, 

and all were found to contain biotite, which varte from 

brown to greenish-brown and w. thus similar to the typical 

bictites of the permeati:n rocke. Rocks which are apparently 

biotite free are common in the field but they may contain 

microscopic biotite. Eight slices contain olive-green 

hornblende, but section of the basic hornblende inclusions 

show thet these are composed of pale s101tly blueish greer 

hornblendes and have a nar-ow rim of olive-green hornblende 

eimilar to that in the roc, Both the hornblendee and the 

biotites are usually well formed. All the slieed spectlens 
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contain quartz although one has only e trace and all have leer 

quartz than plaoieolase. The Composition of tae plagioolasee 

was found to vary between Ab70 and Ab97. The lspare then_ 

selves are well formed, and have the same appeerance as the 

fel:Lepers in a well developed granttoid type of permeation rook. 

Teey frequently show a veey faint but neverthelese definite 

zoning. in a number of roc 	ome of 	felspar -ains leek 

as if they are being replaced b:, felepars of sliglar oomposition. 

In one roc e a fragment of zoned felspar is truncated by 

another felspar grain of approximately tie same composition; 

this felspar may vi.) been broen up during the intrusion of 

the roc, All tee esotiona except one from a group cf basic 

inclusina contain . microcline, which varies from a trace 

mineral to the. Chief mineral in the rock As. usu1, the 
Dicrocline seems to be replacir3 tie pla4eclase. Lostly it 

forms gratne no larger the the general size of tee felspers 

aai quartz, but in one case it forms phenocryste up to 1" long. 

The relati-n of tAe inclusion ranite to the 

leetamcephic and mimatitio reclee is exactly that of the 

Pegmatite rriite to the same rocks, eecept that the Inclusion 

Granite is distributed aye- the area less evenly. All the 
coast on the south 

side of Firth Yoe from the :lain contact A 

nearly to the heek 7)f the vos, is of Inclusion Uranite. 

similar long stretch of Inclusion Granite is to be seen 

between Mb o Neel and Fugla Nese. But in many cases the fact 
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that the country rocks have been bocen vn into blocks which 

are now surroun,Je4 by Inclusion U'anit is clearly demonstrate 

in eh; cliffs, photo 39. It is eepecially clear along the 

north coast of Firth Voe. ap 27 shows that on the whole the 

orientation of these rocks has been disturbed Very little. 

The stri es plotted on map 27 have been smoothed 

to a certain extent in some places. jut whilst locally the 

blocks may have been eomewhat disorientetee (pp. 24-7) and 

whilst it is possible that some or the curves of strike of 

regional extent may be due to the emplacement of the magma, 

on the whole a very considerable quantity of iaaatic rocks 

etas been Intruded in a very Intimate fashion with no disturbance 

on e coreesponding seals of the country rock.. It ie poeelble 

that the Pegmatite Granite may have been intruded. ae a oerice 

of individual sheete. But there le no sign. thatthe Inclusion 

Granite was emplaced in such a manneri there are no internal 

contacts visible in the granite, and. the variations Whieh it 

shows are themselves very veue. 

The Graven Intrusive Complwx therefore has a. "ghost 

stratigraphy" which is produced by magmatic intrusion. ljut 

It is a rather poor example because there is very little 

stratigraphy in the rocks and beeause the almost complete 

lack of in-land exposures prevents the traoins of perste:Stier 

arse for example from coot to coaet. It in rather an 

example of a ghost etruoturs. 
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It vve. shown above aaet tm,e dislocation metamorphism 

we operative 1uring the phaee of de intrusion. In thin 

secti,ene of Inclelsion Granite there nay be seen a number of 

lerge felspars which have been broken. across and separated 

elightly. quartz has cryetallized in tie cracks and in one 

particular grain this quartz can be seen to be tn extension 

of and Jo in ceystallographic continuity with ono of 

the quartz grains of the granite. 	iis latter occurrence 

probably indicates thatmovement took place in the granite 

when it wee almost consolidated, but whilst the quartz was 

still capable of recrystallizing. These movenents may be 

those which gave rise to the dielooation metamorphism. 

The final act in the taw:placement of the graven 

intrusive Complex is the intrusion, throughout the entire 

complex, of the aplite and pegmatite veins which out the 

dykes and the Inclusion Granite, map 27, photo 36. These 

are mostly an inch or two thick, but north of Yugla Nese there 

es a late splits one foot thick. 

A number of other granite intrusions are found, in 

the complex. A el„eq4lee of vertical sheets, 5 to 10 feet thick, 

lie immediatally to the south of the main boundary of the 

complex at Firth Yoe, and strike parallel to that contact. 

They are mostly rich in felspar and poor in. biotite. 	any 

granite are found in the Pematite Granite area where they 

form thin sheets, irregular and indefinite, or regular and 

sharply bounded sheets, and sometimes small musses, all wtthin 

t. Ii P crinat, it Amman tt, 
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the Pegmatite Granite as welt ac in the country rots. One 

at least of these sheets is cut by a basic (1). e. Thee observed 

in the area of the Inclusion Granite were cutting the metamor-

phic rocks and not the Inclusion Granite ioet of these F.Temitec 

are compose of equal proportions of biotite, quartz, and, 

felspar and are of finfr. grain size than the Inclusion Granite. 

.t e 
ln, general area south of •raven and north of the complexs 

south boundary ar some very hernblendic coarse rained roosts 

'which contain spots of felspar and felspar-quartz. 

4-A 



CAAPTER 7.  

DISLOOTION METAMORPHIS. 

The term dislocation metamorphism is need in this thesis 

to denote diapthorttio metamorphism associated with faulting 

and fracturing of the roots and thua does not include other 

types of diapthoretic . matamorphieme,such AS changes aenociatee 

with the cooling of the rock, which are not directly asoociate0 

with faulting. Thin tatter type of metamorphism hos been 

described above in the chapter on metamorphism. 

Dislocation metamorphism chanes the rocks structurally 

and mlneraIogicelly. Both tese effects can be oecojilsee in 

the fie11. The mechanical effects vary over the area. The 

Ion;; stretches of dislocation metamorphism shown on the 

western coastline, map 24, arc areas of intense shattering. 

The quartzites are broken into innumerable small fragments 

often without any displacement on the fracture planes. Leen 

brittle rocs are more strongly altered. and. in fact are often 

'156 . 
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shearee 

	

	
an unreselyable Teess in these areas. Tee 

dislocation metamorphism Is often accreapanied by eedeening of h 

some of which may he a moral staining of the rock, 

blzt some ie iue to stainine of nerioitised felsnae by a ree 

pi:Lment, pcesibly hematite, an,..,  some to 	e redeening of eicro-

cline. The biotite can often he seen to have changed to 

reel-,rite. 

tee eastern ride of the area the dislocation 

metamo-phleat ,eas a different aspect. Shatteeing is much legs 

commen, end. is cenfined to naeeoe belts croseing the coastline.. 

roc eenin3 i oceasionally found blt is confineA to the felept:re. 

The dislocatien metamo-Ple 	on thee cot le characterised 

by the eevelopment of chlorite, and by the contortion of the 

rocks near to the vertical et-leers which frequently croon the 

coastline. rislocatien effects such as these mmy also be seen 

throughout the area. 

A. numbee of topoTqaphic features termarl "gullye 

or lineatiens w  are marked on map 29. These are fairly prominent 

features our A an 0018, smell valleyn, very elone,ate boggy patrelee 

etc., whice mar be reeoenisee both on air-photos and on the 

ground, ano? ;hick are probably developed on the ite of feults. 

They all cut morose the strike of the eoc,er anti so cannot be 

due to the underlying litholoey. Aane can be shown to be base-,  

on faults by the preeence in them of expoeeees of shatteree 

roOk. The others acre ehceen on the met, becaelse they are ec.L 



rromtrent features are mae be analney be relat& to the faultlee. 

The rocks can be divided into four groups: for a 

metalled censideration of the effects of eislocation metemorphiem,. 

These groupe are the teneous rooks, the epieioeites, the 

calcareous rocs, and the pelitic eoeks, that ie the pelites, 

tee seemi-pelites the insure euatteites anti the permeated 

eerivetivee of these. 

Tn pelitic rocks, the mieroscopio feature e which 

are interpreted as effects of disleoeation metamorphism are c 

fellows 	biotite chaneine to chlorite, serieitisation of 

felepsr, etrain effects finally leading to the crushing of the 

different minerals, development of epteote, zeolites etc. 

The development of chlorite from biotite near to 

late fractures has been feeeuentle eescriber in tne literature. 

It is an extreeely common eheromemeen Delting, whore it shoes 

all degrees of levelo • nt . The change ir not e nechanic 

 

effect, lthough it le frequently associate veth etrone etraee 

effects in the differens, minerals, since perfectly enetrainee 

eseudomorehe of chlorite after biotite associated with unstraieee 

biotite mel be found in. tee same section. The cone-se case 

of oblorite-f”se bietitto rocs in which the biotite ehowe 

extreme contortion also ocnur. 

The more or less comnlete beeaedoen of plagiecieee 

felspar to sericite mats is very Clotarnon in eeltine. The 

complete change almost invariably occurs in belts of strong 



dislocation metaeorphlsm. The chan;e3 is also frequently 

obeerved in the felspars„ alongside hair-like fractures in the 

eoces, 	leeese two reamons sericitisetion is believed 

c‘L: be charaeteristic of dislocation metamorphism, although 

like the development of chlorite it is not a mechanioal 

process since badly strained felspars are often seen to be 

unuericitised, and eericitisation frequently takes place in 

rotes whiten show no other signs of' dislocation .iaetamorphism. 

Strain in cryst 
	

best seen between crosses 

nicole, is very coAmon, 20arcely one of all the 1,000 thin 

sections examined shows unstained quartz. The effects of 

strain vary feeom wavy extinction, eo tne developeAnt of bands 

of equal extinction parallel to the o-axis (described by 'eskola 

Hietanen, Sander an others; , incipient granulation of the 

individual grains and finally to a grinding up of the quarts tee 

a powder. Strain in mica is scuAtwhat legs common and bent 

felspar twins are still lose comae. 

The straining of the quarze orystals can be considered 

as an early stage in the precese wAlce ends in tele intense 

shearing and shattering of the roces seen oo well i tne field. 

In thin sections of extreme cases the roses are seen to be round 

-up aggregates of quartz, microcline, plagioclase (sericitised) 

and muscovite shreds. In still more extreme cases nuartez, 

sometimes eicrooline or catbonate(after plegioclaue ?) are the 

only reoomisable ninerals left. A e:lember of such rocks 
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contain broken fra:ments of vein euartz, which indicate at 

least two phaeee of shearing eeparatec7 by one of crystallization. 

Finally several rco4s with streaks of apparently non-eryetallie 

mylonite were found. 

Then t 	reactions of semi-peIites, pelites, and impure 

guartzitss to dislocation letamorphimm aro compared, certain 

difference., of behaviour are apparent, For instance the 

percentae of rocks Showing very strongly strained quartz le 

highest in the impure quartzites, less M. e1.1 it' the ieemi-pelitee 

and is le&st in t_le polite, whilst in the caso of: mica the 

ratios are reversed. Thie is to be expected since, whilst 

in a quartz-rich rock the quartz g'-ains will tend to take up 

most of the atrain by formin a rigid frame-Work, in a nice_ 

rich rock the mica flakes will play the sane role. On the 

other hand, complete sericitisation of the felspar it found 

in a high percentaze of impure quartzites as is the eveloe_ 

ment of chlorite; the semi-pelitos shoe a lower re-eonta4e 

an the pelites the loweet, percentaze. The relative effect 

on the rocks has to be considered in this indirect way because 

the belts of dislocation metanorphism are in general too 

narrow and too poorly exposed for the onset of ..he dislocation 

to be properly studied in the fle171.. In '311st need (1916, p(i7K-

1, & 19.57,p.19.5) found that the bictita of the pelitos changed 

to chlorite more readily than that of the more siliceous rock.e 

during the third metamorphism of Unst. However this latter 
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eletamorphism iE an altogerhee eiffereht tyee of e.etanorphism 

which has a an end product the Peefectly crystallezod phyllon-

ltes, whereas in Dalting the eialocation metamorphism has as 

ite eneep-oeuct cataciastic rooks. 

The rocs eescribee above peovide the bulk of the, 

evidence on dislocation mstamorphism, not only becauee they 

are the most ::ommon rocks or the area but also because they 

show the effscte of dielocatien most clearly. 

The 	ireous roes show the following changes:-

etraining of quartz; twinning of carbonate grain*', straining 

of tele twinned caebonato graine and finally the eeetruction of 

the individual erain e to for. fueze masses; the straining of 

micas; the development of ceacks and veins in the rooks; the 

development of chlorite aftoe biotite; the oeoasional break-

down of hornblende to chlorite and to chlorite carbonate; 

sericitieatien of plegioclase; the development of epidote. 

It should be noted that some of the rooks in rhich R12 the 

biotite hes changed to chlorite contain unsericitised felspare 

and vice. versa. These chanes !lave been commented on in 

this chaptee en-i In tee chapte- on metamorphism, The rocks 

whion appaeently eAces teas extreme eceults of dielocetion met- 

amoephism centain fuzey careenete -rains strained quartz and 

ereletimee small teletel mescovite flekee. 

Epilieritee show the following chareyee:- straining 

of quartz; eericetiestice ef elaginclse; eevelopment of 
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biotite after chlorite; development of chlorite after hornblonde; 

crack ; epidote; zelite veins. Most roces present some signe 

f sericitisation of the felspar, so that roc'es allowing 

e -Joritisetion of the biotite almomt invariably show eericitiee 

aticn, but otherwise there is no determinable rule, gooks in 

which all the biotite has changed to chlorite may reveal 

only slight traces of stkcitisation and complete serleitleation 

may be accompanied by complete lao of chlorite. 

All the Eileis of dielocation metamor7eliam describe0 

above may be found in tie pegmatites anri the inclesion Granite,. 

but strain effects are much more common than mineralce4cal 

cherries. The feisp r twins are quite commonly-  bent, an" 

quartz grains strained to t -.2,e point of granulation are alto 

much more comvon than usual. ':Ytableeloo4ing biotite showin 

strong st ne of strain is more common in these rocks than in 

the metamorphic and migmatitic rocs, although in a number 

ef places it has been chane;ed to chlorite. 

A number of criteria of dislocation metamorphiem 

have been mentioned above. When these are plotted all 

to8ether on a map, they still fail to give other than a very 

fragmentary picture of the pattern of the belts of eislocation. 
it7 partly because the exposures are so very incomplete 

and pertly because the belts of dielocation metamorphism vary 

from a foot oiSr eo to one hundred yards wide and form a ve-y 

complicated pattern. To fully investi .;ate eu-h a pattern as 

this, an extremely large number of epeci%iene would have to 
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be collected and examined, an's a veri much larger proportion of 

the area would have to oe exposed. ,loreover the criteriE 

the.aseiNes, when coziparefl with one/another, frequently fail to 

aJree. Lven when tie sericitimation of t .e plaAioclase ie 

excepted from consideration, no regular eequenoe of mineral-

ogieal ane structural chanes can be erected to fit all oat. 

FreQuently with increasing dielocat,_on metemorphieti ttie 

following proceesee take place :- studian straininr: of quart: 

strainin.; of )ica: sericitisation of felspar starts: chlcrit- 

isetion ol biotite awl hornblende etart : finally, meohanir.al 

breakup beco_les Aominant. .Chcse proces.-=ee may however, take 

place quite Arndt/pendently of one another. Structure]. and 

‘2ineralogioa1 changes althou,.;h occurring in response to the 

same underlying causes are not alrlays directly related to 

nne another, neither arG the indiviflual mineralo,4ca1 changes. 

This complexity is duo t,o d n caber of C,iuses. it 

has airaari)r be,  n mentioned that plagioolasi.: fele a- ;JaT be 

pericitised as the result of a number or ce.usee other than 

dislocation metamorphism. It may for example be the pro0uot 

of the last and weae:est phase of the potash metallo,aatisa. 

In fact the manner in which sericitisetion is decolated with 

fractures, not only on the regional scale but even on the 

scale of tae thin section .may  indicate that th fracturing 

which caused the eAslocation metamorpAiem, also -ovided 

channels which were used by the 0=886 pot:,sh left in the 
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intergranular film not only of the 1 eoue roces but also of 

the permeated rocks. The metasomatic activity of excess 

potas i in areas not affected by dialiaation metamorphism 

would complicate the geograehical Ateiribution of sericite. 

The complexity of the dislocation metamerphisn 

is also certainly due in part to repetition of dislocation 

metamorphism. A  will be meti7ned below the belts of 

dislocatien metamorphiem were laid one on ton Of the Other, 

the intensity cadeetamorphise va i 	from belt to belt, 

and frequently the same belt was metamorphosed again and again', 

and each ttme at a d ifferent intensity. 

The concept f repctrod, metartorphi.em leads 

directly to the ilea that if Jtelocation. metamorphism took 

place over an extended period c ttme the different phase 

may well have occurred under different conditions of PaM Te 

Therefore, not only would the conditions of crystallization 

have been different but the mineral assemblages towards which 

the changes tend would'Lave been different. 	ieetance, the 

change from biotite to ohlor1te would fail to take place unclip 

conditions of even dtrong dislooation metamorphism, if the rooks 

were under P and T conditions in which biotite. was stable, or if 
the P and T conditiene were too lew. The pelitee, occurring its 

the area of the pelite lineation, which show extreme straining 

of bictite and eeecovite without any.  eigns of nAsiocatin 

metamorphism, such as thetability of the rlinerals or fraotu-ing 

of the roots, may have been subjected to movements at temper_ 
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ature,,  too hi h to allow the development of chlorite, but 

under conditions which did not al1o.,01 the recryltallirmtion 

of the biotite. An example of dislocation ,letamorphism in 

which the P11 conditions were too * to allow the foration 

of chlorite may be provided by coriKs on the east side of 

Swining Voe. In this area the minerals in the rc&,:s aro all 

strained, the rocs are in places very intensly shearod, and 

zeolitic veins and cracks are common 	Tet th bir7,ttr., rom- 

alned the normal red-brown type. 

°here are three, possibly four, major faults in 

the ara, map 22. The Swining Voe fault forms the eastern 

boundary of the area. It has e very consid6rable displacement, 

since it brings roots very $171ilar to those of the Voxter 

area into contact with the phyllitic roojcs of Lazo. The fault 

is known to contnue a far south as Lerwicc. It is accomp_ 

anied on its west site by a belt of minor faulting and of 

chlorite development. The reacti.:ns of the rooks on the eat 

side of the fault are described immediately above. 

The belt of dislocation along the west side of the 

thesis area may be asoCiated with. the fault which passes 

down the , 71.st coast of No 	Maven throuh the isthmus west 

of Brae and on towards the south where it separator the Old. 

ed 7andstone of tie Tans renineula from the metamorphic 

and migmatitio rocs of the east part of the sinland, This 

fault is one of the major features of the structure of 
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Shetland, nevi separates areas which are very different both 

structurally and litholo4cally 	n the brae rein and to the 

north it is accompanied by very conslde—able shearing and shatt_ 

oring of the rocks and by red.'ening. 

The third imrortant fault of tqe area its that which 

runs in a curve from Voxter In the west to swtnthg in the eeet. 

fault my produce a certain amount of offset to the west 

of the Asiedale A,3estone. it appears to offset the Auger 

Wrieitis sli,ptly, map 24, and lay offset, the Porphyroblast 

Schist even more. Agany of the more strongly dislooated roce 

from this fault show the sucemsive granulaticri of severkl 

generatione of quartz. 

Yr7nographical features are the only evidence for the 

fourth fault, which is shown in map 20 by a da h4d line running 

alon,7 the coast south of Garth House, across Dales Yoe, along 

the south side of Fora Nese and , ast lioness 1iew.. nn the 

larger wale map map 1) it can be traced across the Lemma 

reninsula, via the isthmus, onto Whaleey. Its course is 

marked by the terminatin of a number of helilande. 

Some of the proposefi, faults in the neilihbourhood 

of Fora Ness may explain the dimaneearance of the Weisdale 

Limestone, but they aro accompanied by no other visible 

signs og offset. 

The faults cannot be dated relative to oneanother. It 

is known that diolocatin meta orphiem took place before the 
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emplacement ,f the Inclusion Granite, pp e 149 and 154, and 

edIntinued after the emplacement of the Inclusion Granite, which 

is. itself cut by the Swinin Voe faull, and by trte  fault on 

the west side of the area. Come of the faults of the Delting 

area are probably members of the ect which are eeen to block 

fault the 016 7eil 'j, andeton in other ports of Shetland. 
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CHAPTEn g. 

QONCLUSIONS.  

The geological history of Delting, as ontlinee in 

the thesis, can be considered in relation to the history of 

the rest of Shetland as it is known at p-esent. This history 

starts with the derosition of a very thick pile of sediments, 

which at some early date were intruded by numerous basic sills. 

The sediments and sills were subsequently regionally metamorphosed 

and deformed in such a manner that not only were folds possibly 

of very great wave length formed, but the new rocks were tectonite 

The intensity at the reelonal metamorphism varied over the 

area in a manner unrelated to the structure. At some later 

date teen the regional metamorphisA, but possibly not very 

muc later, the rocks of certain stratigraphic levels were 
permeated. The resultant belt-like forms of the permeation 

rockemasees es seen at tee present surface do not arpear to 

b beeed on any particular favourable etr'etij;raphic level, bet 

are controlled mainly by the structures, and therefore have a 
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lifferent listribution from the zones of regional metamorphism. 

At a still later late an inJectien complex was emplaced in the 

north part of Delting. Firsts  verf large quantiteee of pegmatite 

were intruded, this waz followed by the injection of very many 

lamprophyric anl basic dykes, Which were followee in turn by 

the intrusion of a qu rtz-microcline-bietite diorite. The 

final episode in the history of the rocks of neltins was the 

dislocatien metamorphieke related to the faulting. This 

metamorphieee started not later thee the phase of dyke inject .n. 

In parts of 2hetland lyir to ttle south and. the south-west of 

felting there are many thousands of feet of Old led randetone 

which are out by lamprophyree and,are faulted. The intrusive 
of 

cceplex of north Delting may therefore be)010 red. Sandstone. 

age, and approximately contemporaneous with the other more 

acid intrusLvee which cut the Old led fandstone. 

The history outlined above is very simaar to 

the histories of erogenic belts in many parts of the world. 

it is very aimilar, as far as it ;oes, to the history of the 

(;a. Ionian mountain chain of Norway and Scotland, and Chetland 

because it lies between lerway and Scotland, 17 probably part 

of tee Caledon&des. 

The most interesting aspect of the history of 

Pelting, and the point in which Lt diffsre 	most other 

similar accounts, is that the mimatimation is clearly later 

then the regional metamorphism. If migmatination can take 
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place after the regional metamorphism and can take place in 

quite ! ow sale regionally metamorphoele area then regional 

metamorphism anl the migmatisatton are not as closely as has 

sometimes been assumed. The zones of regional metamorphism 

cannot have risen throueh title rocks as a sort of aureole in 

front of the migmatite front, because the regional metaree rhisn 

has steppe and the regional metamorphic rocks have been over_ 

run by the mienatisation without showing any eiens 	aejusting 

themselves to tee new conditions, as eeetonal mef noephic rocks. 

In the neighbourhood of the migmatitio rocks the regional 

metamorphic rocks have been changed to contact metamorphic 

rocs with a contact metamorphic amweele eeeemblage. In the 

light of this feet it ie best to regard the zones of regional 

metamoeehise as being zones o" derte4n the orogenic belt. 

These zones may he more closeLy "elated to some centre of 

heat well below the eiematite frone than to tee centre of 

the earth, but they are not directly related to the mignetAee 

front. 

Regional metamorrhic rocks appear to hove 

assemblages of minerals in enuiltbrium with the composition 

of the inlivieuai rooks and with the PTX conditions. 

itic rooks or rather the occasional coke which most nearly 

represent the ultimate ens proeuots of eiematiestion appear 

to approach a single uniform composition which is not relate 

to the composition of the original individual rooks. Further- 

more mi enatisation is frequently found to have occur efl 
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a very uneven manner through the rocks, whilst the effects of 

regional metamorphism generally have a very regular distribut- 

ion. Something more than a special combination of 1321: conditinns 

is necessary to explain these differences. 

This factor is generally regarded as taking the form 

of a migration of material through the rocks. There is 

no general agreement on either the physic 	state or the 

composition of the materials involved, and the Delting area can 

contribute nothing towards the solution of this problem, since 

the bulk composition of the migmatised areas appear to have 

changed very little. The emanations have passed through the 

rocks, have impressed on them the characteristic features 

of permeated rocks, but have legt the composition of the area 

relatively unchanged. But elsewAere the emabations, in order 

to produce very similar rocks, have caused tho- considerable 

changes in the composition of the rocks, therefore the 

composition towards which migmatisation causes the rocks to 

tend is probably an ideal composition unrelated to the 

nature or the composition of the emanations. 
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