
Studies in the Structure and 
Metamorphic Petrology of the 

Eo-Gambrian Pocks of 
Eastern Seiland, 
horth Norway.

A thesis submitted for the Degree of 
Doctor of Philosophy in the University 

of London

June 1971 

Mchael Anthony Worthing.

DiBL.



ProQuest Number: 10107288

All rights reserved

INF0RMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

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

a note will indicate the deletion.

uest.

ProQuest 10107288

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.Q. Box 1346 
Ann Arbor, MI 48106-1346



Abstract

i'he rocks exposed on the eastern part of the island of 
Sell and are the metasedirnentary envelope to the large basic and 
nltrabasic plutons that make up the western part of the island and 
the neighbouring island of Stjem/y. These metasediments have been 
intensely deformed and metamorphosed, thus all sedimentary structures 
have been obliterated. The metasedimentary sequence is, therefore, 
a structural one.

The lowest group is the psammitic Komagnes Group. This 
is followed by the Sidvageid Schist Group which is followed by the 
relatively thin psamraitic Trollvann Group. Structurally above this 
is the pelitic Olderbugten Group and finally the dominantly psammitic 
Olderfjord Group,

Broadly speaicing two major fold-forming deformations 
have been recognised; F .1 and P.2. The latter part of the first 
phase, which was responsible for tight isoclinal folds and a, 
penetrative schistosity, was accompanied by intrusion of sheets 
of basic materiad parallel to the axial planes of the early folds.

During the static interval separating the two deformations 
the maximum grade of metaraorphism was achieved, this, however, varies 
across the area and a sequence of metamorphic isograds have been 
recognised. The highest grade occurs in the west and is marked by 
a kyanite-sillimanite porphyroblastesis, migmatisation and intrusion 
of adamellitic sheets. Tiie lowest grade in the east is characterised 
by albite, biotite, epidote, hornblende assemblages in the psammites 
of the Lower Komagnes Group. These isograds reflect a contempor
aneous lateral change in metamorphic grade.

Following the development of these high grade assemblages 
in the west, there was a phase of intense flattening leading to the 
development of mylonitic textures in the rocks. It is suggested 
that this deformation phase is related to a rising' basic asthenolith.



The majority of folds on the area are attributed to F.2.
By the onset of P,2, the metamorphic grade appears to have waned to
sub-garnet grade conditions. The folds have a very variable style.
In the east, they have intensely attenuated long-limbs with a nnmber 
of vertically-stacked folds in the short-limbs. In the west, the 
limbs are of more equal length. This change in style is related 
to the different states of competence of the rocks at the onset of 
P.2.

A ubiquitous feature of P.2. folds on both the major and 
minor scale, is the curvature of their axial-lines.

In the east a number of oblique boudins have been recorded
which post-date P. 2. They are closely as so ci sled with rotated 
tension-gashes and monoclinal folds. It is suggested that all these 
structures were formed in response to a progressive déformai ion 
sequence. This sequence v/as also responsible for the development 
of the late Caledonian thrusts on the mainland.

In the north of the area there is a pronounced swing in 
strike. A number of open folds are associated with this swing.
These folds have been designated P.3.

Monoclinal wanqps have been recorded in the east of the area. 
Their temporal relationship to the P. 3* folds in the north is not known.

The final phase of movement in the area led to the development 
of joints, faults and locally kink-folds. The prevailing metamorphic 
grade during this phase of deformation, and indeed all the phases 
subsequent to P.2., was the Quartz-Albite-Ivîuscovite-Chlorite Sub-facies 
of the Greenschist Pacies.
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CHAPTER I

Introduction

a ) Location

The island of Sell and is situated some 3 km. S.W. of the town 

of Hammerfest Lat. 70^ 40'N, Long. 23° 80’E in the western part of 

the 'county* or fylke of Pinnmark. , The island, which is 22 km. 

in a N - S direction by about 30 km. in an E - W direction, is 

separated from the Norwegian mainland by a long strai^t sound known 
as Vargsund which is 3 km. wide.

The area mapped consists of some 140 sq.km. in the eastern 

part of the island. The work was carried out in the summers of 
1966 - 1968 using aerial photographs on an approximate scale of 
1:20,000. These were flown in July of 1966 and were subsequently 

used to make an overlap map of the area. There are no accurate 
topographic maps of the region. The contoured A.M. S. maps proved 
to be rather inaccurate in such detail as positioning of lakes, 

rivers and topographic features and were therefore of little use 
in the work. However, altitudes which are quoted in the text are 

taken from this series. Norwegian Admiralty -charts give an 
accurate outline of the coastline and were used to estimate the 

scale of the aerial photographs.
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b ) Regional Geolo^

is situated, some 60 — 70 km» North.—West of the main 
Calod-Oiiian. thî iist frontjWhe3?G the strongly deformed, and highly 

metamo2^hosed Caledonides are thrust over both Pre—Cambrian basement 

and younger less-deformed rocks of Bo-Cambrian to Tremadocian age#

In the south and west the Caledonides are thrust over 

autochthonous Cambrian deposits which rest on the Archaen basement#

In the H. and N.E. of Pinnmark, however, there occurs a wedge of 

rocks of late Pre-Cambrian to Tremadocian age. These are again 
separated from the overlying Caledonides by a thrust contact, and 

appear to rest with a tectonic boundary on the Pre-Cambrian gneissic 
basement# The relationship between the relatively unaltered 

sediments that lie beneath the main thrust plane in the F.E. and 

those in the south and west is not known#

On the mainland, to the S.E. of Sell and there occur a number 
of tectonic windows in which Pre-Cambrian rocks are exposed (see 

Pig# l); these are known as the Eaipas windows (Dahll 1891 ).

In the Komagfjord windows which occur on the mainland adjoining 

Seiland, (Peitan 19^3) records a sequence of shales, slates, volcanics, 
calcareous rocks and sandstones which have been deformed probably by 
the Pre-Cambrian Karel ic orogeny * The grade of met amo rphi sm is 
generally low, the maximum being attadhed only locally in. the region 
of basio intrusions. This as so ci at ion * sugge s t s Reitan, may be 

fortuitous since this area also corresponds to an anticlinal crest,



which may have acted as a zone of weakness allowing intrusion 

of the basic material. The highest grade is, in fact, the Quartz 

Staurolite - Sub-facies of the Almandine Amphibolite Pacies. These 
Pre-Cambrian rocks are separated from the overlying high-grade 

Caledonides by a thrust contact. The general sense of translation 
of this thrust appears to be in a south-easterly direction. Since 

the Komagf jord window is bounded on the north-west by Vargsund, and 

high-grade Caledonides occur in Seiland on the other side of the 
sound, it is assumed that the thrust passes beneath Vargsund.

Previous Work on the Caledonides of W. Pinnmark

Most of the detailed structural work on the Caledonides of 

W. Pinnmark has been carried out since 1959 on the neighbouring 
island of S/rj/y by B.A. Sturt and B.M. Ramsay and a number of research 

students working under their direction (Roberts 1965» 1968, Speedyman 1968), 
As a result of their investigations a complex series of structural, 

igneous and metamorphic events have been recognised.

Broadly speaking, two major fold phases are apparent, the earlier 

phase giving rise to recumbent isoclinal folds of considerable amplitude 
(approx. = 10 km.); the anticlinal nappes close towards the south-east 
and the corresponding synclinal nappes towards the north-west (Ramsay 
and Sturt 1963). This phase of folding was also responsible for the 

development of a strong schistosity. The later part of this deformation 
was accompanied by the intrusion of sheets of gabbroic material, parallel



to the axial planes of the folds (Speedyman 1968). A peculiarity 
of the P. 1. folds is that their axes are arcuate, both on a major 
and minor scale.

In the static interval separating the two fold phases- other 

gabbro and diorite were intruded. The maximum grade of met amo rphi sm 

was also achieved forming po rphyrobl asts of sillimanite, kyanite, 
staurolite indicative of the upper Almandine Amphibolite facies.
This was accompanied by granitisation and migmatisation.

The second phase of deformation of S/r/y is generally characterised 
by large scale folds which have a tendency towards mono clinic symmetry. 

The associated minor structures show considerable variation in style.

The symmetry remains however mono clinic, except in certain areas where 
it becomes orthohombic. This change appears to be related to 

orthogonal strike swings (Roberts op.cit.).

Purther intrusions of gabbroic and dioritic material occurred 
during the latter part of the P.2. folding (Speedyman op.cit.).
Sturt and Ramsay have also recorded the extensive development of 

alkaline rocks of similar age in western S/r/y. They include 
carbonatites and nepheline syenites (Sturt and Ramsay 1965)*

All the previous work on the island of Seiland has been 
restricted to studies on the layered intrusions that make up the 

western part of the island (Barth 1927 1953» OOsterom 1953)* The 
term, Seiland Pétrographie Province, was coined by Barth as a result



of this work, to describe the extensive belt of basic and ultra- 
basic intrusions which constitutes an important part of the Geology 
of the coastal regions of West Pinnmark and North Troms (see Pig.1.).

Numerous studies of this Province have been made. Papers by 
Barth (l927 and 1953) deal with the complex intrusion history of 
numerous pegmatites (l927) and the layered igneous rocks that make 
up a large part of western Seiland (l953).

In north-western Seiland Barth (l953) describes a layered 
complex which apparently has a gradational contact with a series of 
paragneisses, showing successively higher stages of metamorphic and 
anatectic transformation when traced towards the gabbro, which 
Barth considers eventually grades into layered gabbro. He concludes 
from this that the layered gabbro is the result of high grade 
metamorphic anatectic transformation of the paragneisses.

This idea has found considerable support among other workers, 
notably Krauskopf (l954)> Oosterom (l954> 1963), Heier (l96l). 
Krauskopf (op.cit.), working in the ^sfjord area, describes a 
sequence of gabbro-^eisses, ultramafites, syenites, anorthosites, 
amphibolite8 and gamet-biotite-gneisses. He recognises three 
varieties of gabbro-gneiss, all of which show variable amounts of 
banding. Within these gneisses, he finds layers of meta-limstone 
which are apparently concordant with the layering of the country 
rockso He also describes layers of syenitic Tock which are also 
concordant. The layering in these rocks is marked by differences 
in composition and/or grain size. The layers are very variable in 
thickness and length and sometimes pinch out. Contacts are partly 

gradational and the layering is parallel to a planar foliation.
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These structures, which are described repeatedly by a number 
of workers, are similar in many respects to those developed in 
such layered complexes as Skaergaard, Duluth, Bushveld and 

Stillwater. It must be pointed out, however, that the rocks of 

the Seiland Province are syntectonic relative to the Caledonian 
erogeny, whereas the other well-known intrusions developed in 
non-tectonic environments.

To explain the layering, shown by the ^ s f  jord gabbro-gneisses, 

Krauskopf discusses a number of hypotheses, including parallel 

injection of sills. He suggests that such features as absence of 

linear orientation of prismatic crystal^ absence of rhythm in the 
layers and no consistent upward transition of mafic to less mafic 

material in individual layers are not compatible with an origin by 
fractional crystallisation. He also considers that, since the meta- 

limstone layers are concordant with the surrounding structures, they 

are not likely to be roof pendants.

Finally, he appears to favour Barth's hypothesis of the meta
morphic and anatectic transformation of a supracrustal series of lavas, 

tuffs and sediments. Planar foliation may thus be explained as 
reorystallisation parallel to bedding planes. The syenitic layers 
are explained by the transformation of trachytic lavas and tuffs. 
However, he finds difficulty in explaining the presence of anorthosite 
and pyroxene magnetite layers, since such lavas and tuffs of this 
composition are rare if not non-existent. He concludes that they may 

possibly be explained by metamorphic differentiation. Krauskopf 
considers that the peridotites and massive gabbros, together with the 

massive syenite are of intrusive origin.



Heier {^%^) in a study mostly concerned with the nepheline 
syenites and carbonatites on the island of Stjem^/y, which lies to 

the north of Seiland, places the various metamorphic and plutonic 
events in a time sequence.

Youngest. el) Nepheline syenite

e2) Homblendite metasomatic probably associated with 
carbonatites 

el) Carbonatites
d) Faulting

c) Period of Metamorphism of Cranulite facies possibly

pre-dates the peridotites and even the layered gabbros
b) Peridotites 

Oldest a) The gabbro gneiss complex. Age relationships
very difficult to ascertain 

Heier recognises three gabbro-gneisses in the complex:-

Gabbro gneisses I he considers to be equivalent to Krauskopf*s 
gabbro gneisses I. In this body syenitic and quartz-rich gneisses 

occur as layers parallel to the foliation. Heier considers that this 

rock-type is the result of the transformation of a supracrustal series 

of lavas, tuffs and sediments.

The gabbro-gneiss II is foliated but not banded. It has a 
metamorphic texture. The gabbro gneiss III and the layered gabbro, 

which Heier implies are cognate, have a layering produced by con
centrations of dark minerals. Often these have indistinct and 
gradational contacts with the adjacent leucocratic bands. The 
layers vary in thickness from -J- cm. to several metres. The dark
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bands are on average 10 - 20 oms thick. Heier (op.cit.) cites a 

statement by Barth concerning the Seiland gabbro. Barth says that 

this "is different from the Skaergaard in that it has no definite 

side walls, but seems to extend without a clear break into the 

contiguous and analagously layered amphibolite-gneiss complex".

Heier states that, in gener^ this is also true of the layered gabbro 

in Stjemp(y. Thus, he implies his agreement with the supposition 

that the layered gabbro was also produced by a 'process of metamorphic 

and anatectic* transormation, as proposed by Barth for north-west 

Seiland.

\

The peridotites are apparently younger than the layered gabbro 

sequence since xenoliths of the latter occur in the former.

The carbonatites and homblendites seem to be genetically 

associated; all gradations between the homblendite and the gabbro- 
gneiss occur. This seems to indicate that the homblendite results 

from the metasomatic replacement of the gabbro-gneiss and also of 

the peridotite.

M.G. Oosterom (l96l), also working on the island of Stjem^y 
recognises a sequence of metamoiphic and igneous events which is 

broadly in agreement with that of Heier.

Youngest
( Albite Nepheline Pegmatites 

Metasomatic Suite ( Nepheline Syenite
( Carbonatite 
( Homblendite

Met amo rphism
( Gabbro anorthosite
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Ultramafic ( Olivine meta-gabbm

Sequence ( Pyroxene Peridotite

( Burnte, dykes in gabbro and gneiss
Metamorphism

( Syenite gneiss-syenite 
Metamorphic ( Metalimestone
Complex ( Cranulite

( Gabbro gneiss
Oldest

In the gabbro of the ultramafic sequence Oosterom records many 
of the layering structures which Krauskopf was unable to reconcile 
with an igneous origin. For example, there appears to be no 

regularity in the upward transition of melanocratic to leucocratic 
gabbro, or any regularity in the thickness of successive layers.

He says that the body has many features in common with layered 

intrusions of the cryptic type. Monomineralic bands he explains
by diffusion of interstitial liquid between earlier-formed crystals. 
The centimetre scale banding, which is analagous to that found by 

Hess at Stillwater, Oosterom believed has a tectonic origin. He 
noted the absence of contact metamorphism in the Lille-Kuf jord gabbro 

on Seiland which is part of this suite. This he explains by the 
fact that any contact aerole that developed, was obscured by later 

dynamo-thermal metamorphic processes or alternatively that the 
temperature differences between the host and the intrusive were 

negligible.

Regarding the metamorphic complex Oosterom agrees with 
Krauskopf that the calc-silicate bands which occur in the gabbro-
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gneiss axe evidence against an igneous origin for the latter.
However, he points out that Krauskopfs Gabbro-Gneiss II is the same 

as his layered gabbro, which he regards as being intrusive. However, 
concerning the other gabbro gneisses, Oosterom states "that most 
mafic rocks could very well be of igneous origin from the mineral- 

ogical and chemical point of view, but in the regions where the 
calc-silicate lenses, acidgranulite and syenite gneiss layers occur 
within the gabbro gneiss, Krauskopf*s hypothesis of a gabbroization 
of an original bedded volcanic sequence seems inescapable".

Thus, although the magmatic origin of many of the later intrusions 
has been demonstrated, ideas concerning the origin of the early gabbro- 
gneisses are dominated by the notion that they were formed by extreme 
metamorphism of a sequence of bedded lavas, tuffs and sediments.

The work that has been carried out in the Loppen district by 

Ball et. al (1963) and by Ramsay and Sturt, Roberts and Speedyman on 
s/r/y and more recently on Seiland is very important in an understanding 

of the environment in which these basic bodies occur. This is so because 
it is in these areas that other intrusive rocks, which may be the temporal 
equivalents of the Stjem/y ^ksfjord suites, can be related quite 
definitely to the various phases of deformation which have occurred in 

the region.

In the Loppen area Ball et. al. (l9^3) have recognised a number 
of intrusive basic rocks. In particular, a hypersthene gabbro occurs 
as a sheet concordantly interlayered with the country rocks and shows 
a marginal chilled-facies. This body transgresses P.1. folds and has 
a foliation parallel to the axial planes of P. 2 folds. A granulated
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hypersthene gabbro is believed to have been formed by penetrative 
deformation of the sub^ephitic hyperthene gabbro, since a textural 
gradation is apparent between the two facies. It is considered by 

the present author that this phase of deformation may be coeval with 
a similar phase recognised on Eastern Seiland (see P.220). An olivine- 
gabbro has also been recognised which is tentatively related to ultra- 
basic rocks occurring as lenses and dykes in the area.

An interesting feature of the deformation pattern shown in this 
area, is the existence of a phase of folding between the P. 1. and P.2 
phases recognised on S/i^y, (Ramsay and Sturt 1963, Roberts 1965» 1968), 
which has been designated P. 2 in the Loppen area. This phase of folding 
is only sporadically and weakly developed on S/r/y.

On western S/r/y two large' gabbro masses have been recognised, 
(Stumpfl and Sturt 1965). One is the Storelv gabbro which was 
emplaced during the later part of the P. 1 deformation and locally 
shows a contact aureole with the surrounding metasediments, (Sturt and 

Taylor I97l)* The second is the Brevikbotn gabbro which also has a 
contact aureole and cuts sharply through many P. 1 structures, though 
it bears a late P.1 foliation. This body is somewhat more variable 
in composition than the Storelv gabbro and contains numerous limestone 
xenoliths which have been converted to skam. Both gabbros were 

affected by the peak of the regional metamorphism.

Sturt (1969) has also mapped the Easvik gabbro which was 
intruded during the acme of the regional metamorphism and between 
the two major phases of deformation P. 1 and P.2. The gabbro, which



has a concordant sheet-like form, contains numerous xenoliths of 

sedimentary material and shows evidence of having wedged these off 
from the surrounding country rock. This is strongly suggestive of 
a mobile magma. The gabbro is also sporadically layered.

The work of Speedyman (l96s) on the Husfjord area of south
eastern S/r/y is especially relevant to the problem of the calc- 
silicate bands seen in the gabbro-gneisses of St jem/y. In the 
Husf jord area Speedyman has recognised a complex series of meta
morphic and intrusive events:

Youngest

8) Late basic dykes and nepheline syenite pegmatite 

7) Perthosite

6) Slatten and Vatna Gabbros

5) Emplacement of quartz diorite 

Late (4) Havnefjord Diorite 

P.2 (3) Kobberfjord Norite

P.2 (2) Early Diorite intrusions into Eusfjord meta gabbro
Late 1) Husfjord gabbro 
P.1
P.1
Oldest

The Eusfjord metagabbro is of particular interest. This is a 
basic sheet which shows no regular layering, but ocas jionally develops
bands of troctolite. It was intruded into the upper limb of a large
P.1 nappe structure and thus has a slightly discordant relationship 
to the limbs of the fold but is strongly discordant at the hinge.
The intrusion contains many metasedimentaiy inclusions especially 
metalimestone rafts which have suffered contact metamorphism. An
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important feature is that the limestone rafts do not seem to have 
been greatly disturbed from their original position. This is 
indicated by the fact that their strike is parallel with that of 

a limestone belt which lies outside the complex. The term stroma- 
tolith has been proposed by Poye (l9l6) for this sort of complex 
consisting of many alternating layers of igneous and sediment ani
mât e rial in a sill-like relationship.

Speedyman (op.cit.) postulates that before the intrusion of 
the fairly homogeneous Havnefjord Diorite, a lens of meta-sediment 
existed in the Husfjord metagabbro complex. Compression along 
the layers of this body caused a tendency for the layering to be 
wedged apart allowing permissive intrusion of the Havnefjord 
Diorite. IVfeta-limestone inclusions are also found in this body,
again preserving the trend of the external stratigraphy. This 
testifies to very permissive intrusion of a very fluid magma.
There is also ample evidence of contact metamorphism and other 
intrusive relationships associated with this bodÿ.

Thus the work of Speedyman appears to indicate that an 
interbanded metalimestone gabbro complex can be produced by a 
process of permissive intrusion. It is probable that the calc- 
silicate in the gabbro gneisses on Stjem/y are of similar origin 
but have possibly undergone more intense flattening.

Thus the work on Eastern Seiland and is of particular
importance. In these areas the temporal relationships between the 
earlier intrusions and the metamorphic and structural events can be 
clearly demonstrated. Moreover these intrusions may well be the 

equivalent of the gabbro gneisses of Krauskopf (l954) Oosterom



(l954 1963) and Heier (1961). In this respect the fomations of 
Eastern Seiland are particularly important for they constitute the meta
sediment ary envelope to the huge basic and ultrabasic plutons of 
Western Seiland which can be traced to the neighbouring island of 
Stjem/y. The H/nseby and Hammeren gabbros, the latter of which 
has a stromatolith-like form, can be shown on Eastern Seiland to 
have been intruded late in the local P.1 deformation. These bodies 
can be traced westwards towards the plutons of Western Seiland, 
where they become homfelsed (B.A. Sturt personal communication). 
Similarly the Lille Kuf jord gabbro and the Melkvann nltramafite 
body of South Seiland (B. Bobbins personal communication) have 
clearly been intruded after the local P. 2 phase of deformation.

Tims the elucidation of the structural metamoiphic and igneous 
history of Eastern Seiland,which is the subject of this thesis, is 

highly relevant to the understanding of the basic and ultrabasic 
plutons of Seiland and Stjem/y.

It has been suggested that the basic rocks of the Seiland 
Province are comagmatic. This however seems rather unlikely since 
the intrusions span a considerable period of time, during which 
there were a number of structural and metamorphic events. Age 
dates on nepheline bearing rocks, which post-date the local P.2 
fold phase on Seiland and S/rj/y, give a late Cambrian to early 
Ordovician age for the later phases of the metamorphism. On the 
island of Mager/y, to the north of Seiland there is a gabbro body 
which intrudes fossiliferous Silurian rocks. Thus a very considerable 
period of time is involved in the intrusion history of the Seiland 
Province; this would seem to rule out any ideas concerning the



± o

comagmatic nature of these bodies.

C) Geomorpholo^

Physiologically the island is in sharp contrast to the rather 
rolling upland or 'vidda' of the mainland; a difference that is 
in some measure a reflection of the geology.

The western part of the island is made up of a complex of basic 

and ultra-basic intrusions. Here occur the greatest elevations of 
just over 1,000 metres. The axe a also has two permanent ice-caps 
both of which show much evidence of wastage in recent times. The 
eastern and largest, Seilandsj/kelen, covers about 30 km^, while the 
western Normandsfjellj/kelen covers about 15 km^ (Barth 1953).

Eastern Seiland consists largely of the meta-sedimentary envelope 
to these intrusions; a general westward sheet dip and variable resistance 
to results in a step-like profile of north-easterly facing scarps with 
south-westerly 'dip slopes'. Where dip slopes meet scarps a line of 
lakes is often seen.

Drainage
In general the rivers follow an approximate NW - SE trend of 

glacially modified valleys. There are some deviations from this pattern.

For example, direct breaching of an escarpment by glacial action is 
evident where SW of Vasbugtvann, the river, after following the normal 
SE - HW trend, suddenly takes a shaup turn to the BE to flow through 
a steep-sided breach in the escarpment of the Olderbugten group.

The profile of many rivers is suddenly sharpened by a break in
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slope often marked by a waterfall. These breaks in slope are un
doubtedly kniok-points caused by post-glacial rejuvenation.

Lakes are common in the area. They range from small rock hollows 
to lakes of considerable dimensions, such as Trollvann which is 4 km. 
long. They also appear to vary considerably in depth. Trollvann 
itself does not appear to be very deep, though the large lake above 
Olderfjord shelves off very steeply from its shores.

Lakes occur in three main settings

a) Rock hollows related to rocks with structural fractures or fissility, 
e.g. the schists of the Olderbugten Group which abounds in small lakes.

b) Belts of major structural weakness e.g. the fault running BW - SE 
just BE of H/nsebyf jord which has been etched out by erosion into a 
long valley marked by a series of small lakes.

c) Larger hollows excavated by glacial action. Trollvann is an example. 
In the scarp west of the lake there are a numberof cirque-like features 
which were undoubtedly the source of some minor glaciers. These must 
have been responsible for the excavation of the hollow now occupied by 
Trollvann. Many lakes of this type are floored with rounded boulders 
and cobbles which appear to have been smoothed in the soles of glaciers.

Glacial Phenomena
There is ample evidence of the action of ice on Seiland. The fjords 

generally show the typical 'u* profile of glacially deepened valleys, e.g. 
H/nsebyfjord and Eidvaagenfjord. Ice striations in both fjords seem to 
indicate an approximately north-westerly direction of ice transport.
Outcrops of the schists in Eidvaagenf jord show much evidence of polishing 

as do the outcrops of gabbro in E/nsebyf jord.



Plate 1. View looking south-east down Vargsund from the
southern end of the area. Note the raised beaches.
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There is considerable evidence of post-glacial uplift both in the 
occurrence of knick-points and in the presence of numerous raised beach 

levels. On the mainland a strand line at approximately 60 metres A.M. S.L. 
can be clearly seen in some steep cliffs. On Eastern Seiland there is not 
so much evidence of this level though two other lower levels are clearly 
seen in wave-cut notches at approximately 10 metres and 14 metres (Plate l).

Of further interest is the existence on the mainland of a vexy 
extensive plateau or 'vidda' with summit heights of some 5-600 metres 
A.M. S.L. The average heights of the mountains on E. Seiland are of this 
order. Here the summit tops tend to be flat plateau-like features 
covered in frost-heaved 'felsenmeer'. It is only in Western Seiland 
that the mountains are higher, up to 1000 metres but probably averaging 
700-800 metres. Here the rocks are the more resistant gabbro and ultra- 
basic types. It is probable that these concordant summits represent a 

pre-glaciation erosion surface that has been strongly dissected.

Human Geography
Settlement on Seiland is confined to the coast-line. There are 

numerous small hamlets, the largest of which is H/nseby in the BW. The 
economy is based mainly on fishing. Each family has a small boat which 
is used to catch cod, coalfish and in the summer, salmon. The cod and 
coalfish are usually dried on racks out in the open air and sold to West 
African countries as a source of protein. The highest quality fish goes 
to Italy.

Land use is generally confined to growing hay and very occasionally 
potatoes, to support cattle and sheep during the winter, when the sun is 
not seen from November to February. During the summer it is light f2X>m 

May to mid-August.
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CHAPTER 2

Stratigraphy

a ) Regional Aspects
According to Holtedahl* s Geology of Norway the sedimentary rocks 

of Pinnmark are chiefly of psammitio type and can, on good grounds be 
correlated with the Sparagmites of Southern Norway, Generally, these 
rocks can be divided into two groups:

1) The strongly deformed and metamorphosed Caledonides in the W
and NW which have been thrust over
2) The relatively unmetamorphosed rocks in the S and E.

On the neighbouring island of Sturt and Ramsey (1963),
Roberts (I965» 196?, 1968) and Speedyman (I968) have recognised a 
conformable sequence of metasediments:-

Hellefjord Schist Group 
Aafjord Pelite Group 
Palkenes Marble Group 

Storelv Schist Group 
Transitional Group 
Upper Psammite Group 
Upper Pelite 
Middle Psammite 
Lower Pelite 
Lower Psammite

The strong deformation and high grades of metamorphism indicated 
by these rocks generally precludes the preservation of fossils.

Klubben
Psammite
Group
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However, specimens of Archaeocyatha were found in the Falkenes Marble 
by Dr. B.A. Sturt.

These fossils were identified by Professor C.H. Holland as being 
of a type restricted to the upper Lower Cambrian or lower Middle Cambrian 
(Holland and Sturt 1970).

In Eastern Pinnmark especially in the Digermul Peninsula area, 
Reading (19&5) and Reading and Walker (I966) have recognised a sequence 
of slates ortho-quartzites and greywacke sandstones. There are two 
tillite Horizons, at the base,

Reading divides these sediments into two groups;-
a) The Digermul Group
b) The Vest at ana Group

The rocks of the Vestatana Group are entirely Eo Cambrian in age.
Only the lower part of the Digermul Group, however, is of comparable 
age. 220 metres from the base the group passes up into the Cambrian,
The top of the group is Tremadocian and fossils occur at several horizons.

The conditions of sedimentation indicated by these rocks, are 
according to Reading, shallow water. These conditions deepened temp
orarily to allow sedimentation by turbidity currents.

On palaeontological grounds it seems that the Palkenes Marble 
Group on S^r^y. can be correlated with the lower part of the Digermul 
Group of Reading, The Palkenes Marble Group also shows indications of 
having accumulated in a shallow water environment, as does most of the 
succession on S/r/y. Roberts (I968) puts forward evidence that the 
He liefjord Schist Group on S/r/y is a turbidite formation. This suggests 
deepening of the basin of sedimentation. He regards the group as being 
the last stage in the local preoro genic, geo synclinal depositional cycle.
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Thus it appears that up to the end of Palkenes Marble times a 
shallow shelf sea, subject to intermittent tectonic instability existed 
in the area now occupied by S^r/y. The Hellef jord Schist lithology 
represents the deepening of the geosynclinal basin, heralding the 
oncoming orogeny.

Roberts (I968) claims that the succession seen on S/tyy, can be 
correlated with the Loppen Andsnes area, some 0̂ KM to the SW. ’ He 
therefore suggests that conditions of sedimentation in the géosynclinal 
basin were relatively uniform over a wide area.

Further, Sturt, Miller and Pitch (196?) determined the age of 
nepheline and biotite concentrates from some alkaline rocks on S^r^y 
(one specimen from Seiland) which post-date the major fold episodes.
The determinations indicate an early Ordovician age for the latter 
phases of the metamorphism (4.80-491 my). Further work was carried out 
by Pringle and Sturt (19&9) on an anatectic vein associated with the 
Hasvik gabbro on South Western S^r^y. This was intruded during the peak 
of the regional metamorphism. The results indicate an age of 520 Î 
Thus, the main structural and metamorphic events in the area
occurred during Upper Cambrian to early Ordovician times. The sediments, 
therefore, are probably of Eo-Cambrian to Upper-Cambrian age.
B) Stratigraphy of Seiland 
1 ) General

On Eastern Seiland a conformable sequence of metasedimentary rocks 
can be recognised. The major lithelogical types include quartzites and 
psammites which are sandwiched between thick pelitic units (Pig2). In 
the hbsence of sedimentary structures it had not been possible to 
demonstrate the order of deposition, the succession discussed is.
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Plate 3» View looking south from the tip of Eidvaagtinn, 
Trollvann is in the left centre of the picture.

Plate 4. ?2 fold in flaggy psammites at Koraagnes,
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therefore, a structural one.
The stratigraphy of these metasedimentary rocks is superficially 

rather simple, at least in terms of the variety of lithological types. 
This simplicity is,however, in part due to the intense extensional 
deformation to which the rocks have been subjected. This type of 
deformation, is largely responsible for the lateral discontinuity of 
many of the metasedimentaiy horizons. In this event original thick
ness estimations be come highly conjectural, if not meaningless.

In the western part of the area, difficulty has been encountered 
in tracing some of the major lithological boundaries. This is largely 
due to the metamorphic convergence produced by migmatisation and 
granitisation.

There appears to be some discrepancy in the literature concerning 
the usage of terms to describe metamorphosed sandstones. For the 
purposes of this account, the following scheme is adopted:

1) Quartzite
a pure massive meta-sandstone

2) Psammite

a more micaceous and therefore flaggy-sandstone
3) Semi.pelite

a metamorphosed impure sandstone, generally distinguished on 
Eastern Seiland by the darker colour imparted by relative 
abundance of phyllosilicates and amphiboles

2) The Komagnes Group
a) The Lower Flaggy Psammites

The structurally lowest member of the me tasedimentary succession 
is well exposed on the coast to the north of Komagnes. It is a complex



of grey flaggy psammites. These rooks show evidence of considerable 
deformation by the second fold phase,

F.1. isoclines can occasionally be seen lying within the flaggy 

layering of these rocks (plate 5). They are particularly well-seen 
in the more quartzitic horizons. They presumably fold the original 
sedimentary banding. The enclosing micaceous psammites have a strong 
schistosity which is axial-planar to the folds. This flaggy layering 
is therefore, interpreted as an axial-plane structure to the early folds 
(See Pig. 4 (1) after page 43).

These early folds also have a coarse rib-like lineation parallel 
to their axes. This lination is also strongly developed in the 
layering surfaces of the psammites. Thin section examination reveals 
it to be formed by coarse stringers of quartz (See Plate 149 after P. n?).

Within the psammites occur a number of schistose pelite bands 
(Plate 7)f which are never thick enough to be mappable. Their lateral 
discontinuity is probably due to tectonic sliding. Generally they 
contain strongly linated amphibole crystals which impart a dark 
greenish-black aspect to the rock. Other paler green varieties are 
actinolitic.

There are also a number of dark coloured, strongly schistose basic 
sheets within the psammites. The basic material appears to have been 
intruded along the early schistosity. These bodies were subsequently 
strongly foliated parallel to their margins, amphibolitised and 
boudinaged.

The rocks on the peninsula at Komagnes are separated from the rocks 
to the west by a thrust. The thrusting has produced a zone of flagginess 
in the psammites. To the east of this structure, the rocks are, in



Plate 5. Fi_ isocline deformed by later folds, Komagnes

Plate 6, Fq schistosity in a pelite band.



general, similar to those to the west. On the north-east coast of the 
peninsula ̂however, the psammites have been intensely felspathised.

This felspathisation imparts to the rocks a very massive granitoid 
aspect (See Plates 188, 189 and discussion P. 2o8 ),
b) The Calo-Silicate Schist

This horizon can be seen in beach exposures in the Jemelv area.
It can be traced for some considerable distance in a north-westerly 
direction, until its outcrop thins rapidly and is finally lost on the 
fjell above Russelven. This is attributed to tectonic sliding.

In general the lithology is not very well exposed compared with 
the enclosing psammites. Typically it is a dense fine-grained dark 
green schist. On close examination the rock can be seen to be quite finely 
schistose. Fresh surfaces are slightly lustrous, owing to the presence 
of very small actinolite amphibole crystals, which define a lineation. 
Despite the fine nature of the schistose laminae, when viewed from a 
distance the rock often has a somewhat flaggy appearance. Frequently 
quartz segregations occur along the layering.

Thin section examination of this litliology indicates that it 
consists in general of an actinolite-chlorite-biotite assemblage. 
Occasionally however, y. : v. epidote and calcite are present. The 
presence of these minerals indicates a high lime content, but some 
facies, which are calcite free^may more correctly be termed basic 
schists. Generally, the rock type is intensely deformed internally, 
in a disharmonie fashion relative to the psammites. Both second fold 
phase structures and t a  series of later chevron-type folds are 
present. The latter folds are expressed in other lithologies as 
kinks.



Plate 7, Pelite band in the Lower Komagnes Group, Komagnes,

Plate 8. Contact of the calc silicate schist with the 
underlying psammites, north of Jernelv.



The contact of this lithology with the psammite group structurally 

below is very sharp. There is no evidence of any sedimentary 
trasition between them. It seems likely that this contact is 
a tectonic one (plate 8),
o) Mixed Pelitic and Psammitic Unit

The lithology which occurs structurally above the calcsilicate 
schist is rather variable. It consists mainly of a close interband
ing of highly schistose pink psammites with dark bi otite and 
amphibole schists. There are also some quite pure quartzite bands. 
These often display intense boundinage. There are also a number of 
dense, dark amphibo li te sheets which are strongly foliated. The 
original basic material was obviously intruded along the Schistose 
layering.

The thickness of the layering is generally quite variable. The 
laminae are usually thin, of the order of 2 - 4 cms. The layering has 
been very strongly deformed by the second phase of folding and there 
is considerable variation in thickness of the more competent psammite 
bands as they are traced round fold closures.

The pink colour of the psammite bands is imparted by the presence 
of pink porphyroblasts. These are frequently strongly augened. This 
porphyroblastesis is also in evidence in the schists horizons, where 
the augening is even stronger. In areas where this phenomenon is 
more ihtensely developed a rather coarse massive granitoid is 
produced. The porphyroblasts may be anything up to 3 cms. in 
diameter; this however is rare. The rock generally appears as a 
pink schistose psammite studded with small pophyroblasts. Thin- 
sec tion study of these porphyroblasts indicates that they are albitie



Plate 9» ^2 folds in the Mixed Psammite and Pelite Unit, Jernelvo

Plate 10, F2 folds in the Pink Psammite, Jernelv.
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in composition (An 5)» They contain large numbers of small inclusions 
of both muscovite and epidote. It seems doubtful that these minerals 
could impart to the felspar its rather uniform pink colour. It may 
well be that the colour is due to included haematite.

Towards the structural top of this unit the pelitic members 
become of less importance. The rocks become more uniform flaggy 
pink psammites (Plate 9),

Reference to the map indicates that both the Calc-Silicate Schist 
and the Pink Psammite,which respectively underlie and overlie this 
unit, are laterally discontinuous. The absence of these two marker 
horizons precludes the possibility of mapping the Mixed Pelitic and 
Psammitic unit further along the strike,
d) The Pink Psammite

The greater abundance of sandy material occurring towards the 
top of the unit discussed above has led to the development of a 
mappable pink psammite unit. This is a rather flaggy lithology 
consisting chiefly of quite pure pinkish quartz!te bands approximately 
2-5cms, in thickness (Plate 10), These are interbedded with thin 
slightly more pelitic horizons which appear to adopt in places an 
P. 2 foliation. This is inclined at an angle to the quartzite layer
ing, a relationship that frequently results in a rather hackly 
lineation on some layering surfaces (Plate 10),

The rocks are in places rather intensely deformed by the second 
phase folds; a structure of this age can be mapped on the fjell just 
north of Rastabynes, The pink colour does not appear to have been 
imparted by any felspar porphyroblastesis, as in the unit below.
It is probably due to the original haematite-rich nature of the
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sediment,

e) The Upper Flaggy Psammites

The lithology occurring above the pink psammite unit is a 

complex of rock types which show a general tendency towards an 
increase of pelitic material towards the structural top of the 
succession.

Directly above the pink psammite, a series of whitish flaggy 

micaceous psammitic rocks occur. These pass upwards into rather more 
massive psammites, which are grey in aspect which are interlayered 
with dense black foliated amphibolite of igneous origin. Structur
ally upwards a series of grey flaggy psammitic rock occur, which 
display, in beach exposures at Rastaby, some rather beautiful fold 
structure of both generations. The psammites which are studded with 

small pinkish garnets, bear a very strong lineation. This is 
apparently due to micro folding during the second fold phase.

These lithologies give way to a complex of finely interlayered 
quartzites, psammites, semi-pelites and pelites. Although the 
effects of deformation cannot be gauged, the following is quoted as an 
example of the scale of this banding in a single specimen.
1. Grey semi-pelite average thickness of bands 

Intercalated with pelite average thickness 3mm.
2. Black Garnetiferous pelite 2cms.
3. White banded quartzite with some semi-pelite 2cms.
4« Black gametiferous pelite with grey semi-

pelite 2cms.

5» White quartzite 8mm.
This type of sedimentary intercalation often coarsens considerably 

giving rise to moderately thick banded flaggy quartzites and brown 
schists horizons. Some of these are thick enough to map. The



Plate 11o folds in the flaggy quartzites of the
Upper Koraagnes Group, Rastaby Beach.

Plate 12. Basic sheets showing multiple folding, Rastaby.



quartzite s are often deformed into rather beautiful folds, which tend 
to have a parallel geometiy (Plate 11=) The flags are of the order 
of 5cms. thick and their surfaces are frequently marked by a hackly 
lineation. The interlayered pelite horizons are generally strongly 
schistose, dark in colour and studded with pink garnets. Very thin 
(2mm) quartzite bands are deformed into little puckers again with a 
tendency towards a parallel geometry. A strain-slip cleavage in the 
enclosing schists is axial-planar to these little folds. On layering 
surfaces the folds often appear as periclinal structures, with 
strongly sinuous axes.

Near the contact with the overlying Eidvageid schist Group a 
rather persistent horizon of schistose psammite occurs which is rather 
closely interlayered with a dense dark amphibolite; this amphibolite 
shows evidence of having been deformed by both P.1 and P.2 (Plate 12).

Thin section examination reveals the rock to consist almost 
entirely of hornblendic amphibole, felspar and some sphene; quartz 
is apparently absent. This assemblage is characteristic of 
metamorphosed basic igneous material. These sheets may well be of 
intrusive origin. Due to the persistence of their outcrop however, 
the possibility that they are metamorphosed basic tuff horizons 
cannot be discounted. This very early position in the chronology 
is confirmed by the fact that they have undergone deformation by both 
fold phases.

A Series of psammitic rocks are exposed on the peninsula at 
Eidvageid. They are apparently in a similar structural position 
relative to the Eidvageid Schist as the upper psammities at Rastaby. 
Unfortunately at Eidvageid the contact between the two Groups is not



Plate 15. Folded psammites on the peninsula at Eidvageid,

Plate l4. Fi folds in psammites at Eidvageid.
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exposed. These rocks are cosiderahly more massive and pure than those 
in a similar structural position at Rastaby (Plates 13 and 14). They 
do not show the intimate interlayering of psammite, semi-pelite and 
pelite, characteristic of the Rastaby types. They are flaggy pink 
or white micaceous psammites, more akin to the rocks at Komagnes, 
Pelspathisation has locally imparted to the rocks asomewhat massive 
pink appearance. There are also bands of a brown semi-pelite which 
are of appable dimensions.

They do however, have one feature in common with the rocks at 
Rastaby. This is the presence of dark amphibolite bands (Plate 15) 
which a.re again apparently folded by both PI and P2. The fact that 
these bands occur in a similar stratigraphie position relative to 
the Eidvageid Schist as the emphibolites at Rastaby lends some 
credence to the idea that there are metamorphosed basic tuffs.
3) The Eidvageid Schist Group

Ocouring structurally above the Komagnes group is a sequence 
of red-brown weathering schists. The outcrop of these rocks can be 
traced for practically the whole length of the area. It is 

generally 2 ^ - 3  Km. in width. Géomorphologie ally, the schists 
form a rather monotonous rolling moorland, with summit heights of 
200 - 250 metres.

Thickness estimations for this Group must be highly conjectural 
since the schists show evidence of very considerable flattening. . In 
addition the intercalated quartzite bands suggest the presence of an 
early isoclinal fold in the lithology. In general, the schist does 
note seem to deform into folds in response to P. 2. except in the 
presemce of basic sheets. These apparently serve to stiffen up the



Plate 15. Fp folds in psammite, Eidvageid peninsula,

Plate 16. Sidvâgeid schist showing boudinage,
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rock sufficiently to allow fold formation.
Study of the early folds in this lithology indicates that the 

foliation in the schist is axial-planar to them. It is deduced there
fore, that the schistosity of the rock, which dips rather constantly 
west at some 25 - 30°, is an axial plane structure related to early 
recumbent folds. Where F.2 folds are seen they fold this schistosity.

The Eidvageid Schist is in general a rather monotonous flaggy schist 
which weathers to a rusty or buff-brown colour. Within the schist there 
are a number of pale coloured quartzite horizons. These are laterally 
discontinuous. On fresh surfaces the schist is purple in colour and 
contains variable amounts of porphyroblastic kyanite, garnet and 
felspar.

It has been possible in the field to recognise four lithological 
types within the Group;
1) The structurally lowest unit of the schist is a buff-coloured 
serai-pelitic schist. On schistosity surfaces the rock has a lustrous 
brown appearance. The most distinctive characteristic of the rock
is the absence of porphyroblastic minerals.
2) On the south eastern shore of Eidvaagenfjord the schist has a 
massive blocly appearance. The rock is studded with small garnet and 
kyanite crystals. This facies of the schist is rather more quartz- 
rich, and may be termed a semi-pelitic schist.
3) The most highly pelitic facies of the schist is a dense purple 
rook. In response to weathering, rather smooth rounded surfaces are 
produced. Blockiness is characteristically absent. The rock type has 
a high proportion of porphyroblastic garnet, kyanite and felspar. The 
garnets are often lensoid and up to 1.5 cms. in length. The kyanite
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jcrystals show a considerable variation in size. Examples up to é cms. 

in length have been recorded. The random orientation of their long 
axes of these crystals on schistosity surfaces, indicates that they 
have grown mime tic ally. In the field these crystals have a yellow
ish weathering crust, which when broken reveoLa white lustrous 
cleavage surfaces. Thin section examination indicates that the 
lyanite has been very largely converted to white mica. The third 
porphyroblastic mineral growing in the schist in fëLspar. The mineral 
occurs as small white crystals v/hich tend to be equidimensional. All 
the porphyroblastic8 are strongly augened.
4) The massive quartzite bands form the chief variation of facies 
within the Group. They are always laterally discontinuous, it is 
probable that is in part due to tectonic agencies. It has been noted 
however, where exposure is good, that some of these horizons split 
up laterally into a number of thinner units intercalated with schist. 
This may well be an original sedimentary feature.

Lithologically, the rocks are white to cream massive quartzites 
#th variable amounts of felspar. They are frequently banded. The 
bands are generally thin, of the order of -^m. and are purple to 
grey in colour. This colour is imparted by the relative abundance of 
biotite and pink garnet.

The thickness of these massive quartzites is veiy variable. An 
example along the coast of Vasbugt is 4^ metres thick. It is proceeded 
structurally lower, by bands of quartzite 15 cms. thick intercalated 
^th schists. Lower again, are quartzite bands 2 cms. thick, with 
intercalated schists. The thinnest bands may be 5 mms. thick, though 
of course the effects of deformation on their original thicknesses



Plate 17. Eidvageid schist showing boudinage

Plate 18. Basic material in the Eidvâgeid schist



is indeterminable.
The banding surfaces of these quartzites often bears a strong 

lination and occasionally tight intrafolial folds are seen lying 
within the banding (Plate %  after P . 43. ). These folds are in
terpréta ted as P. 1. structures. The foliation in the schist is 
sensibly parallel to the banding surfaces of the quartzite. P. 2. 
folds fold this banding and the foliation in the schist.

The stratigraphie significance of these various divisions of 
the pelitic facies of the Eidvageid schist is not clear. Certainly 
no pattern has been mapped out indicating a regular disposition of 
the various sub-divisions. Indeed, in the field this would be very 
difficult to do. In sedimentary terms they quite clearly represent 
variations in the proportion of sandy and muddy material.

Finally, within the Eidvageid Schist there are a number of 
dark coloured basic sheets. It would seem that the original basic 
material was intruded along the early schistosity. These sheets were 
foliated parallel to their margins by subsequent deformation. They 
have also undergone strong boudinage (Plates 16 and 1?). Exposures 
of schistosity surfaces reveal that many of these boudinage are 
discoidal in shape. Occasionally the boudin pods show evidence of 
folding by P.2. (Plates 18).
4) The Trollvann Psammite Group

The Trollvann Psammite Group forms a continuous outcrop that can 
he traced for the whole length of the area. This Group provides an 
interesting variation from the thick pelitic groups that sandwich it 
on both sides.

The outciTop of the psammites generally forms quite a sharp



Plate 19. Flaggy psammite in the Trollvann Psammite Group.

Plate 20, Psammite in the Trollvann Group,
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feature above the rolling moorland of the Eidvageid schist. The 
vagaries of glacial erosion, however in the Trollvann area have 
reduced the coutcrop to the level of the schist.

Lithologically the group can be divided into three units which 
seem to be recognisable for the whole length of outcrop. The 
boundaries between the groups are sonewhat transitional. The section 
from the base to top (in the structural sense) however, indicates an 
increase in purity and differentiation of the psammitic content 
relative to the pelitic content.
Structural Top

3) Buffish Banded Psammites 12 metres
2) Grey Flaggy Psammite 12 metres
1) Transition Group 3*5 metres
There is considerable evidence of folding within the lithology 

especially in the unit 3) so the thicknesses, which are the maximum 
seen, have little meaning in the sedimentary sense.

The transition Group represents a transition from the dominantly 
pelitic facies of the Eidvageid Schist into the psammitic facies of 
the Trollvann Group, Lithologically the unit is a flaggy semi-pelite; 
purple in colour. Garnet is ubiquitous. This lithology grades 

upwards into the Flaggy Grey Psammite Unit, formed of rather impure dark 
grey rocks which have a flaggy banding. The flags are generally of 
the order of 2 cms, thick. Fresh surfaces often have a purple hue.
This lithology has been somewhat felspathised. Evidence of this can 
be seen in the form of white porphyroblasts augened in the layering.
These porphy rob lasts impart a rather knotty appearance to the layering 
surfaces (Plate 19).
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This lithology grades upwards by a progressive lightening in 

colour into a buff coloured rather flaggy psammite. This is 
closely interlayered with darker pelite units, these being of the 
order of 2 mm. - 2 cms. thick. This interlayering imparts to the 
rock a banded rather schistose appearance, (Plate 20),

Marked thickening of the psammitic units is occasionally 
responsible for the formation of quite thick saccharoidal quartzites. 
This lithology characteristically shows some well-developed fold 
structures of both generations. Occasionally tight early isoclines 
lying in the banding, can be seen to be refolded by the second 
generation more open structures,
5) The Olderbugten Group

This group is so-called because it occurs in good coastal 
exposures in the south of the area at Olderbugten, It may be traced 
for practically the whole length of the area to Eidvaagenfjord in the 
north. The boundary representing the structural top of the group has 
proved rather difficult to map especially in the central and northern 
parts of the area. This is largely due to complications produced by 
intense felspathisation and migmatisation.

These phenomena have also complicated the lithologies within the 
group to such an extent that only broad statements are possible about 
variations due to sedimentation, A more comprehensive description of 
the group will, therefore, appear in the section dealing with 
felspathisation and related phenomena.

Broadly speaking the §roup is dominantly pelitic. The most 
distinctive lithology is a rather massive fine grained purple rock, 
rather prominently jointed. The rock does not have a very well



Plate 21. Migrnatised schists of the Olderbugten Group.
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Plate 22. Migrnatised schist of the Olderbugten Group.



developed schistosity. It has largely been obliterated by a strong 

annealing recrystallisation. In homogeneous lithologies this has 
resulted in the formation of a massive purple rock with a blocky 
jointing. Where the rock has been felspathised and subsequently 
deformed a streaky white foliation is produced (Plate 21).

Small pink garnets are ubiquitous in the group. They are 
generally up to about ̂  cm in size and are often in equidimensional. 
Fairly frequent occurrences in the more felspathised facies are large 
garnets often of the order of 2 cms in diameter. They are character
istically surrounded by a lensoid halo of felspathic material (Plate 
22).

More psammitic horizons are found within the Group, They occur 
as thin ribs of flaggy quartzite interbanded with semi-pelitic material 
(Plate 23),

In the less felspathised facies, the incipient development of 
the felspathisation can be seen in the occurrence of white felspar 
crystals often showing carlsbad twinnin. All gradations occur 
between this type of rock and the other extreme, where the original 
sedimentary origin of the rock has been completely obliterated. 
Intermediate types have been recorded where the felspar porphyroblasts 
occur as layers in the schist. Fairly characteristic are the 
development of augened felspathic bodies with large garnets in the 
cores of the lenses. Saccharoidal pegmatites also,occur (see 
phtographs).

Generally the massive unfelspathised schist does not show any 
folds except where small basic sheets occur. These basic sheets which 
have apparently been intruded along the early foliation are strongly 
bo Udine d. They occur as disjointed pods within the schist. This is 
•̂Iso true in the case of granitic sheets within the schist. The



Plate 23. A more psammitic facies of the Olderbugten Group.

#1
Plate 24. Migmatised Olderbugten schists, Olderbugten.



banding within the rock curves strongly around these bodies.

The more felspathised facies of the schist, on the other hand, 
shows much evidence of folding as well as boudinage (Plate 24).

6) The Olderfjord Group
The Olderfjord Group has been named after an uninhabited fjord 

lying at the mouth of the long north-south trending valley which 
marks the western boundary of the area. The Group characteristically 
forms a steep scarp in the south at Olderbugten and generally 
occupies the high ground of the &rea. This may be due however, in 
some measure to the included basic material. On the fjell between 
Olderbugten and Olderfjord a large second phase fold can be mapped 
out in the Group, On the mainland the limbs of this fold stand out 
clearly marked by the lighter-coloured psammitic rocks.

The comments made during discussion of the Olderbugten Group 
concerning complications caused by felspathisation, also apply in 
considerable measure to this Group, There is however, the added 
complication of an injection complex of basic material. This was 

introduced into the rocks during the latter part of the first de
formation.

In addition, the rocks have locally been intensely mylonitised. 
The phase of deformation responsible for this was followed by a 
prolonged annealing recrystallisation which has made the original 
sedimentary affinities of the rock extremely difficult to recognise. 
In the north, to the east of the H/nesby area, due to a combination 
of migmatisation and mylonitisation the rocka are now migmatitic 
gneisses. These changes have made the accurate tracing of the 
litho logical boundary between this Group and the Olderbugten Group



6

virtually impossible.

The Olderf Jord Group is distinctly much more psammitic than the 

underlying Olderbugten Group, though within it a number of litho logical 

types may be recognised.

At Olderbugten, where the contact between the Olderfjord Group 

and the pelitic Olderbugten Group is best seen, the structurally 

lowest lithologies are massive purple rocks which have been strongly 

deformed and annealed. They have semi-pelitic affinities and are in 

strong contrast to the pelitic lithologies structurally below. These 

rocks are generally flaggy in appearance, especially î n inland 

exposures. They frequently contain large white felspar porphyroblasts 

which are strongly augened. They are also studded, often densely, 

with pink garnets. The strong recrystallisiation mentioned above 

locally imparts to the rocks a rather massive flinty appearance.

One of the interesting features of the Group is the ubiquitous 

occurrence of strongly deformed calc-silicate bands. These are 

always very thin and never occur as mappable units. They frequently 

have the form of intensely drawn-out isoclines. This effect is 

accentuated by a bilateral symmetry produced by metamorphic differ

entiation. The cores of the lenses are pink and garnet-rich, the 

selvages are green due to a high epidoteand diopside content. Despite 

this resemblance to tight folds, they have almost certainly been 

produced by intense boudinage of the relatively incompetent calc- 
silicate material. Frequently the lenses are folded by F.2, (See 
Plate 97 after P, i 11 ), In thin section these lenses contain an anor- 

thitic plagioclase (An,71), diopsidic pyroxene, epidote, calcite and 
some scapolite, together with garnet.



Plate 25. Flaggy psammite of the Olderfjord Group,

Plate 26. Flaggy psammite in the Olderfjord Group, 
between Olderfjord and Olderbugten.



The flaggy purple lithology described above,passes structurally 
upwards into a sequence of flaggy grey and purple "psammites. These 
rocks are very well exposed on the beach between Olderbugten and 
Olderf jord (Plate 25). The rocks, which show a host of excellent 
minor structures, contain interbanded semi-pelite horizons v/hich show 
evidence of greater susceptibility to felspathisation and mylonit
isation, Felspathisation takes place in the psammites preferentially 
along the layering and the felspathic segregations which results are 
frequently augened during subsequent deformation (Plate 26), Sheets 
of basic material which have been intruded along the banding are 
strongly boudinaged.

Occurring interbanded with these are more massive pale-coloured 
quartzites generally very intesely jointed, giving them a rather 
shattered appearance. They also frequently contain fine minor 
structures (Plate 27).

The psammites contain some garnet. In general the crystals are 
of the order of 1 mm, in size. Larger garnets however, occur 
sporadically; examples of up to cms, in size have been recorded. 
They are always strongly augened.

In the west of the area,the Olderf jord Group has been intruded 
by an injection complex. The psammites are interlayered to various 
degrees with sheets of basic material which appear to have gently 
liredged the layering apart. The boundaries between pure psammite and 
pure basic rock are nearly always gradational and marked by a 
decrease in the amount of included psammite or vice versa. Boundaries 
therefore have to be placed on the basis of the proportions of the 
basic rock psammite. This phenomenon can be seen on the larger scale
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Plate 27. F2 folds in a quartzite of the Olderfjord 
Group, Olderfjord beach*

Plate 28. Refolded Fi fold in the Upper Komagnes Group, 
Rastaby beach*



by the inclusion of screens of psammitic rock in the basic rock 
outcrop. (See Map).
Summary

The metasediments on Eastern Seiland comprise a sequence of thick 
interbedded psammitic and pelitic Groups. The rocks have been sub
jected to intense extensional deformation metamorphism and polyphase 
recrystallisation. Estimates of original sedimentary thicknesses in 
this event become highly conjectural. Simi larly sedimentary 
structures which would have been of use in interpreting the sequence 
and environment of deposition, have been obliterated.

A shallow water depositional environment is however suggested 
by a consideration of the general facies of the rocks. The thick 

pEammitic and pelitic groups, together with tte occasional lime- 
rich horizons are consistent with this thesis.
Correlations with other Areas

Roberts (I968) has suggested a correlation of the metasediment- 
ary sequence on Ŝ r̂ y with that seen in the Loppen area 5QKm to the 
south-west (Ball et.al) (see Table I), The bulk of the metasediments 
in both areas show evidence of having accumulated under shallow water 
conditions.

It has also been possible, on palaeontological grounds to correlate 
the sequence on S^r/y with the series of unmetamorphosed sediments in 
Eastern Pinnraark, (Reading 1965, Roberts 1968). The sediments in 
Eastern Pinnmark in general also show evidence of deposition under 
shallow water conditions.

Thus it would appear that the area now occupied by Pinnmark was 
covered with a shallow shelf-sea in Eo-Cambrian and early Cambrian
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times. Roberts (1968) suggests that sedimentary conditions in this 
basin where quite stable over a wide area. He bases this on the 
similarity in facies between the Loppen and Sférĵy areas.

It is not possible to make a definitive correlation of the 
succession on Eastern Seiland with the other areas for two reasons; 
firstly, the younging direction of the Seiland succession is unknown 
and secondly, intense deformation has greatly distorted the original 
sedimentary relationships. Thus, attempts at correlation can only 

be based on the criterion of general facies similarity. On this 
basis, the correlation on Table 1 is suggested. It must be emphas
ised that this correlation is very tentative. The succession seen 
on Seiland is possibly older than the successions been on S^r/y and 
Loppen. It can hardly be younger since the Hellefjord Schist Group, 

the youngest member of the succession, apparently accummulated

under turbidite conditions. Roberts (I968) suggests therefore,that 
this development of turbidite conditions, heralded the oncoming 
orogeny and the cessation of sedimentation of shallow water sediments.

In conclusion it must be pointed out, that it is by no means 
certain that the structural relationships between the various Groups 
on Seiland are a reflection of the original stratigraphie relationships. 
The intense extension that the rocks have undergone, may mean that 
whole stratigraphie units may have been removed by sliding.
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Structura1 Aspects

Introduction

A discussion will now follow on the structure of Eastern Seiland, 

This will begin with a description of the minor structures together 

with deductions concerning possible modes of origin. This will be 

followed by a description of the major structures and the relationships 

between these and their associated minor structures,

a) Minor Structures

There is a considerable variation in the style of minor structures 

across the area. This variation appears to be closely related to 

lithology. It is felt expedient therefore,to describe the minor 

structures within a stratigraphical framework.

1. Fold Structures

Broadly speaking it has been possible to recognise two major phases 

of fold formation on Eastern Seiland. These are designated in these 

thesis as being F.1 for the earlier phase and F.2 for the later phase. 

Subsequent minor phases are designated F.3 etc. The two major fold 

phases were separated by an interval during which the maximum grade of 

metamorphism was achieved.

The style of the folds attributed to F,1 is uniformly isoclinal. 

This is not necessarily due entirely to any inherent property of the 

F.1 deformation, but partly to the very intense subsequent flattening 

which the rocks have undergone. In the west of the area where this 

flattening is most intense F.1 folds are very rare. They have mostly 

been obliterated.

The greater majority of the folds seen on Eastern Seiland are of 

F.2 age, the style of these folds is considerably more variable
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the folds have been largely unaffected by any subsequent deformation. 

They may, however, show a tight isoclinal style. This has lead in some

cases to a confusion in the temporal recognition of these structures.

The following criteria have, therefore, been adopted where style 

considerations are confusing. F.2 folds are indicated:

a) By a refold relationship with F.1 (Plates 28, 29, 30, 31)

b) By the folding of a very strong foliation in the meta- 

sédiments, the latter being attributed to F.1.

a) F.1 Minor Folds

There is some evidence that there may be more than one phase of 

fold formation within the first major period of deformation, the 

evidence for this in the sediments of Eastern Seiland is by no means 

conclusive. However, there are definite indications of the complex 

nature of this phase of tectonic activity.

This evidence lies chiefly in the relationships seen especially

at the structural top of the Komagnes Group,between early amphibolite 

sheets and the surrounding metasediments. Regarding these amphibolite 

sheets, it was tentatively suggested in the preceding chapter that 

they were metamorphised basic-tuff horizons. This was borne out by 

the relative constancy of their stratigraphie position. This 

explanation seems less likely in the case of similar amphibolite 

sheets found sporadically within the Eidvageid schist Group. Here 

there is no such constancy of stratigraphie horizon or density of 

occurrence. It seems more likely therefore that they are, in fact, 

basic sheets which were intruded along the foliation in the schist.

The early nature of these basic sheets in the local geological history 

is indicated by the fact that they have apparently been folded by both 

F.1 and F.2 (See Plates 12, 32, 33)« Thus, it is possible that folds



Plate 29o Refolded Fl fold in the Upper Komagnes Group, 
north of Rastabyvann.

Plate 30. Refolded Fp fold, flaggy psammite, Rastaby beach«



Plate 31. Refolded F]_ fold, Komagnes Group, east of Rastabyvann.

■ ^

Plate 32. Fl fold with warped axial plane, EidvSgeid peninsula.



Plate 33. Basic material showing two phases of folding, 
EidvSgeid Schist Group, Vargsund.

Plate 34. F]_ fold in the Komagnes Group, above Vasbugt,



recognised as F.1 may, in fact, have been generated at slightly different 

times. The earlier phase giving rise to a foliation which acted as a 

plane of weakness for the intrusion of the early amphibolite sheets.

These were subsequently folded by the second phase of folding within 

F.1. It is relevant that B, Robbins (personal communication), working 

in an area to the west has recorded two phases of folding within F.1 

these separated by dyke intrusions. Thus the evidence from both areas 

may be summarised as follows:-

Basic tuffs in the sediments 

F1^ Foliation

Intrusion of Basic Material 

F1^ Foliation

However, it has not been possible to separate these two phases on

Eastern Seiland. All early folds are therefore designated as F.1
1 ?though they may, in fact, belong to either Fl or F1'“,

Fold structures which, on the criteria mentioned above are of

F.1 age fold a banding which is probably the original se dimen ta.ry

bsJiding, the absence of sedimentary structure precludes a definitive

statement on this matter. In pelitic and serai-pelitic intercalations

a strong schistosity develops which is in general parallel to this

banding. This is interpreted as an axial plane structure related to
*

the early folds. This foliation is designated as SI. Intense 

flattening has resulted in the production of a flaggy banding with 

the early folds lying within it. This is refolded by F.2.

Note

In this thesis SS is taken as the bedding
51 is the axial plane schistosity to F.1
52 is the axial plane schistosity to F.2
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In the Eidvageid Schist Group a very small number of tight folds 

have been recorded with the strong schistosity axial plane to them. 

This schistosity is sensibly parallel to the banding of the massive 

quartzite horizons. If poles to the schistosity planes (8.1) in the 

schist are plotted on a stereogram a strong point maximum is obtained. 

The best-fit great circle to this maximum has a strike of 332° and a 

dip of (Fig. 3).

The variability of form of the early folds within certain well- 

defined limits, may partially be explained by their position relative 

to other structural phenomena. In the west of the area they have been 

very intensely flattened, in the east their morphology is more 

dependant on their position relative to F.2 folds. Those occurring 

on the long limbs of such folds have suffered more stretching than 

these occurring on the short limbs. Thus, it is possible to say in 

general, that the style of F.1 folds as observed in the field may bear 

little resemblance to the original style of the F.1 deformation. The 

following plates indicate the increase in the deformation of F.1 folds 

from east to west.

Komagnes Group Plates 34 and 33

Eidvageid Schist Group Plate 36

Trollvann Psarnmites Plates 37 and 3o

Olderfjord and
Olderbugten Groups Plates 39 and 40

Geometrically many of the folds approach a similar type geometry, 

though they probably in reality mostly fall into Class 10 of Ramsays 

classification (1967). Where flattening has been very intense, some 

of the folds may be of Glass 3, that is the curvature of the outer arc 

exceeds that of the inner arc. The structures are therefore rootless 

intrafolial type folds. Generally, however, thickening in the hinge and



Plate 33• Pi fold, Komagnes Group, Eidvageid peninsula.

Plate 36. Fp fold in a massive quartzite in the Eidvageid 
Schist Group, Vasbugt.



Plate 37* Pi fold in the Trollvann Psammite Group,

Plate 38. Fp fold in the Trollvann Psammite Group, Vargsund.



Plate 39» Pi fold in the Olderbugten Group. 
Ei dvaagenf jord.

Head of

Plate 40. Galc-silicate folded by
east of head of H^Asebyvann.

Olderfjord Group



f i g  4
n  FOLDS F R O M  THE KOM AGNES G R O U P

FLAGGY b a n d i n g  I N  THE KOMAGNES GROUP 

^  _

SENH-PELtTE

p s a m m i t e

I. CM

■APNET

■PSAMMITE

PE LI TE

I. CM



4 4

attenuation on the limbs are ubiquitous features (see Plates). This 

strong attentuation in S.1 seems to be at its maximum in interbanded 

polite, semi-pelitic and psanunitic lithologies (see Fig. 4). Due to 

the difficulty in distinguishing between the long and short limbs of 

the F.1 folds arising out of this attenuation, it has not been 

possible to work out the sense of vergence of the folds with some 

notable exceptions e.g. Plates >5 and yo.

There is some evidence to suggest that curvature of hinge lines 

develop as a primary feature of F.1 folds. It would seem that this 

tendency towards curvature is to some extent controlled by lithology.

For example, in the lower part of the Komagnes Group where the 

psarnmites are often fairly massive. F.1 folds seem to be sensibly 

cylindroidal. This is to some degree confirmed by Fig.^A which tends 

to indicate a linear mæcimura rather than a planar distribution for 

the fold axes. This having a low plunge just west of north.

However, among the relatively few examples of F.1 folds which 

have been recorded there are a number of important examples of 

curvature of hinge line, A good example of this phenomenon occurs 

at the beach exposures at Hastaby in the south of the area. Here at 

the structural top of the Komagnes Group the rocks are interbanded 

pelites, semi-pelites and psarnmites. The specimen concerned is 

depicted in Fig.6 and Plate 4l. It consists of two antiformal 

closures separated by a very tight synformal closure. Most of the 

infolded pelite has been squeezed out of this synforra. The lower 

antiformal closure is almost cylindroidal and is associated with a 

quite coarse lineation which is almost coaxial with the fold hinge.

The upper antiformal closure, however, is intensely curved. A chord 

drawn across the arc of the curvature i.e. indicating the average
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trend of the axis, is almost at ri^ht angles to the trend of the lower 

antiformal hinge. The upper surface of the specimen which shows a skim 

of biotite-rich pelitic material, bears a very coarse sinuous lineation. 

This curves into and disappears at the plane separating the lower and 

upper antiformal folds (see Fig,6), Cut and polished sections taken 

at a number of intervals round the respective fold closures indicate 

a number of features

1) a) The coarse lineation is a micro-fold lineation. These

microfolds on the upper surface of the specimen forma series 

of arcs which are non-concentric. The greatest curvature of 

these arcs occur near the fold hinge. Away from this hinge 

the lineation may be almost straight,

b) The microfolds at depth in the specimen always have the 

correct sense of facing to the major fold hinge; at the 

surface, however, the sense of facing may be reversed.

Indeed, along the axis of any single microfold, the sense 

of facing may change from being congruent to the major 

fold hinge to being incongruent. (See Fig.6),

These features suggest that the distortion of this lineation 

is a surface phenomenon produced by later movements 
concentrated along this surface, which represents the 

boundary between the pelitic and psararnitic lithologies,

2) The style of the major folds as revealed in the series of 

sections is relatively constant. The area of greater 

curvature is not marked by any fundamental change in 

style.

It is worthy of mention that at this same locality, in similar 

lithology there is an F,1 fold of similar style which is sensibly 

cylindroidal (Plate 30). This fold has been coaxially refolded by 

F.2,
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There irj e cjnüiûerable anomit of evidence in the Üjper Komagnes 

Group that curvature of axial-line ir; a primary feature of many F.2 folds. 

It seems possible therefore, that the curvature exhibited by the F.1 fold 

depicted in Fig.6 may have been produced by F.2 movements. For the 

following reasons this is considered unlikely

1) The distortion of the specimen induced by later deformation 

as exemplified by the microfold lineation appears to be 

relatively slight.

2) The general trends of the upper and lower antiformal hinges 

are approximately s.t right angles. The trend of the microfold 

lineation appears to be roughly related to each of these hinges.

A process of simple shear acting parallel to tjie axial-plane of

the fold and normal to its general trend, could be responsible for the 

curvature. If this was the case however, it might be expected that 

the arcs of the microfold lineation would be concentric, vfcich they 

are not.

Further examples of curvature of F.1 hinges have been noted from 

other localities. Plate 42 shows an eye-shaped structure in migraatised 

Olderfjord Group psammite. It is possible here, however, that the 

curvature was produced by distortion of an originally cylindroidal 

fold during the high temperatures concomitant with migrnatisation.

In summary, therefore, the evidence seems to point quite strongly 

towards the fact that curvature is a primary feature of some F.1 

folds. This evidence is particularly strong in the case of the fold 

described from Rastaby. The existence of an F.1 fold on a similar 

lithology at the same exposure which is sensibly cylindroidal indicates 

that the phenomenon is not ubiquitously developed in any single 

lithological type, though it has not however been recorded at all in 

the more massive psammitee of the Lower Komagnes Group. It is
2possible that the curved axis fold described above may be of F.1 age.



Plate 4l. Curved axis fold, Rastaby beach.

Plate 42. Eyed-fold in migmatitic Olderfjord Group, 
east of Storvann.
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There is no evidence at all to support this hypothesis, though it is 

suggested to explain the variation in geometry of folds of apparently 

similar age in similar lithologies.

Generally on Eastern Seiland the phenomenon must he regarded as 

the exception rather than the rule for F.1 folds, iliis however,may 

be due in part to the comparative rarity, deformed nature and 

%#orness of exposure of these folds. It is obvious that good exposure 

of individual folds is needed to determine the true nature of their 

hinge lines, this is rarely present. The slightly conflicting evidence 

may solely be a function of this inadequacy of exposure. It might be 

said, however, that curvature of F.1 fold hinges has been recorded 

extensively on the neighbouring island of S/d’r^y by Ramsay and oturt 

(personal communication) and Roberts (196I). Here on the flanks of 

larger F.1 folds the average trend of curved minor folds may be up to 

90° from the average trend of the major folds. The minor folds however 

tend to approach congruence near the hinge of the major structure, 

b) Linear Structure related to F.1

Linear structures which can be ascribed to F.1 are confined 

largely to the psammitic Komagnes and Trollvann Groups. Frequently 

in these lithologies the coaxial nature of F.2 refolds makes 

recognition of F.1 lineations difficult. However, the following 

types have been recognised

1) Fold lineations including the microfold puckering described 

in association with the curved axis fold.

2) Mineral lineation.

1) Folds which have been ascribed to F.1 have been measured and 

plotted on the stereograms (Fig. 5A and B), each stereogram 

representing the F,1 folds within the lithological groups indicated.

On the stereogram representing the Komagnes Group there is
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somethin.::; of a scatter of fold axes, the points generally have a low 

plunge approximately either to tlio north or to the south. This scatter 

may nerhcns be partially explained by modifications produced by F.2 

movements, though it airain may be due to this tendency for curvature 

of axial lines within F.1.

It is impossible to make any definite statement on the distribution 

of F.1 folds in the Olderbugten and Olderfjord Groups (Fig.IB) since 

there are only three points on the diagram.

Z) The other linear element that can be ascribed to F.1 is a very 

strong mineral lineation that occurs particularly in the Komagne Group 

and also in the quartzite bands in the Eidvageid Schist Group. This 

appears typically in the ouartzites as a strong fine striping on layering 

surfaces, and in the psarnmites of the Komagnes Group, as a rather rib

like structure which parallel the F.2 fold accès, particularly at 

Komagnes. The latter observation would seem to indicate that the 

lineation is related in fact to F.2 (Plate 4p). Indeed it seems 

probable that the structure has been much accentuated by F.2 movement 

in places where it is coaxial with F.2 folds. However, at Komagnes 

there is some evidence of a slight discordance of this F.1 lineation 

to F.2 fold axes (see Plate 44). Similarly on the peninsula at 

Eidvageid where F.2 folds have rather erratic trends, examples have 

been recorded of these folds folding a lineation identical to the 

one seen at Komagnes (see Plate 4^).

This lineation has two forms

1) In the psammite it consists of elongate flattened quartz 

segregations.

2) In the basic schist bands and the green calc-silicate bands 

it consists of an alignment of tiny amphibole crystals.

This lineation can in many cases within the Komagnes Group 

be seen to be refolded by F.2.



Plate 43. Fz fold showing strong coaxial F± lineation, Komagneso

mm
Plate 44. F]_ lineation oblique to ?2 fold axis (lineation

parallels the hammer-shaft). Komagnes Group, Vasbugt
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If the distribution of these lineations is examined on the 

stereograms (lig.pA) it can be seen that in the case of the Komagnes 

Group there is a concentration of points having a low plunge 

approximately either to the north or to the soutli. This is broadly 

in agreement with the distribution of the F.1 fold axes. Deviations 

may perhaps again be explained by modifications produced during the 

F.2 deformation. The lineation is therefore a ’b' lineation 

relative to F.1. -Un examination of the lineations seen in the 

Olderfjord and Olderbugten Group (Fig. 3^) shows a rather wider 

scatter of points, which tend to lie on a great circle. It is thought 

likely that the intense deformation which has occurred subsequently 

within these groups has served to obliterate any F.1 lineation.

These structures may have a rather different origin. (See P. 70. ).

It has not been possible to identify any boudinage structure 

which may be related to the F.1 deformation.

2) Minor Fold Structures associated with the F.2 deformation.

The great majority of folds observed on Eastern Seiland .are of 

F.2 age. They have a considerably variable morphology and frequently 

approach the geometric form of some F.1 folds. For this reason the 

criteria mentioned previously were used to assign any particular 

fold to one or other of the major fold - forming deformations.

The F.2 folds fold a flaggy banding in the psammitic groups 

which is in general attributed to the F.1 deformation. F.1 folds 

are occasionally seen to lie within this flaggy banding. Sometimes 

lineations which are regarded as of F.1 age are folded by the later 

folds though often these folds are apparently coaxial with the 

lineations.

One of the most interesting features of the F.2 deformation is 

that it apparently produces a primary curvature in the axes of some
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of the fold structures. This tendency towards curvature of hinge line.' 

ana the general style of the minor structures appears to be related to 

lithological type. It is thought expedient therefore to describe the 

F.2 folds as they occur within the various stratigraphie divisions.

El) The Lower Komagnes Group

The style of folding within the lower port of the Komagnes Group 

is somewhat variable. The folds may approach an isoclinal style or 

may be rather more open asymmetric structures. The dip in the lower 

part of the Komagnes Group is fairly uniformly to the west. The 

outcrop is characterised by areas where there is a great paucity of 

F.2 folds and other areas where the structures occur in abundance.

In the latter it is noticeable that the axial planes of these folds 

are in general parallel to the sheet dip of the rocks. This explains 

the often rather monotonous westerly dip in the psarnmites here, and 

indeed on the rest of Eastern Seiland.

One of the important features noted in areas where there is 

an abundance of F.2 structures is that they appear to be stacked one 

upon the other in a vertical sense. Their axial planes have a shallow 

dip to the west. In these areas the style of the individual folds is 

generally isoclinal. These observations, when combined with the 

fact that large tracts of country occur where there is a relative 

dearth of F.2 folds, is interpreted as meaning that the vertically 

stacked areas are the short limbs of F.2 structures. The latter 

areas are the long limbs, which have in general undergone much 

attenuation. Plates 46, 4y, 48 and 49 show the vertically stacked 

short limbs. On the scale of individual folds the style is 

isoclinal but on a larger more generalised scale the style is of a 

more open asymmetric to monoclinal type (Fig. 8).



Plate 4y. Short limbs of F2 folds. Komagnes Group, Vasbugt

Plate 48. Short limbs of F2 folds. Komagnes Group, 
north of Rastaby.



Plate 49. F2 fold, Koraagnes Group, Vasbugt

%
Plate 50, Chevron ?2 folds in a schist band. Komagnes 

Group, Komagnes beach.
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The detailed geometry of individual folds within the group is 

somewhat variable» However, the folds appear to show some thickening 

at tjie hinges though often this is not very marked, together with 

relative attenuation on the limbs. The slightly less competent hornblende 

schist bands often tend to show a rather more chevron-type of fold 

geometry. (Plate 50, also Fig. 7)« In the more massive psammites the 

folds are rather more open asymmetric structures tending towards a 

parallel-type geometry (e.g. Plates and 5P)* In the latter Plate 

the change in the style of the fold when traced up the axial plane 

seems to indicate that some sort of decollement has taken place along 

the layer above the base of the pencil. In the psammites where the 

layering is rather more flaggy the folds tend to be somewhat tighter, 

(Plates 53, $4 and 33), though often this does not appear to be 

accompanied by any marked thickening at hinge zones, (e.g. Plates 36 

and 37)• These tend to maintain a parallel-type geometry. The 

presence of pelitic intercalations greatly facilitates the tightening 

up of this type of fold, because this material is easily squeezed out 

of fold cores.

Plate 38 shows some monoclinal F.2 folds with a parallel 
geometry. At the top of the photograph the beds in a similar lithology 

appear to be unfolded. This has been accomplished by slip along a 

plane which runs slightly obliquely across the top of the photograph 

from right to left. The plane appears as a zone of flagginess, this 

is probably a further example of a plane of decollement.

On the scale of the outcrop it appears that the F.2 folds of the 

Lower Koraagnes Group are sensibly cylindroidal. Examination of 

Fig. 5A to some degree corroborates this by the appearance of a 

concentration of points just west of north. These points have a low 

plunge. The scatter shown on this diagram can partly be explained



Plate 31' ^2 folds, Komagnes Group, Komagnes,

Plate 32* Pp fold, Koraagnes Group, Koraagnes,



Plate 33. Tight F2 folds. Koraagnes Group, southern Vasbugt

Plate 34. F2 folds in flaggy psaramiteo Komagnes 
Group, north of JernelVo



Plate 33. ^2 folds in interbanded psammite and pelites,
Komagnes Group, north of Jernelv.

Plate 36. F2 folds in flaggy psammite. Komagnes Group, 
J ernelv.



Plate 37. F2 folds in flaggy psammite. Koraagnes Group, 
Jernelv (detail to left of 3&)=

Plate 38. F2 folds in flaggy psammite. Koraagnes Group,
Jernelv. (Note plane of décollement at top of plate.)
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by the influence of a local jf. phase of de format ion. This warps F.2 

folds such that their axial pianos are dipping S.N.S. (Fig. fB). Tlio 

axis of refolding is apparently coaxial with the mean axis of F.2 in 

this group of psammites (see Fig. In and ii).

Thus in general,F.2 folds in these psammites are sensibly 

cylindroidal and have a remarkably constant trend and plunge. However 

at a beach exposure of calc-silicate schist in the Lower Komagnes Group 

(see Fig.?) a number of very tight folds occur which refold a lineation 

defined by amphibole crystals. These folds have trends which are 

rather incongruous to the general F.2 trend described above. Indeed 

within the hand specimen individual minor folds have substantially 

different trends.

It would seem from these observations that lithology is a factor 

which greatly influences not only the genetic form but also the trend 

of minor folds.

b) The Calc-Silicate Schist

Generally this lithology is not very well exposed. It tends to 

lie at the base of cliff features formed by the more psammitic 

lithologies lying structurally above. It is thus much obscured by 

scree and vegetation. Where exposed, however, the lithology generally 

has a well-defined banding which is frequently considerably deformed 

by F.2 folds.

The style of the folds developing within this lithology is rather 

variable. Folds with a chevron-type geometry have been recorded, 

where the layering is fissile. Generally however a more flaggy 

layering seems to favour the development of folds with sin almost 

parallel-type geometry, though with a tendency towards angular hinges 

(e.g. Plates 59 and 6o).  The chevron-type geometry may, however, be 

combined with the concentric-type geometry in any particular fold.



Plate 59* Concentric fold in calc-silicate schist, 
north of Jernelv.

I

Plate 60, Chevron folds in calc-silicate schist, 
north of Jernelv.



This is true of the fold depicted in Plo.te pi « The outer arc of this 

structure has an excellent concentric jeometry. In tlie core however, 

the chevron geometry predominates, he hitter (ltG4, P.27?) shows that 

the maximum amount of flattening that a concentric fold can undergo 

before it becomes modified is boh. The development of clievron geometry 

in the case of the above fold is probably duo to flattening in excess 

of this value. The ouartzite band which approximately separates the 

two geometric types shows evidence of thickening at the hinge end 

attenuation on the limbs. This would indicate some measure of flowage 

within this layer. This is also true of other quartzite layers nearer 

the core of the structure. A further adjustment to the flattening is 

seen in the tendency to form a box-like geometry in the layer just 

above the continuous quartzose horizon. It is only the outer a.rc of 

the structure that is maintaining a concentric form.

Plate bO again shows the phenomenon already described in the Lower 

Komagnes Group, namely the vertical stacking of minor folds in the 

short limbs of more major F.2 structures. The axial planes of these 

folds again have a fairly shallow dip to the west, approximately 

parallel to the sheet dip of the psammites as a whole.

Examination of the limited exposures that occur of this 

lithology indicates that it has folded disliarmonically relative to 

the enclosing psammite.

c) Fixed Pelitic and Psammitic Group

This is a mixed lithology consisting of closely interlayered pink 

psammitic units with biotite and amphibole schists. There is also 

some basic material present in the form of araphibolite sheets.

The style of the folds is generally quite tight tending towards

isoclinal. There is often not a great deal of thickening of the

psammitic ribs at the hinge of the folds. This is especially so in

the case of the thicker units i.e. those greater than ? cm. in



thickness. Tie ribs thinner thian this, however, often show very intense 

attenuation oh the l i m b o f  the folds. Ttis nay rive rire to the 

develo.Jiiient of boudins and occs.sionally slides, (see Fig. 10).

Plate b1 shows an example of an F.2 fold in this lithology. In 

the field these folds clearly fold a strong scliistosity, defined by 
biotite in the pelitic units.

The fold structure depicted in Plate 61 makes a very interesting 

study. Fig. 10A is a detailed drawing of the central part of this 

photograph. The layer XY in the diagram shows considerable thickening 

on the lower inverted limb of the fold structure. This inverted limb 

is abruptly truncated by the layer Ml. It seems very likely that the 

layers XY and i-FI were at one time continuous. During the latter part 

of the folding, rupturing occurred probably at the hinge of the 

complementary synform to the antiform shovrn in Fig. 10B. The antiform 

was thus thrust along the top of tlie layer lill. The rock adjacent to 

this plane shows some development of vein quartz and chloritic material 
and there is some indication of contortion of the layer just above

the plane of thrusting.

Fig. 10 shows a section along the line AB or 1QA. It would appear

that the contact between the outer-pelitic and psammitic material 
(the layer PG) has acted a.s a plane of decollement. The psammite at 

the hinge of the fold has been pinched into a tight isocline. The 

pelitic material however has maintained continuity of style with the 

.rest of the fold. This implies detachment and slip along the plane 

separating the two layers. Both the phenomena described here viz. the 

thrusting and the decollement are probably of late F.2 origin.

Examination of some of the minor folds in this lithology seems to 

indicate that many of them have curved axes. This is true of a number 

of folds from a beach exposure at Jernelv. Although in many cases



Plate 61. Décollement in the Mixed Psammite and Pelite 
unit, Jernelv.

Plate 62o Curved axis ?2 folds. Upper Koraagnes Group, 
west of Rastabyvanno
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individual fold,s Ccirniot be seen fully in three dijjieji&ion.s, measurement 

a n d  plotting of their axes indicates some inconstancy of trend. The 

phenomenon of curvature of axial line In.is been observed in some hand 
specimens. Thus this slight divergence of axial trend is attributed 
to the two dimensional 'cut effect' of the exposure, intersecting with 

the curved axes folds at a number of random points on their accès.
Fig. 11 shows this phenomenon; the axial planes of the folds have a 
relatively attitude, whereas the fold axes tend to show a distribution 

of trend within this axial plane. Although there are only a small number 
of points on this diagram this is a phenomenon that has been noted 
extensively elsewhere.

d) The Pink Psammite

The lithology is not highly folded internally. However, its outcrop 

pattern indicates the presence of a fold of moderate dimensions to the 
south of Jernelv. This fold, as can be seen from the map, conforms to 

the pattern outlined for the Lower Komagnes Group, namely the short limb 
consists of a number of fairly tight folds stacked one upon the other 
with axial planes dipping towards the west. The long limbs are 

characterised by a dearth of fold structures and considerable attenuation. 
‘This attenuation is expressed in the pink psammite by the thinning and 
eventual disappearance of the outcrop WS\/ of Russelven. The apparent 

thickening of the outcrop just west of Jernelv is attributed to the 
local easterly dip imparted to the horizon by bending associated with 

the fault.

e) The Upper Flaggy Psammite with Schist Bands
This unit is lithologically very variable. Generally it consists 

of units of flaggy or schistose psammite rocks intercalated with pelitic 

3hd serai-pelitic horizons. The most distinctive feature of this
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Plate 63. Y2 folds with irregular trends. Komagnes 

Group, north of Rastaby.

Plate 64. Hackly F2 microfold lineation. Komagnes 
Group, Rastaby beach.
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lithology iR the presence of F.2 folds within it which have quite strongly 

curving axes. The most striking examples of these structures come from 

those lithologies consisting of a close interlayering of psammite, semi- 

pelite and pelite. In these folds the pelite units have a strong 

scliistosity which is axial planar to the folds. Sketches of these 

structures are given in Fig. 12. The intercalated pelitic material 

behaves incompetantly and is squeezed out of the cores of the tight 
* synforrnal folds. Hinges are generally quite rounded and the axes of 

successive folds curve quite strongly, frequently out of phase with 
each other. Fig. 12A shows an elasticus developing in a competent 
psammite unit in the core of this fold.

Plates 62 and op show three dimensional exposure of these curved 
axis structures. A fairly considerable change in the angle of pitch 
of the structures is indicated. The folds appear often to generate 

laterally from unfolded layering into asymmetric periclinal structures, 

which then die out again. This is well shoivn by SP KI6 18 depicted in 
Fig. 13. Here the lateral development of the fold can be seen in a 
series of serial sections of a single layer, taken at random points 

along the curved aicis. Also included in the diagram are graphs 
representing the change in orthogonal thickness of the layer in each 

section (Graphs A - F). It can be seen that the greatest thickness in 

each section is achieved at the hinge line of the fold. Similanly, the 

greatest thickness achieved in the layer as a whole is at the hinge 
line of the fold, when it reaches its minimum interlimb angle, i.e. at 

point 3 in graph D. The progressive increase in orthogonal thickness 

at the hinge lines is recorded in Graph G.

* Note

The terms synforrnal and antiformal are used in the usual 
sense, i.e. an antiform is a fold that closes upwards, a 
synform closes downwards.



b o

ce

o
§

c
Q

«*j

I
<0

Oî
;
§

Q~uÇ
<0
\
Q

§U

CD
k:

k



It i.- obvlour: t]i:.t the folds have been subjected to considerable 

flattening; the arenence of elasticus-type structures is clear evidence 

of this. It could be cryaed that flattening has oroduced the curvature 

of hinge lines by late inhomogeneous movement within the axial planes 

of originally cylindroidal folds. Study of the three-dimensional form 

of microfolds within these rocks would seem to indicate to the contrary. 

Fig. shows a series of thin competent layers embedded in a pelitic

incompetent matris. The competent layers deform into fairly open 

structures, which are often symmetrical in cross-section. In three- 

dimensions the folds have a periclinal form. An E2 strain-slip 

cleavage develops in the incompetent hands. Due to the rather open 

nature of these folds it would seen unlikely that a late flattening 

process could have been responsible for the curvature of their axes.

If, therefore, these microfolds are regarded as being incipient curved- 

axis folds, it would seem that curvature begins very early in the 

history of fold formation.

This is further substantiated by the fold depicted in Fig. I3.
Such a fold, which develops laterally from unfolded layering into the 

overturned asymmetric structure of section D, cannot, at any period in 

its history have been anything but periclinal. It seems certain however 

that strong flattening has tightened up these folds, and considerably 

accentuated the curvature of their axes.

Plates 64 and 65 show a rather wave-like lineation developed on a 
layering surface at Rastaby, The rock concerned is a fairly competent 

banded psammate. Cut and polished sections of this rock show that the 

wave-like lineation is, in fact, a micro-fold lineation caused by small 

periclinal rucks. Fig. 14B shows a cross-section of one of these 

structures. It can be seen that the style of the folds changes with 

depth, from the rather simule wave-like cross section in the centre



Plate 63. Hackly F2 microfold lineation. Koraagnes 
Group, Rastaby beach»

P la te  66. F£ fo ld s  in  m assive psammite. Upper Komagnes
Group, beach n o r th  o f Rastaby»
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of the f.'pGcirnen to the rather more complex geometry which gives 

expression to the folds at the surface. This variation is partially 

controlled cy differences in thickness and competence of the layers, 

thus giving rise to a shorter wavelength in the thinner horizons,

Fla te 55 (F ) shows a fold which occurs on the beach a.t 

Rastaby. The lithology concerned is a flaggy banded nuartzite. The 

fold shows a parallel type of geometry. Hicrofolds, which are clearly 

related to the more major structures, are of the periclinal type 

described above. Pelitic and semi-pelitic material is almost 

completely absent. Such pelitic layers as do exist appear to have 

acted as planes of decollement. The slip which has occurred along 

these planes has allowed the fold to change its style with depth.

For example, the fold structures beneath the hammer head are relatively 

open compared with those above the hammer head. This process has 

allowed the fold to tighten up beyond the limit permitted by pure 

concentric folding. The politic material along the planes of 

decollement has been squeezed into the voids which have tended to form 

between the successive disharmonically folded layers. An example of 

this occurs just below the centre of the photograph, where the pelitic 

material can be seen as dark areas between the buckled quartzite 

layers. Examination of the photograph indicates that there is not a 

great deal of thickening of layers around the hinge zones of these 

folds. À parallel type geometry appears to prevail, in contrast to 

the interlayered psammitic and pelitic lithologies where flowage 

towards the hinges seems to be amore general occurônce.

The minor flexures on this particular fold were measured and the 

results are given in Fig.15. The minor folds show a fairly large 

diversity of trend and plunge from the trend of the major fold, which 

is circled, poles to axial-plane also show a fairly wide distribution.
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This further indicates the considerable diversity in trend seen in F.2 

folds, especially in this upper part of the Korna^nes Group.

Further evidence of this chantée in plunge of F.2 folds was afforded 

by study of the beach section at Rastaby. Here a slight variation in 

lithology allows the geometry of a single layer to be constructed.

This is shown in Fig.lo. It can be seen from this diagram that there 

is a considerable diversity of plunge of the minor folds associated 

with the more major structure. This is probably due to an inherent 

curvature of the axes of the folds involved.

This phenomenon of curvature is not entirely ubiquitous in the 

upper part of the Komagnes Group. F.2 folds have been recorded at 

the beach exposures at Rastaby, which are on the scale of the outcrop 

sensibly q^nndroidal. These folds are associated with a very strong 

microfold lineation which parallels their hinge lines exactly. Such 

a fold is depicted in Plate 50 (P.41. ). Here cylindroidal F.2 folds 

coaxially refold an F.1 fold, which itself appears to be cylindroidal. 

These folds are a]proxiimately symmetrical in cross section.

These folds differ from other F.2 folds in two respects:

1) The very strong microfold lineation which parallels their 

axes, such a lineation is absent in the curved axis structures.

2) The cylindroidal symmetrical geometry.

The association of a cylindroidal F.1 fold with this a typical 

F.2 fold cannot be fortuitous. It seems likely therefore that the 

presence of the F.1 hinge has controlled the development of the F.2 

structure. This is further suggested by the fact that in similar 

lithologies close by, curved axis F.2 folds are seen to occur. This 

>Jould seem to preclude a lithological control in the development of 

this structure.

Plates 66 and 67 show F.2 folds in lithologies which are
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Plate 67. Fp folds in psaramites with interbedded
quartzite. Upper Komagnes Group, north of Rastabyo

Plate 68. F2 folds in flaggy psammite. Upper Komagnes
Group, north of Rastaby.
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dominai! bly poarriraitic, though in (6a} interhanded arnphiholitic material 

seems to be associated with some thickening at hinge lines and 

attenuation on the limbs. The folds also have a fairly acute style, 

Plate 67 shows an interhanded cuartzite in a flaggy psammite, the 

quartzite shows evidence of the development of incipient pinch-and- 

swell structure. The folds in general have a rather robust form.

Plates 63, 69, 70 end yi show F.2 folds in rather more serai-

pelitic lithologies. The styles are quite variable but the hinge- 

lines tend to be angular, except in 7^ « Here the boudinaged 

anipliioolite has alornst certainly exercised considerable influence 

over the style of fold. There is some attenuation in the limb of the 

folds, often this is more marked in sub-layers within the large layers. 

For example in Plate 69 the layer just below the pencil does not show 
any large thicknesses change along its length, but individual layers 

within this layer often show quite strong attenuation and thickening. 

The change in style of the folds with depth is also worthy of note. 

Above the pencil, the layers are rather thin and the lithology 

relatively homogeneous, here the folds are rather angular. Below the 

pencil, however, the lithology is not so homogeneous and the style of 

the fold is more open with the development of rounded hinges. The 

dark area between these two zones consists of politic material which 

has acted as a plane of decollement to accommodate the two styles of 

folding. These folds have strongly curving axes,

Eidvageid

In the psammitic rocks on the ness at Eidvageid in the north, a 

number of F.2 folds are seen. These rocks, although they are 

structurally in the same position as those at Rastaby are rather 

purer psammites. However, here again F.2 folds are seen with rather 

irregular trends. These are often very tight isoclinal structures.



Plate 69. F2 buckles, Upper Komagnes Group. North 
of Rastaby.

I &

Plate 70. F2 folds, Upper Komagnes Group. North
of Rastaby.
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ïlg. 1?A shows plot of some F .2 fold i-.xes from the ness at 

Eidvageid, it is apparent that they have a somewhat irregular trend. 

Synthesis of Dsta

Figs. I7B and 17C show a synthesis of all the fold axes measured 
within the Upper Komagnes Group. That is all tJie lithologies above 

and including the Calc-bilicate schist. Two things emerge from these 

diagrams : -

1) The fold axes have an irregular spread of trends; they tend 

to define a great circle.

2) The pole to this great circle approximately coincides with 

a pole to the plot of axial planes of the same folds. This 

also approximately coincides with the poles to foliation 

planes in the Eidvageid schist (representing 3.1) Fig. 3*

This great circle distribution of F .2 fold axes is attributed to 
an inherent curvature of the axes of the folds concerned. The diagrams 

represent a synthesis of curved-axis folds measured in random two 

dimensional exposures in which the curvature of axis was not apparent. 

This is adequately corroborated by the presence of hand specimens of 

folds which show the phenomenon of curvature often to a considerable 

degree,

f) The Eidvageid Schist Group

F.2 folds are very rare in the Eidvageid Schist Group. They

appear only to occur under two conditions

1) In the presence of sheets of ajiiphibolite within the 

schist proper.

2) In the massive quartzite bands.

Fig. 3 (P . 4 %) gives an indication of the consistancy of dip 

within the dominant schist member of this Group. It would appear that

F.2 fold structures do not form on the schist unless the above
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conditions 1) is met. Examples of the types of fold associated with the 

amphibolite sheets are seen in Plates pp (P, 41.) and 72. In all cases 

the folds appear to be tight structures in which the foliation of the 

schist is folded round the fold nose. The fold depicted in Plate 72 

occurs in a rather psammitic facies of the schist, the sheet of 

amphibolite, which can be seen just thove the pencil, bears a foliation 

which is al'io folded round the fold hinge. It is possibly one of the 

very early amphibolite sheets discussed previously.

Because of the absence of folds in the pelitic facies it seems 

likely that the F.2 deformation is taken up partly by pure flattening 

and or partly by interlayer slip. Examination of thin sections of the 

schist show that pre-F.2 porphyoblasts are strongly augened, whether 

this augening is entirely due to ŝ rUi-F.2 flattening is indeterminable.
similarly growth in garnet porphyoblasts is not synkinematic 

relative to F.2. It is not possible, therefore, to detect any 

rotational fabric within these garnets which could have been ascribed 

to F.2 movements, thus giving some clue as to the manner in which this 

deformation was taken up.

Fold structures within the massive quartzite horizons are also 

not very common, this may be a function of a number of factors.

1) The deformation style which may be similar to that already

outlined for the Komagnes Group, i.e. the presence of 

unfolded long limbs and the rather intensely folded short 

limbs. The mapping out of this sort of pattern is 

hindered by the lateral discontinuity of these horizons.

2) The thinness and relative poorness of exposure of these 

horizons. Although often they do form prominent ridge-like 

features, this is not always the case and they may be 

obscured by the stunted birch which tends to form on the

lower slopes of the Eidvageid schist outcrop.



Plate 71. Basic sheet folded and boudinaged during F2, 
Rastaby beach.

Plate 72« F2 fold in the Eidvageid schist inland from 
northern Vasbugt.
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The rather rnaasive lithology of the quejrtzites tends to deform into 

relatively open structure. This is in contrast to the tight isoclinal 

which form in response to the ?.1 deformation (see Plate gh P. 4̂ 3 ).

Examples of these P.2 structures are shown in Plate 73 and Pig. 1o.

Plate 73 shows folds v/liich tend towards a parallel-type geometry. 
The two sketches in Pig. 18 show the rather gentle warps associated 
with F.2 structures in interheddeu schist-quartzite lithologies.

Fig. 1 (.-'»• shows the distribution of F.2 folds within the Eidvageid 
schist. -US can be seen they are coaxial with the mean F.2 axis in

the Lower Komagnes Group, see Fig. 9A mid also with the mean trend of
F.1 lineations in the Komagnes Group, (see Fig. P, ).

Indeed the folds discussed above can often be seen to be coaxial with

a very intense lineation defined by elongate quartz crystals in the
massive quartzites.

There does not appear to be any marked tendency towards curvature 
of axis. The slight spread seen in the distribution of pole to axial 
planes may be explained by the tendency in the massive quartsites for 
axial planes to be rather more steeply dipping than these of the 

folded amphibolite sheets. This is presumably due to the decreased 

facility of rotation in the thick competent quartzite bands, thus 

resulting in the formation of a more open style of fold,

g) The Trollvann Psammite Group

It is apparent from the unfolded nature of the contact with the 

enclosing schist groups that there are no major folds involving these 

three lithologies, at least on the scale of the area. The deformation 

appears to have been taken up internally within the psammite. The 

following stratigraphie units were recognised:-
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Structu.ro.l

5) bunded Psannito v.n.th politic intercalations end

quartzi tes.

2) Grey Flaggy Psammite

1) Transition Group.

Structural Base

No second phase fold structures have been recognised within the 

Transition Group. The grey flaggy psammite unit also does not appear 

to show many fold structures.

Post of the F.2 structures seem to occur within unit 3; the 

buffisii bonded psammite with pelitic intercalations.

Examples of folds developing in this unit are given in Plate 74,

73 and 76. It can be seen from these folds appressed often with quite 

considerable thickening at fold hinges and attenuation on the limbs,

Plate 75 shows once again, the tendency for fold structure to be 

stacked one upon the other with westerly dipping axial planes. Plate ?6 

shows a folded and boudined quartzite band in a more semi-pelitic matrix.

Plates 77, 78 and 79 show examples of F.2 structures in slightly 

more quartzite lithologies. Kany of these folds tend to be somewhat 

more gentle in style with a tendency towards a concentric tyipe geometry. 

They are rather more akin to the folds in tlie quartzite bands within 

the Eidvageid schist group. This applies particularly to Plate 77.

Plates 78 and 79 show rather more acute structures in flaggy psammitic 

lithologies.

Figs. 19P sliows the distribution of F.2 fold axes within this 

lithology, and the attitude of F.2 axial planes. Once again the 

tendency for F.2 axes to define a great circle is seen. F.2 folds have 

teen observed in these lithologies with curved axes. The great circle



Plate 74. F2 fold, Trollvann Psammite Group, Trollvann,



Plate 75. F2 folds, Trollvann Psammite Group, 
north of Vargsund.

m

Plate 76. F2 fold in Upper Flaggy Psammite of Trollvann
Group, north of Vargsund.



Plate 77» Concentric fold in Flaggy (Quartzite 
Trollvann Group, west of Vasbugt.

Plate 78. F2 folds in flaggy psammite, east of 
Ei dvaag enfjord.
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distribution is therefore attributed to this pheiior.ienon. Tlie plot of 

noles to axial el. nea indicates th^t, as elsewhere, the axial planes 

have a ree.aonable constancy of attitude, with a moderate dip to the west. 

The great circle which represents; the statistical average of the plot of 

poles to ajslal planes coincides with the great circle defining the locus 

of fold axes.

Thus, in the Trollvann Psammite Group we see a somewhat similar 

position to that seen in the psammites of the Komagnes Group.

1) Curving F.2 fold axes with a relative constancy of attitude 

of F.2 axial planes.

2) Fold structures with a geometry approaching that of the 

concentric model in the more massive quartzite horizons, in the psammitic 

and semi-pelitic lithologies the fold structures are rather more acute

in style.

h) The Olderbugten Group

as in the Eidvageid Schist Group fold structures do not seem to 

form extensively in this Group unless there is some rather more 

competent material present.

Tliis may take the form of:-

1) Psamrmitic or semi-pelitic material within the schist.

2) Basic sheets, intruded generally parellel to the schistosity.

5) Granitic veins and sheets which have been intruded along the

schistosity of the rock.

1) Plates 80 and 81 show examples of folds developed in semi-pelitic 

facies of the schist and facies containing distinct psammitic bands,

Plate So shows a fold with a fairly gentle style. Plate 81 on the other 

hejid shows some very intensely drawn out psammitic bands which have



m

Plate 79* F2 folds in flaggy psammite, east of 
Eidvaagenfjord.

Plate 80. F2 folds in the Olderbugten Group.
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been folded by tbe second deforno.tioi!. In the too c. oitre right of the 

photogropji, o. fold is seen v:it]i vdiot is apparently a con jugate-type 

geometry. Tliis geometry is probably the result of a section cut parallel 

to the mean trend of a fold with a curved axis.

2) Plate 82 shows an F.2 fold developing in the schist in the presence
of a basic sheet. In the more pelitic facies of the schist where the

lithology has not been felspathised, basic sheets appear to have the 

same effect as they do in the Eidvageid Schist Group i.e. they stiffen 

up the schist sufficiently to allow it to fold in response to F.2.

3) Plate 83 and 84 show a number of F.2 folds of granitic sheets

which were formed at the acme of the regional metainorphisrn. These

again stiffen up the schist sufficiently to allow it to fold in 

response to F.2. The structures are somewhat variable in their geometry 

though often they might be described as ptygmatic. The folds in Plate 83 

show considerable thiclmess Ciianges along the length of felspathic vein 

and a general tendency towards thickening in hinge zones. The veins 

before folding, however, may not have been of the same thickness along 

their lengths, so in this sense they are not reliable indices of the 

amount of deformation. It is apparent however, that in all cases there 

is a systematic variation of thickness along the veins, the thickest 

parts being the hinge zones and the thinnest, the limbs.

Plate 85 shows in an. interesting way, the relationship between 

fold wavelength and layer thickness. The thick vein on which the 

hammer is resting has a rather large fold wavelength. The thinner vein, 

to the right of the photograph, has a rather smaller fold wavelength 

2xd the thinner vein again which passes off the photograph at the 
right centre has a.n even smaller fold wavelength. It is also 

interesting to note that the thin veins which are immediately adjacent 
■fco the thick one on the left, have taken on the dominant wavelength of



Plate 81. F2 folds in the Olderbugten Group. Note 
quartzite intercalations. Olderbugten.

Plate 82o F2 fold in Olderbugten schist, flanks 
of Eidvaagtinn»



Plate 83. y2 folds in migmatised Olderbugten schists, 
Olderbugten.

■^üfySÊ

Plate 84. folds in migmatitic Olderbugten schists, 
Olderbugten.



Plate 85. F2 folds in migmatitic Olderbugten schists, 
Olderbugten.

Plate 86. F2 folds in banded quartzite Olderfjord 
Group, Olderfjord beach.



6 7

the thick vein. 'ih.ir- ic , ,resui,i;ibly because they lie within the zone of 

contact .etri.in of the thiciior vein. In detail, however, many of them 

are contorted into little rucks having a very small wavelength. The 

wavelength of the thick vein has presumably been superimposed on the 

smaller rucks.

See later for the stereographic distribution of fold axes within 

the group.

i) The Olderfjord Group

There is a considerable diversity of fold style within the 

psammites of the Olderfjord Group. It is very difficult to generalise. 

The folds shown in Plates 86, 8? and 88 which occur in a rather massive 

banded quartzite, are quite tight structures which show considerable 

thickness variations round individual layers. A characteristic of 

these structures is that frequently the tight isoclinal folds occur in 

zones between layers which s-how no folding at all. This is shovrn in 

Plate 86. It was originally thought in the field that these particular 

folds were of F.1 age, this being based solely on their general tight 

isoclinal nature. However, on close examination they could be seen to 

be refolding eyed-fold structures obviously of the first generation. 

Plate 89 shows some moderately tight folds in a rather similar 
lithology from the north of the area. In all the examples the 

layering was probably not a prominent feature during the folding, that 

is, the massive nature of the lithology would seem to suggest that 

interlayer contacts were, in fact, welded, precluding the possibility 

of interlayer slip.

A similar phenomenon to that mentioned above is seen in Plate 90. 

Here however, in strongly layered rocks. The fold involves a small 

8-mphibolite sheet, together with felspathised psammite. The layers



Plate 87. Pg folds in quartzite. Olderfjord Group, 
Olderfjord.

Plate 88. ?2 folds in quartzite. Olderfjord Group,
Olderfjord.
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Plate 89. Fp folds in quartzite. Olderfjord Group, 
east of Hqliseby.

Plate 90. F2 folds in psammites interbedded with basic 
sheets. Olderfjord Group, east of Olderfjord.
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above ann below the fold to be completely unfolded.

Plate 11 i.nd 12 P.2 folds in other lithotomies within the Group,

plate S2 shows a popniatite vein, folded in with a thinly layered 

psanimite. It world appear tlir.t the pegmatite was intruded, in the 

lower half of the photograph, transpressive to the layering, and in 

the upper half of the photograph parallel vo the layering. This was 

followed by the F.2 folding.

Fig. 202 and 20B show the distribution of F.2 fold axes (20A) and 

F.2 axial planes (2GB) within both the Olderbugten and Olderfjord 

groups. The pattern appears to be the same as that seen in the other

groups, namely, a great circle distribution of fold axes together with

a relative constancy of attitude of axial planes. These two Figs. 

refer to the area south of the strike swing which occurs in the north

of the area. Reference to F.2 folds within the area of the strike

swing will be made later. This great circle distribution of F.2 fold 

axes is once again attributed to curvature of the fold axes.

3) F.2 Linear and Planar .Structure

These comprise

1) The fold lineations which have been discussed in the 

preceding section.

2) Shape and crystallographic alignment of minerals including 

planar orientation of micas.

For the purposes of convenience 2) will be discussed in two 

geologically defined areas.

8-) The Trollvann Psammite and Structurally Lower Groups

The strong F.1 lineation, defined by elongate quartz segregations, 

has already been described in relation ±q the folds of the Komagnes 

Group, Frequently associated with this lineation, on banding surfaces,



■

Plate 91. F2 fold in the Olderfjord Group, east 
of H0nseby.

«

Plate 92. F2 fold in pegmatite and psammite,
Olderfjord Group, east of Storvann.
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are flexed uiotltez. Initicvll;" it tliou^at thxt tiiiu flexing wao due

to microfollin:' v.dthin ^.2. dowever, close exojaination under a binocular 

m i c r o  scone indicates that this flexin.u is due to bowing round the 

elongate qu.urts sejre.y.suions, vniicb have an elliptical cross-section.

This effect could very veil have been produced by flattening and need 

not have been associated vdth the 1.2 folding.
ThifN section and hand specinen exair.iina.tion of 1.2 folds within the 

Komagnes group, particularly the structural top of the succession, 

indicates that tlie 1.2 déformation v;as accompanied by some 
crystallisation of phyllosilicates parallel to the axial planes of 

the folds. Irecuently a strain-slip cleavage develops involving the 

micas which are oriented £ixial-plo,no.r to the 1.1 folds. However, it 

is clear that there is considerable crystallisation of mica axial 

planar to the 1.2 folds. This mica can be seen in many cases to be 

responsible for the development of a lineation on the banding surfaces 

which are being folded. Since the axes of the folds curve, the 

lineation also appears to curve since it represents tlie intersection 

of a planar surface; the 1.2 schistosity, with a curvi-planar surface; 
the banding surfaces folded by 1.2. In lig. (P. 4 - )  the tendency 

for a great circle distribution to occur in the orientation of 

lineations may be due in part to this phenomenon.

In the flaggy psanim.ites, the intersection of these structural 

elements often finds expression in a rather hackly lineation which 

curves with the non-linear fold axes. It would seem that the 

curvature of the fold axis develops within the axial plane which itself 

appears to have a rather constant orientation.

On a regional scale this 1.2 schistosity does not appear to be 
penetrative. In the Eidvageid Schist Group, the small number of 1.2



folds which lia VO been recorded anpec.r to fold the 1,1 schistosity with very 
little develo,mient of an 1,2 schistosity. It seems lively, therefore, that 

the F.2 deformation in the schist war ta];cn nn by slip along the 1.1 

schistosity, or by pure flattening, or both,

b) The Olderfrjord and Oleerbn.e’ten Gron.n

It has already been noted ttiat there is ;ni increase in the intensity

of deformation from east to west in the area. This increase is related

to two deformation phases other than 1.2. Firstly a very intense pre 

F.2 flattening and secondly the tightening up of 1.2 folds produced by 

the superincumbent weight of the plutons of western leiland.

Examination of lig.21 indicates a partial great circle distribution 

for the lineations measured in th.e two groups. This can be explained 

in one of two ways.

a) The lineations are 1.1 lineations which have been distorted by the 

subsequent deformation.

b) They are related to a deformation phase other than 1.1 i.e. the 

F,1 lineations have been obliterated and. subseciuent deformation has 

produced a new set of linear structures.

Examination of tight 1.2 folds from the Olderfjord Group psammites, 
indicates that there is an axial planar schistosity associated with 

many of them. This is defined both by biotite laths and by flattened 

and elongate quartz, crystals which seem to have undergone considerable 

extension in 'a'. This schistosity gives rise to a lineation on banding 

surfaces. It is, therefore, an intersection lineation related to the 1.2 

deformation. It has also been stated that the 1.2 fold axes have a 
great circle distribution in the Olderfjord and Olderbugten Groups due 

to the non-linear nature of the fold axes. The intersection of this 

axial-planar schistosity with the layering folded by 1.2 has given rise
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to the fToat circle distribution in lig.21. Thus, the alternative u) is 

favoured over1er C for tlie origin of the lineations. The 1.1 lineations 

were almost certainly obliterated by the intense pre-1.2 flattening. 

Summary

1) In the lithologies structurally below and including the Trollvann 

psenmite Group, the dominant lineation is considered to be of 1.1 origin. 

This structure has a generally constant plunge just west of north

(Fig. P ■ i*A ). The great circle distribution which tends to occur, 

is caused by the influence of a faint 1.2 intersection lineation 

related to the curved axis folds.

2) In the Olderfjord and Olderbugten Groups 1.2 and subsequent
deformation has been stronger, giving rise to an axial planar schistosity 

in the psammites. This produces an intersection lineation.

4) Thrusting

Occurring 'within the psammites of the Komagnes Group are two thrust 

structures. The first cuid best exposed occurs across the neck of the 

peninsular at Komagnes (see map). The second outcrops on the beach 

near Jernelv.

The Komagnes thrust dips to the west roughly parallel to the average 

dip of the layering in the psammites. As the thrust area is approached 

the rocks become progressively more flaggy, and 1.2 folds show evidence 
of flattening, see Plate 93» In the actual thrust sone, the psammite 

are extremely platey though they still show a relic of the strong local 

f*1 lineation. The zone of most intense deformation is some 2 metres 

thick, politic material along this zone, which has probably been 

utilised to some degree as a plane of easy slip, is very intensely 

deformed and boudinaged. (Plate 94). The long axes of these boudins 

appears to plunge down the dip of the psammites. Despite the obvious 

lutense deformation, examination of thin sections of a platey psammite



Plate 93. F2 fold near the thrust at Komagnes,

Plate 94. Intense boudinage in the thrust zone at Komagnes,



from the thrust sonc do not r-h,uw any catnclor tic offsets ; the rock 

apoesrs to ĥ .ve totsl.ly recrystnllired. neither is there evidence of 

mineral assembleges of lower notuinorphic grade than these occurring 

in the psammites sway from the thrust zo3ie. It would, in fact, appear 

that prolonged recrystallisation took place under kiddle Ireenschist 

Facies conditions, post-thrustinp.

To the east of the thrust sone occurs s, concordant sheet of highly 

altered ultrabasic material. This is identical in composition and 

aspect to other bodies in southern Vasbugt and inland from Komagnes.

This material becomes rather sheared close to the supposed thrust plane. 

It is not felt however, that it is genetics'll;/ associated with the 

thrusting, although the highly chloritised lithology may ha.ve been 

utilised as a plane of easy slip.

It is rattier difficult to gauge the sense and amount movement that 

has taken place on this structure. The rather thick zone of deformation 

suggests perhaps, that t'nis has been •mibstantial. Comparison of the 

rock types on either side of the thrust is helpful. On the eastern 

side a small zone of very strongly albitised metasediment is developed. 

The rocks.in consequence are rather massive. The felspathisation 

phenomena recorded In thin sections of these rocks, are identical with 

those seen in the rest of the lower Komagnes Group, though elsewhere 

they are not developed to such a strong de.gree. Apart from this one 

area, however, the rest of the rocks to the east of the thrust are in 

every way identical to tliose to the west. There is a slight difference 

in the strike across the thrust, this may perhaps be explained by 

rotational movements associated with the thrusting, or to the different 

response of the very massive felspathised rocks to the east, during 1.2. 

Ihe direction of movement on the thrust was probably approximately



east to west, tliia being normal to tlie strike of the plane.

The second t’irnst plane, which occurs in the Upper Komagnes Group 

at Jernelv, is ma.rkeu by a rather thinner zone of deformation. Again 

the structure appears to be parallel to the average dip of the layering 

It is almost certainly of similar age to the Komagnes thrust.

Regarding the age of this episode of thrusting, several lines of 

evidence seem to point towards it being a late 1.2 phenomenon.

1) The total recrystallisation of the quartz fabric within the rock 

suggest an early date, similarly the absence of dianthoretic mineral 

assemblages. This recrystallisation is further suggested by a petro- 

fabric diagram prepared for a platey psammite from the thrust zone 

(lig. 22). This shows a tendency towo.rds the development of an 

ortliorhombic quarts fabric, identical to those seen in 1.2 folds in 

the psammites from outside the thrust zone (e.g. Ill A-G and IV A-C 

in the petrofabric section). Thus, the rocks in the thrust zone 

appear to have recrystallised under an 1.2 stress regime.

2) The layering of the Komagnes Group, including the platey layering 

in the psammites close to the thrust plane, is affected by a number

of rotated boudins. It will be suggested later that these are 

related to the main later Caledonian thrusts which separate the high 

grade Caledonid.es from the Pre-Cambrian basement on the adjacent 

mainland (P 11,̂  ). Thus, the thrusts discussed above appear to pre

date the main late Caledonian thrusting.

3) Evidence of thrusting on the minor scale has been recorded in 

association with 1.2 folds elsewhere (see Fig. 10 P. 64-). Here 

thrusting has occurred of the upper limb of an 1.2 fold, along the 

layering of the lower limb.

It is suggested from these lines of evidence that this thrusting 

IS a late 1.2 phenomenon. It seems likely, therefore, that there has
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aotbee# a very %rcat deal of movement alon^ the thrurt nlanes since the; 

are probably locally related to F,2 folda. 

q) Geometric Gtudiee of folds.

Ramsay (1S6?) has suggested s method of classifying folds by 

measuring the thickness changes that occur in a single layer of any fold 

structure.

For example, in Fig, 2ÿA the hinge thickness is measured; (to) 

then a series of tangents e.t varying angles of dip (a) to a tangent at 

the fold hinge, are constructed. The orthogonal thickness betvjeen 

tangents (ta) is measured for each successive angle of dip, thus a

series of values are obtained which can graphically be used to represent

the changes of thickness round the fold. On such a graph certain well 

defined special cases will occur, for example, for purely concentric

folds the value (ta) will remain equal to (to) for :ill values of (a).

For a similar fold (ta) is related to (to) as follows:

T = to T = thickness parallel to hP of fold

ta = Cos aT

. . ta = Cos ato

Thus, if a sraoli is riot ted of against (a) the special casesto ^
occur as well defined curves which can be used to delimit various fold 

classes.
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T ^ T H I C m E S S  PARALL EL  TO A X I A L  P L A N E



Class 1A
1-0

Class 1C
ta Clai

Class 3

a

Concentric folds

Similar folds

See Ramsay (l967)«
Using this method, however, it is impossible to represent more 

then one hing-e and adjacent limbs on a single graph because plotting 

the ratio ^  does not allow any relative thickening or thinning of 
adjacent hinge lines to show up, neither does it allow curves 
representing thickness changes between adjacent fold hinges to join up.

The author, therefore, has devised a system of plotting the 
absolute thickness (to) against the angle of dip (a). Consider 
Rig. 23B. A series of measurements of (ta) are made beginning at the 
hinge (a) for various values of (a). At some stage a maximum value of 
(a) is obtained. Measurement in a similar fashion, taking values of 
(a) at 10^ intervals is then begun from hinge (b ) back towards hinge (a ). 
This process can be repeated from hinge (b ) up towards hinge (c) and 
from (a) backwards towards the hinge to the left of (a ). In this way 

a number of values representing thickness changes for a complete 
wavelength may be obtained and more if desired. These values may then 
te plotted on a graph*
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Fir. 24 in i\n ex'iiiple of oiicli o plot. Tlig fold v;]iich represented 

in the eccohip:inyinp dieprcun ic o cylindroidal F.2 fold from Restahy in 

the south of the area. The plot begins at point (.0 on the left of the 

fold, point (3) represents the anti formal hinr̂ e at which the ma::imum 

thickness is obtained (a value - o), the plot then proceeds down the 

short liihb of the fold until a mrxi/’jua value of (a) is found (a max). 

Then plotting is resumed froiû the synformal hinge, (O) back up towards 

(B), the point (X) represents the junction of these two plots and gives 

the interlimb angle.

Assuming the axial plane, \vhich contains (to), divides the fold 

into two halves. Since (a max) represents the inazrimum dip on the fold 

limb

Interlimb t = 2 x (ÇO-a max)

Drawn on this diagram are two curves

1) Represents an ideal concentric fold. For this, values of (t) will 

.always be the same as (to) for all values of (a); it is a straight line.

2) Represents am ideal similar fold. The curve for this is calculated 

quite easily. In Fig. 2pA the value (T) represents the thickness 
measured parallel to the axial plane of the fold, between the tangents 

constructed for various values of (a). In a similar fold the value

uill always equal (to); the hinge thickness
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From 2j)A

Tim,3, T = to

ta = Go g  t:i x T

o*. ta = Go g a x to

Thus, various values of (ta) can be calculated using values of 

(Cos a) and a Icnovn hinge thickness (to).

It is obvious that the curves can only be dravn in the graph from 

the hinge thickness values (to) i.e. on Fig. 24 point (B) or (C), but 

since the plotted thickness curves (A-D) are close together, the ideal 

curves are plotted from a point between the two values (B) and (C).

Examination of Fig.24 indicates that all the curves approach 

quite closely to the similar fold model. T'jioiigh, in fact, they lie

to both sides of this curve indicating that the limbs may fall into

either Class 1C or Class 3 of Ramsay's Classification, though only just 

into either of these fields.

In Fig, 24 it can be seen tiiat the anti formal hinge is slig'htl^r 

thicker than the sgnformal hinge.

The interlimb t = 2 x (S'O - a rnax)°

= 2 X 20°

= 4€°

Discussion of the method 

Advantages

1) Plotting absolute thickness rather than the ration allowsto

a) Relative thickening or thinning of adjacent hinge lines 

to show up on the plot.

b) The thickness changes round a number of hinges to be recorded 

as 61 continuous line.
2) Two or more hinge lines can be represented on the graph in this way.
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Disadvantc.m'es

1) The folds pi l.i oh have been neasured in tliio study mostly have 

thicknesses which -are measured in millimetres. This presents problems 

of nK#.surement and accuracy.

2) With folds with fairly share hinges the first few readings e.,r:. for 

(a) values of 0 - 4o°, are all made in the hinge zone of the fold.

This is a problem that occurs in all methods of this kind.

3) Only fold systems may be measured which have the axial planes of 

adjacent hinges parallel. This may be illustrated by considering 

Fig. 23c.
Measurement is begun at hinge (A) down towards hinge (B) until a 

maximum value of (a) is obtained. Then measurement is commenced from 

hinge (B) up towards (a) but since the tangents to hinge lines are 

non-parallel the values obtained from (B) are only apparent thicknesses

if one considers hinge (A) as a datum. The curves cannot, therefore,

join. This is probably the most serious drawback of the method.

Measurement of folds with curved axes

It has been mentioned that many F.2 fold axes curve in the hand
specimen and the curvature of adjacent hinges is often out of phase.

Folds of this type have been measured using the above method. It may 

be thought that if adjacent hinges are curving out of phase any cut 

which may be normal to one hinge may not be normal to the adjacent 

hinge, therefore apparent thickening at hinge lines may invalidate the 

plot. Consider Fig. 2$A and B. These sketches represent sections of 

folds in which the axes of adjacent hinges curve out of phase.

In XYB
Cos e = t ̂

tx

tx = t ̂
Cos e

Assuming a true hinge thickness of t^ = 1

tx = 1
Cos e
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90
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LINE OF CUT
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HINGE B

SECTION

n

DIFFERENCE IN ANGLE OF DIP BETWEEN HINGE A AND B
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]̂ ;te be for

tx « 1 = i.o64

Increase of thickness due to o. 20^ difference of jiinxe inclination = 0.064

X 100^ = 6.4^

-kius, for a 20 difference only a 6.44 increase of thickness occurs,

This can nrobnbly be ignored in any case values of (e) are likely to 

be less m a n  aO .

Ramsay states (I967) that - "Similar folds have been envisaged in 

mathematical terns as parallel folds v/hich have been subjected to an 

infinite conpressive strain." In other v/ords, of an originally 

concentric structure is subjected to flattening it will pass through, 

theoretically that is, a number of stages of modification until it 

achieves a similar-type geoiiietry. Ramv/ay (ifol) using actual 

measurements on naturally occurring folds, points out certain of the 

salient differences that these measurements indicate for folds of the 

so-called modified or flattened buckle fold, model and the true similar 

fold model. For example, in the modified: buckle fold the hinge 

thickness (to) is always tlie naximuLi thickness measured for that 

particular hinge and its associated limbs, and the thickness measured 

parallel to the axial - plane (la) is generally a minimum value for the 

modified buckle type. Conversely in the similar fold model the (T) 

value tends to be the maximum value obtained in the course of 

measurement.

Although the fold depicted in Fig.24 approaches quite close to the 

similar fold model, there is a general tendency for it to conform more 

to the flattened buckle fold model with a maximum (to) value and a 

mininiiuii (T) veilue (see Table 2).



Table of 'T v-.-lue for Fig. 24 (T .ble i)

(T) = thiclaiess measured parallel to axial ■ ,li ne of fold.

0 0

0a B-À (mm) ]h-C (me) C-B (nm) C-D (mm:

0 (T) 7.4 (T) 7.4 (T) 7.0 (T) 7.0

10 7.1 7.3 5.5 7.1

20 7.2 7.7 6,6 7.1

50 7.3 7.3 6.9 7.2
40 7.0 7.8 6.3 0 s 6

50 7.0 8.0 6.7 7.3
60 8.0 0. D 7.2 7.6

70 S.9 9.3
80

90

The fact that 70° values of (a) were not recorded in (B-^J and (C-B), 

indicates that the fold is not perfectly syviriietrical i.e. that the axial 

plane as drawn does not completely bisect the fold. This difference, 

however, is probably within acceptable limits. It is also notable that 

in two cases (C-B) and (C-D), the (T) values do not increase smoothly, 

the general trend however seems clear (see later).

Ramsay (I767) indicates a way in which the amount of flattening a 
previously concentric fold has undergone may be estimated. Consider 

fig. 26. This is a plot of ^  against (a) the value A 1 is the 

principal quadratic extension which the fold has undergone parallel to 

its axial plane direction and X 2 that which it has undergone normal 
to this direction.
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Uhen X o Gnu,lie, A  ̂ the fold i: e concentric otrncture. ne y\ _ 

decreases the fold becomes closer to tlie similar fold model. theoretically 

it finally achieves this at / ̂  ^ = 0. the noint of the dia,;raie is
V X 1

that it indicates sno amount of flattening that tne original buckle has 

undergone, tor a more complete mathematical treatment the reader is 

referred to ilu.isay (ifoYt.

Fig. a6 is a plot of the liisbs of the fold depicted in Fig. 24.

If this idea is valid it can be seen that the fold has undergone 

considerable flattening, since it occurs very near to the similar fold

^ 2/ ̂  ^ = 0. It is clear the linos o.re rather sinuous but once

again the trend is clear.

Let us nov; consider some other examples 

Fig, 27

This structure is once again an F.2 fold from hastaby in the south 

of the area, the lithology is a pink psammite. The structure has a v/eak 

axial planajc foliation defined by muscovite s. This gives rise to an 

intersection lineation on the banding: surface. The fold axes are curved 

so therefore in the linen.tioi' which is rather haci'ly. The fold measured 

is shown as profile in the sketch accompanying Fig.27. The diagram shows

1) The synform-al hinge is considerably thicker thaji the antiformal hinge.

2) The lines (II-I) end (II-III) conform very closely to ideal similar 

fold curves v.'hicli have been dravni i_n this case from the synformal 

hinge value. The lines (I-II) and (II-III) also approximate to the 

similar fold model, though ideal similar fold curves are not present. 

On Ramsay’s classification the folds are generally of Class IC.

3) Interlimb L approx. = 2 x (90 - a max)'

= 20

2 X (90 - 80)
o

O
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Table 3

T vaJAie foT fold depicted in ?i^. 27

0a Section (l-Il) (mm) (ll-l)(mm) (ll-lll)(mm) (lll-ll)(mm)

0 (t) = 7.2 (t) = 12.0 (t ) = 12*0 (t ) = 8.1
10 7.0 12.2 11.7 8.2
20 6.9 11.8 11.7 8.3
30 6.6 12.5 12.0 9.0
40 6.8 12.9 11.8 8.9
50 7.6 13.6 12.2 9.06o 8,0 13.2 11.8 10.0
70 10.2 13.2 12.0 11.0
80 13.0 13.0
90

These figures show in a more consistent manner a trend which was 
seen in the (t) value for the fold in Fig* 24, i.e. an initial 
decrease in the value of T from the hinge line, then a pronounced 

increase of (t ) to a maximum value at (a) = 70 or 80°. This means 

that initially for a value of say 0-20° the fold is of Class 3*
Then at about a = 30-40° the fold changes to the Class IC model.
The combination of these two geometric types probably produces the
closeness to the similar fold model. This change is reflected in 
Pig. 27 by the change in orientation of the curve (lI-IIl); for low 
value of (a) it is below the similar fold curve, i.e. Class 3*
Then at a = 30° it crosses the line and from thence remains very
close to the similar fold curve. The trend is seen more clearly 
for the curve (l-Il) which after crossing the similar fold curve at 
(a) = 22° remains above this curve, i.e. it conforms to a Class IC 
geometry.

Pig. 28 shows a plot of the various curves on a plot of t/to
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against (a) diagram. Here the Class 3 geometry is again reflected 

for low value of (a), hy the tendency for the lines to he situated 
below the similar fold curve of ̂ = 0. This tendency is also 
shown in Fig. 26, V/hen the lines cross the similar fold curve 
they indicate that a considerable amount of flattening has taken 
place, if the folds are assumed to have been originally concentric. 

Fig, 29
This fold is an P.2 fold from Rastaby. The lithology is mixed, 

it consists of an interbanding of quarztitic layers, serai-pelitic 

layers and pelitic layers. The pelitic layers bear a strong axial 
planar foliation. In the core of the fold concerned an elasticas- 
type structure occurs in a quartzite band. The fold axes are curved 
and bear a faint lineation. The inset in Pig. 29 shows the fold 
concerned.

Examination of Pig# 29 shows:-
1) Once aga.in the s^mformal hinge is considerably thicker than 

the antiformal hinge.
2) The lines (ll-l) and (lI-IIl) are probably close to the similar 

fold model whereas the curves (l-Il) and (lll-ll) are not, in 
fact, these latter two curves are very irregular in thickness.

This irregularity can be attributed in part to the uneven nature of 

the banding surface (see the fold profile); the curves are Class 10, 
the other curves are also Class IC, but approach more closely to 
the similar fold model,
3) The interlimb angle approx. =

" = 2 X (90 - max)
" = 2 X (90 - 70)

" = 40°
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Tg.ble 4

('t) values for fold in ?ir. 29

0a Section (l-ll) (11-1) (ll-lll) (lll-ll)

0 8,0 12.4 12,4 8.1

10 7.9 12,2 12,4 9.0

20 8.0 12.6 12,3 8.8

30 8.4 12,4 12.4 9.2

40 9.1 12.8 12,1 10.4

50 10.6 15.9 12,4 11.0

60 11,2 14.0 12,6 12,0

70 15.2 15 .2 13.7 14.0
80

90

.......

These figiures show once again a slight tendency for the folds 

to he of Class 3 near the hinge. However, away from the zone the 

folds are more clearly of Class IC, The curve (lll-ll) shows this 

clearly. Here there is no tendency for a decrease then an increa.se 

in the (t) value to occur.

The curves (ll-l) and (lI-IU) can he seen, however, to be 

close to the similar fold model. Though there is an overall increase 

in the (t) value it is less marked than in the other two curves,

Tliese facts are again seen in the Pig, 30. It would seem from 

this diagrajii that the various parts of the fold have undergone
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different amoimte of flattening"« It ie notable that the curves 

(l-Il) end (lII-Il) appear to have undergone the least flattening', 
they represent analaaous narts of the fold, i.e. the plot from each 
antiformal crest doamwards towards the central s^mform. The plots 
from the central ŝ aifô an upwards towards ea.ch adjacent anticline 
however, appear to have undergone the most flattening. This reflects 
a greater extension in *a* for the synformal hinge than for the 
antiformal hinge, Examination of the rest of the fold, however, 
indicates that this is not a consistent feature of the fold as a 
whole. This extension in »a* must have been accompanied by some 
flowage of material from the flanks of the fold into the synformal 
hinge zone, this to account for the increased thickness of this area. 

In other words, the attenuation on the limbs and the relative thicken
ing at the hinge zone is not due to pure extension in *a* but must 
also have been accompanied by some flowage within the layers. This 
statement makes the assumption that:-
1) The original thickness of the layer measured was equal along 

its length,
2) There was little differential extension between anticlines and 

synclines in *b' which could possibly account for the increased 
thickness at the synformal hinge, i.e, to greater flowage of 
material out of the anticlinal hinges (see later).

*
Use of the term *a* and ’b* above. In this sense *b* is the 
direction parallel to the fold axis and normal to the plane of 
the diagram, *a* is the direction normal to this lying in the 

3xial plane of the fold.



8 G

Fip:. 31
The fold depicted in this graph is an P.l, fold from a 

psammite rib within the H/nseby gabbro; the fold has a strong 
axial planar foliation defined by biotite» In this case it was 
only possible to plot one limb of the structure. The graph shows 
that the fold has a consistent Class IC geometry, though this 
approaches quite closely to the similar fold model, (t) values 
show an almost consistent increase in value to a maximum at (a max).

Despite the very strong axial planar foliation and the super
ficial geometry of this structure, which might lead one to suppose 
that it was a similar fold, it clearly has a Class IC geometry.

Table 3
(t) values for Pig. 31

(êùI (t) value m.m

0 8.3
10 8.4
20 8.5
30 8,4
40 9.1
50 9.3
60 10.8
70 11.7
80

90

Nummary and Discussion

3-) Many of the folds measured in this study have a Class 3 geometry
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in the hin^e zone. This changes for higher value of (a) to a Class 
IC geometry. This change of geometry probably produces the closeness 
to the similar fold model,
"b) If the folds are treated as flattened buckle folds they appear 

in most cases to have undergone a considerable degree of fLattening, 
This may not, however, always be consistent within the fold, e.g, 
the fold depicted in Fig. 29, here different parts of the fold have 

apparently undergone different degrees of flattening. From these 
observations it was suggested that both extensions in »a* and flow
age within the layers was responsible for the fold form. Since 
relative thickening of ŝ /nforma.l hinges is a common feature, this 
process was probably operative in all the folds measured,
o) The F.l fold depicted in Fig. 31 although it superficially 
appears to be of similar type, it has in fact a Class IC geometry. 
This underlines one of the dangers of the use of the term "similar 

fold"* Because of the strong axial planar foliation and superficial 

geometry of the F.l structure in Fig. 31, there is a tendency to say 
that the fold is a similar fold, imnlying a mechanism of formation.
This mistake must frequently be made in the field. Similar folds 
sensu-stricto must be extremely rare in nature, the term therefore 
should have a strict geometric definition with no undertones of 

mechanism implied. On this basis the most frequently used 
description would be that "folds approach a similar geometry". 
Mechanisms would have to be discussed using other criteria.
§) Petrofabric Studies

Petrofabric diagrams of poles to 0001 of quartz were prepared 

foi* a number of folds of both generations (F.l and F.2). In all
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cases the diagrams were prepared from plots on the Lower Hemisphere 
of a Schmidt net.

Specimen T. H.l? 341)»

This is the Pol fold with the strongly curving axis depicted 
in Fig, 6. From this specimen a number of slides were taken 
(gee Fig* 6) each normal to the axis of the fold at that point.

Examination of each section indicates that the quartz is 
generally quite equidimensional, very little tendency for elongation 
in the schistosity is shovm. The mineral is only very slightly 
strained. The equidimensional nature of the quartz is almost 
certainly due to re crystallisation after the F.l deformation. The 
slight straining may well be a later effect. The rock has a 

schistosity (8,1.) defined by biotite crystals which show a general 
tendency to be axial planar to the fold. The orientation of these 
hiotites has been disrupted to some degree by recrystallisation, 
though an axial planar fabric is still clear. There is a little 
garnet in the rock which overgrows this schistosity and also appears 
to overgrow the recrystallised quartz fabric. Later flattening has 
produced slight bowing of the schistosity round these garnet 
porphytoblasts.

The contoured petrofabric diagrams are given in Fig, 32 A-F,
They show a number of features,
1) Cleft *ac* girdles (the term *ac* is in a sense inappropriate 
here since due to the curvature of the fold e,xis the »a* directions 
represented in each slide are non-parallel). These *ac* girdles 
have an asymmetric distribution of maxima within them.

2) There is a general tendency for a. weak cross-girdle to develop,
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the axis of which is at a high on ale to the axis of the peripheral 

girdle. They are B B tectonites. In some cases, e.g. B there is 

a tendency to develop more than one cross-girdle.

5) The overall symmetry is triclinc though if the cross-girdles 

are ignored there is a tendency for orthohombic symmetry to develon 

with Si as a symmetry plane, e.g. (B C and e) .

4) (f) shows a relatively very strong concentration (70^) aligned

in (Sl). This slide also has a slightly greater preferred dimen

sional orientation of the quartz grains than the others. The grains 

however do not seem to be any more highly strarned than those in the 

other slide. Although this particular orientation pattern occurs 

near the point of inflection of the curved axis, the absence of any 

semblance of this type of orientation in (d ) and (f ) seems to preclude 

the argument that this axial planar orientation of quartz *c’ axes 

is due to shear folding (Gangopadhyay and Johnson (1962, see later). 

The author thinks that this orientation pattern is a localised 

phenomenon due possibly to the fact that this particular slide was 

taken from a position close to the boundary between the upper and 

lower antiforms. This plane has a skin of chloritic material on it 

and has been a plane of some movement subsequent to F.l,

Pig,(32,G) shows a synthesis of the position of all 4, 5, 6 and 

7̂  maxima relative to a constant plane, i.e, the plane of the *ac* 

girdles, 40^ small circles have been added for the purposes of 

orientation.

Some interesting features emerge from the diagram ;

3-) There is a tendency for the maxima from Diagrams (A, B & C), i.e. 

these form the lower antiform (Fig, 6) to be clustered at the bottom
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of the diagram whereas these from the upper antiform represented 

by diagrams (D, E and F) are clustered a,t the top of the diagram, 

b) The 40° small circles are the approximate locus of the points 

representing these maxima.

These features are extremely difficult to explain, A survey 

of the literature seems to indicate some confusion concerning the 

origin of *ac' girdles. Similarly, the invoking of certain crystal- 

lographic directions in quartz as planes of glide or fracture has 

elicited the disapproval of Turner and Weiss (1963). The author 

feels, therefore, that unwarranted speculation on the basis of this 

orientation data is inappropriate.

Certain interesting relationships do, however, emerge from this 

study. The persistence of the orientation of the *ac* girdles is 

notable. In each case the axis of the fold, in any particular 

slide, is the axis of the girdle. This strongly suggests that the 

quartz fabric in this fold was formed at the same time as the fold 

itself and was not imposed at a later date. It might be suggested 

that the cross-girdles which tend to develop are in fact related to 

P»2, This seems unlikely because the orientation of these cross

girdles seems to have a consistent orientation relative to the *ac* 

girdles. If in fa.ct the cross-girdles were related to F.2, it 

might be expected that they would change their orientation in each 

slide, since the slides s.re non-parallel.

There must have been a considerably annealing recrystallisation 

of the quartz in these rocks following the F.l deformation and 

.preceding the F.2 deformation. It would seem, however, that this 

hag not disoriented the fabric imposed in the rock by the F.l folding.
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S-peciTnen TI (N16 2A)

This is an F.2 fold from Fa.stahy. It has an almost parallel 

geometry with an angular hinge line (?ig. 33A-T inset). The quartz 

is equidimensional and only slia-htly strained, often with sliahtly 
irregular outlines hut tending' towards a, polygonal share. There is 

a crude schistosity (S,l) which has tended to be obliterated by the 

recrystallisation the rock has undergone, this presumably talcing 

place between the two deformations. The schistosity 8.1. parallels 

the layering which defines the fold. There is also a tendency for 

mica crystals to grow parallel to the axial plane of the fold; 
this planar structure is designated 8.2. In a pelitic layer within 

the fold, an F,2 strain-slip cleavage can be seen to have developed. 

The rock contains some ga.met and zoisite and the biotite which 
defines 8,1 is frequently partially replaced by muscovite.

The location of each slide is given in the inset; in each case 

the slide is cut normal to the axis of the fold.

The results of the study are given in 33 A-D, The following 

results are apparent from these diagrams,

1) In (A,B) and (b) there is a, tendency for a, small circle distri

bution to occur, the axes of these small circles are a.t some moderate 

angle to ( s , l ) .  It appears that these axes do not lie in the 

primitive plane of the diagrams. This accounts for the relative 

weakness of development of the small circles on one side of the 

diagram, e.g. Diagram (A). Diagram (B) shows the development of the 

"two small circles on either side of the plot, though they are as 

’î ight be expected, asymmetrically placed relative to the centre.

2) This small circle distribution tends to become rather confused
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in (g) and (d), These slides are taken from the hin^e zone of the 

fold. It seems likely that thie would he the area where the quartz 

would he most likely to respond to the 'P.2 deformation.

3) Diagram 3 shows a cleft yirdle distribution with an asymmetric 
distribution of maxima. The diayra,m however, does show the greatest 

distribution of maxima in the area to the southwest of (S.l). This 

is a consistent feature of these diagrams, though in the other cases 

these maxima can be approximately a.ssigned to small circles.

4) The overall s^anmetry of the diagrams is triclinic, though in 

some cases they may approach monoclinic symmetry, with the symmetry 

plane approximately normal to (S.l). The symmetry is most obviously 

triclinic in (c) and (d) , the slides are from the hinge zone.
Diagram (G) shows the position of all 5> 6 and 'Jfo maxima with 

the (s.l) plane of each slide rotated into parallelism. This 

process effectively unfolds the fold. The diagram reveals that the 

maxima becomes clustered in an area to the right of the mean position 

of S.l, The three points which most strongly depart from this 

cluster significantly come from slides (c) and (d). This in summary:

1) There is a tendency for maxima to lie on small circles, the axes

of which are e.t moderate angles to the plane of S.l.

2) This distribution is most confused in the hinge zone of the fold.

3) Unfolding the fold tends to cluster the maxima. From these 

observations it is possible to say that the dominant fabric in these 

diagrams is, in fact, a pre-F.2 fabric. This becomes overprinted 

especially in the hinge zone of the F.2 fold due to the relative

concentration of strain in this area.

It has been noted that the fabric represented by these diagrams
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is pre-F.2. It differs considerably from the F.l fabric indicated 

in Specimen (l). In this specimen the fabric diagrams are almost 

all *ac* girdles. In Specimen (ll), however, only diagram (f) 

approaches this meometry. The more t^rpical fabric is that of a 

small circle distributions. Carter, Christie and Griggs (1964) 
point out tha.t in both naturally and experimentally deformed quart- 

zites, deformation lamellae are commonly aligned sub-parallel to the 

basal plane of quartz. They also point out that poles to these 

lamellae, which will approximately correspond to *c’ a,xes, define 

small circles inclined at approximately 45° to the E.¥. diameter of 

an equal area net. In their experiments the axes to their small 

circles corresponded to the principal applied stress CT" 1, The 

stresses 55* 2 and 5 were equal. This sort of distribution must 

be thought of, therefore as being characteristic of a flattening 

deformation.

It is possible, therefore, that the small circle distributions 

seen in these diagrams are due to pre-F.2 pure flattening. Since 

the axes of the small circles appear to be oblique to the plane of 

(s.l) it seems likely that ^  1 was not normal to (s,l). Such a 

period of flattening may have been related to late F.l or to a 

subsequent pre-F.2 deformation which will be discussed later. It 

is difficult to Imow, however, why this flattening deformation has 

not affected Specimen (l) which comes from a locality close by. 

Specimen III fiCS)

This F.2 fold is depicted in Fig. 34* It was taken from a beach 

exposure at Komagnes. Slides were cut at intervals round the 

structure, in each case normal to the fold axis, which is paralleled
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by a strong lineation. This lineation is in fact an F.l lineation 

which here parallels the F.2 fold axes.

Examination of the thin section indicates that two morphologies 

of quartz are present.
1) A coarsely crystalline variety which occurs in distinct layers 

in the rock; the individual quartz grains making up these layers 

show very little dimensional orientation. Perhaps a slight elong

ation parallel to the layers in sections cut normal to the fold axes. 

Sections cut parallel to the fold axes show again the stringers of 

quartz. In these cuts, however, they are rather more elongate and 

are undoubtedly responsible for the strong lineation. These layers 

of coarsely crystalline quartz a.re quite strongly strained and are 

folded by the fold.

2) The groundmass quartz is much finer-grained. It shows some 

straining and is generally equidimensional with a tendency towards 

polygonal grain boundaries.

There is a schistosity in the rock defined by mica, mostly 

muscovite. This schistosity is being folded by the fold. In the 

groundraa.ss areas this schistosity is tending to be "destroyed by 

reorystallisation. In slides where micro-folds are visible there is 

a tendency for a foliation to develop a.xial-planar to the saond fold

(S2).
The contoured diagrams are given in Fig. 35 (A-F). It was found 

that the coarse grained quartz did not have any significantly 

different orientation from the quartz in the matrix. The lines which 

appear on the stereogram are purely orientation marks ard do not 

hsve any structural significance. In slides (A, B and C and F) they
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approximate to ( s . l ) »  Their position relative to the fol^ cen he 

ascertainf^d hy reference to ^iy. 34* The line marked k.2 axial nlane 

on the diayrem represents a line originally drawn on the fold 

specimen representing the geometrical axial plane and then trans

ferred to each diapp?em. The following features emerge from these 

diagrams :

1) The *c* axes tend to be distributed in *ac* girdles with a 

fairly symmetrical distribution of maxima. The P,2 axial plane 

represents an a,pproximate plane of symmetry. This relationship is 

clearer in some diagrams than in others, A vertical plane normal 

to the F,2 axial plane is also frenuently approximately a plane of 
symmetry. So it is possible to say that the symmetry^ tends towards 

orthorhombic,

2) Using the constructed axial nlane as a datum, all 4» 5 and Gfo 
maxima were placed on a senarate stereogram (35G-)» This clearly 

shows the tendency towards orthorhombic sy/mmetry, with, the axial 

plane and a plane normal to this as planes of symmetry;'.

Let us consider in (35H) that the distribution of »c’ axes that 

occur in (35G-) is caused by the alignment of a, crystallographic 

plane of quartz in the axial plane of the fold. The pole to this 

plane will therefore be y 1. The points y  1 represent the 

statistical maxima of the concentrations of maxima shovm by (35G-),
By rota.tion in the stereogram let us bring these *c* axes concen

trations into the centre of the projection. The point rotates 

round a small circle to Xg. The point y  1 does not change its 

orienta.tion since rotation is taking place about that point. The 

point Xp is then rotated to the centre of the projection along the
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B-W diameter. ""Tiis di enlaces the point ^ 1 to 2, the 'c* axis

maxima now effectively occupy the centre of the projection.

Assuming that the al and the a3 cr^mtallographic axes of ouartz are 

placed in the positions indicated, the unit thombohedron (lOll) 

can be plotted (Berry and Mason 1959). From, the diagram, it can be 

seen that this is less than 2^ from, ) 2, the pole to the hypo
thetical plane ali.gned in the axial plane.

According to the fracture hypothesis of Griggs and Bell (1938) 

quartz when subjected to high stresses under great confining 

pressures tends to split into needles, parallel to certain crystal

lographic edges. The bounding planes of these needles are frequently 

common crystallographic planes. One of the commonest planes to 

develop is the unit rhombohedron with the long axis, the needles 

aligned parallel to the edge formed by the intersection of the two 

rhombohedra., Griggs and Bell suggest that in natural tectonites, 

this process may be operative with the long axes of the needles 

aligned in the *s.* di^oction of the tectonite and one of the bounding 

planes becoming aligned in a plane of slip of the fabric.

The orientation data from Spec, III can be explained in this 

way. Consider (35H) a,gain ; ^  1 is the pole to a rhombohedral 

plane supposedly aligned in the axial plane of the fold. In order 

to account for the positions of the 'c' axis maxima it is necessary 

that the *c* axes of the quartz be aligned in the plane of the 

diagram, i.e. the *ac* plane. In this situation the edge separating 

the two rhobohedra, i.e. the long axes of the needles, must be 

tilted relative to the plane of the diagram. The position of this 

6(3.ge is easily found by locating the intersection between the N-S



diameter, which represents one rhomhohedrol face end the great circle 

representing any other, ^his latter preat circle may he found hy 

reversing the maninulation described overleaf, starting with the 

point (llOl). The edge thus found, is represented by point (z) on 

(55H). If it is true that the long axes of needles become aligned 

in the *a* direction of the tectonite, it would seem that the »a' 

direction here represented by point ( z ) ,  is not normal to the *b' 

direction of the fold which lies at the centre of the projection. 

Usually it is impossible without deformed lineations to locate the 

•a* direction of a fold. In this case although the lineation is of 

p.l age and the fold is of F.2 age the former is not deformed by 

P2 because the *ab* plane of F.2 contains the F.l lineation.

The girdles which accompany the maxima, can possibly be regarded 

as being caused by these grains which due to the fact that they were 

initially incorrectly oriented to the stress field for rhombohedron 

bounded needles to form, split into needles bounded by other 

crystallographic planes. The *c* axes of such needles would 

obviously take up different orientations relative to *a*. However, 

it would seem that needles bounded by rhombohedra are the commonest, 

assuming that the fracture hypothesis is true.

Regarding the fracture hypothesis, Turner and Weiss (I963 p.450) 
state "It has been suggested that passive rotation of splinters of 

this kind would ultimately align them in planes and directions of 

flow in the tectonite fabric and by this means it has been possible 

to explain some of the well known relationships between foliation 

9Ĵ d quartz patterns. We tentatively reject this explanation for 

two reasons. First there is no proof that the supposed slip planes
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of the fabric actually exist. Secondly, some of the patterns so 

explained are exceedingly well developed in coarse-grained meta 
cherts whose fabrics must have been influenced far more by recrystal
lisation than by any direct componental movement."

More recent work by Bloss (1957) is relevant to the argument.
He found that by crushing up crystals of rock crystal, rose-qua,rtz 
and millqy quartz and examining ontically the resulting fragments, 
the most common bounding planes were the unit rhombohedra (r) and 

(z). This he attributes to the presence of a clea.vage parallel to 
these crystallographic planes. The next most common bounding plane 

was the unit prism (m) • Fragments parallel to the basal plane 
accounted for only of the sample. This at least supports the 
finding of Griggs and Bell concerning the brittle fracture of quartz.

Another possible way of explaining these orientation patterns 

is the Translation hypothesis of Schmidt (192?), Fe suggested that 
rhombohedra (r) basal pinacoids (c) and first order prisms (m) can 

be translation planes in quartz, with the vertical edge (m.m.).

The horizontal edge (c;m) or the rhombohedral edge (r;r) a.s trans

lation directions. Fe accounts for the characteristic maxima.
(l,II,III, and IV) of Sander by a.ssrming that either (c) (m) or (r) 
become oriented parallel to a single *s* surface with any one of the 

three translation directions oriented pa.rallel to *a*. The orient
ation data in Specimen III can be explained by assuming that rhombo
hedral facies are the planes of translation and the edge (r:r)
(point Z on 35H) is the direction of translation. It is perhaps 

notable that once again *a* is not normal to the *b’ direction of 
the fold.
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Turner and. Weiss (1965) once again do not appear to be favour
ably disposed to this type of orienting mechanism mainly due to lack 
of evidence. However, they do say that there is now experimental 
evidence suggesting that one of the effective glide mechanisms in 

quartz is translation on *c*.
Bailey, Bell and Penve (1958) dn an X-ray study on quartz in 

naturally deformed rocks conclude that this mineral deforms plastic
ally by bend mliding. According to them one of the crystallo,.graphic 

*a’ axes is a.lways the axis of bending. In looking for a possible 

glide direction they state that the most likely place for this is 
in the plane of the unit rhombohedron, though they were unable to 

esta.blish this experimentally. More recently, Baeta and Ashbee (1969) 
have indica.ted th.at there are many directions of slip within quartz 

subjected to compression along various directions at elevated 

temperatures. Among the planes of slip recorded is the rhombohedral 
plane, Tb.e directions of slip derived from their experiments however, 
do not tie up with the Miller index of the point Z. However, in 

order to maintain the orientation of the *c* axes in the primitive 

plane in Figo(35H) it is obviously necessary that this slip direction 
lies somewhere in the rhombohedral plane, though not necessarily at ( z ) .

Other workers, (Christie, Griggs and Carter (1964) have experi
mentally determined a basal slip pLane in qua,rtz. This type of 
experimental evidence seems to suggest strongly that quartz in nature 
deforms plastically rather than in the brittle fashion envisaged by 
Griggs and Bell. The fabrics shown by specimen III seem to indicate 

participation of the rhombohedral planes of quartz in the genesis of 
the tectonite fabric.
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In Specimen I the fabric appeared to be of F.l age. In 

Specimen III however, the fabric appears to be completely of P.2 

origin. Possibly some of the scattered maxima can be explained as 

representing a residual pre-P.l influence. It would seem, therefore, 

that the P.2 deformation in the Komagnes area ha.s been sufficiently 
strong to totally reorient any previously existing fa.bric.
Specimen TV (K2A)

This series of specimens comes from the large P.2 fold 

depicted in Plate ^1. This occurs on the beach a,t Pomamies quite 

close to the locality from which Suecimen (ill) was taken. Pig. (^6p) 
gives the location of the snecimens from which the slides were cut.

The fold axis is parallel by a strong lineation which is again an 
P,1 lineation. In each case the slide is cut normal to the fold axis.

Exa.mino.tion of the thin section indicates that the stringers 

of quartz which characterise Suecimen ITT a-̂ e here absent. The rock 

has a fairly consistent grain size. There is no dimensional 

orientation of quartz in the plane of the slide, the grains often 

have irregular outlines and are slightly strained. There is again 

a tendency for a polygonal fabric to develop. There is a crude 

foliation in the rock which parallels the banding; this is (Sl).

It has been partially obliterated by recrystallisation. A second 

foliation (S2) is tending to develop axial planar to the P.2 fold.

This is defined by muscoviteo There is some epidote in the rock.

The contoured stereograms are given in Pig. (3&A-C). Prom 

these dia,grams the following facts are apparent:

l) In (36a) it would appear that (Sl) and a vertical plane nomal  

"̂0 it, a.pproximate to planes of symmetry, suggesting that the fabric
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bears some relationship to P.l though this is not clear. In (b ) 

and (C), however, the P.2 axial plane and a vertical plane normal 

to this are more closely planes of symmetry. Thus, all three 

slides appear to approach orthorhomhic symmetry though with 

different orientation of the symmetry planes.

2) Pig. (36d) presents a synthesis of 4 and maxima from (a, B 

and C). This diagram was prepared as follows:- the great circles 

marked (A, B and C) represent the limbs of the fold as measured in 

the field, the intersection of great circles (a) and (c) represents 
the axis of the fold. A theoretical axial plane was then draivn 

on the diagram by bisecting the arc between (a) and (c). The 

great circle (XY) represents a plane normal to the fold axis, i.e. 

the plane containing the slides. The lines (OP, OQ and OR) are the 

orientation marks on the slides. Using these lines as datums the 

position of all 4 and 5/̂  maxima are placed on the diagram. This 

procedure aligns all the orientation data to the position it had in 

the field.

Examination of the diagram indicates a tendency towards a 

concentration of maxima in the region of the constructed axial plane 

of the fold. This tendency is shovm most strongly in slide (b) which 

comes from the hinge zone of the structure. Gangopadhyay and 

Johnson (1962) record a similar concentration of *c* axes in the 
axial planes of second phase folds from Scotland. These folds 

appear to have been formed by shear along a direction parallel to 

the fold axial plane. Also the trend of the *c* axes maxima appear 

to be parallel to the *c* direction of the fold, which was determined 

Tising Ramsay* s method of plotting deformed lineations. In the case
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of (36A-E), however, there are some significant differences in the 

microscopic fabric of the oua.rtz. In the specimens described by 

Gangopadhyay and Johnson (op, cit) the on.artz is strongly 

dimensionally oriented in t^e fold axial nlane. in (36A-E) this 
is not the case, the nna.rtz shows very little dimensional orient

ation, In the same paper, measurement of first phase folds by 

Gangopadhyay and Johnson in which the quartz also shows a stronm 
dimensional orientation in the fold axial nlanes, yield diagrams 

in which the maxima are concentrated in planes inclined at some 

40-60° to the axial planes. This situation is more akin to that 

seen in Eig. (35A-E) though again the dimensional orientation of 

quartz in this specimen is absent, Gan-mcnadysy and Johnson exnlain 

the fabrics in their first folds by saying that, although shear 
along the axial planes must hare tnken nlace, vliding alonv planes 

40-60° from the *c ' axes might a.lso have been onerative (these 

presumably aligned in the axial plane).

Thus, the two specimens (ill) and (iv) present us with the 

slightly anomalous situation of two fold structure in similar 

lithologies from localities very close to each other, giving two 

distinctly different quartz orientation patterns. Possibly the 

solution to this anomaly is to be found in the slightly different 

lithological characteristics of the two rocks seen in thin section. 

Specimen (ill) contains stringers of quartz which are quite strongly 

strained, these are absent in Specimen (PV). The groundmass quartz 

of the two rocks are very similar. It is possible that the stringers 

(ill) which must represent areas of slightly different competence, 

influence the development of the fabric during some initial phase
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of flexure.l folding, this additional influence would have been 

absent in the development of fold TV, although the two folds almost 

certainly were subjected to a similar sort of deformation regime. 

Thus, both examples (iTl) and (TV) would seem to indicate that 

the axial planes of the folds have at some stage in the evolution 

of the structures, been planes of slip or translation along which 

some ciq/'stallo,graphic direction of quartz became aligned.

(Gangopadhyay and Johnson op, cit).

Specimen V (hi6 - 18)
This is the P. 2 fold from Rastaby with the strongly curving 

axis depidled in Pig. IJ. Tt is apparent from the serial sections 

(P.S,b) tha.t the fold generates along its axis from layering which 
is virtually unfolded into an asymmetric antiform (serial section p). 

In this petrofabric study a slide (A) was taken from the point where 

the layering is virtually by the fold. In fact the slide was taken 

from a position wkere the, layering is even flatter than serial 

section (a) of Pig, 13* A second slide (b) was taken from the 

section (P), In each case the slide was cut normal to the fold axis 

at that point, thus the slides are non-parallel in space.

Examination of the thin section (a ) indicates that the rock 

has a crude schistosity which is tending to obliterated by the 

recrystallisation which presumably took place between P.l and P.2.

In the second slide this crude schistosity is being folded by the 

zone of the fold there is a tendency for mica crystals to grow 

parallel to the axial plane of the p.2 fold. In the area between 

the hinge zone and the limbs, the micas are clear and unstrained, 

■which means that post-p.2 r e cry st alii sat ion must also have taken
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place. The quartz lu the whole rock displays slight undulose 

extinction and the development of deformation bands. These, however, 

may be late features of the deformation history. % e  contoured 

diagrams are given in Pig, (a ) and (b ) .

Examination of these diagrams indicates that in Pig. (a ) 

there is a small circle distribution of nn.artz axes, vhe apnroximate 

axis of this small circle is marked as (Xl). is a similar

situation to that recorded in Specimen (l), a small circle distri

bution with the axis inclined at a high angle to (s.l). The line 

marked (S.l) in the diagram is an approximation to this direction 

since the real (S.l) was impossible to locate properly on the 

slightly folded surface. Biagram (b ), however, indicates that there 

are two grea.t circles inclined at a high angle to each other, the 

orientation of P.2 axial plane is given on the diagram. This 

diagram^ is, therefore, a B B tectonite. It is of considerable sig

nificance to note that in this diagram, which represents the fold 

at its maximum development, the fabric is at its most complex. It 

is in sharp contrast with the simplicity of the fa.bric in (a ) .

This strongly suggests that the fabric in (a ) is a pre-P.2 structure 

which becomes considera.bly modified in the area of the more intense 

P.2 folding represented by (b ).

Pig. (37c) is an attempt to relate the *c* axis girdles and 

small circles in both diagrams. Since the fold axis of this specimen 

is curved it follows that the two slides are non-parallel in space.

It was founded by measurement of the hand specimen that the two 

slides make an angle of 23° with each other. The line (Sl)

(37c) represents a plane which is common to both slides. It
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corresponds with (S.l) in Slide (a) • Now assuming- the primitive 

of the diagram to represent the plane of slide (a), the point (Xl) 

is marked in the dia.gram. However, we know that the two slides are 

2$° out of parallelism with each other; thus great circle (l) 
represents the plane of slide (a) relative to slide (b) which now 

becomes the primitive plane (B in the diagram). The pole to this 

great circle is (P.l). Since the plane of (a) is now tilted relative 

to (B), the point (Xl) which represents the axis of the small circle 
in slide (a) moves to (X2)* The great circles (m) and (n) represent 

the girdles of slide (b) • The poles to these are marked (pm) and 

(PH) respectively. It is to he noted from this that the pole to (m) , 

the great circles representing the strongest concentration in slide 

(b), is very close to the point (Xl) which represents the axis of 

the small circle in (a) • It is possible, therefore, that the small 

circle in (a) a,nd the great circle girdle represented by (m) are 

related.

Considerable care is needed here since

1) (Xl) represents a small circle (PM) a great circle.

2) The positioning of the line (Sl.) in both slides is open 

to considerable inaccuracies as is the location of the 

axis of the small circle in (a )•

However, even if the two circles are not related it seems 

possible to suggest that the fabric represented in slide (a ) is 

earlier than that represented in slide (b ) , since in the area of 

■the most intense folding the simple fabric in (a ) is disrupted to 

form the more complex B^B tectonite of (b ) • It is suggested there- 

'̂ore, that slide (a ) has a pre-P.2 fabric. In the sense that this
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fabric is distributed on a small circle whose axis is inclined at 

a moderate angle to S.l, it resembles the nre-P.2 fabric seen in 

Specimen (ll) where the pre-P.l fa.bric anpeared to have been folded 

by the P.l fold with little modification.

Summary/' and PisciTssion

I_ P.l isocline with curved a.xis, virdle fabrics with the ax '̂s 

of girdle parallel to the fold axis,

II P.2 open symmetrical fold with almost parallel geometry, the 

fabric tends to be aligned on small circles, the axes of which 

are at a moderate a.ngle to S.l. The fa.bric is pre-P.2 and is 

folded by P.2.

Ill P.2 fold with moderately oppressed style. Pabrie entirely 

P.2 with *c* axes aligned sianmetrically either side of the 

axi.8,1 plane.

IP P.2 fold moderately annressed *c* axes tend to be in the axial 

plane.

T Curved axis P.2 fold pre-P.2 fabric where S.l is unfolded,

P.2 fabric whore the P.2 fold rea.ches its maximum development, 

Tecrys tall i sa.t i on

The slides show evidence of a. strong recrystallisation between 

P.l and P.2; this tends to disorient the mica fabric defining S.l, 

e.g. Specimens ("l) and (ll). Where there has been a more complete 

reorientation of the quartz in response to P.2, e.g. Specimen (ill) 

and (iv) although the disoriented S.l is still visible, there is 

evidence of unstrained mica growing axial planar to the second 

folds. The quartz in these rocks shows evidence of slight straining 

the form of undulose extinction and deformation bands. These,
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however, lÿa.y be a later feature of the deformation. It seems clear, 
therefore, tlie.t there has been recip'-stallisation of the quartz, 
tending to form polyoonnl. are.in fabrics both between P.l euri 

and post-P.2.
Specimen (l) seems to indicate an P.l fabric which has survived 

the recrystallisa.tion which the rocks have under-p-one, II shows 

evidence of a. fabric which may be due to flattening (Carter Christie 

and Griggs 1964) • It must be admitted however, that the features 
on which this interpretation is based are not common to all the slides. 
In this specimen a, tendency was noted in. the hinge zone for an P.2 
fabric to develou, this presumably being due to the concentration of 
strain in this area. This tendency for an p,2 fabric to develop in 

an area of stronger P. 2 reorientation is seen ae-ain in (v). The 
specimens (ill) and (iv) seem to be strongly p.2 oriented, though 
possibly odd, maxima which do not fit the scheme, may be explained as 

pre-P.2 fabrics. In these latter two specimens (ill) and (TV), the 
axial planes of the folds anoear to have been zones of a.livnment of 

either rhombohedral planes of the oua.rtz lattice (ill) or of actual 
'C* axes (tv)* It is suggested, therefore, by analogy with other 
workers (Gangopadhyay and Johnson op. cit), that there has been a 
component of shear folding in the genesis of this structure. This 
is also true of the suecimen (ill) because of the obvious alignment 
of rhombohedral planes in the axial plane of the structure. These 
planes may be explained either as the bounding planes of the needles 
of Griggs and Bell, or as the translation planes of Schmidt.

A survey of the more recent literature on the experimental 

deformation of quartz seems to indicate that quartz deforms
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plastically by bend gliding and slip on certain well-defined 

crystallof'Tanhic planes. One of tbp commonest such slip nlanes is 

the basal pinacoid of nn.artz. The nresence of a slip direction on 

this crystallographic plane is evidenced by the occurrence of 

deformation lamellae parallel or sub-narallel to it (Oorter, Ohriotje 

and Griggs on. cit). More recent work by Baeta and A shbee (on. cit) 

reveals the occurrence of a numbpr o^ othpr slin directions in quarto, 

notably the rhombohedral nlane, Slin on rhombohedral nlares may be 

responsible for the minor conce^t^ption of deformation laTnella.e 

poles making an angle of 2n-S0^ with the »c* axes recorded by Carter, 

Christie and Griggs (on. cit), #ie occurrence of identical structures 

in naturally deformed rocks is strongly suggestive thet they have 

deformed by similar mechanisms, Evidence of such deformation lamellae 

may be removed by later rpcrystsllisation leaving the oriented fabric. 

The general absence of evidence for the catalastic textures neces- 

sariT for the Criggs-Bell hypothesis seems to indicate that this is 

an unlikely deformation mechanism in nature.

The petrofabric data described above noses the following 

questions

1) Since there are so many combinations of bounding planes to 

needles and planes of slip, according to the respective 

hypotheses, (although rhombohedra appear to be among the 

commonest detected experimentally) why should rhombohedron 

have been chosen in the case of (ill) and 'c* axes align

ment in (iv)?
2) Howwere these planes and directions rotated into the axial 

plane of the fold?
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3) Ifhj do two different orientation patterns develop from 

similar localities, i.e. (ill) and (rv).
These questions are extremely difficult to answer. It is 

possible that further experimental works will reveal the mechanisms 

of alignment of the various crystallographic planes.

The author feels that in many ways this study is incomplete 

particularly more work could be done on the curved axis folds. This 

sort of study would perhaps reveal the progressive change of a pre- 

P.l fabric as it was modified in a curved axis fold. Also the work 

could be integrated with mica diagrams.
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j) Mechanisms of Fold Formation

a) F/L

It is very difficult to make many meaningful comments about the 
mode of formation of F.1 folds for two reasons; firstly not ail that 
many of the folds have been found and secondly, they have certainly 
teen modified by subsequent deformations. However, the following 
facts are apparent:

1) The folds have a tight isoclinal style; one such fold measured 
(Fig, 31 ) fell into Class Ic of Ramsay's classification although it 
approached quite close to the similar fold model (Class 2).

2) The folds have a strong axial planar foliation though this has 
tended to be destroyed by subsequent recrystallisation,

3) Evidence was put forward that one F.1 fold from the beach at 
Rastaby had a curved axis. This was considered to be a primary 
feature of the F.1 deformation. This curvature, however, at least 
on the scale of the outcrop, is not an ubiquitous feature.

4) Petrofabric diagrams constructed from a number of slides cut at 
intervals round a curved axis. F.1. fold gave 'ac* girdles, the axes 
of these girdles were in each case parallel to the fold axis at that 
point.

Examination of the curved axis fold described above gives a strong 

impression that the material involved was highly mobile at the time of 
ibe fold formation. Such folds have been recorded extensively on the 

neighbouring island of S/r/y by Ramsay and Sturt (personal communication)
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and Roberts (l965)* For some folds of this type in marble on S/r/y 
Eoberts (op.cit) favours the explanation of Nicholson (1963) advanced 
for comparable folds in the Sokumf jell Marble, i.e. uniaxial compression 
causing differential movement within the axial plane of the structures. 
Ramsay (1967)> a discussion of similar folds, suggests that 
variation in compressive strain along the fold axial surfaces may be 
responsible for some of the variations in plunge noted in certain 
similar-type folds. However, application of the parameter of 
Gangopadhyay and Johnson (op.cit.) viz the alignment of quartz 'c* axes 
in the axial plane of a fold as an indication of a similar-type 
mechanism of fold formation, suggests that such a mechanism has not 
been operative in the case of this structure.

The author is inclined to think that they are flow-folds, the 
apparent plasticity of the material may perhaps be explained as being 
due to the relatively unconsolidated state of the sediments during the 
early part of the F.1 deformation, this initiating the curving fold 
axes. As the met amorphic grade rose, the quartz fabric and axial 
plane schistosity became imposed on the folds.

This type of deformation mechanism is consistent with that proposed 
for the F.1 nappes mapped on S/rj/y by Ramsay and Sturt (1963) and 
Roberts (1965) and also by Hooper and Gronow (l9?0) further south in the 
Sandland peninsula. The latter two authors have proposed an anti
clinal rise in the Sandland area, this based on two criteria; firstly 
■the presence of gamet-gneiss in the area of the proposed rise, this 

representing deeper crusal material. Secondly, and more important, is 
ĥe fact that the large F.1 recumbent folds either side of the proposed 

rise have opposed senses of transport. To the east, on S/r/y they 
close eastwards and to the west, they close westwards. Possibly this.
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therefore, represents a basement culmination with nappe transport by- 

gravity gliding away from this zone. Sturt and Ramsay have questioned 
this hypothesis on two counts: firstly they say that the regional
ubiquity of gamet-gneiss invalidates its use as a criterion for the 
presence of an anticlinal rise; secondly, elsewhere Gronow has stated 
that the regional metamorphism of the gamet-gneiss is post the local 
F.2 folding. Despite these objections the opposed senses of transport 

remain.

B.A. 8-turt (personal communication) has said that on S/r/y the axes 
of F.1 minor fold axes on the limbs of the major folds, have a considerable 
degree of curvature. In the hinge zones of these folds however, the 
folds approach a cylindre id al geometry. This is consistent with the 
flow hypothesis, since in the hinge zone of an advancing recumbent fold, 
minor folds would tend to be rotated into parallelisim with the hinge 
line, whereas on the limbs, they would be freer to take up other more 
random attitudes, dependent on local flowage gradients.

It has not been possible on E. Seiland to locate any major F.1 
folds and hence relate the position of the folds described to such 
structures. However, it seems likely that the Seiland folds are comparable 
to those on Sj/r̂ y.

kl The Second Fold forming Deformation F.2

The conditions under which F.2 folds formed differed considerably 
from those prevailing during the F.1 folding. Previous to F.2 the rocks 

Rod undergone high grade regional metamorphism, and intense deformation#

metamorphic grade had waned to sub-gamet grade conditions by the 
commencement of F.2. A summary of the various features of F.2 folds
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will now be given:

1) There is considerable evidence of a lithological control of fold 
styles. Uniform massive psammite lithologies tend to favour a 
concentric cylindreidal geometry, whereas mixed pelitic, semi-pelitic 
and psammitic units favour a more acute fold style with the formation of 
folds with strongly curving axes. These latter types are also 
characterised by elasticus structures and evidence of decollement along 

the contacts of the pelitic and psammite units.

2) Evidence of curvature is provided by:-

a) The great circle distribution of fold axes on stereograms.
b) Hand specimens of folds with strongly curving axes.

3) This curvature appears to begin early in the history of fold 
formation. The following factors indicate this:

a) Symmetrical minor buckles, which represent incipient 
curved-axis folds, are periclinal*

b) Curved-axis folds which develop laterally from unfolded 

layering can never have been at any stage, cylindreidal*

4) Lineations associated with the curved-axis folds are generally of 
the intersection type. Consequently they curve with the fold hinges.

5) Geometric studies indicate :

a) Most of the folds conform closely to the flattened buckle 

model of Ramsay
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b) Many have a Class 3 geometry in the hinge zone and a Class 
IC geometry on the limbs. This combination produces 
closeness to the similar fold model.

0) Intra-layer flov/age is suggested by the constant increased 
thickness of synforms relative to antiforms. This feature 
cannot be explained solely by differential extension in 'a*.

6) Petrofabric diagrams for F.2 folds give slightly contradictory 
results. However, in general :

1) F.2 destroys the pre-F.2 quartz fabrics to various degrees. 
The most complete destruction is seen in the cylindroidal 
F.2 folds from Komagnes. These show evidence of:-
a) Shear folding by the alignment of quartz 'c* axes in the 

axial planes of the folds. Gangopadhyay and Johnson 
(op.cit).

b) Alignment of rhombohedral planes of quartz in the fold 
axial planes, possibly due the use of these as trans
lation planes.

Discussion

Veil (1960) states that "during the advanced stage of H. 1 folding 
the axes of monoclines and their parasitic folds begin to curve. For 
large monoclines in competent rocks this can be the case from the 
Regiming of folding". He states that this curvature is particularly 
pronounced in zones of strong deformation, it particularly affects the 
parasitic folds of the overturned and steep limbs of monoclines, whose 
axes may remain horizontal." He gives four possible reasons for the 

development of this phenomenon:
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They curve owing to unequal stretching along the strike of (S.l) 
(internal rotation).

2) The folds form with normal axes, the limbs are then thinned and 
detached and the hinges are rotated passively between surrounding (S,l) 
planes (external rotation).

3) (SS) is buckled before (S.l) forms and the buckles are intersected 
by straight (S.l) planes.

4) (SS) planes are intersected by (S.l) planes of different attitudes.

For reasons already discussed it would seem that the curvature of 
these structures on Seiland is initiated from the very beginning of the 
folding process. It would seem necessary, therefore, to look for some 
deformation process capable of producing this effect.

Campbell (195S) quotes and enlarges on some of the ideas of Tokuda 
(1926-27) concerning the origin of periclinal fold systems. Tokuda 
glued a piece of rice paper to a board and induced fold formation by 
pushing the rice paper with his thumb. The forward movement of the 
paper induced by the thumb produces secondary tensional stresses either 
side of the thumb. A combination of these two stresses produces a 
periclinal fold system. Campbell enlarges on this; he envisages the 
application of a shear couple F-F to rock material. (The direction of 

shear presumably lying in the layering). He states:- "the initial 
result is the development of a fold caused by F-F. At an early stage, 
RRe induced (oblique) forces S-S develop sufficient strength to dominate 
Rhe detail of foldformation". This combination produces en-echelon 

Periolines, the axial traces of which are normal to the shear directions 
F-F.
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It would appear that this explanation is not viable for the folds 
on E. Seiland, since it is difficult to see how such a regional shear 
couple could be produced, and in any case such a stress field is not 
easily reconcilable with the development of 8.2, the F.2 axial planar 
schistosity.

It seems to the author that the problem is not how the folds 
continue to develop curved axes, but how the initial periclinal buckle 
is developed. There does not at the present time seem to be any 

rational explanation for this. It seems only possible to say that the 
curvature is initiated at the beginning of folding by some form of 
differential movement within the axial plane of the structure.

Once this curvature has been initiated there are a number of ways 
in which it can develop. Toll claims that all the possibilities he 
advances have been observed with the possible exception of l).

Fig. 13 gives some due to the movements that have taken place in 
this fold structure. Consider the following table:-

Table 6 from Fig. 13 (P )

Section Minimum Limb Thickness 
(m.m.)

Maximum Hinge Thickness 
(m.m.)

A 4 . 9B 3.7 8
C 4 8.5
D 4 10
E 3 9F X X



There are relatively few readings here but it is possible to pick 
out a trend o Tie re is a relative constancy of limb thickness at around 
4 mm. In the hinge zones, however, there is a progressive increase in 
thickness, until the maximum is reached where the fold reaches its 
maximum development. It has already been noted that in one fold, 

differential flowage of material appeared to have taken place. It was 
proposed that this had taken place from the limbs to the hinge zone.
The above figures suggest that there has also been movement of material 

along the hinge line from the depressions to the culminations of the curved 
axis folds. This was presumably accompanied by stretching in the 'a* 

direction, but this stretching cannot account completely for the vari
ations in thickness, which must be partially due to flowage. These 
facts are expressed diagrammatically in Fig. 38A.

Another factor which may help the curved axis folds to decrease the 
radius of curvalure of their hinge line is the decollement effect between 
pelitic and psammitic units. This effect may be to some degree 
responsible for the strong development of curved axis folds in mixed 
pelitic and psamniitic units. The possibility of flowage of material 
towards the culmination has already been mentioned for psammitic units.
This flowage probably occurs in greater measures in the incompetent 
pelitic layers. A greater volume of pelitic material in the area of a 
culmination will greatly facilitate the sliding of successive psammitic 

bands over each other using the pelite-psammite contact on a plane of 

decollement. This is illustrated in (Fig. 383. and C. )

This sort of effect has already been discussed in (Fig. 10. P-5^-)

Tn this example, however, actual detachment of the pelite-psammite 
Ronndary took place. Similarly, detachment at psammite-pelite 
Roundaries in Plate 95 has allowed a change of style of minor folds with
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Plate 95- F2 buckles in banded quartzite, Upper Komagnej 
Group, Rastaby.
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depth to occur in the mere major structure.

In this particular structure there is some variation in the trend 
of the minor folds as indicated by Figs. 15A and B. These minor 
folds were also observed to be periclinal in nature. This implies 
a varying degree of psammite-pelite detachment along the axis of the 
fold, which would seem to indicate that the decollement effect does 

considerably facilitate the development of these curved axis structures.

It seems obvious, therefore, that flattening considerably accentuates 

the curvature of fold axes. This is greatly helped by the processes 
described above. B, A. Sturt (personal communication) has indicated 
that curved axis F.2 folds on S/2:j/y have been noted to develop the 
maximum degree of curvature in the short limbs of F.2 folds, i.e. these 

area that have undergone the maximum degree of flattening. This must 
also be the case on E. Seiland, since it has already been noted that 
most F.2 folds are located in the steep limbs of the more major 
structure. The long limbs have a relative dearth of fold due to the 
stretching they have undergone. These observations are in line with those 
of Veil (op.cit.), who has said that the folds particularly affected 
by curvature are the "parasitic folds of overturned and steep limbs of 
monoclines". The complete evidence from Seiland, however, would seem 
to differ slightly from Toll’s in that on Seiland the curvature is 
initiated at the very beginning of folding.

Thus, a picture emerges of the initiation of periclinal buckles and 
the subsequent modification of these structures to produce the curved 

folds. This process can be envisaged as modifying the sensibly 

concentric buckles initially formed, throu^ a number of stages until 
"tbey approach quite closely to the similar fold model. This process of
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modification would appear to take place, in response to flattening, by 
flowage within the layering coupled with some extension in the *a' 
direction. It is also greatly facilitated by the decollement effect.

In seeking for some clue to the mechanism of rock flow involved, the 
petrofabric studies for the curved axis folds are not very helpful, 
particularly Specimen (v). There does not appear to be any rational 
alignment of quartz 'o' axes or any other crystallographic directions.
It can be said that the generation of the fold along its axis seems to 
be marked by an increase in the complexity of the fabric. The elements 
of this fabric do not seem to be directly related to either the fold 

axis or the axial plane. Probably this complexity is a reflection of 
the three-dimensional flowage that has taken place within the fold.

Despite the fact that there is a strong axial-planar foliation in 
the pelite bands associated with the curved axis folds, it does not seem 
that this plane has been the main plane of flowage. Layer boundaries 
between psammite and pelites are sharp and distinct. This would seem 
to preclude flowage across the layers. It would appear therefore that 
flowage is contained within the layer boundaries, with the pelitic 
layers accommodating to the fold shape taken on by the more competent 
psammite. -

The ideas of Donath and Parker (l9&4) are particularly relevant to 
the study of these structures. They assign folds to four fields of 
folding Î

a) Quasi Flexural
b) Passive
c) Flexural Flow
d) Flexural Slip
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The mechanism of folding that will operate in any particular case 
will depend on the mean ductility and the ductility contract of the deform
ing strata» The mean ductility represents the behaviour of the most 
abundant rock type, the ductility contrast represents the contrasts in 
ductility between the various layers present. Where the rock is 

homogeneous the ductility contract will be low. Thus, to some degree 

this parameter reflects the presence or absence of layers of different 
lithologie type. Both these quantities are dependent on environmental 
conditions i.e. pressure and temperature, which may change during the 
course of deformation.

The curved axis folds discussed above would seem to fall into the 
flexural flow group, which according to Donath and Parker (op.cit) form 
under conditions where the mean ductility is moderate and the ductility c 
contrast is low-hi^. They say:- "ÎÆaterial moves towards or away 
from hinges in flexural flow folding; the redistribution of material 
within the layers is most commonly reflected by relative thickening at 
the hinges and thinning on the limbs. Wliere there is high ductility 
contrast and appreciable flow in the hinge, the more ductile layers 
may show development of cleavage. Commonly flow occurs to differing 
degrees within different layers but it is always restricted to layer 
boundaries and the presence of layering is clearly essential for 
flexural flow folding".

These characteristics accord very well with the ideas discussed above» 

^e Lower Komagneg Croup

The folds in the Lower Komagnes Group differ in a number of
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imporbajit respects from these of the higher units of the Komagnes Group.

1) They do not show such a strong tendency to develop curved axes,

2) Fabric diagrams of folds from the beach locality at Komagnes show the 
orientation of either 'c' axes or rhombohedral planes of quartz within 
the axial planes of the fold.

No geometric studies have been carried out on these structures. 

Superficially, however, they show many of the characteristics of the 
folds from the Upper Komagnes Group, Also it must be admitted that 
two fabric diagrams do not constitute sufficient evidence to make a 
detailed assessment of the folding mechanisms operative in the whole 
of the Lower Komagnes Group; nevertheless the differences in both 
lithology and fabric remain.

One of the principal differences between the Lower Komagnes 
Group and the rest of the Group is the lithology; the lower Group 
consists of rather uniform flaggy micaceous psammites with thin 

interbedded schist bands. In general, the lithologies above this 
consist of a much closer interbanding of psammitic and politic units.
It seems probable that this difference may be responsible for the 
difference in fabric. It was mentioned above that, superficially at 
least, folds on the Lower Komagnes Group resemble geometrically the folds 
of the Upper Group except in the respect that they do not have curved 
QXes, It seems likely that they are also of Class IC, i,e, modified 
buckle folds. They frequently show thickening at hinges and attenu

ation on the limbs and some decollement features have been noted.

These observations point towards an origin by buckling. It seems
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likely that subsequent to their initial origin as buckles an element 
of shear folding has entered into their development. This inter
pretation is based on the alignment of quartz 'c' axes and rhombohedral 

planes in the axial plane of the folds. Gangopadhyay and Johnson (op.cit.)

It seems possible that the absence of a well-defined lithologie 
handing favours the development of this type of process in preference to 
the intra-layer flowage noted in the curved axis folds, where a well- 
defined intercalation of politic and psammitic units is apparent. In 
this latter type of situation each successive band has a distinctly 
different competence when compared to its neighbours and hence such 
adjustments as take place tend to occur within that layer. Where 
the lithologies are unifom, however, the layering no longer has much 
significance and can begin to react more passively.

Explained in the terras of Donath and Parker (op.cit.) the rocks 
of the Upper Komagnes Group would have had a high ductility contrast 
and a moderate mean ductility, whereas the psammites of the Lower 
Komagnes Group would have had a low ductility contrast and a moderate 
mean ductility. This latter combination may favour the development 
of passive folding later in the deformation process.

8). Boudina9:e on a iiinor Scale

Introduction

The rocks of Eastern Seiland show evidence of having undergone 
veiy considerable boudinage. The rock types most frequently involved 

iu these structures are as follows:
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-]) Amphibolite in schist or psammite.
2) Granite gneiss or pegmatite in schist or psammite.
3) Psammite in schist or semi-pelite.
4) Calc-silicate bands in schist.

Boudinage is recognisable on all scales and in many cases it has 
been of such intensity that individual pods cannot be related to 
comparable pods in the immediate vicinity.

It has not always been possible to relate individual boudins to any 
one of the two fold-folding deformations. It is very probable that 
much of the boudinage is related to the pre-F2 flattening deformation 
which will be discussed later (P.l'Xo). It is clear, however, from
many minor folds with boudins on their limbs, that these have been
formed by stretching during the F.2 folding.

However, vdiere a boudin pod occurs in isolation and does not appear 
to be related to any particular fold locally it could have arisen in 
one of two ways.

1) By stretching on the long limbs of large F.2 folds.
2) By compression perpendicular or sub-perpendicular to the layering 

in response to the above-mentioned flattening defoliation.

In this respect the trends of individual boudins are of no assist
ance. Where they can be observed in three-dimensions on banding or 

schistosity surfaces they often appear to be almost equidimensional.

39 shows this; it is a plot of the long-axes of individual 
toudins measured most frequently in two dimensional exposures. In 
such exposures, it is often difficult to obtain a clear idea as to



FIG 39

BOUDIN LONG AXES



what is the true long axis of any boudin pod. The great circle 
distribution shown by the stereogram is undoubtedly caused by a 
combination of these factors. This great circle represents the 
average disposition of the layering.

East (1956), in a paper on the boudinage of Central Perthshire 
distinguishes between what he calls tectonic inclusions such as 
relict fold closures, which he regards as being of compressionaJL 

origin, and true boudinage which is generally manifested by imperfect 
oval or lozenge-shaped bodies of amphibolite. These he regards as 
being of tensional origin. He recognises two varieties of boudinage 
in the Perthshire area.

1) Barrel-shaped variety

In this variety the internal schistosity of the pod is parallel 
to the outer surface, at the edges it is sharply pinched in. Any 

two boudins are separated by a quartz vein which usually sends off
shoots into the adjacent boudins.

.2) Lozenge-shaped variety

These are formed by rotation of lozenge-shaped joint blocks, using 

the joint planes as surfaces of slip.

The differences between these types Hast says can be explained as 
being due to differences in the behaviour of the materials involved, 
^en the boudined material is effectively rigid relative to the 
incompetent material, it will develop joints at an early stage of the 
Reformation. If these joints are not at right angles to the layering, 
subsequent shearing stress will rotate each segment as the extension



proceeds.

The barrel-shaped boudins East suggests, are formed by a process 
known as necking which proceeds as follows:

a) Extension of the competent layer accompanied by plastic deformation 
or necking.

b) Ultimate fracture when extension surpasses the plastic limit.

c) Separation of the individual segments and formation of tectonic 
inclusions.

Eamberg(l955) and Eamsay (19^7 p.106), see the shape of the boudin 
pods as being a function of the competence difference between the 
materials involved. If there is a large competence difference between 
the boudin pods and the enclosing rocks, the pods will tend to have a 
rectangular shape due to the absence of plastic necking previous to 
separation. The space between individual pods is thus usually 
filled with a quartz or calcite vein or with the incompetent host.

When the competence difference is small pinch-and-swell structure 
develops by plastic eleongation. This may ultimately form lenzoid 
boudin pods. The incompetent material in this case flowing into 

the space between boudins. There is every gradation between these 
types. The barrel-shaped variety of East represents a type in which 
there has been some plastic flowage within the boudin pod itself, 
caused probably by the frictional drag exerted by the incompetent 
Material flowing towards the boudin nodes.

Eamberg (op.cit.) appears to differ from East concerning the 
Mechanism of boudin formation. He points to the frictional drag and
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flowage effects seen in the incompetent material surrounding boudin 
pods as being evidence that they are most frequently caused by a 
compressive stress acting perpendicular or at obtuse angle to the 

layering’, i.e. they are of compressional origin. Coe (l959) points 
out that in order to obtain boudinage in this way beds must be 

isoclinally folded or the boudinage must be formed by extension 

parallel to fold axes during cleavage folding. He says that the 
most commonly described boudinage appears to be due to extension on 
fold limbs. It seems to the author that boudinage could quite 

easily be produced in the way suggested by Eamberg in non-isoclinally 
folded beds, thou^ the boudin pods would tend to be offset relative 
to one another in an en-echelon fashion.

Eamberg notes that many boudins are more or less equidimensional 
in shape when viewed in the plane of the schistosity, this he says is 
consistent with a two-dimensional expansion in the plane of the 
schistosity; in other cases boudins are rod-shaped bodies oriented 

perpendicular to mineral elongation in the adjacent schists and 
gneisses. These, he says, are formed by one-dimensional expansion.
The isolated pods seem in Eastern Seiland would seem to indicate that the 

rocks have undergone strong two-dimensional expansion in the plane of 
the schistosity.

a) Pre and Syn 7.2 Boudinage

It has not been possible to relate any of the boudinage to the 

F*1 deformation, the examples discussed are, therefore, associated 
with the E.2 deformation. Where pods of material are arranged 
systematically round a fold structure, it seems probable that their 
disposition is due to the stretching that must occur, especially on



Plate 96. Boudinage associated with an F2 fold. 
Trollvann Group, east of Vasbugt.



the long limbs of folds during the folding process.

Examples of this type of structure are shown in Plates 71 (p. )

and In Plate 71 the long limbs of the folds are marked by strong
attentuation and boudinage. The short limbs of the folds are relatively 
much thicknened. Pig. 40 A and B show some similar features. It is 
difficult to say in the case of 40B how much of the boudinage is due to 
stretching during folding and how much is due to post folding flatten
ing; probably both have played their part in the development of this 
structure. Plate 97 shows one of the calc-silicate bands in the 
Olderbugten Group here involved in an P.2 fold in semi-pelite. It is 
obvious from the Plate that the calc-silicate has undergone some 
boudinage during the actual folding. However, these calc-silicate 
bands are quite common within the Olderbugten Group and they 
always occur as highly elongated lenses. This close association with 
an P. 2 minor fold is the exception rather than the rule for their 
occurrence.

The Olderbugten Group shows much evidence of having been strongly 
effected by the flattening deformation. It seems likely that much of 

the attenuation associated with these calc-silicate bands is due to 
this pre-P.2 deformation. Some crédence is lent to this idea by 
Hate 98. This shows the typical lithology seen within the shear zone; 
the blasto-mylonite banding and the strongly augened felspar porphyro- 
blasts, together with the lensoid boudin of basic material.

Both Eamberg (op.cit) and Eamsay (op.cit.) attribute the develop
ment of lensoid boudin pods to a slight difference in competence be
tween the boudin and the host rock. Pinch-and-swell structure (Plate
99 and 100) represents incipient boudinage under conditions where the 

extension is accompanied by plastic necking (East op.cit.) Further
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Plate 97» Folded and boudinaged calc-silicate band. 
Olderfjord Group, east of Olderfjord.

Plate 98. Boudinaged basic material, note the augening of 
the felspar porphyroblasts. Olderfjord Group, 
north-east of Hjz^nsebyvann.



Plate 99° Pinch-and-sv/ell in the Olderf jord Group, 
east of Olderfjord.

Plate 100. Boudinaged basic material in the Olderfjord 
Group psammites. East of Olderfjord.
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extension results in separation at the nodes to give discrete pods,
(e.g. Plates 101, and 102). The latter plate shows a small fold at 
the node of boudin pod. This was probably formed by the frictional 
drag exerted by flowage of the incompetent host adjacent to the 
competent pod towards the boudin node (Bamberg, op.cit.) Plate 

103 shows a boudined felspathised psammite band within the 
Olderbugten Group. Here the competence difference between host and 

boudin may have been slightly greater because althou^ the pods 
tend to maintain a lensoid form there is evidence of a quartz- 
filled crack at the node of the structure. It is interesting 

also to note at the top of the photograph the presence of a 
detached P. 1 Fold. Bast, in his paper, says that such structures 

are of a compressional origin whereas true boudinage is of tensional 
origin. The occurrence of these two structures together seems to 
favour Bamberg's (op.cit.) idea that most boudinage is of a 

compressional origin. Plates IO4 and IO5 show boudinage developing 
in lithologies with a slightly greater competence difference.
Plate 104 shows the development of some quartz segregation in the 
node. Plate IO5 shows a classic barrel-shaped boudin. The 
pinching in at the node of the structure has undoubtedly been caused 
by plastic flowage within the boudin pod itself in response to the frict
ional drag exerted by the relatively incompetent psammite flowing 
towards the node. Both these examples occur in the Hammeren gabbro 
which is a gabbro body intimately interlayered with the psammitic 
countly rock.

There are a number of examples of boudins which do not conform 
to the lensoid shape described above, they may tend towards a more 

equidimensional shape, or the long axis of the structure may be 
aligned perpendicular to the layering. Such a structure is seen in



Plate 101. Boudinaged basic material in the Olderfjord 
Group, north of Storvamio

Plate 102. Boudinage in the Olderfjord Group, east 
of Olderfjord.



Plate 103. Boudinage in the Olderfjord Group, east 
of Olderfjord.

Plate 104. Boudinage in psammite and interbedded
Hammeren Gabbro. Olderfjord Group, east of Storvann,
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Plate 103. Barrel-shaped boudin in Olderfjord Group
Psammites and Hammeren Gabbro, east of Storvann.

Plate 106. Boudin pod of gabbro in granite gneiss, 
south-east of H^sebyvanuo
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Plate 106. Here the disposition of the layering in the granite- 
gneiss host can be seen at the top left hand corner of the plates, 
the boudined pod clearly has its long axis transverse to this. As 

a general rule, the basic material contained within the meta-sediments 
is concordant with the layering, however, there is some evidence that 
this is not always the case. It seems likely that the irregular 
shape of this pod of basic material is due to boudinage of a basic 
sheet which was originally transverse to the layering. This will be 
discussed further in the section on major boudinage. Other examples 
of boudins with shapes tending towards the equidimensional are 
given in Plates 107 and 108. This bulbous shape, which is also 
recorded by Eoberts (1963) on S/rj/y, only seems to occur in boudined 
basic material. It must again be partly due to competence differences 
combined with possible original variation in shape of the basic 

material involved.

If we accept the idea that the shape of boudin pods will depend 
on the competence difference between the materials involved and 
this seems to be reasonable, it must be true that this competence 
difference will vary with met amorphic grades. At low grade the 
differences will have their maximum affect, at higher grades however, 
they will tend to converge. Thus at different metamoiphic grades 
the same rock will tend to form boudins of different shape and 
separation. The extreme separation and general lensoid nature of 
the boudins on Seiland is indicative of a fairly high met amorphic 
grade.

b]_ Post F.2 Boudina-ge

Within the Komagnes Group occur a series of very distinctive boudinage



Plate 107o Boudin pods of gabbro in migmatitic Olderbugten 
schists. Shore of Eidvaagenfjordo

Plate 108. Boudin pod of gabbro in adamellitic gneiss,
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structures which are strongly discordant to the local Fo2 axial trend. 
They appear to have been formed in a somewhat more brittle environment 
than is apparent for the F.2 fold structure. They are particularly 
well exposed on the coast section from Komagnes to Vastbugt, though 
a number have been recorded in the less well-exposed ground inland.

They may be described as oblique boudins in which successive 
boudin pods are offset relative to each other (see Plates). The 
nodal areas thus, have the form of asymmetric folds. These areas 
are frequently filled with vein quartz. This feature coupled 

with the frequent blunt-ended shape of the pods, gives the impression 
that the rocks were rather brittle during this phase of deformation. 

Occasionally amphibolite sheets are involved in the boudinage 
(Plate 109) though usually the structures occur in what appears 
to be relatively uniform flaggy psammite, often it is difficult to see 
why boudinage should have taken place at all, since the competence 
differences which must be present are not reflected in any distinctive 

changes in lithology. Plates 110, 111, 112, 113 and II4 show 
examples of these structures. In some cases there is evidence of 
a certain amount of plastic necking in the pods e.g. Plate 110 and 
111, this tending to give a somewhat lensoid-shape to the pods, In 
other cases the pods are somewhat more rectangular, e.g. Plates 112, 113< 
Plate 114 illustrates the frequent angularity of the nodal area 
when viewed on banding surfaces. It can also be seen how this may 

die out rather rapidly along the axial line. Plate 115 shows a 
plan view of this nodal area and illustrates the fact that successive 

boudin pods may not have parallel alignment of their respective long 
axes,

A number of measurements of trend and disposition of axial plane



Plate 109, Oblique boudin in the Komagnes Group, Vasbugt

Plate 110. Oblique boudin, Komagnes Group, Vasbugt.



Plate 111. Oblique boudin with quartz in the nodal area, 
lower Komagnes Group, Komagnes®

P la te  112. O blique boudin in  fla g g y  psammite o f th e
Komagnes Group, Vasbugt®



Plate 113. Oblique boudin, Upper Komagnes Group, 
east of Rastabyvann®

P la te  l l 4 . Oblique boudin in  th e  Komagnes Group, Vasbugt.



were made on the asymmetric folds that develop in the nodal areas 

of these structures* A plot of these measurements is given in 

Fig* 41 -A. and B, It can be seen that these structures have a 

general westerly trend with a variable plunge, this variation in 

plunge is attributed to the fact that the structures have been 

imposed upon a layering with a slightly variable dip, this being 

due to the presence of F.2 folds. Ttie axial planes of the nodal 

areas likewise have a somewhat variable orientation, though an 

average dip towards the north-west is apparent. Also plotted in 

Fig. 4ld are a mmber of quartz-filled gashes which occur in the 

rocks, frequently they are not obviously associated with boudins.

These were treated, for the purposes of measurement, as planar 

structures, and it can be seen that they tend to have a similar 

orientation to the axial plane. It is apparent that 5 out of 8 

of these readings are close to the average disposition of the axial 

planes. These gashes are illustrated in Plates 116, 117, 118 

and 1l9o They achieve quite large dimensions and are often 

rhomboid in form, (e.g. Plate 116), or may simply be quartz veins 

aligned across the layering. Frequently they are associated with 

much quartz veining along the layering. Plate 119 shows an 

en-echelon arrangement of gashes as does 118, though the sense of off

set of the echelons is different in these two cases. There does not 

seem to be any constant sense of offset in their development, it 

seems-only possible to say that in general they have a tendency 

to dip to the north-west at moderate angles. There seems little 

doubt that these are tension gashes; the forces responsible for their 

development will be discussed presently.

Examination of the Plates indicates that the gashes are associated 

with rathergentle asymmetric folds of the same type as those seen
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Plate 115. Plan view of the nodal area of an oblique 
boudin. Komagnes Group, Komagnes»

/

P la te  116. Q u a r tz - f i l l e d  te n s io n  gash , Komagnes Group, Komagnes,



Plate 117. Contorted quartz-filled tension gash, 
Komagnes Group, Komagnes.

P la te  118. Q u a r tz - f i l l e d  te n s io n  gash es , Komagnes Group, Komagnes.



Plate 119. En-echelon quartz-filled gashes, Komagnes 
Group, Komagneso

P la te  120. In c ip ie n t  boudinage developing in  a s s o c ia t io n  w ith
a q u a r t z - f i l l e d  te n s io n  gash . Komagnes Group, Komagnes,
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in the boudin nodes, Plate 117 affords evidence that these folds 
post-date the development of the gashes. Just right of bottom 
centre of the plate, associated with the left hand diagonal quartz 
vein there is a little contiguous vein occuring as an offshoot 
parallel to the layering. This little vein has been folded into 
a small monoclinal flexure. This strongly suggests that the whole 
vein was emplaced before folding took place and that the gashes have 
been rotated by the folding,

Plate 120 shows a very similar quartz-filled tension gash 
associated with an incipient boudin. This boudin is of the barrel- 
shaped type of East. Here again it is rather difficult to see why 

boudinage should have been initiated in this lithology.

In summary it would appear that those rocks have been subjected 
to a period of tension, which led to the development of tension 

gashes and probably initiated the boudinage.

Along the beach exposures discussed above a number of folds have 
been observed which have similar trends and styles to the folds 
associated with the boudin nodes. The structures, however, are 
not obviously related to boudin nodes neither are they related to 
tension gashes. Examples of these structures are given in Plates 
121, 122, and 123. It could be argued in the case of Plates 122 
and 123, that the boudin pods are not seen but occur beneath the 

surface. This, however, cannot be true for Plate 121. Further 
evidence of the independent development of these folds is provided by 
Plate 124. This shows a boudin pod which has undergone folding by a 

structure with a similar trend and disposition of axial plane as the



Plate 121. Fold associated with the oblique boudins, 
Komagnes Group, Komagneso

Plate 122. Monoclinal fold associated with the oblique 
boudins. Komagnes Group, Komagneso



Plate 123. Monoclinal fold associated with the oblique boudins, 
Note the vein quartz in the axial plane. Komagnes 
Group, Komagnes.

Plate 124. Folded boudin, Komagnes Group, KomagneSo



folds in the nodes of the boudins.

Mode of Formation of Oblique Boudins and Associated Structure.

From the above observations it is possible to recognise a series of 
structural events which may be summarized as follows;-

1) Development of tension gashes plus probable initiation of 
boudinage.

2) Rotation of boudins and tension gashes leading also to the 
development of folds.

These events can be regarded as being part of a progressive 
defoliation sequence. Their temporal arrangement is almost 
certainly due to the change in orientation of the stress-field 
to which the rocks were subjected. Ramsay (1967) has argued that 
a shearing couple is not necessary for the formation of oblique 
boudins. His experiments indicate that these structures can be 
formed by an asymmetric arrangement of the layering within the strain 

ellipsoid. This is undoubtedly true for the mo del which Ramsay 
discusses however, in the case of the Komagnes boudins, the sequence 
of structural events which have been discussed above, are not 
easily reconciled with the simple oblique compressive stress 
proposed by Ramsay, particularly the later formed folds are difficult 
to explain using this model* The whole deformation sequence seems 
to be easily explained by the development of a shear couple.

The earliest feature of this deformation sequence appears to 
he the development of the tension gashes; it was suggested that 

these had probably been rotated by the subsequent folding such that
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they dipped towards the north-west, to what degree this rotation has 

occurred is very difficult to estimate. However, it seems likely 

that they were initiated at a high angle to the layering, possibly 

with a slight to moderate dip towards the north-west. This type of 

orientation is consistent with a compressive stress either normal or 

at a high angle to the layering, since tension gashes are said to 

f om normal to the direction of maximum extension of the strain 

ellipsoid. This compressive stress was almost certainly responsible 

for the initiation of the boudinage as well. The rest of the deforma,- 

tion, the rotation of boudins and folding, can be explained as being 

due to a shear couple acting along the layering in an approximately 

south-easterly direction. This latter statement is based upon the 

fact that the axial planes of the boudin nodes dip towards the 

north-west, thus the sense of transport, the 'a’ direction is towards 

the south-east. Tliis hypothesis is doubly attractive since the 

sense of translation on the thrusts which sepa.rate the Pre-Cambrian 

from the overlying Caledonides on the ajdjacent mainland is towards 

the south-east. (Reitan 1963). If the Komagnes boudins can be 

linked with these major thrusts it would appear that initially the 

rocks were subjected to a period of compression approximately normal 

to the layering, a shear couple then developed as a result of the 

thrusting; this was responsible for the rotation of the boudins 

and the development of folds which ma^’’ be regarded as being drag 

folds, Boudins and tension gashes were especially susceptible to 

these rotational forces since they represented disruptions of the 

planar aspect of the layering, thus inhibiting interlayer slip.

It is of considerable interest that in a politic layer occurring 

within the psaramites on the peninsula at Komagnes, a number of t i ^ t  

folds occur. The average trend of their axes is 282° with a plunge
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of 32°. The axial planes strike 033° and dip 44°1T. This is rouglily 
the attitude of the rotated boudins. It seems likely that these are 

true drag folds resulting from the rotational shear couple discussed 
above.

The deformation sequence outlined above can probably be regarded 
as being" continuous, the initial compression across the layering 
was perhaps due to the building up of the stresses prior to thrusting, 
lïhen the yield point of the material was reached rupture and thrusting 
occurred giving rise to the rotational shear couple. Thus, this 

sequence of structural events appears to have been caused by a change 
in the position of the strain ellipsoid relative to the layering rather 
than a change in the orientation of the layering within the strain 

ellipsoid of the type discussed by FIinn (1962) and Ramsay (l967)«

A statement of îèitan (l963) concerning the Pre-Cambria rocks 
of the Komagfjord tectonic window on the adjacent mainland is 
relevant to the arguments stated above. "The general antiforms 
of the Pre-Cambrian rocks constituted an obstruction to the 
overriding Caledonides with the result that the foremost (most 
north-westerly) portions of the Pre-Cambrian rocks were dragged 
along by the Caledonides being pulled up the curving thrust planes 
along which rupture occurred". It seems likely that this dragging 
mechanism could well be responsible for the Komagnes boudins.
The obvious low metamorphic grade prevailing during the formation 
of these structures is consistent with the late brittle nature of 

the mainland thrusts.
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9) Boudinage on a îfejor Scale

The intense boudinage to which this part of Seiland has been 

subjected is further underlined by an examination of the map 

(see wallet). One of the striking features is the disjointed 

lensoid nature of many of the lithological groups. This 

applies particularly to the various gabbro bodies, especially 

the Hammer en gabbro in the west of the area. The outcrop of this 

body is dominated by a series of lenses which are generally 

elongated in a north-south direction, in the field the dip always 

steepens markedly at the contract of these bodies. This type of 

outcrop pattern can be interpreted in one of three ways:

1) The pods are periclinal fold cores

2) They are boudin pods.

3) They are both.

Examination of the smaller pods of gabbro that occur in the 

f jell above Sidvaagenf jord indicates that they are certainly 

boudin pods; the banding in the enclosing schist can be seen to 

be sweeping round the gabbro in typical boudin fashion. This 

interpretation also seems to be the most likely one for the larger 

pods of Harameren gabbro seen in the west of the area.

Just south of the large outcrop of the Eidvaagtinn adamellite 

there are two large gabbro pods with anomalous trends. In contrast 

to the other large pods they have an approximate east-west trend. 

This may be explained satisfactorily by the thesis that the original
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gabbro intrusions were discordant to the layering, whereas most of 

the gabbroic material was intruded as sheets concordant to the layering. 

This type of discordance has been observed elsewhere in the fjell to 

the west of Vasbugtvami. The forces responsible for the boudinage 

acting on such a cross-cutting body would lead to the development of 

the anomalous trends described above.

Further evidence of the intense boudinage of basic sheets 

is seen in the Komagnes Group, within the outcrop of the psaramites , 

in southern Vasbugt occurs a lens of highly altered basic rock.

Inland of Komagnes occurs another lens of an identical rock typel 

These lenses are some 2 kilometres apart. If they were once joined 

this separation would seem to indicate very intense stretching; it 

is of course hypothetical to suggest that they were once joined since 

there may be intermediate pods which are not exposed.

The development of these large scale boudins is not confined 

to the gabbro sheets. It can be seen that the granite outcrop 

above Sidvaagenf jord has a rather fringe-like form. The dips in 

the enclosing Olderbugten Group are quaquaversal to this outcrop 

pattern. Thus, these bodies of granite, several tens of metres in 

a real extent, are in fact large boudins pods. From the map it 

would seem that the stretching direction for these pods is approx

imately north-south, this being normal to the plunge of the pod as 

discerned from the map. This is, of course, consistent with the 

direction of elongation of the gabbro pods. However, it is not 

possible to estimate the degree of stretching that has occurred 

parallel to the plunge of the pods. Evidence provided by the 

Ĥ inor boudins suggested that this stretching was two dimensional, 

leading to the development of equidimensional pods Bamberg (op.cit).
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This is probably the case for the large pods as well.

Thus a picture emerges on Eastern Seiland of a number of phases 

of very intense boudinage, a great deal of this probablypreceded F.2  ̂

though P. 2 itself was undoubtedly responsible for the development of some 
boudinage. A further phase of boudinage occurred after P.2 

resulting in the formation of oblique boudin structures which are 

frequently associated with folds and tension gashes. It seems 

likely that this phase is related to the late Caledonian thrusting 

developed on the adjacent mainland.

10) Kink Bands

In the psaramites of the Upper Komagnes Group in the Rastaby- 

Jemelv area a number of structures occur which completely post-date 

the P.2 folding. They appear to be mainly restricted to the coastal 

exposures. Morphologically they are somewhat variable, some 

resembling joint drags, ( PI inn 195^) and others are more akin to 

kinlc folds. Por the puiposes of this discussion the general term 

kink fold will be used. Examples of their structures are given in 

Plates 125 and 126.

In Plate 125 the structures are very obviously related to a set 

of joints which cut the layering in the psammite at a high angle.

These joints have divided the rock into a number of prisms and 

movement has apparently occurred along the joint planes. This 

movement is expressed in the rocks by a stepping of the layering with 

an. almost consistent throw along joints from right to left of the plate. 

This stepping is often marked by rotation of the layering to give 

little monoclinal flexures. Occasionally little horst and graben-



Plate 125. Kdnlc folds, Komagnes Group, Rastaby,

Plate 126. Kink folds, Komagnes Group, north of Jernelv,
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like structures develop on the layering where conjugate joint sets 
occur, as in the centre of the photograph. Generally however, at 
any one exposure one joint plane predominates and the sense of 
stepping is constant.

Pig. 42A illustrates a specimen in a handed pink psammite in 

which a conjugate set of these pink folds are developed. The kinked 
segments are no more than 2-3 mm wide and they tend to be slightly 
sinuous. One set of kinks is developed strongly in preference to 
the other which occurs as only one or two striations on the banding 
surfaces. The axes of the two sets diverge and their sense of 
offset is opposite. On fracture surfaces viewed normal to the kink 
axes it can be seen that they are associated with very fine joints 
which do not completelysplit the rock (see Pig. 42A). These joints 

which have obviously been healed are marked by a slight dark green 
discolouration of the rocks, caused by low grade mineral assemblages.

Plate 126 shows another set of these kink folds. They appear 
to be rather angular monoclinal folds with no distinct plane of 
fracture marking the limits of the kinked zone. Close examination 
in the hand specimen, however, reveals the presence of brittle 
fracture zones within the folds together with tension cracks 
approximately normal to the kink plane. (see Pig. 42A, also later). 
The fold axes on banding surfaces are marked by a line at ion which is 
the surface expression of the joints forming the kink zones. The 
differences in appearance of the two sets represented in the Plates 
is to some degree a function of the lithological differences and 
probably also of the slightly different stress field to which each 
set was subjected. This seems likely because each type forms a 

distinct maxima on a stereogram.
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The T’ig. 43A, B and G show the orientation of the two sets of kink 

folds. In Fig. 43A the set plunging approximately west (set a) are 

represented (Plate 125). The set plunging just east of south (set b) 

are represented by Plate 126. Fig. 43B shows for (set (a) the poles 

to the joints with which the structures are associated and for (set b) 

the poles to the a:cial planes of the kinlc folds. The average planes 

statistically estimated from the poles of Fig, 43B are represented in 
Fig. 43B together with the mean position of the kink axes.

Thus, it is clear from these observations that we have a 

conjugate set of kink folds which are occasionally seen in combination 

in a single exposure (Fig. 42A), but are generally not seen together.

Discussion

ifost of the literature (Johnson 19$6, Ramsay 1962, Ramsay DM and 
Sturt 1963, Dewey 1965) seems agreed that conjugate kink zones result 
from the operation of a couple developing on a set of conjugate shear 

planes. Ramsay, in a later work (l96?) questions this hypothesis on 
the basis that in nature where primary conjugate shears develop, the 
maximum compressive stress always bisects the acute angle between the 

shear planes. Raturally occurring kinlc zones, however, mostly have 
the principal compressive stress bisecting the obtuse angle between the 
kink plane. From this Ramsay goes on to suggest (p.453) that the prob
able mechanism of deformation is the development of an initial buckle 
in response to the stresses. This initial buckle imposes on the 
layering a specific limiting dip value which does not change during 
subsueqent deformation. The kinked zone then grows laterally by 
migration of its bounding planes.
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Dewey (1965) advances a hypothesis of initial bend gliding 
followed by kinking on planes normal to the glide direction (i.e. 
the layering) to explain kinks where the maximum compressive stress 
bisects the acute angle between the kink surfaces. The Seiland 
kink-folds do not present any problems concerning the orientation of 
the stress field, since it is apparent that the maximum compressive 

stress does bisect the acute angle between the kink-planes (79°)»
A close study of the structures yields a lot of information about 
their mechanism of formation which is relevant to the theories put 
forward by other authors. Consider 4-2 D. This is a sketch of the 
specimen taken from the locality of Plate 126. There are two 
features of interest; at (1) there are a number of tension gashes 
with their long axes approximately normal to the planes bounding the 
kinlc zones. These gashes are not filled with vein quartz. Thewe 
structures are entirely consistent with the development of a shear 
couple in the sense shown by the arrows. Likewise at (2) the 
banding surfaces of the psammite have been forced apart by a similar 
process. Secondly, at (3) there are two small wedge-shaped fractures 
aligned at a high angle to the banding. These are consistent with the 
development of tension in the extrados of a fold undergoing flexural 
folding. This flexural process is apparent in the rather gentle 
rounded nature of the fold hinges. If the formation of these zones 
were caused entirely by the development of shears bounding the kink 

zones it might be expected:-

a) Por the rock to be transected completely by shear planes.

b) For the hinges to be rather more angular.

Thus in this specimen of banded psammite the kinlcs have been 
formed by flexural folding followed by movement in response to a shear
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couple. This is probably also true of the rock type shown in Plate 

I25j here, however, the brittle fracture planes are much more obvious.

Eamsay (l962) indicates a method for positioning the stress axes

of conjugate kink zones; the intersection of the two kink planes give

the position of the intermediate stress axis (P.Int). Tlie maximum

compressive stress (tlax) is the bisector of the acute angle between
P.

the kink planes and (kin) is at right angles to the other two axes.

This has been done in Pig. 43G. It can be seen that the kinematic ’b* 

axis represented by (P.Int), has a very steep plunge and is thus 

inclined at a high aigle to the layering, this orientation explains the 

diverging kink-fold axes described above and in Pig.A2A. It is veiy 

difficult to obtain a great circle representing the average inclination 

of the layering since this has been disturbed by P.2 and is, therefore, 

not statistically planar. However, it seems likely that in general none 

of the stress axes lie within the layering, the overall symmetry of the 

kinks, is therefore, tiblinic. The two sets have not developed 

together with sufficient frequency and strength to prove this by 

observation.

Regarding the stresses responsible for the formation of these 

structures a number of possibilities are worth considering. Set (a) 

particularly resembles the joint drag structure described by PI inn (l952) 

from Shetland. In these structures PIinn notes two senses of movement, 

one in the manner of a normal fault, i.e. down the dip of the joint and 

a second movement along the strike of the joint. The second movement 

he regards as being the most important. He suggest that the structure 

developed as a conjugate set to a fault which occurs in a narrow sound 

between the main island and a small offshore island. This fault, he 

suggests, has a slight horizontal component of movement, though its main
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Knill (1961) describing joint drags from kid-Argyllshire suggests 
that they are conjugate to the Great Glen fault. Both these authors, 
however, record only one set of joint drags these being conjugate to 

fault systems with some transcurreht component. On Seiland, however,
there are two sets developed as described above. These forming a
conjugate pair with diverging axis. A number of possibilities will 
now be considered for their origins-

1) It will be noted from the ma,p that a number of small faults occur 
in the Rastaby-Jemely area, the most southerly of these faults has a 
fairly moderate throw to the north. The strike of the joints 
associated with set (a) closely approximates to the strike of this 
fault. The strike of set (b) approximates to the trend of Vargsund, 
which separates the coast of Seiland from the mainland. It is 

possible that there is a large fault along the axis of this sound.
The throw of this fault, as deduced from the sense of downthrow on the 
axial plane of set (b), would be to the east. The major drawback of 
this hypothesis is that the sense of throw on the joints of set (a) is 

opposite to that of the faults seen on the map.

2) The second possibility is that the conjugate shear planes are 
associated with the late Caledonian thrusting described previously.
The sense of asymmetry of set (a) is the same as that of the oblique 
boudins at Komagnes, the axial trends and disposition of axial planes 
are also roughly coicident. The (P kax) postulated in Pig.430 is, 
however, only just south of east, whereas the thrusting direction 

postulated by.Reitan (l9^3) is towards the SE.
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Consideration of all the factors relating to these structures 

would seem to indicate that the first hypothesis is the most 

satisfactory for the following reasons.

1) Comparison of Pig. 43C and Pig. 440 which represents the average 

disposition of the majô'r joint planes, and rose diagram Pig. 45, which 

reprsents the distribution of major lineaments taken from the aerial 

photographs and fault planes measured in the field, would seem to 

indicate a reasonably good agreement in trend.

2) The same metamorphic assemblages viz calcite epidote and 

chlorite occur both in the joints associated with the kink folds and 

in the retrogressed rocks adjacent to fault planes (see Post-P.2 

metamorphism. P. ). This would seem to be good evidence of the 

temporal association of joints, faults and kink zones.

11) Joints and Faults

Jointing is developed to various degrees in the different^rode 

types; it tends to be best developed in the rather massive lithologies 

particularly the massive quartzites within the Eidvogeid schist and in 

the Olderbugten Group where it forms very massive blocks which are the 

most prominent linear features on the aerial photographs. The 

Eidvogeid schist is not very extensively jointed, neither in general 

are the igneous rocks.

Pig. 44A shows the distribution of joints within the Komagnes, 
Eidvageid Schist and Trollvann Groups. Pig. 44^? the Olderf jord and 

Olderbugten Groups. Both have girdles with disinct maxima. The 

average planes represented by these maxima are given in Pig. 440.
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It call be seen that in both cases the planes are approximately

orthogonal, though for the tv/o areas the respective planes do not

coincide exactly.

A number of other interesting features emerge from a study of the 

faults and a system of strongly developed linear features which are veiy 

conspicuous on the aerial photographs. These latter features appear 

in the ground as trench-like straight lineaments. Often the rocks 

within the trenches are brecciated to some degree but where litholog
ical control is present, there is often no evidence of displacement 

so they may more correctly be termed shatter-belts. A striking 

example of this type of phenomenon is seen to the east of Vasbugtvann; 

slightly less than a kilometre after leaving the lalce the river takes

a sudden turn to the north to occupy a straight trench which

is very striking on the aerial photogra.phs. In the rose Fig, 45 

it can be seen that there is a very conspicuous maxima trendly 

roughly IIE-SW, this corresponds reasonably well to the joint set 

maxima with a similar trend seen on Fig. 44^. It seems likely 

that these lineaments are master joints along which there has 

been some shattering.

There are not a large number offaults in the area, those that 

have been mapped are generally quite small structures,

l) Two small faults displace the outcrop of the pink psammite at 

Jemelv and just to the north. The most southerly of the faults 

is associated with a bending of the pink psammite to the north of the 
fault plane. This is clearly seen on the map since the dips in this 
horizon become locally eastwards. Downthrow to the North.
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2) A fault just to the west of Vasbugtvami displacing the outcrop 

of the Trollvann Psammite Group. This occupies one of the trench

like features. Downthrow N.W.

3) Fault almost 2 kilometres south-west of the Vasbugtvann dis

placing the Hammeren Gabbro outcrop. Since this displaces a 

little anti-form-synform system, it probably has a slight dextral 

strike-slip component. Dovrnthrow S.E.

4) Small fault to the west of the point where the Trollvann 

psammite passes out into Eidvaogenfjord. This fault truncates 

a gabbro boudin. Throw unknown.

5a) The largest fault in the area cuts the outcrop of the 

Hj/nseby Gabbro, it can be traced for more than 4 kilometres along 

its strike. It is very conspicuous in the aerial photograph by. 

virtue of the fact that it is marked by a shatter belt which has 

eroded out into both a trench and a scarp at various places along 

its length. The downthrow is slight, to the south-west.

5b) Another small fault just to the north-east of ^a) along the 

southerly contact of the gabbro. This has a throw to the RE.

6) A small fault on the eastern side of Storvann displaces the 

outcrop of the Hammeren gabbro. Downthrow 8W.

7) A number of small faults displaces the outcrops of massive 

quartzite within the Eidvâgeid schist in Northern Vasbugt.

Adjacent to one such fault Plate 127 was taken, it can be seen

that a well developed conjugate joint set is developed in the massive 

quartzite. One of the joint directions corresponds very closely 

to the trend of the fault plane, the two, therefore, seem to be 

genetically related.



Plate 127. Conjugate joints in a massive quartzite band 
of the Eidvâgeid Schist Group, northern Vasbugt.

Plate 128. Joint face markings in the Ultra Basic Mass, Vasbugt.
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In all the cases described above it was not possible to 

determine the attitude of the fault planes.

From Fig. 45 It can be seen the trend of the fa.ults agrees 

broadly with the trend of the major shatter belts. The major 

fault (5a) is marked (x). This corresponds to a very minor maxima 

in the shatter belt trends. This direction (318°) however, 

corresponds well -with the other orthogonal maxima of Fig. 44^*

Thus a picture emerges of faults, shatter-belts and joints 

tending to fall in trend, into one of two orthogonal maxima,. This 

strongly suggests that all three features are genetically related.

It has already been suggested that there is a close similarity 

of trend between the joints, faults and the planes bounding kink

folds at Jlastaby. (Compare Figs. 438, 448 and 45)» The meta

morphic assemblages developing in association with these structures 

are also very similar. It seems clear therefore, that the forces 

responsiblefor their development are the same.

With regard to the joint planes themselves, they are generally 
smooth surfaces which slice through the various lithologies in

discriminately. lÆore detailed analysis of the Figs. 44-A and B 

indicated that the joint directions were not significantly different 

in the various metasedimentazy groups. This type of jointing appears 

to accord with that recorded in a discussion by De Sitter (1964, p.lO^)

on the work of Parker (l942) in Central and Northern New York and

Northern Pennslyvania. Here the following is recorded. "The joints 

of the compound set (1) are remarkably plane, they slice clearly 

through hard concretions in weak strata and pass without deviation
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throucli extreme cross-beddinj etc. They are obviously shear joints”. 

Tension joints on the other hand are described as "curved and irregular 

with a rough torn appearance”.

Tl'ie joints on Se il and in general appear to conform more to the 

first type based on the above criteria, i.e. they are shear joints.

If this is correct, the compressive stress responsible for their 

formation was presumably either approximately north-south or east-west, 

since these vectors bisect the angles between the major joint planes.

It is of interest that the (P ilax) derived for the formation of the kinlc 

zones was postulated on trending just south of east. It was suggested 

that these structures were perhaps related to a major fault system out 

in Vargsund,

These general observations, would seem to cross-cut the suggestion 

of Price (l959) that joints are post-tectonic phenomena related to 

lateral expansion during uplift. They may, however, be says be 

related to the movement picture because their orientation is determined 

by the residual stresses. The Seiland structures, however, appear to 

have formed in response to well defined stresses which gave rise not 

only to joints but also to faults and kinlc folds during a definite 

phase of hydrothermal metamoiphism,

Finally a joint-face phenomena recorded in the ultrabasic mass 

of southern Vasbugt is of interest. One of the joint faces in this mass 

bears a number of concentric ridges, (Plate 128). These ridges are 

slightly asymmetric, facing away from the centre of curvature, their 

wavelength is somewhat variable, as is their amplitude. Crossing the 

ridges there are faint slickensides. The relative age of these 

structures is difficult to tell, Solomen and Hill (1962) have recorded * 

similar structures in the Benison Bell area of Tasmania, though on a
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smaller scale. They point out the similarity between these structures 

and those in glass caused by local tensional stresses following point 

impact. They suggest that these tensional stresses could either have 

been tectonically produced or they may be due to point impact fracture 

caused by local blasting. It is perhaps significant that on Seiland. 

close by this locality there has been some blasting to excavate sites 

for telegraph poles.

b) Major Structure 

Introduction

Attempts to elucidate the major structure of Eastern Seiland are 

rendered difficult by a number of factors:

1) Isoclinal .folding and the relative constancy of dip makes major 

closures inconspicuous.

2) Tlie absence of distinctive marker horizons.

3) Anomalous evidence of fold vergence.

Despite these difficulties it has been possible to work out a 

reasonably clear picture of the major structure of the area.

One of the most striking features of this structure of Eastern 

Seiland is the apparent ability of each of the stratigraphie groups 
to fold as a discrete unit, with little interfolding taking place 

between the various groups. It is possible that this is simply a 

matter of scale, but it is true to say at least in the scale of the area, 

that the rocks have responded to the various deformation phases as 

discrete entitites.

1 ) Major Structure due to E1.
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It has been possible to distinguish only one large fold of F.1 age 

on the area. This is the structure defined by massive quartzite bands 

within the Sidvageid Schist Group. The schistosity in the schist is 

sensibly parallel to the banding in the quartzites, and is therefore 

interpreted as an axis! plane structure related to the early fold.

The fold has an isoclinal style; this may well be due however, to 

subsequent deformation.

F.1 folds and lineations within the Komagnes, Sidvageid Schist and 
Trollvann Groups tend to concentrate in a maximum plunging just west of 

north. Again the effects of F.2 on the original disposition of these 

lineations is indeterminable; their relative constancy over a wide 

area suggests however, that this has been minimal. Eoberts (l9^5) 
quotes the average F. 1 trend on north-east S/r/^r as being 010°. Tiiis 

value is of the same order as that recorded on Seiland, the discrepancy 

may in any case, be due to the arcuate nature of the axes of F .1 nappes.

2) Major Folds due to F.2

Because of the tendency for each lithological group to fold as a

unit, it is thought expedient to describe the F.2 major folds as they

occur within the stratigraphie divisions.

a) The Komagnes Group

The folds within the lower Komagnes Group are characterised by 
attenuated long limbs and short limbs consisting of vertically stacked 

tight folds. This picture is common to the Komagnes Group as a whole 
but the Lower Komagnes Group presents some difficulties of inter

pretation.
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1) It is very difficult to determine the true sense of vergence of 

the folds even though they are frequently well-exposed.

2) The absence of well-defined lithological differences precludes 

the actual mapping of folds.

The Upper Komagnes Groups presents fewer problems because within 

it there are a number of well-defined lithologies, which can be mapped 

to elucidate the structure. In this Group the vergence of both the 

minor folds and the major folds is consistent vdth the structural 

pattern shown in Section 5 (see wallet). This may be illustrated 

by reference to the outcrop pattern of the fold in the Pink Psammite, 

west of Jemelv. The strongly attenuated long limb and the stacked 

short limb are readily apparent, the syn-P.2 boudinage. It was 

perhaps also responsible for the separation of the ultra,-basic pods 

in the middle of the outcrop of the Komagnes Group.

Given this clear structural picture it is possible to make some 

reasoned extrapolations of the structures within the Lower Komagnes 

Group ; there does not seem to be any good reason to postulate any 

change in vergence of the folds within Lhe Lower Komagnes Group.

The suggested structure of the Komagnes Group as a whole is, therefore, 

indicated in Section 3. There seems no reason to doubt that by analogy 

with the minor folds, the major folds in the Komagnes Group have arcuate 

axes.

b) The Sidvageid Schist Group

There are no major folds of F.2 ages within this Group. A small 

number of F.2 minor folds fold the F .1 schistosity. Most of the 

deformation was probably taken up either by slip or by homogeneous



deformation within the schist.

c) The Trollvann Psammite Group

Although P . 2 minor folds abound within this Group there does not seem 

to be a consistent sense of vergence that might give some clue to the

overall structure within the Group. There appears to be very little

infolding with the enclosing schist groups.

The structural pattern observed within the Komagnes Group, viz

the vertically stacked short limbs and attenuated long limbs, is also 

seen within this group.

d) The Olderbu.gten Group

In the absent of any more competent material to stiffen-up this 

lithology it would seem that folds on any scale, do not form extensively. 

In this respect the lithology behaved in a similar manner to the 

Sidvageid schist. It has, however, been possible to recognise within 

the schist a number of large folds. These can be mapped using gabbro 

and adamellite sheets as marker bands. A good example of this is seen 

on Eidvaagtinn, where relatively broad folds can be mapped using the 

adamellite as the marker band. The geometry of these folds is 

illustrated in section.2. As the folds are traced southwards into the 

schist, they appear to die out. ilo trace of structures is seen in the 

transgressive gabbro pods, neither can they be traced by variations in 

the attitude of the foliation in the schist. Similarly, study of the 

northern boundary of the adamellite, which represents the base of the 

schist, reveals that here also the folds have died out. As well as 

this lateral discontinuity of axis it seems likely that the folds also 

die out with depth, since at no stage can the fold pattern be traced
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down into the structurally lower Trollvann Group. An analagous 

pattern of folding can also be seen just to the west of the 

Eidvaagtinn folds, involving adamellite and gabbro sheets.

(Section 2).

Thus, the folds appear to be periclinal structures which are 

both laterally and vertically discontinuous. This pattern 

conforms quite well to the periclinal nature of the minor folds 

already described.

e) The Olderfjord Group

The large number of sheets of basic material wiiich occur within 

the Olderfjord Group have made the mapping of a number major F.2 

folds possible. There are however tvro principal difficulties:

1) The lenses of gabbro may be interpreted either as boudins or 

periclinal fold cores.

2) Tlie isoclinal nature of many of the folds, espedially in the 

metasediments, makes the tracing of the axial..zones difficult.

One common factor thal does emerge from a study of the large folds, 

however, is their periclinal nature. This is particularly well 

illustrated in the block diagram of section 4* This shows the out

crop pattern that occurs in the interlayered gabbro-metasediment 

complex just west of Vasbugtvann. Two antiformal structures folding 

metasediment with gabbro are visible in the field. Their profiles 

indicate that they have a moderately apressed style. If the outcrop 

of this gabbro sheet is traced to its southern extremity, it can be seen 

from the straight nature of the boundary, that the folds have died out.
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This is also true of the northern boundary of the complex. Tlie 

folds are thus dying out along their plunges, i.e. they are periclinal 
structures. To what extent this lateral discontinuity is controlled 
by the wedging oub of the gabbro sheet is difficult to say. Suffice 

it to say that a similar pattern has been observed in the Sidvagtinn 
folds and indeed in all the minor folds of Eastern Seiland.

Sections 2 and 3 show further examples of the structures occurring 
within the Olderfjord Group. It can be seen that the style of these 

structures is rather variable, ranging from the tight isoclines seen 

in the area south of Storvann in Section 3 to the rather more open 
structure on the same section just to the east. This difference in 

style may perahps be explained by variations in thicloiess of the gabbro 
sheets; the thinner sheets tending to form the tightest folds. The 

most easterly gabbro pod seen in section 3 may well be a core belonging 
to the same fold system as the other cores to the west. However, its 

rather pinched-out nature seen in a cliff at the southern end of the 

outcrop, suggests that in fact it is a boudin core.

A further example of tight F.2 folds is seen in the boundary of the 

H/nseby gabbro just to the north of the head of H/nsebyf jord in the north 
of the area. There is no doubt that this is, in fact, a fold and not a 
lens of metasediment, since a number of minor folds can be observed which 

have the correct vergence to the more major structure.

The largest fold that occurs on the area can be seen in the cliff 

between Olderfjord and Olderbugten. This fold involves the psammites 

of the Olderfjord Group with the schists of the Olderbugten Group in 

the core. The structure is the exception to the generally observed 
fact that folding does not occur between the various Groups. This 

suggests that the statement that this may merely be a matter of scale.
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is in fact true. The fold is isoclinal in style and the author at 

one stage, considered it to be of F.1 age. However, to the west, B. 

Bobbins (personal communication) has observed that it folds round the 

axial planes of F.1 minor folds. It is therefore, of F.2 age. The 

style is certainly comparable with other F.2 folds described above.

The presumed geometry is given in Section 5» The Olderbugten schists 

were not observed again inland despite the fact that a steep-sided valley 

cuts the presumed axial trend of the fold. It seems likely therefore, 

that the structure has a moderate to steep plunge ; and by analogy 

with the other structures is probably periclinal.

Summary

A number of important facts emerge from this study:

1) The fold structures observed appear to be confined within each lith

ological group though this may be simply a matter of scale. In relation 

to the wider region.

2) Major folds where they can be mapped generally have a periclinal 

aspect in common with the minor folds of the area. This lateral 

discontinuity is matched by a discontinuity with depth.

3) There is a change in style across the areas. The Komagnes Group 

is characterised by folds with attenuated long limbs and a tendency 

for the short limbs to consist of a number of vertically stacked 

moderately appressed folds. The Olderfjord and Olderbugten Groups, 

however, tend to have folds where the limbs are of rather more equal length 

and the vertical stacking in short limbs is absent.
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Perhaps the most significant feature that emerges from this 

study is the change in style that takes place across the area.

Despite this the whole area has one feature in common. That is 

the presence of both major and minor folds with curved axes and 

axial planes lying within the layering.

In seeking for an explanation of this change of style a 

number of facts are significant. The rocks above the Komagnes 

Group suffered, previous to the P. 2 deformation, a strong flattening 

deformation which resulted locally in the formation of very flinty 

annealed blasto-mylonitic rocks of considerably increased competence 

from the parent schists and psammites. This coupled with the inter

calation of a large number of highly competent gabbro and adamellite 

sheets together with strong felspathisation, resulted in the rocks 

of the Olderfjord and the Olderbugten Groups being in a very different 

state of competence, at the onset of F.2, to the psammite and schists 

of the Komagnes Group. This must, to a considerable degree, be 

responsible for the change in style. There are, however, two 

other facts which undoubtedly exerted influence. Firstly a change 

in the metamorphic grade takes place across the area. This will 

be discussed in greater detail later, but basically the grade 

increases from east to west, though by the onset of F.2 the meta- 

mo rphic grade over the whole area had waned to the same level.

Secondly, the fold styles developed in the Olderfjord and Olderbugten 

Groups were subsequently modified by the superincumbent weight of 

the vast post - F.2. basic and ultra-basic plutons of Western 

Seiland. This inevitably led to a general tightening up of the fold 

style in the Olderfjord and Olderbugteh Groups. It would appear 

that this modification decreases with structural depth since the 

Komagnes Group seems to be least affected.
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Therefore, the rather more massive nature of the rocks of the two 

upper Groups derived chiefly from the first two factors discussed 

above, seems to have precluded the development of the fold styles 

described in the Komagnes Group. This is mirrored in the minor 

folds elsewhere. For example, the massive quartzites within the 

Sidvageid Schist Group tend to deform into rathep6oncentric styled 

folds though still with curved axes. 'Pnis situation on the major 

scale, subsequently modified by the weight of the vast plutons, could 

easily have given rise to the structural picture as we see it today. 

Finally, the arguments put forward in the section on mechanisms of fold 

formation concerning the mode of origin of curved axis folds, probably 

apply in no less measures to the major folds of the area.

3) The F.3 Deformation

Introduction

If an imaginary line is taken from the central part of Storvann 

in the west, to Vasbugt, in the east, it will be noted that north 

of this line there is a, prounounced swing in strike in the Olderfjord 
Group. To the south the strike is on average some 10-20° west of 

north, to the north, however, it is just east of north. This 

type of strike swing is a feature that has been recorded elsewhere 

in the region, e.g. by Earns ay and Sturt (1963) and Roberts (1965) 

on the island of S/r/y. Here the swings give rise to north - 

south, and east - west strike belts. The swing recorded by 

Roberts (1968) on H.E. S/r/y is accompanied by a change in the 

symmetry of the F.2 folds. The F.2 folds in the north-south belts 

have a mono clinic symmetry whereas those in the east-west belt have 

an orthorhombic symmetry. From these observations Eoberts 

states that the swings must be regarded as a feature of either the first
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or second episode of deformation on S/r/j. He goes on later to say 

"the evidence to date could suggest that the swing is an inherent 

property of the F,1 episode".

On Seiland the strike swing is not accompanied by any change 

in symmetry of the F.2 folds, indeed, evidence will be put forward 

to show that F.2 folds are refolded within the swing belt.

The F.3 folds

There are a number of major folds which are associated with 

the strike swing.

1) The southern contact of the Hj/nseby gabbro to the west of 

n/nseby is folded into two steeply plunging monoclinal structures,

2) A similar monoclinal buckle is shown in the screen of psammite 

within the Il/nseby gabbro to the north of 1 ).

3) There is a swing of strike in the screens of psammite within the 

Hamnieren Gabbro 2 Km., south of Storvann.

4) A large fold system that can be detected by a study of the 

attitude of the foliation in the gneissic rocks to the north of 

H/nsebyvann. This fold is depicted in Section 1. One of the 

peculiarities of this structure is the way in which just north of 

H/nsebyvann the dips suddenly rapidly steepen in the psammite 

across a particular line. This line, which represents the boundary 

between the Olderbugteh schists and the overlying Olderfjord psammites 

is peculiar; the dip and strike of the underlying Olderbugten schists 

is quite normal right to the point where the lithology is lost under
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Eidvaagenfjord. The overlying psammites however, have the typical 

strike-swing attitude#

The strongest evidence that this strike swing is a post-F,2 

phenomenon is provided hy Figs# a6A and B. 46A shows the distribution 

of presumed F.2 folds in the area of the strike swing. This compared 

with the plots of F.2 folds outside the area of the strike swing has 

a rather random attitude. Perhaps more significant, however, is 

46B. This shows the attitude of the axial planes of the folds in 

46A, clearly they have been folded about an axis trending 234° and 

plunging at 10° since they define a great circle of which this point is 

the pole. The rather raidom arraigement of F .2 axes in 4^A. may be 

explained by the refolding in this manner, of the typical non-cylind

roid al F.2 folds.

Tlius, in this northern part of the area there seems to have 

taken place a rotation in a west to east sense, of the Olderfjord 

psammites, using the planes between this group and the underlying 

Olderbugten schists as a plane of decollement. This rotational 

movemeht gave rise to the large folds described above. The 

monoclinal folds in the Honseby gabbro contact possibly represent 

large wrinkles that developed on the approximate axis of bending.

The folds depicted in Plate 129 and 130 are very probably 

F.3 minor folds, Plate 129 comes from the north of Eidvagenfjord while 

the second 130 comes from just south of n/nsebyvann.

These have been marked on 4^A and apparently they do not bear 

any clear relationship to the axis of refolding. This, however,

might be expected because of their wide separation in space and the



^ -

ItoI
5to

>?

Ï!
k
0

1
k
vj

2 
5
S

âOktD
QQCO

2Q
O

O o

o o

! §
Q
Ok

k



Plate 129. fold in the Olderfjord Group, shore 
of Eidvaagenfjordo

Plate 130. warp, Olderfjord Group, south-west of Hj/nsebyvann,



comploxiby of both the lithologies and the forces responsible for 

their development.

A study of the proposed plane of decollement does not yield 

very much useful information. Tlie plane across which the described 

changes in dip occur is very distinct, however, the author has fanled 

to find any evidence of brecciation along- this zone and the under

lying Olderbugten schist appears to be normal.

Tlie swing in strike 3) above is rather odd, it occurs well 

outside the main strike-swing belt. The average dip pf the

layering of the psammite screens is comparable to that of the 

short limbs of the monoclines at the H/nseby gabbro contact. It

seems to be most conveniently explained by the F.3 movements described

above.

Regarding the forces responsible for these structures, preliminary 

mapping of the area immediately to the west by J.B. Jackson (personal 

communication) has revealed other swings of a similar nature, giving 

a rather sigmoidal aspect to the regional outcrop pattern. In the 

absence of further information unwarranted speculation is undesirable, 

however, it is possible that these swings are in some way related to 

the intrusion of the great plutons of Western Seiland.

The F.3  ̂ Folds of Komagnes

In the Komagnes area a number of folds have been observed which 

post-date F.2.



Plate 131. F? warp in the Komagnes Group, Vasbugt,
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It is clear also that they post-date the ohligue boudins 
described from the Komagnes area, since they can be seen to be 
deforming the layering containing these structures. They are 

apparently sensibly coaxial with the local F .2 trend in the psammites of 
the Lower Komagnes Group.

Geometrically, these folds are monoclinal in style. (Plate 

131 )• I-any P »2 folds near or in the steep limbs of these structures 
have their axial planes warped into an easterly dipping attitude. This 

tendency is clearly seen in Pig. 9^. (P 5i.) Here the plot of P.2

axial planes is tending to show a great circle distribution. The axis 

of this great circle is 333° with a plunge of 14°*

The relationship of these structures to the F.3 folds of the
strike swing belt is not known. Clearly they are very late

in the structural evolution of the area. The question must remain

open as to whether they are coeval with F.3 in the north For this
•1reason they will be designated as F.3 folds.

A summary of the structural and metamorphic events is given in
Fig. 52.
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Cliapter 4 

Metajiiorphisrfi and Petrology

Introduction

The complex series of structural events that have occurred on 

Eastern Seiland have left an indelible mark on the vanious mineral 

assemblages that have arisen during the concomitant phases of meta

morphism. A sequence of crystallisation of metamorphic minerals can 

therefore be established in relation to the minerals that have grown 

during the deformation phases. Tliis sequehce of metamorphic 

crystallisation will be considered under the following headings:

1) The Syn-F.1 metamorphism

2) The Static period between F.1 and F.2.

3) The Syn-F.2 metamorphism.

4) The Post-F.2 metamorphism.

1 ) The Syn-F.1 Metamorphism

It is impossible to gauge how much subsequent metamorphism has 

modified the effects of the syn F.1 metamorphism. It is clear however 

from this section study of F .1 folds that the micaceous minerals 
maintain a good parallelism to the axial-planes of the folds. The 

structure defined by these micas is therefore designated as (3.1.)

It is possible however, that the mica is in part mimetic to F.1 

(Plate 132)
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Plate 132. Biotite defining S.I. Upper Komagnes 
Group, Rastaby. x 40, P.P.L.



1 b J

In the Upper Komagnes Group and the metasedimentary lithologies 

stractually above, this schistosity is clearly overgrown by large post- 

F, 1 garnet porphyroblasts. The inclusion fabric of these 

poiiJhyroblasts is recrystallised to a coarse-grained mosaic containing 

large biotite flakes which are obviously post~F*1 in origin.

A further clue to the grade of metamorphism during F.1 can be 

obtained by study of the minerals which parallel F.1. lineations in the 
schists. A specimen of a basic schist from the Lower Komagnes Group 

contains acicular actinolite crystals which define a lineation.

This lineation is folded by very tight folds of. F.2. age. The amphibole, 

which makes up about YO/b of the rock is embedded in a granular aggregate of 

quartz and untwinned felspar withyellowish-green epidote overgrowing 

the amphibole (see Plate 133)* The optical properties of the 

amphibole are:

Opt - ve 2Y = 75 - 80°
^  oZ C = 19° T = b

Birefringence = o.o37

Pleochroic Scheme Z = Apple green

X = Pale Yellow

* In the following sections all optical data, unless stated otherwise, 

was obtained with a standard petrological microscope.

a,b,c, refer to the crystallographic axes 

X,Y,Z refer to the three principal refractive

indices of the optical indicatrice.

(Hartshome and Stuart 19&9)



Plate 133* Epidote porphyroblast overgrowing syn F]_ 
actinolite. lower Komagnes Group, Vasbugt. 
X 40, PoP.Lo

f

mmm
Plate 134o Decussate biotite. Upper Komagnes Group,

Rastaby. x 40, PoP.L.
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These properties plus the acicular habit indicate that the 

mineral is actinolitic rather than homblendic. WirilcLer (1967, p.lOO) 
states that above the Qnartz-Albite-Epidote-Biotite Sub-facies of the 

Green Schist Facies, actinolite is replaced by more aluminous horn

blende. Although this rock almost certainly reached a higher grade 

subsequent to F.1 this transformation may not have taken place here 

due to paucity of aluminium in the rock. Elsewhere where h o m 

blendic amphibole has been observed it is generally post-F.1, un- 

lineated; rather poikiloblastic and contains inclusions of eanlier 

formed mineral phases.

Tnis paragenesis actinolite-biotite-muscovite observed in the 

various rock types seems to indicate that F.1 took place under 

middle Green Schist Facies conditions, namely in the Quartz-Albite Epidote 

Biotite Sub-facies. This is consistent with the observations of 

Roberts (l9&5) on S/rj/y, who bases his conclusion on the presence 

of inclusions of biotite withinpost-F.1 garnets. On S/r/y, however, 

the subsequent picture is very much complicated by a very pervasive 

F.2 schistosity which obliterates all earlier fabrics. On Seilard 

the F.2 schistosity is not nearly as pervasive and therefore the 

dominant schistosity is an F.1 structure defined by the growth of 

mica. There is no evidence of epidote growth during F.1.

2) The Static Period between F.1 and F.2

During this phase of metamorphism significant differences in 

metamorphic grade are apparent in the various metasedimentary §roups. 

These differences will, therefore, be considered under the following 

sub-headings :
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a ) The Komagnes Group

b ) The Sidvâgeid Schist Group 

The Trollvann Group

The Olderbugten Group 

The Olderfjord Group

The metasedimentary groups structurally overlying the Komagnes 

Group will be treated together since the observable variations of 

metamorphic grade within them are of a minor nature.

a) Tlie Komagnes Group

Most of the porphyrob 1 astic mineral phases that occur in the 

rocks of the Komagnes Group date from this phase of metamorphism,

Study of these various minerals indicates that slightly different 

grades of metamorphism were achieved in the Lower and Upper 

Komagnes Groups during this period. This is based on two observations; 

firstly, garnet occurs only very sporadically in the Lower Group, that 

is the psammite up to and including the calc-silicate schist. In 

the Upper group, however, it is relatively abundant. This may partly 

be due to compositional differences in the original sediments though 

it is not easy to see wliy the mineral could not have developed in 

the more politic horizons of the lower division.

The second and more important reason is that there is a change 

in the felspar composition across approximately the same line.

In the Lower Group the felspar is albitic and takes the form of 

large poikiloblastic ponqphyroblasts, in the Upper Group these 

porphyroblasts are absent and the felspar is in the oligoclase- 

andesine range. These changes will be discussed in greater detail 

later. The other minerals, the epidotes, amphiboles and micas
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are common to both groups. Each mineral phase will now be considered 
in detail,as far as possible in their temporal order of occurrence.

Biotite

It is apparent that biotite crystallised right through this 
period of metamorphism. Rocks which show evidence of reciystallisa- 

tion under these static conditions i.e. those with polygonal quartz- 
felspar mosaics generally contain biotite which tends to be 
decussate and largely unstrained.

It would seem that the presence of mica exercises considerable 
control over the development of these polygonal textures since 
in the mica-free quartzose horizons the gu,artz takes on a coarse 
lenticular form; the long a>:es of the lent i d e s  being parallel to 
8. 1.

Plate 134 shows a portion of a slide of an F.1 fold (Specimen l) 
described in the petrofabric section (P. 57. ). This study revealed 

that the quartz fabric in the rock was essentially F.1 oriented 
though a, number of cross-girdles in the diagrams could not be 
adequately explained. In general, in these slides the micas show 

a good parallelism with the fold axial plane though in places they 
tend to be rather decussate. This decussate fabric was almost 

certainly produced by post-F.1. annealing under conditions conducive 

to the growth of biotite.

Some of the amphibole-bearing schists show a close association 
between homblendic amphibole and butite. Plate 135 shows such an 
occurrence. In this slide the long axes of the amphiboles are 

randomly arranged within the plane of the schistosity. The biotite 

sho?/s no dimensional orientation and is presumbd to be an alteration
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Plate 135. Decussate horneblende altering to biotite* 
Lower Komagnes Group, Komagnes. x 40, P.P.L,

■4

Plate 136. Euhedral Iron Ore in the Upper Komagnes Group,
X 40, P.P.L.



l b ?

product of the ajnphihole. This type retrogressive change is 

probably related to the wane in met amorphic grade preceding F.2. Tliis 

seems more likely than the thesis that the retrogression may be a 

post -F.2 phenomenon since where evidence is forthcoming concerning 

post-E.2 metamorphism, the characteristic assemblages are chlorite 

not biotite-bearing.

The pleochroism of the biotite in these rocks is generally 

confined to shades of red-brown or chocolate-brown. However, 

a slide from the Mixed Pelitic and Psammitic unit contains biotite in 

which Z is lincoln green. This presumably indicates a high ferric- 

iron to titanium ratio, (Deer, Howie and Zussman 196?, P.213). Tlie 

abundance of iron in the rock is further suggested by the presence 

of large amounts of ore including large (iram) euhedral crystals 

(Plate 136).

Thus, there is evidence of the crystallisation of biotite 

during the static phase and the formation of the mineral as a 

brealcdown product of amphibole, probably during the wane of 

met amorphic grade previous to P. 2.

Muscovite

Muscovite is quite common in the metasediments; it frequently 

occurs in association with biotite, defining S.1 and in the same 

way as biotite, occasionally shows a decussate form evincing 

recrystallisation during the static period. The two minerals also 

occur as inclusions in late albite porphyroblasts. Tliere are some

interesting relationships between the two micas. Some crystals 

may be composed, one half of biotite and the other of muscovite.
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The two micas also occur as lenses and hands in each other - 

(Plate 137). This type of relationship is ver],'- difficult to 

interpret as it is not always clear that there is a reaction 

relationship between the two minerals. Deer, Howie and Zussman,

(Vol. 3 P.73) state thattextural relations suggest thal the in

crease of biotite in the biotite zone is coincident with a 

decrease of chlorite and especially muscovite. On this basis it 

would be possible to explain the association as being due to the 

progressive increase of biotite at the expense of muscovite 

during the rise in metamorphic grade subsequent to P.1. A number 

of lines of evidence contradict this view. Pirstly the muscovite 

in the rocks frequently abuts against garnet crystals (Plate 138) 

which in itself suggests that the muscovite is pre-garnet.

However, although biotites have been recorded as inclusions in 

garnet, muscovite has not. This strongly suggests that in 

most cases the muscovite is post-garnet. The abutting relationship 

can be explained by a process of post-garnet muscovitisation of 

biotites which had themselves been overgrown by garnet. This 

muscovitisation process is further suggested by the frequent 

occurrence of blebs and streaks of ore aligned along muscovite 

cleavages, (Plate 139). Ore is also common in the groundmass of 

(R.l), a slide which shows particularly strong development of 

muscovite and also in post-P.2 muscovite poiphyproblasts, (Plate 140). 

This suggests that the process of muscovitisation was quite 

extended in time, beginning after the phase of garnet growth 

and continuing through into post-P.2. times.

There is also, however, evidence that muscovite crystallised 

as a primary phase. This is suggested by the obvious control of 

whole-rock composition exerted over the formation of the mineral;



Plate 137. Intergrowth of biotite and muscovite. Lower 
Komagnes Group, Vasbugt. x 40, P.P.L.

Plate 138. Muscovite abutting against garnet. Upper
Komagnes Group, Rastaby. x 40, P.P.L,



Plate 139» Muscovite with blehsand streaks of ore along 
the cleavages. Upper Komagnes Group, Rastaby, 
X 40, P.P.L.

Plate l40. Large muscovite porphyroblast with blebs of ore 
along cleavage. Upper Komagnes Group, Rastaby.
X 40, P.P.L.
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it occurs most abundantly in the purer psammitic and semi-pelitic rocks. 

It is here that the confusing intergrowths occur most commonly. The 

calc-silicate schists on the other hand, contain an abundance of horn

blende, epidote and biotite and veiy little muscovite. The mineral has 

been recorded in association with hornblende in only two thin sections; 

in one it is sericitic and obviously retrogressive relative to biotite, 

and in the other it has the similar intergrotvth relationship with 

muscovite as described previously. The obvious conclusion to this is 

that muscovite develops as a primary phase in rocks in which there is 

a relative dearth of iron, i.e. the psaramites. Thus many of the 

observed biotite-muscovite intergrovrfchs may, in fact, be equilibrium 

assemblages caused by shortage of iron.

Thus, a picture emerges of growth of muscovite, probably throughout 

the static phase, in the psammites and semi-pelites alongside biotite.

At some stage after the acme of regional metamorphism there began a 

process of muscovisation of the biotite. This was a retrogressive 

effect undoubtely due to the greater stability range of muscovite.

It is, of course, well Icnown that muscovite is stable in the lowest sub

facies of the ^reen êchist fanies, whereas biotite is not.

Amphibole

Hornblende is a very common constituent of the calc-silicate and 

basic schists especially within the Lower Komagnes Group. The mineral 

is easily distinguished from the antinolitic amphibole by its optics 

and different mode of occurrence. The act indite always defines an 

E.1 lineation and has an acicular habit, whereas the hornblende is 

characterised by a rosette-like appearance on schistosity surfaces and 

a stumpier habit. In some instances the individual hornblendes are up 

to 1 cm. in lengbh.
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In the actinolltic rocks there is some evidence of post-P.1 

amphibole overgrowing the lineated actinolite (Plate I4l). These later 

amphibole crystals have, however, similar optical properties to the 

actinolite. This lends further credence to the idea that the 

actinolite did not invert to the more aluminous hornblende with rising 

metamorphic grade, due to a paucity of alumina in the rock. The rather 

random rosette-like nature of the later hornblende prisms is an indication 

that they grow under static conditions; growth is, however, generally 

confined to the plane of the schistosity S.1.

In thin section the hornblende is rather variable, both in its optical 

properties and grain size. The mineral is frequently poikiloblastic, 

relative to quartz, biotite and epidote, (Plate 142), It is often 

difficult, however, to establish any clear temporal relationship between 

these inclusions and the host hornblende.

There is some evidence that albitisation of the metasediments has 

slightly modified the chemical composition of the hornblende. '

In the strongly albitised rocks the hornblendes have the pleochroic scheme:

Z = Deep turquoise blue

Y = Deep green

X = Pale yellow . .

Z>Y)X  ..........

In sections which show scant or no evidence of albitisation the 

hornblende lacks the turquoise colour for the Z vibration, e.g.:

Z = Pale Green

X = Pale yellow

Z)X
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Plate l4l. Horneblende porphyroblast overgrowing syn-Fp 
actinolite. Lower Komagnes Group, Vasbugt.
X 40, P.P.L.

Plate l42. Laths of horneblende with epidote inclusions, 
Upper Komagnes Group, Rastaby. x 40, P.P.L.
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was recorded from a zoisite-homblende schist in which albitisation effects 
were absent. This contrast is probably due to the increased content of 

sodium in the amphiboles of albitised rocks. Where this albitisation is 
particularly intense it tends to destroy the (o.l) schistosity and in response 
to F.2 flattening, the amphiboles become decussate. F.2 movements were also 

responsible for some straining and angening of amphibole. Plate 143 shows a 
hornblende with strain extinction and bowing of a contiguous amphibole.

A list of the optical properties of some typical amphiboles is appended 

in Table, 7*

Table 7

Ontical Properties of Hornblendes

1. Specimen M20 - 2A

Albitised homblende-biotite-epidote schist 

Opt - ve 2V approx. = 60° -

Z^C = 16° T = b

Birefringence 0.017

Pleochroic scheme Z = Turquoise Green 

Y = Beep green 

X = Pale yellow Z>Y?X

2c . Specimen Hi7 - 47

Strongly albitised hornblende-biotite-epidote semi-pelite.

Opt - ve 2V approx. = 70°

Z^G 15° Y = b
Birefringence 0.019

Pleochroic Scheme Z = Deep turquoise blue
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Plate 143. Horneblende showing strain due to Fp movement.
Upper Komagnes Group, west of Komagnes. x 40, P.P.L.

t

Plate l44. Granular epidote. Lower Komagnes Group,
Vasbugt. X 40, P.P.L.
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Y = Deep green 

X = Pale yellow Z>Y>X

3» Specimen M20 - 5OB

Ilnalbitised aoisiie-hornblende-biotite schist.

Ont
=  18

~ ve 
o

Biref rinyence

ZV approx. = 60 

Y = b 

0.030

Pleochroic Scheme Z = Pale green

Y = V. Pale yellow 

X = Colourless Z>Y>X

4» Specimen hl7 - 20

Unalbitised hornblende biotite epidote schist

Opt - ve 
oz c = 14°

Birefringence

ZV approx. = 80 

Y = b 

0.029

0

Pleochroic Scheme Z = Pale Green

Y = Pale Green 

X = Colourless Z>Y> X

Epidote

î.îinerals of the epidote type are ubiquitous in the metasediments 
of the Komagnes Group. The commonest, however, is epidote itself, 

which occurs in a variety of forms and in widely varying amounts.

The mineral frequently has a greenish-yellow colour is slightly 

pleochroic, optically negative and has a high birefringence (0.045 has
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boon r.'corded).

T)ie most froquent mode of occurrence is as a granular aggregate in 

the groundmass of the roclcs (Plate 144)* Occasionally, however, it occurs 

as porphyroblasts which clearly overgrow earlier-formed biotites and 

amphiboles. Plate 133 shows such a porphyroblast overgrowing P.1 

actinoliteso The crystal has been strongly augened by P.2 movements 

and is, in consequence, rather strained and granulated. Further evidence 

for this pre-Po2 epidote growth is provided by the existence of prisms of 

the mineral that have been strained on the limbs of F,2 microfolds.

In some sections normal epidote can be seen to be rimming a 

brown isotropic substance which sometimes has a euhedral outline. 

Occasionally within these compound grains there are particles of a 

brownish biréfringent mineral which can sometimes be seen to be 

rimming the pseudornorphs. Optical study of this mineral yields the 

following pleochroic scheme:

Z = Chocolate brown 

X = Pale yellow Z> X

There seems little doubt that this brown mineral is allanite 

which in places has broken down by radioactive decay of included rare- 

earth elements to yield the metamict pseudornorphs (Peer Howie and 

Zussman 196?, P.68).

Clinozoisite also formed during this static phase and its formation 

appears to have been controlled by the original composition of the sedi- 

iment. This is strongly suggested by the fact that the mineral has 

only been recorded in slides which contain no iron ore. Presumably



1 7 4

with a high iron content ferriferous epidote would have formed. This 

paucity of iron is further suggested by the very pale shades of green 

of the accompanying amphiboles (Winchill 1951? Pt II, p.436).

Textural evidence indicates that the clinozoisite post-dates the 

armhibole. Most of the available iron in the rock is, therefore, 

probably locked up in the amphibole.

Plate 145 shows poikiloblastic clinozoisite prisms overgrowing 

earlier formed amphibole and biotite. The mineral has a low bire

fringence (0.007), is optically positive, has a 2Y of approximately

10° and most sections show straight extinction.

This mineral, viiich has grown m t h  the long axes of the prisms 

lying in S.1 has been strongly strained and bowed by P.2 movements#

Garnet :

Garnet has a rather distinctive distribution in the Komagnes 

Group. In the metasediments of the Lower division the mineral is quite 

rare and has only been recorded in one thin section. In the Upper 

division i.e. in the rocks structurally above the approximate level of the 

Calc-Silicate Schist, it is relatively abundant.

Textural studies suggest that the mineral overgrows the S.1

schistosity defined by both biotite and muscovite and also epidote and 

hornblende (see Plate 146) though this latter relationship is seen only 
in one garnet from the Lower Komagnes Group (Plate 146), elsewhere it 

is equivocal. This growth of garnet therefore, probably represents 

the acme of regional metamorphism in the Komagnes Group.



Plate 145n Clinozoisite overgrowing biotite and horneblende.
Upper Komagnes Group, west of Komagnes. x 40, P.P.L.

Plate l46. Garnet overgrowing epidote and horneblende. 
Lower Komagnes Group, Komagnes. x 40, P.P.L.



Tue minerai is widely variable in form and size; a garnet
porphyroblast 3 crns across has been recorded in a semi-pelite from
Rastaby though this is exceptional. The most frequent occurrence 
is as skeletal crystals which have a very faint pink hue and are 
perfectly isotropic. Sometimes, however, the mineral occurs as good 
poikiloblastic euhedra. The inclusions are quartz, felspar and 
disoriented biotite flalces.

An interesting relationship is seen in Plate 147» Here a garnet

porphyroblast occurs in the core of a small P. 2 fold. It is clear that

the garnet has behaved as a rigid kernel during the deformation, such 

that the quartzo-felspathic band which defines the fold has been 

flattened round the garnet giving a rather bulbous appearance to the 

structure. All the garnets are strongly augened by ?.2 movements and 

there is no evidence of growth during P.2.

Determination of the *a’ cell edge of a garnet from a semi-pelite 
at Rastaby, usingX-ray diffraction methods and the refractive index, 
yields a composition of Aim 18, Pyr 7? Spess 75? using the tables of 
Sriramad.as (l957)-

HI = 1.80

‘a* = 11.59

Sturt (1962) has observed that with increasing grade of regional 
metamorphism the amounts of Ca and Mn in garnets decreases with an 

accompanying increase in the amounts of the smaller ions Mg and Pe. 

Atherton (1965) although agreeing with the general trend, points out 
that there may be a strong whole rock compositional control in the 

chemistry of garnet. For example, if a rock is very rich in Mn@,



%

Plate l4y. Garnet in the core of an Fg buckle. Upper 
Komagnes Group, Rastaby. x 10, P.P.L,

Plate l48. Galcite segregation. Upper Komagnes Group,
Rastaby. x 40, P.P.L.
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garnet may be the on].y phase capable of taking this up, thus even at 

relatively high grade a garnet may be rich in ibio. A whole rock 

analysis of the rock in question has not been obtained. However, 

further X-ray work on garnets from the Eidvageid schist group and the 

Olderbugten Group reveals them to be rich in the ALmandine molecule,

i.e. Pe rich. These observations, which in the light of Atherton’s 

work must be regarded tentatively, are certainly consistent with the 

observed change in grade that occurs across the area.

Galcite

Galcite is a common accessory constituent of the rocks. Generally 

it occurs as granular anhedra showing the typical ê rfcrerae birefringence 

together with a negative uniaxial sign. Its relationship to other 

mineral phases is often difficult to determine. It seems certain that 

most of it is associated with a post-P.2 hyrothermal metamorphism. 

However, some calcite has been recorded a,s inclusions in pre-P.2 garnet. 

It seems likely that it is, therefore, a prima,ry constituent of the rock. 

Plate 148 shows a calcite porphyroblast overgrowing a, biotite segregation 
aligned along 8.1. This type of.calcite growth is easily distinguished 

from the growth occuring in the post-P.2 veins and cracks where it is 

accompanied by chlorite and epidote.

Quartz and Pel spar

A considerable amount has already been written on the orientation 

and habit of the quartz of the Komagnes Group in the petrofabric section* 

In summary, from this study the following emerged:
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1) In psammites niiartz generally has two morphologies.

a) A fairly coarsely crystallise variety which occurs as 

stringers in the rocks. Within these stringers which 

generally define S.1, the quartz show little or no 

dimensional orientation hut is frequently strained.

These layers are mica-free and give rise on banding 

surfaces to a strong P.1 lineation. (Plate 149)•

b) A rather finer-grained equidimensionad fraction which is 

often a mixture of quarts and felspar. These areas tend 

to show a rather polygonal outline obviously due to post-P.I 

recrystallisation. It is this recrystallisation that has 

tended to disrupt the S.1 fabric defined by mica, which 

occurs commonly in these areas. The difference in fabric

between (la) and (iB) is obviously a function of the presence

opabsence of felspathic constituents and more important, of 

micaceous constituents. The reasons for this will be discussed 

more fully later.

2) The optical orientations of the two fractions (la) and (lb) were

not significantly different in any one slide.

3) In the Komagnes area the quartz fabric appeared to be more

controlled by P.2 whereas in the Rastaby the fabrics were dominantly 

pre-P.2.

Pelspar .

It is the felspathic constituents of these rocks that constitute



Plate l49. Stringers of quartz, Lower Komagnes Group, 
Komagnes. x 40, X Pis.

Plate 150. Poikiloblastic albite porphyroblast. Lower 
Komagnes Group, Komagnes. x 40, X Pis.



1 7 8

the most important evidence of a, change in metajnorphic grade.

The Lower Koma.gnes Group

This consists of the structurally lowest metasediments up to 
the approximate level of the Mixed Psa/nnite and Pelite unit. This 

is characterised hy the abundant occurrencpof large po rphyroblast s 
of albite. (Plate 150). Measurement of albite twins yielded a 
maximum extinction angle of 15°? this coupled with the positive sign 
and refractive index slightly less than balsam gives a composition of 
(AUy). This albitic composition is confirmed by X-ray diffrantion 

study; a whole rock crush of an albitised psammite yielded good- 
albite pealos. This albite is demonstrably of metasomatic origin.

Felspar porphyoblastesis is a common feature in the area and it will 

be demonstrated later that there is a systematic change in the 
composition of these porphyroblasts with metamorphic grade. In the 

other metasedimentary groups it has often been possible to make a 
distinction between the composition of the groundmass felspar and the 

po rphyrobl as t s. In the case of the Lower Komagnes Group this has not 
been possible, albite appears to be the only felspar phase present.

There may be two reasons for this:-

1) Any earlier felspar, perhaps indicative of a higher metamorphic 

grade, broke down during the albitisation, which took place at a 

slightly lower grade.

2) The previous felspar phase was also albitic and merely recrystallised 

during the albitisation.
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Since there is no evidence of any retrogression of other 
mineral phases and garnet is notably sparse in the group, the 
alternative 2) is favoured i.e. that albite is the felspar 

representative of the maximum grade of metamorphism achieved 
within the Lower Komagnes Group.

The Upper Koma,gnos Group

In lithologies above and including the Pink Psammite albite 
is absent. The felspar is a pi agioclase which occurs as a 
polygonal mosaic vrith quartz, (Plale 15l)* Lack of good twinning 
makes identification difficult, though refractive indices are 
always greater than balsam. The small number of twins that have 
been measured indicate a composition of (An 38), more basic schists 
however, have yielded (An 54)*

Summary and Discussion

The rocks of the Lower Komagnes Group contain assemblages 
consisting of albite, honblende, epidote, biotite, muscovite 

with sparse garnet. Tiese minerals grew during the static phase 
of metamorphism between P.1 and P.2. Thus, the maximum grade of 
metamorphism achieved during this phase was the Qpartz-ALbite 
%iidote ALmandine Sub-facies of the Green schist facies, Winlcler
(1967).



Plate 151. Polygonal quartz felspar mosaic. Upper 
Komagnes Group, Rastaby. x 40, X Pis.
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The Upper Komagnes Group during the same phase, acquired a 

sligh.tly higher grade of metamorphism characterised by plagioclase, 

horneblende, epidote, biotite, muscovite and abundant garnet. This 

indicates raetanorohisn in the Staurolite Almandine sub-facies,

Winhler (op.cit.) The absence of staurolite is perhaps due to 

a compositional control.

Perhaps the most significant indicator of this change in grade 

is the change albite to plagioclase. Ue Waard (l959) records a 
very similar change in a, metamorphic belt in Indonesia. He notes 

a sudden jump in felspar composition across a very well defined 

line. In the zone of lowest metamorphic grade the compositions 

are of the order (Ano-lO), on the other side they are in the An 20+) 

range. Very few rocks contain An contents between these values.

De Waard (op.cit.) concludes that the line across which this jump 

occurs, represents the isograd between the greenscliist facies and the 

Almandine Anphibolite facies. The line across wliich this change occurs 

on Seiland is indicated in Pig. 49 (P.%2o).

b) The Eidvayeid Schist and Structurally Higher Grouns

Introduction

During the static phase of metamorphism the highest grade 

conditions represented by a kyanite-sillimanite porphyroblastesis 

were achieved in the metasedimentary groups. The following account 

is a description of these minerals as far as possible in their 

temporal order of occurrence.
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Biotite

As a general rule biotite defines a good schistosity which appears 
to be overgrown by the later porphyroblast s. This schistosity is 
generally axial-planar to early folds and sensibly parallel to the 
lithologie banding. For this reason the structure has been termed 
(S.l.), These are, however, indications that more than one phase of 
deformation may have been involved in its formation. This will be 
discussed in greater detail later.

In thin section the mineral appears in various shades of brown 
and red-brown defining the schistosity which sweeps round the strongly- 
augene d jpo rphyrobl ast s.

Garnet
It has been possible to recognise two different types of garnet 

growth. 'These two growth phases are separated by an episode of 
mylonitisation. For the purposes of this account the earliest phase 
will be termed Garnet I and the later phase Garnet II,

Garnet I
This phase of garnet growth produced very large (several 

millimetres) garnet porphyroblasts. These are completely ubiquitous 
in the pelitic and semi-pelitic metasedimentary Groups. Generally 

they tend to have a near-circular cross section, thou^ occasional 
euhedral examples have been recorded showing a rhomb do decahedral form.
These garnets frequently have a truncating relationship with the 
schistosity defined by biotite (Plate 152). Inside the garnets, 
however, there is a coarse inclusion fabric consisting of polygonal 
quartz and descussate biotite (Plate 153)» One example of a shimmered 
kyanite crystal has also been recorded. These two observations; the 
truncating relationship with the schistosity and the coarse inclusion 
fabric present two rather conflicting pieces of evidence. The



Plate 152. Garnet I porphyroblast truncating S.l 
Eidvageid schist, x 40, P.PoL.



Plate 153. Garnet I porphyroblast with coarse inclusions of 
biotite,quartz and felspar. EidvSgeid Schist 
Group. X 40, P.P.L.

Plate 134. Garnet I showing atoll structure. Olderbugten 
Schists west of Olderbugten. x 10, X Pis.
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truncating relationship suggests that the garnets have overgrown an 
earlier formed schistoeity in which they have been au gened by 
subsequent flattening, whereas the coarse inclusion fabric suggests 
that the garnets have overgrown an earlier annealed fabric and that 
the schistosity, previously denoted (s.l.), is in fact a post-garnet 
structure.

Consider Plates 154 and 155, These show large felsphar 
porphyroblasts with atoll rims of garnet, within these felspars occur 
large decussa.te biotites. These are similar in many ways to the atoll 
structure described by East (I964 p.94) from the Highlands of Scotland. 
These have been regarded, by many authors, as dissolution phenomena 
caused by growth of felspar and other constituents at the expense of the 
garnet. The dissolution of the centre portions of the garnet is due to 

an original zonation of the mineral. East states (op.cit.) "Zoned 
garnets vdiich occur in the Central Highlands of Scotland and possess 
zones with different refractive indices, have grown during two different 

periods of metamorphism (Ml and M2). It is suggested that the atoll 
garnets represent the remnant M2 rims while their inner cavity, filled 
by felspar, mica and quartz, was originally the î*ül garnet which is 
normally protected by the 1 rim. If, however, the rim is mechanically 

breached, the unstable inner zone becomes replaced and the replacing 
felspars become nucleated at the interface of the two zones of contact"

The existence of this type of compositional zoning of garnet is 
siggested by a garnet from Eidvageid schist adjacent to a post-P.2 fault 
at Eidvageid. This shows a core that has been selectively chloritised 
by the retrogressive metamorphism accompanying faulting (Plate 175) •



Plate 133. Garnet I with breached atoll structure.
Olderbugten Schists, west of Olderbugten. X 10, X Pis,

Plate 136. Overgrov/th of garnet II on garnet I. Note the 
discrete garnet II in the groundmass. Sidvâgeid 
Schist. X 40, P.P.L.
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It seems likely, therefore, that the coarse polygonal fabric developed 
inside these garnets is the result of dissolution and subsequent 

recrystallisation. The atoll garnets represent an advanced stage of 
this process. This is further suggested by the fact that rims and 
discrete porphyroblasts of garnet II never show these dissolution 
phenomena. It can be demonstrated that these grew after the maximum 
grade of metamorphism and the mylonitisation. It would seem, from the 
relationship displayed in Plate I54 and 155 that this dissolution took 
place at about the same time as the felspar porphyroblastesis. It can 
be shown that this was coeval with the maximum grade of metamorphism.

P. Powell (personal communication) working in the Moines of ÎT.W. 
Scotland, has noted garnets in pelitic rocks overgrowing an external 
foliation. Tlie internal fabric of these garnets is obviously continuous 
with the external fabric. Wien, however, these pelites are traced into 
a zone of migmatisation, the internal fabric of the garnet 
recr; st alii ses in a manner ver̂ '’ similar to that seen in Seiland. This 
means that the idea that the inteznal fabric of garnet represents a 
frozen relic of a previous phase of metamorphism must be applied with 

care, particularly where the inclusion fabric is coarse-grained as on 
Seiland.

Garnet II

The second growth of garnet post-dates the mylonitisation and main 
kyanite growth. It has two modes of occurrence:

1. As overgrowth on Garnet I, Plate I56.
2. As discrete grains -within the giro un rim as s.
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Trie mineral clearly overgrows the schistosity and the mylonitic 
fabric, and is not so strongly ange ne d as Garnet I, Generally, it is 

Euhedral and contains a large number of inclusions of the groundmass 
biotite; it can also be seen to be lobed round kyanite crystals. 

Occasionally dense granular concentrations of sub-hedral grains occur 
(Plate 157), these overgrowing an annealed rrylonitic fabric.

Generally the selvage of garnet II on garnet I is rather thin, 
thou^ this discrete garnet II porphyroblasts may be anything up to 
1/2 mm. in size, Tlie very characteristic inclusion fabric of both 
types makes them easily distinguishable. This difference in inclusion 
fabric indicates that the two types probably do not represent a 
continuous phase of garnet growth, rather they represent two phases of 
growth, separated by the mylonitisation during which growth was inhibited, 
This is further suggested by the fact that during the maximum grade of 
metamorphism marked by the felspar porphyroblastesis garnet I appears 
to have been undergoing dissolution.

In no case have curved inclusion traces been observed in examples 
of garnet cut normal to the external schistosity, this suggests, at 
least in the case of garnet II that growth took place during the static 
phase, or a phase of irrotational strain. One section, however, cut 
parallel to (S.l.) reveals curved inclusion trails in granular garnet II, 
(Plate 158). It seems highly unlikely that rotation could have talcen 
place about an axis normal to the schistosity. It is probable, 
therefore, that these spiral inclusions are a reflection of the manner 
in lAich the garnet has grown. Zingery (1960) mentions such spiral 
growth from dislocations in crystal structures.



Plate 137° Concentration of subhedral garnet II, EidvSgeid 
Schist. X 40, P.P.L.

Plate 138. Spiral inclusions in garnet II, Eidvâgeid 
Schist. X 40, P.P.L.
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Determination of the "a" cell edge using X-ray diffraction 
methods and the refractive index of a garnet I from the Olderfjord 
Group yielded the following composition using the tables of Sriramadas 
(1957), Aim 77, ?yr 10 Spess I3.

RI = I.8I5

"a" = 11.53

It will be remembered that a garnet from the Upper Kbraagnes Group 
was very rich in the spessartine molecule. Although both of these garnets 
almost certainly grew before the acme of regional metamorphism, the 
observed increase in the Almandine molecule is consistent with a rise in 

metamorphic grade across the area, Sturt (1962).

The Significance of S.l.
The following observations have been made above concerning the 

relationships between the various phases of garnet growth and the 
8chistosity.

1. Garnet I frequently truncates the schistosity, thou^ it is very 
strongly augened.

2. Garnet II clearly overgrows the schistosity and it is not so 
strongly augened,

From these observations it was suggested that garnet I was 

overgrowing the F.l, axial-planar schistosity (S.l,). Certain evidence, 
however, suggests that the situation is more complex than this. In rocks 
which have been strongly mylonitised, thorou^ recrystallisation produces
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an annealed fabric with a schistosity defined by biotite. Tliis 
schistosity must represent the result of post-mylonitisation possibly 
mimentic recrystallisation; thus although it is parallel to the anial 
plane of F.l. folds it cannot represent (S.l.). This situation arises 
because the plane of intense flattening, which developed during the 
mylonitisation was co-plar with (S.l.-)-. Thus, the biotite foliation 
represents the product of two deformations, F.l. and the mylonitisation^ 

(s.l.) itself is probably represented in the strain-shadow areas around 
garnet I where the truncating relationship is preserved.

Kyanite and Sillimanite
These polymorphs are widespread thou^ they have a fairly 

distinctive distribution. Porpliyroblastic kyanite occurs commonly in 
the Eidvageid Schist, occasionally with fibrolitic sillimanite. In the 
Olderfjord and Olderbugten Group however, both porphyroblastic, Iqranite 
and sillimanite occur together with fibrolite.

In the Eidvageid Schist the Icyanite occurs as megascopic prismatic 
crystal (examples up to 6 cms. have been recorded). The long axes of 
these crystals tend to lie within the foliation of the schist. This 
suggests strongly that they have grownmimetically in the schistosity.
The long axes of these crystals were measured in the field and the 
result :is given in Fig, 47. It can be seen that the locus of their 
distribution is a great circle corresponding to the foliation in the 

schist (see Fig.3).



FIG 4 7

KYANITE LONG AXES F R O M  THE EtûVÀGEiD SCHIST GROUP

N
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In this section these large kyanites can be seen to be strongly 
Simmered by muscovite (see Plate 159). Occasionally this pseudomorphing 
is complete, resulting in a lens of white mica. V/here solid kyanite 
cores exist, however, they can be seen to be strongly strained and 
augened in the foliation. Often the pseudomorphs have a lenticular form. 
Frequently, the partially pseudomorphed areas are prismatic in form 
and there seems no doubt that they were once singly crystals, the effect 
of flattening has been to split the kyanites into a number of optically 
discontinuous sub-grains (Plate l6o).

Kyanite crystals are frequently overgrown by Garnet II. This may 
either contain the kyanite as an inclusion or it may be lobed around the 

kyanite (Plate l6l). This gives a very good idea of the chronology of 
kyanite growth. One example has been recorded of a kyanite inclusion in 
a large alkali felspar porphyroblast. So it would appear that kyanite 
growth was pre-felspathisation and pre-garnet II, also pre-mylonitisation, 
which was undoubtedly responsible together with F.2* for the augening.

It has already been mentioned that both kyanite and sillimanite 
occur within the Olderfjord and Olderbugten groups, if the distribution 

of these two minerals is plotted on the map, no clear pattern emerges. 
Although it may be possible that F.2. has folded the isograds giving 
rise to an apparently irrational distribution, this cannot entirely 
explain the relationship seen in thin section.

In a number of this sections both kyanite and sillimanite have been 
recorded apparently in equilibrium. In other sections where kyanite alone 
occurs there is often some evidence that it is a pseudomorph after 

sillimanite. Plate 162 shows a characteristic sillimanite prism. In end



Plate 139» Shimmered kyanite, Eidvâgeid Schist, x 40, P.P.L,

Plate 160. Highly strained and recrystallised kyanite, 
Eidvigeid Schist, x 40, X Plso



Plate I6I0 Kyanite overgrown by garnet II, Eidvageid 
Schist. X 40, X Plso

Plate 162. Sillimanite prism, Olderfjord Group, Hç/nseby. 
X 40, P.P.L.



section, the mineral tends to he square with one prominent cleavage 
(Plate 165). In rocks within the Olderfjord and Olderbugten Groups 
where only porphyrobl asti c kyanite occurs the mineral tends to talce on 
an identical prismatic sliape to the sillimanite. An important feature 
is the fact that the cleavage planes within the kyanite appear to bear 
a rather random relationship to the outline of these prisms 

(Plates 163 and I64).

Table 8 shows some of the relationships that exist between the 
cleavage planes of the Icyanite and the bounding prisms. Fnere it was 
possible to determine the optic sign this was always negative.

Table 8

Extinction 
angle to

Orientation 
sign of ray 
nearest to

bounding
crystal Cleavage Extinction

crystal
length

Interference
colours

35 Abs St to Cl Slow Grey
12 X St to Cl Slow White
20 X St to Cl Slow White
13 X St to Cl Slow White-yellow
42 X St to Cl Slow White
40 Abs Obi to Pr Past White
12 Cross

fracture
Obi to Pr Slow Grey-white

45 X St Slow Yellow
0 X St Slow Yellow
12 X Obi to Cl 31° Slow Grey
0 X St Slow Grey
52 X St to Cl Slow White
34 X St to Cl Slow Yellow
9 Gross

fracture
QblttoCPr Slow Grey

St to Cl 
Obi to Pr 
St

strai^t to cleavage
obligue to prismatic outline of crystal 
strai^t



Plate 163. Kyanite pseudomorphs after sillimanite 
Olderfjord Group, H/nseby. x 40, F.P.L,

t

Plate l64o Kyanite pseudomorph after sillimanite. Note the 
anomalous relationship between the cleavage and the 
prism outlines. Olderfjord Group, H^/nseby. x 40, P.P.L.
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The strong similarity in shape between the bounding crystal and 
the sillimanite prisms, together mth the apparently non
cry stallographic relationship of the internal mineral to this prism 
shape, strongly suggests that the kyanite is a pseudomorph after 
sillimanite. Hietan an (1956) has recorded the transformation 
sillimanite to kyanite in the Boehls Butte Quadrangle. She attributes 
this to a regional metamorphic event following the thermal event which 
produced the sillimanite. On Seiland the occurrence of these 
pseudomorphs does not bear any close relationship to the outcrop of 
late P.l. igneous rocks such as the H/nseby gabbro which could possibly 
have been responsible for the growth of sillimanite. Similarly>there 
are good reasons for believing that not all of the sillimanite is due 
to contact metamorphism by the syn and post-P.2. plutons of Western 
Seiland. Firstly, many of the sillimanite porphyroblasts have similar 
age relationships to the kyanite of the Eidvageid schist, i.e. the 
crystals are augened and strained by the mylonitisation and flattening. 
Secondly, fibrolite can be seen to be nucleating on sillimanite 
porphroblasts and there is evidence that this fibrolite is overgrown 
by garnet II.

Thus, it would appear that both kyanite and sillimanite developed 
at the peak of regional metamorphism, occasionally the two polymorphs 
are found to stably co-exist. Sillimanite often occurs as the stable 
polymorph. In examples where kyanite occurs above there is however, 
evidence that it may have been formed by inversion of pre-existing 

sillimanite.

These relationships would seem to indicate that the temperature 
and pressure conditions operative during this phase of metamorphism 

were close to the kyanite-sillimanite phase boundary. The aluminium 
silicate triple-point was determined by Althaus (1967) as lying at 

595 ± 10°c at 6.5 ± 5 Kb. Richardson (et.al, 19&9) in a similar
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détermination using sli^tly purer starting material, obtains a polygon 

of experimental uncertainty, the centre of which has the co-ordinates 

622 Ĉ'. and 5*5 The triple point, they say lies somewhere within this
polygon, which does not contain the Althaus determination. Althaus, 

in a later paper (1969), suggests that the kyanite-sillimanite phase 
boundary is at least bivariant. In a further experiment using both his 
OTO starting materials and those of Richardsons (et.al.) in the same 
bomb, he found after five days that in his own material the kyanite was 
converted into sillimanite and in the Richardson sample, the sillimanite 
was converted to Icyanite. Tlie chief difference between the two starting 
materials was a high content of PSgGy in the Althaus sample. He 
tentatively suggests, therefore, that impurities such as may alter
the position of the phase boundary.

Since most natural systems are likely to contain large amounts of 
impurity, it is felt that the Althaus determination probably most closely]- 

replicates the natural system. This will, therefore, be accepted in the 
following discussion. ^

The curve representing the onset of anatexis of a paragneiss with 
a felspar composition in the oligoclase-andesine range, cuts the Althaus 

equilibrum curve at approximately Sjd̂ C and 9*15 Kb,(Winkler 19^5» p.177)* 
Since there is evidence that partial melting of the gneisses took place 
during the acme of regional metamorphism, the temperature and pressure 
conditions prevailing in the Olderfjord and Olderbugten Groups must have 
been something of this order.

Finally, brief mention may be made here of the occurrence of 

fibrolite, this mineral occurs most commonly in the Olderfjord and 
Olderbugten Groups, thou^ it has been recorded in the top of the
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Bidv^eid Schist Group. The mineral appears to nucleate at the 

grain boundaries of the other mineral phases, both on sillimanite, 
Iq/anite, garnet, quartz and felspar. Evidence will be presented later 
than the mineral appears to have developed wither synchronous with or 
slightly later than the mylonitisation.

Muscovite

During the steady decline in temperature that must have followed 
the acme of regional metamorphism there is evidence of progressive 
muscovitisation of the kyanite and biotite. This may partially have 
overlapped into P.2. The results of this process are manifested most 
intensely in the Eidvageid Schist Group. In the structurally higher 
groups, the process does occur, but not to such an intense degree.
The muscovite takes on a number of morphologies.

(l) As decussate flakes pseudomorphing kyanite (Plate I65). Barker 

(1959, P.349) regards this so-called shimmer aggregate as being duetto 

late stage cooling when only very limited diffusion is possible. In this 

context it can be shown that most of the shimmer development took place 
pre-F.2. since the pseudomorphs are augened in the axial planes of P.2. 

folds.

(2a) As very large porphyroblasts overgrowing the schistosity but rather 
intensely strained (Plate 16?). These frequently show ore segregations 
along their cleavage planes, which suggests that they have grown at the 
expense of the groundmass biotite. Their porphyroblastic form makes this 
very distinctive when compared to the shimmer aggregate.



Plate 163. Basal section of sillimanite, Olderbugten Group, 
west of Olderbugten. x 40, P.P.L.

\

Plate 1660 Decussate muscovite pseudomorphing kyanite. 
Eidvâgeid Schist, x 4ü, X Pis.



Plate 167. Deformed muscovite porphyroblast. Note the ore 
grains aligned along cleavageso Eidvâgeid Schist, 
X 40, P.P.L.

Plate 168. Sillimanite prism enclosed in felspar. Olderbugten 
Group, west of Olderbugten. x 40, X Pis.
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(2b) As am all flakes in the groundmass formed by conversion of biotite.
The relative lack of muscovitisation in the structurally higher groups 
is probably due to a dearth of water. Possibly the water responsible 

for the muscovitisation in the Eidvageid Schist and Komagnes Groups was 
driven out of the overlying Olderfjord and Olderbugten Groups.

The Calc-Silicate Bands
The mineralogy of these bands is very well shown by the specimen 

H2852. This consists of one such layer interfolded with a slightly more 
basic schist. The calc-silicate component consists of a very granular 
aggregate of diopsidic pyroxene which gives the following optical properties.

Optically +ve 2V approx. = 60° ZC = 32°

Birefringence 0.033

This occurs together with granular garnet and clinozoisite which 
frequently shows polysynthetic twinning. The felspar in this rock is 
very basis (An 80). There is also a little scapolite. The mineral 
relationships observed in this slide indicate the following sequence of 
crystallisation:

(1) Pyroxene
(2) Clinozoisite

(3) Garnet

No determination of the garnet has been made but it is almost 
certainly a lime-rich variety.
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Tlie basic rock in the same slide contains very little garnet. The 

plagloclase, however, appears also to be (An 80). There is also diopsidic 
pyroxene present. The chief difference between this component and the 

calc-silicate band lies in the abundance of hornblendic amphibole, in 
the former. This gives the following optical properties :

Opt -ve 2V approx. = 70°
A
ZC = 14 Y = b Biref = O.O3O 
Z = brownish green
Y = pale yellow
X = pale yellow = X

Quartz and some clinozoisite are also present.

The presence of a very basic felspar in these rocks indicates a 
compositional control in the formation of the mineral. The felspar of 

the pelitic rocks are always in the andesine range.

Quartz and Felspar
The felspar phases in these rocks have two characteristic modes of 

occurrence.

(1) Groundmass felspar
(2) Porphyroblastic felspar

(1) In the pelitic and semi-pelitic schists lîichel Levy determination 
of plagioclase compositions yields an average of about (An 34). In the 
Eidvageid Schist and structurally higher groups, the observed textures 
are the result of the re crystallisation of a mylonitic fabric, the 

felspar occurs generally as a fine grained mosaic (see later for further 

details).
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(2) TTie porphyrobl asti c felspar will also be discussed in greater detail 
later.

The quartz in the pelitic and semi-pelitic rocks occurs either as 
polygonised grains in the foundmass or as composite stringers. In the 
psammites the quartz occurs as irregular grains, often strained with a 
tendency for them to be elongated in the schistosity. These stringers 
probably represent original quartz-rich layers in the metasediments which 
became strongly flattened during the mylonitisation and subsequently 
recrystalli sed.

Summary
During the static phase the following assemblages arose in the 

EID Y& EI D  SCHIST GROUP :
Quartz, Andesine, Biotite, Almandine, Garnet (2 growth stages), 
Kyanite, Fibrolite, Muscovite.

The pelitic rocks of the OLDERFJORD AND OLDERBUGTEN GROUPS contain : 
Quartz, Andesine, Biotite, Almandine, Garnet (2 growth stages), 
Kyanite, Sillimanite, Fibrolite and a little muscovite.

The Calc-Silicate rocks contain :
An-rich felspar, Epidote, Diopside, Garnet (probably lime-rich).

The Basic Schists :
An-rich felspar, Epidote, Diopside and Hornblende.

These facts indicate that the grade of metamorphism was sli#itly 
higher in the Olderfjord and Olderbugten Groups since porphyroblastic 
sillimanite is present as well as lyanite. There is evidence of 
inversion of sillimanite to kyanite suggesting that the temperature and



pressure conditions were close to the kyanite-sillimanite equilibrum curve. 
Only fibrolitic sillimanite appears in the Eidvageid Schist, evidence will 
be presented later that this developed later than the porphyrobl asti c 
aluminosilicates; coeval with or slightly later than the mylonitisation.

The maximum grade of regional metamorphism was followed by a period 
of slow cooling which led to muscovitisation of kyanite and biotite in 
the Eidvageid Schist group. This process does not seem to have operated 
extensively in the liigher metasedimentary groups.

Thus, during the static phase the maximum grade achieved, appears 
to have been the Kyanite Almandine Muscovite Sub-facies in the Eidvâgeid 
Schist Group and locally the Sillimanite Almandine-Orthocl ase Sub-facies 
in the Olderfjord and Olderbugten Group. The distribution of these facies 
is given in Fig. 49 and the temporal order of growth in Fig. 62.

(5) The Syn. F.2. Metamorphism
Examination of the relationships of the various met amorphic minerals 

to structures that arise during the F.2. folding, indicate that the grade 
of metamorphism during this deformation phase had, over the whole area, 
waned to about the same level.

Study of thin-sections slides from the late F.2. thrust at Komagnes 
indicates that the rock had thorou^ly recrystallised under conditions 
favourable for the growth of epidote biotite, and muscovite, chlorite , 
appears to be absent. Similarly, F.2. folds from within the Komagnes 
Group show development of axial planar muscovite and biotite, garnet 
becomes augened in this newly formed schistosity (S.2.) and in no case 
has been observed to overgrow S.2. (see Plate 147)* This F.2. foliation
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is not penetrative except in some of the pelitic bands in tigjit F.2. 
folds, even here vestiges of S.l. can be seen in the form of strain-slip 
cleavages.

Examination of F.2. folds from the Eidvageid Schist Group and the 
other met ase diment ary groups reveal similar relationships; (S.l.) is 
folded by the second phase folds and biotite and muscovite develop axial 
planar to F.2., kyanite, garnets I and II, silliminate and other 
porphyroblasts become augened in the anial planes of these structures.

B, Robins (personal communication), working on an adjacent area to 
the west, has recorded sillimanite growing axial-planar to F.2. folds.
In all the thin-sections examined by the author, this type of 
relationship has not been observed. In the pelitic Groups, however, such 
as the Olderbugten Group, where syn or post-F.2. porphyroblastic 
sillimanite is most likely to develop, it is very difficult to date the 
growth of this mineral in relation to F.2., especially in the absence of 
F.2. folds, which tend not to form in this lithology. Tlius, it is not 
possible to say definitely that there is no syn-F,2. sillimanite. Certain 
facts are however, clear; at least some of the sillimanite porphyroblasts 
have selvages of fibrolite which elsewhere can be dated as pre-Garnet II. 
This implies that the sillimanite is also pre-Garnet II. Plate 168 shows 
a sillimanite porphyroblast enclosed by alkali felspar, which can quite 
definitely be dated as pre-mylonitisation, V/here, however, such clear 
relationships are not apparent, the position of sillimanite porphyroblasts 
must remain equivocal. Examples of possible syn or post F.2. 
sillimanite have been recorded; however, such examples tend to be rather 
poikiloblastic and appear to be overgrowing a fine-grained biotite fabric 
of the typed formed during mylonitisation. This would imply a post- 
mylonitisation origin for the sillimanite.



This type of relationship means that the author cannot rule out the 
occurrence of syn-F.2. sillimanite on Eastern Seiland. Indeed, the 
mineral is to be expected, especially in the west where it may form as a 
contact phase to the late and post-P.2. basic plutons. The occurrence 
described by Robins is almost certainly of this type. It may, however, 
be due to mimetic growth relative to F.2.

Thus, it seems that during F.2. times the met amorphic grade appears
to have dropped down to Middle Greenschist Facies condition. The
characteristic biotite, muscovite, epidote assemblages indicate conditions
in the Quartz-Albite-Epidote - Biotite Sub-facies, with possible 
elevation by contact metamorpism to the upper part of the K-felspar 
Cordierite Hornfels Facies, Winkler (1965) during late and post F.2. times,
this only occurring in the western part of the area.

(4) The Post F.2. Metamorphism
There is evidence of a post-F.2, hydrothermal metamorphism which 

gave rise to retrogressive changes in the body of the rocks and 
mineralisation along late brittle fractures.

The low grade assemblages which occur are quite widely developed in
the Komagnes Group, t h o u ^  they tend to be most intensely developed
adjacent to faults and Icink zones. The Eidvâgeid Schist Group and the 
other metasediments are not widely retrogressed though the low grade 
assemblages again occur in the region of faults.

In the body of the rocks the retrogressive changes are manifested 
by the chloritisation of biotite, amphibole and clinozoisite. The 
chlorite occurs an irregular felts often with relict biotite inclusions. 
This type of retrogression of green biotite yields a green chlorite and 
iron-ore which would seem to indicate a less ferriferous composition for 
the chlorite (Plate I69). This is also good evidence that the green



Plate 169. Chloritised green biotite. Note the iron ore 
produced by the reaction. Upper Komagnes Group, 
Rastaby. x 40, F.P.Lo

Plate 170, Chloritised garnet, Upper Komagnes Group, 
Jernelv. x 40, X Pis*
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colour is due to a high iron content.

Chloritisation of the very sporadic garnet that occurs in the 
Lower Komagnes Group has also been recorded; Plate I70 shows such a 
garnet which occurs in a rock specimen taken adjacent to the fault 
zone at Jernelv, Relicts of garnet can be seen within the chlorite 
pseudomorph which itself reflects the original skeletal form of the 
garnet.

Perhaps the most interesting manifestation of this hydrothermal 
metamorphism is to be found in the infills of late brittle cracks which 
transect the layering at a h i ^  angle within the Komagnes Group, The 
infills along these cracks are responsible for the discolouration 
occuring along the bounding surfaces of kinli folds and joint drags 
(p iiq), A fine example :of the association of this phase of 
metamorphism with the kinking is seen in Plate I7I. Here an albite 
crystal can be seen in which a conjugate set of kinli zones is developed. 
One of the joint planes of this structure is infilled with epidote. If 
this crack is traced through the rock other minerals present within it 
are calcite and chlorite. The body of the rock also contains much 
chloritised biotite. A smilar occurrence parallel to the axial plane 
of a kink-fold from the Calc-Silicate schist is depicted in Plate 172, 
this consists of a coarse-grained aggregate of chlorite, epidote and 
calcite.

Further evidence of the association of this hydrothermal 
metamorphism with faulting is seen in samples of the Eidvâgeid Schist 
taken from the northern c o m e r  of the head of Eidvaagenf jord at 
Eidvageid.ddlt is clear from the strong brecciation occurring in the



Plate 171. Conjugate kinks in albite; one kink plane contains 
calcite and epidote. Lower Komagnes Group, north 
of Jernelv. x 40, X Pis*

Plate 172. Coarse calcite, epidote and chlorite segregation 
in a kink fold. Upper Komagnes Group, Jernelv. 
x40, X PlGo
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thin neck of land that separate Eidvaagenf jord from Yashugt, that there 
is a fault present. This has been mapped by D. Powell. The fault is 
obviously responsible for. the local chloritisation of biotite and garnet 
in the Eidv&geid Schist Group; Plate 173 shows an interesting example of 
a garnet whose core has been selectively chloritised. This observation 
lends further credence to the argument that stoll structure is due to 
selective dissolution of zoned garnet, put forward in the section on the 
static metamorphism.

Tlius, during the phase of faulting, jointing and kink-fold formation, 
the met amor pliic assemblages calcite, epidote, chlorite were formed along 
the structural planes formed by these deformations. These assemblages 
are characteristic of the Quartz-Albite-Muscovite Chlorite Sub-facies 
of the Greenschist Facies.

Tlie observations described above are further evidence of the 
temporal association of joints, faults and kinlc folds.

A summary of the sequences of mineral growth during metamorphism 
is given in Fig. 55,

(a) Granitic Pocks Migmatites and Felsnathisation 
Introduction

The peak of regional metamorphism indicated by the kyanite 
sillimanite porphyroblastesis in the metasediments was accompanied by 
extensive migmatisation, felspathisation and intrusions of 
adamellitic sheets.



Plate 173o Garnet with a selectively chloritised core 
Eidvâgeid Schist, x 40, P.P.L.

Plate 174. Migmatitic Olderfjord Group striking into
porphyritic Eidvaagtinn adamellite. Eidvaagtinn,
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(l) The Mlgmatites

Tlie development of migmati tes occurs exclusively in the Olderf jord 
and particularly the Olderbugten Groups. . The migmati sation appears to 
have developed pre-felspathisation, the latter process is closely 
associated with the Eidvaagtinn adamellite. These relationships are 
illustrated by Plate 174 which shows migmati tic psammites of the 
Olderfjord Group striking into strongly porphyroblastic adamellite.

The migmati tes are most easily studied on the coastal exposures 
of the Olderbugten Group, both in the area of Olderbugten itself and 
on the shores of Eidvaagenf jord, in the north. It would appear that the 
achists and semi-pelitic rocks of this group are the most susceptible 
to migmatisation.

In the field the migmatites may best be described as arterites.
They consist of a leucosome comprising of generally parallel quartz- 
f el spathic bands or streaks which are often ptygmatic (Plates 175» 17 6 
and 177)' Tlie general attitude of these bands is parallel to the sheet 
dip of the metasediments. Often the leucosomes are lenticular in shape 
with large pink garnets in the cores which are intimately penetrated 
by the leuosome material. Similarly, the thicker leucosomes are studded 
with small pink garnets. Deformation and recrystallisation imparts a 
flinty streaked-out aspect to these rocks (Plate 178).

The melanosome of these migmati tes is generally a purple 
gametiferous schist which does not differ greatly in appearance from 
the schist seen in areas which are not extensively migmatised.



Plate 175. Migmatitic Olderbugten schist, Olderbugten shore,

%

Plate 176. Migmatitic Olderfjord Group, Eidvaagenfjord.



Plate 177. Migmatitic Olderfjord Group, Eidvaagenfjord,

Plate 178. Deformed migmatitic Olderfjord Psammites, 
north of Olderbugten.
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Petrography
*Modes of two of the leucosomes are appended in Table 9* 

Table 9

Potash felspar
PIagioclase
Quartz
Biotite
Garnet
Sillimanite
Others

Total

Example 1 
Lensoid leucosome 
Olderbugten schists.

42.25
26.45 (An 33)
16.45 
10.70
3.35

0.80

100.00

Example 2
Thick leucosome vein 
Olderbugten schists.

44.30
17.75 (An 41) 
34.27 

1.12

2.52
0.04

100.00

Prom these modes it is clear that Example 1 is adamellitic and 
Example 2 is granitic.

It is unfortunate that in almost every case the original grain 
boundary relationships between the minerals in the leucosomes, have 
been disrupted to various degrees by the mylonitisation. Example 2 , 

however, appears to show only slight granulation at grain boundaries. 
The rock has no foliation. The potash felspar crystals are sub- 
hedral to anhedral, some have a long dimension of 7 mm. They are 
untwinned and generally strained# T  ?

* Note
These modes were obtained by staining the slides with sodium cob alt ini- 
trite solution after etching with hydrfluoric acid, this produces a 
yellow stain on the potash felspar. Example 1 was also stained for 
plagioclase with potassium rhodizonate solution, which imparts a pink 
stain to the mineral.



The plagioclase crystals are of the same order of size and shape, they 

show some poly synthetic and carl shad twinning, the twin lamellae are 

frequently bent. Potash felspar-potash felspar grain boundaries and 

potash felspar-plagioclase grain boundaries are frequently marked by a 

thin zone of granulation along which dense sheaves of fibrolite have 

grown. The quartz occurs as irregular pockets between the felspar grains 

and shows some evidence of polygonisation. It can be seen as inclusions 

in the latter. The small amount of biotite present is decussate and 

shows red-brown pleochroism. The sillimanite is acicular and the 

crystals may reach l/2 mm. in length. Plate 179 illustrates some of 

these features.

The smaller lensoid leucosomes generally show rather more deformation, 

though it is obvious that they have basically a similar mineralogy with 

variations notably, in the amounts of garnet and biotite present 

(e.g. Example l). This depending on the degree of admixture with the 

melanosome. The dense concentrations of biotite which occur in these 

admixed zones are clearly overgrov/n by Garnet II (Plate 180).

The origin of these leucosomes will be discussed in greater detail 

later, but it is believed that they are probably products of partial 

melting of the metasediments.

(2) The Eidvaamtinn Adamellite

This body occurs as two laterally discontinous sheets. The most 

westerly of the two sheets can be traced northwards from the western 

flanJcs of Eidvaagtinn to the northern corner of E/nsebyvann. In the 

region of H/nesbyvann the sheet has been boudinaged into a number of pods



Plate 179* Deformed migmatitic leucosome. Olderbugten 
Group, Olderbugten. x 10, X Pis»

Plate 180, Garnet II overgrowing the biotite of a migmatitic 
melanosome. Olderbugten Group, Eidvaagtinn.
X 40, P.P.L.
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?;hicl'i can Unmapped in the field. The easterly sheet which is folded 
(Section 2) has an arcuate outcrop pattern which is caused by 
topographic* variations.

It is generally impossible in the field to map a definitive 
contact to the adamellite, since the associated felspathisation makes 
the passage metasediment to adamellite imperceptible. The adamellite 
is generally gneissose in appearance and it is obvious that it has 
undergone considerable deformation. Large pink alkali-felspar ovoids 
which rnaJce up a large proportion of the rock survive only as 

"porphyroclasts" in a fine-grained strealcy groundmass.

Petrography

A mode of the adamellite is appended below.

Table 10
Potash felspar 30.29
Plagioclose 39.97
Quartz 28.77
Ore 0.37
Others 0.60

100.00

This shows quite good agreement with the norm of the adamellite 
(Specimen 5» Table II). The rock in question has been strongly 
mylonitised and is now as augen-gneiss. Staining with sodium 
cob alti ni trite and potassium rhodizonate for alkali felspar and 
plagioclase respectively, allowed very satisfactory distinction between 
the two minerals. The disadvantage of the staining, however, lies in 
the fact that it obscures the biotite, which occurs in small amounts 

in the rock.



This section study of the rock shows that the original texture 
has been alraost completely obliterated. The potash felspars occur 
generally on large porptiroblasts (l2 ram) in a fine-grained 
recrystallised groundmass (Plate ISl). These surviving crystals and 

the ‘groundmass grains show carlsbad and gridiron twinning (Plate 132). 
X-ray diffraction studies indicate an affinity with intermediate 
microcline. How much this structural state is an original feature is 
impossible to gauge. Some of the larger porphyroblasts show development 

of bleb and hair perthites (Plate I85).

Tlie jpl agio cl ase, which makes up 59:'̂ of the mode, is generally 
untwinned making determination very difficult. Some rayrmekite develops 
at the junction between the plagioclase and the microcline. The quartz 
in the rock occurs both on granules in recrystallised quartz-felspathic 
zones and as stringers which define the rock foliation with biotite.
The latter mineral in the most re crystallised rocks occurs as laths with 
a chocolate brown pleochroism which define the foliation. In other 
facies where r e cry st alii sation has not been so complete, the biotite has 
a rather granular aspect, probably due to the effect of the 
mylonitisation. Plate 184 shows this type of biotite overgrown by 
Garnet II. Other accessories are allanite and green amphibole.

The Origin of Adamellite
The gradational contacts found in association with the adamillite 

suggest a possible origin by metasomatism. Certain lines of evidence, 
however, point towards a magraatic origin. Plates 185 and 186 show 
examples of basic xenoliths in the granite. These display sharp igneous 
contacts; (I85) shows little granitic veins penetrating the xenolith 
uid (l36) shows a similar situation m t h  the veins deformed, probably 
by P.2. Elsewhere post-alamellita pegmatites and aplites have been 
recorded. On S/r/y, Teylor ('Personal communication) has mapped very



Plate 181. Granular mosaic of microcline. Olderfjord 
Group, west of Hgfhsebyo x 40, X Pis.

Plate 182. Gridiron twinning in microcline. Eidvaagtinn 
adamellite. x 40, X Pis,



Plate 181. Granular mosaic of microcline. Olderfjord 
Group, west of Hj/nseby. x 40, X Pis.

Plate 182. Gridiron twinning in microcline 
adamellite. x 40, X Pis.

eidvaagtinn
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Plate 183. Bleb and hair perthite in potash felspar. 
Eidvaagtinn adamellite. x 40, X Pis*

: i

Plate l84. Garnet II overgrowing fine-grained biotite in the 
Eidvaagtinn adamellite. Note the recrystallised 
mylonitic fabric, x 40, X Pis.



Plate 185. Basic sheet xenolith in the Eidvaagtinn adamellite

Plate 186. Basic sheet xenolith in the Eidvaagtinn adamellite, 
Note the folded adamellite veins.



very similar adamellitic sheets which are unequivocally of magmatic 
origin. All these factors lead to the conclusion that the adamellite 
was intruded as a series of sheets, which were capable of producing 
intense fel spathi sation in the adjacent metasediments.

The origin of granitic rocks of this type has been for many years 
the subject of considerable controversy. Recent experimental work by 
Winkler (I967) and Von Platen (1965) has suggested that migmatitic 
rocks may be explained by partial melting of crustal rocks at h i ^  
temperatures and pressures. Workers such as King (1965) have attacked 
these conclusions as being too facile and ignoring pétrographie and 
field evidence. King (op.cit.) believes that in many cases the 
apparent mobilisation features seen in migmati tes may be due to the fact 
that they have initially acquired a granitic composition by a process 
of metasomatism and it is this that has made them mobile, rather than a 
process of partial melting acting on a rock inherently containing the 
elements of a granitic melt. One of his reasons for believing this is 
that many rocks do not contain enou^ of the granitic elements to produce 
a reasonable quantity of granitic liquid.

This controversy is obviously not going to be entirely resolved 
here but the author proposes, with a rather limited amount of data, to 
test the validity of the ideas of Winkler and Von Platen.

Winkler (1967) has proposed that the composition of the minimum 
temperature melt produced by partial melting of a met amorphic rock, is 
controlled by the ratio of normative albite to normative anorthite, the 
Ab/An ratio. In his book, Winlcler (op.cit.) gives a series of points for 
this composition on a projection of the system Quartz-Albite-Anorthite-
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Orthoclase at PE.0-2Kb, see fig. /]8. From this it is clear that 
the effect of changing the Ah/An ratio from 7.8 - 1.8 is to shift the 
composition of the minimum temperature melt (m.T.M.) closer to the 
Qtz-Or join.

Consider Specimen I in Table II (P, 111,.). This was chosen in the 
field since it appeared to be showing a minimum of felspar 
porphyroblastesis and no migmatisation. It ’probably, therefore, fairly 
closely represents the composition of the metasediment, previous to the 

migmatisation. The calculated Ab/An ratio of this rock is 0.97.

Extrapolating the data of Winkler in Pig. 48, the author has 
estimated the composition of the M.T.M. of a rock with an Ab/An ratio 
approximately equal to 1 (Specimen l).

Winkler also states that the effect of pressure on this system 
is to displace the M.T.M. compositions towards the Ab-Or join, e.g. a 
rock of Ab/An =2.9 has its M.T.M. displaced to point (a) on Pig. 48, 
if the pressure is raised to 7Kb. It will be remembered that the 
coexistence of kyanite and sillimanite in the Olderfjord and Olderbugten 
Groups plus the,presence of partial melting, suggested that the pressure 
operative during the maximum grade of metamorphism was approximately 
9 Pb. Using a similar pressure extrapolation, to the one giving point 
(a) on the rock with Ab/An = 1, the point (b) is obtained. This must 
approximately correspond to the M.T.M. of a rock with a Ab/An ratio 
equal to 1, partially melted at 9Kb.

If the approximate cotectic lines are now sketched in for this 

M.T.M. it will be noted that the composition of the adamellite 
(specimen 5, Table II) lies close to this cotectic. This suggests that
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psxtial melting of a metasediraent with an Ab/An rs.tio of 1, at ^Kb 

could produce an adamellite of the composition of the Eidvaagtinn 
adamellite.

'There are, of course, many criticisms that can be made about this 
line of argument.

(1) The extrapolations are subject to error.
(2) The Ab/An ratio of 1 is taken from only one chemical analysis.

There are undoubtedly variations over the whole area. This, however, 
will not effect the argument unduly if the Ab/An ratio is low, since 
the point representing the M.T.M. will still be shifted in such a manner 
as to allow the adamellite to lie close to the cotectic.
(5) The value 9Eb is only approximate. It represents the pressure 
during the coeval grô wth of kyanite and sillimanite whxch can be dated 

as being before the felspathisation produced by the adamellite. The 

pressure, however, must have been of this order.

Weill and Kudo (1968) have attacked the work of Winkler and Von 
Platen, claiming that it is based on a misunderstanding of Tuttle and 

Bowens work on the granite system. They contend that there is no unique 
melting point neither is there a unique M.T.M. composition in systems 
with constant Ab/An ratio, rather it is the composition of both the 
alkali felspar and the plagioclase phases that determines at what 
temperature a mixture of quartz plus these two phases will begin to melt.

They explain the expirically determined correlation between 
Ab/An ratio and position of the cotectic minimum as found by Von Platen 
(1965) as being due to the fact that the tie-lines joining 
co-existing felspars in the system Q-Ab-An-Or-H^O are sub-parallel 
to the lines representing equal Ab/An ratios. Thus it only appears
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that the Ab/An ratio controls melting, whereas it is the composition 
of the co-existing felspars that actually controls melting.

The case put forward by Weill and Kudo (op.cit.) is a strong one, 
however, the extrapolations executed in Fig. 48 must still be 

approximately correct, since the planes of equal Ab/An ratio in the 
system Q-Ab-An Or-H^O.jare, according to Weill and Kudo, sub-parallel 
to the tie-lines joining the co-existing felspars, which actually control 
melting. Thus, the position of the 9Kb cotectic must be approximately 
correct.

Thus, it seems feasible that partial melting of a series of 
metasediments with Ab/An ratio approximating to 1 at about ^Kb could 
produce an adamellite magma of the composition of the Eidvaagtunn 
adamellite. Tlie very limited chemical data available suggests that the 
Ab/An ratio was of this order.

Tlie migmati tes described earlier, it is suggested, are also products 
of partial melting. In support of this there ;is definite evidence of 

the magmatic mobility of this type of material. Plate 187 shows pale- 
coloured granitic material invading foliated H/nseby gabbro. It is 
certainly feasible that this material could have been squeezed out of the 
migmatites as a liquid. These facts strongly suggests, therefore, that 
the Eidvaagtinn adamellite represents a concentration of migmatic 
leucosome material derived by partial melting witliin the body of the 
Olderf jord and Olderbugten Groups. The intrusion of this liquid into 
its present position was accompanied by intense fel spathi sation. It is 

obvious that much more ,*work needs to be done on this topic; a possible



Plate 187. Leucocratic quartzo-felspathic material invading
foliated H/nseby gabbro. Eastern side of H/nsebyfjord,

Plate 188. Strongly albitised psammite of the Lower Komagnes 
Group. Northern coast of the peninsula at Komagnes,
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line of approach mi^t be to examine the chemical composition of 
migmatitic leucosomes in relation to the cotectic lines of Fig, 48.
It may even prove possible to define a cotectic using this method.

(3) Felsnathisation Features

Study of the compositions of megascopic felspar porphyroolasts 
in the metasediments reveals a systematic change which is closely 
related to the changes in met amorphic grade indicated by the other 
porphyroblast s.

*
(a) The Lower Komagnes Group

This group appears to have been affected by an intense 
albitisation. In the hand specimen the albite occurs as segregations, 
veinlets and distinct porphyroblasts. These segregations are folded by 
F.2. and frequently have a micaceous selvage vdiich is bowed by F.2. 
movements. These are a number of lines of evidence which suggest that 
these albites have been produced by a process of metasomatism.

(1) Bands of the characteristic flagĝ  ̂psammite, when traced along the 
strike can be seen to be becoming progressively more felspathised, 
until a very massive gneissose rock is produced which contains relict 
folds and boudins, (Plates 188 and 189). This type of progression is 
best seen in a traverse north along the eastern coast of the 
peninsular at Komagnes. At the southern end of the traverse, the 
psammites are the normal flaggy variety, at the northern end, the rocks 

depicted in the two plates occur.

At no other locality within the Lower Komagnes Group has such 

intense albitisation as this been recorded. Normally in this section 

the psammites are studded with a number of albites. In rocks from the 
northern end of the peninsula, however, albite makes up $0-60^ of the



Plate 189. Relict Fq folds in albitised psammite of the 
Lower Komagnes Group. Northern coast of the 
peninsula at Komagnes.

Plate 190, Ragged albite overgrowing the groundmass fabric 
of the psammites of the Lower Komagnes Group. 
Vasbugt. X 40, X Plso
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rock mode. There seems no doubt, therefore, that this area was very close 
to a centre of intense soda-metasomatism.

(2) In thin section there is ample evidence of the replacive nature of 
much of the felspar. Porphyroblasts may be observed at various stages of 
overprinting the groundmass fabric. A ubiquitous feature is the presence 
of large numbers of inclusions of groundmass epidote, biotite, muscovite 
and quartz. Often these can be seen at various stages of digestion by the 
albite. The earliest stage of growth is typified by Plate I90. Here a 
rather ragged albite can be seen with a large number of inclusions of quartz 
and epidote, although the crystal is transected by a strip of 
polygonised quartz the two halves are in optical continuity. Plate I9I 
shows an auhedral albite overgrowing sheaves of muscovite. The latter has 
been partially digested at the edge of the albite. This partial digestion 
of groundmass minerals can also be seen in Plate 192, where quartz appears 
to be undergoing the process; the undigested quartz remains as irregular 
bulbous blebs. All of these stages may be developed in a single slide.

This progressive albitisation of the psammite leads to the destruction 
of the foliation and the production of a granular granitoid rock.

(b) The Upper Ivomagne Group
There is no strong development of porphyroblastic felspar in the 

Upper Koraagnes Group. Small white ovoids have been observed, these are 
mostly untwinned, optically negative with a large 2V. They'are almost 
certainly in the oligodase-andesine range.



Plate 191. Albite containing partially digested muscoviteo 
Lower Koraagnes Group, Vasbugt, x 40, X Pis.

Plate 192. Albite with quartz inclusions.
Group, Vasbugt. x 40, X Pis.

Lower Koraagnes
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(c) The Sidvageid Schist Group
The composition of the felspar porphyroblasts varies within the 

Sidvâgeid Schist group. A distinctive change takes place across the 
line indicated in Fig. 49» this approximately corresponds to the first 
appearance of fibrolitic sillimanite. To the east of the line, the 
porphyroblasts are plagioclase (An 29). They are characteristically 
ovoid or lenticular in shape and are occasionally twinned. They 
frequently contain inclusions of mica, (Plate 195)» snd their irregular 
edges give the impression that they have arisen by replacement of the 
groundmass minerals in a manner similar to the albites of the Lower 
Komagnes Group. The accompanying aluminosilicate is porphyroblastic 
kyanite.

To the west of the line indicated in Fig. 49 the felspar 
porphyroblasts consist of both plagioclase and alkali felspar together 
with fibrolitic sillimanite.

(d) The Alkali Felspar Porphyroblaste si s
This occurs with varying degrees of intensity to the west of the 

line mentioned above. It is at its most intense in the Olderbugten 
Group in association with the Eidvaagtinn adamellite. As this body is 
approached across the strike, it is apparent that the amount of 
porphyroblastic felspar is increasing markedly. Tlie adamellite appears 
to have been, therefore, the centre responsible for this 
porphyroblastesi s.

In the field the felspathisation is marked by a studding of the 
metasediments especially in the schistose groups, with large (2 cm.) 
ovoidal or tabular felspars; they are generally white in colour and 
have been deformed to varying degrees by the later nylonitisation, 
which causes them to become streaked-out and augened.
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Plate 193. Felspaj? porphyroblast v;ith mica inclusion, 
Eidvâgeid Schist, x 40, X Pis*

m

Plate 194. Bleb perthites in a potash felspar porphyroblast, 
Olderbugten schists, Hjzfeisebyvann. x 40, X Pis,



Plate 195. Large potash felspar porphyroblast with inclusions. 
Olderbugten schists, E/nsebyvann. x 40, X Pis®

yk

Plate 196. Myrmekite in a migmatitic leucosome. Olderbugten 
schists. X 40, X Plso



In thin section it is apparent that these porphyroblasts are 
of alkali felspar; plagioclase has only been recorded in association 

with alkali felspar in the Upper Eidvâgeid Schist. Carlsbad and 
gridiron twinning are very common, occasionally the crystals are 
perthitic, the intergrowth being of the blab-type (Plate 194). The 
porphyroblasts are almost always strongly poikiloblastic; they contain 
inclusions of all the groundmass minerals including kyanite and garnet 

(Plate 195)* Occasionally myrmekite develops at the junction of the 
porphyroblasts and the groundmass (Plate I96). This growth is lobed into 
the body of the alkali-felspars.

Geochemical d i m e s  Accomnanvin^ Felspathisation

In order to ascertain the chemical changes involved during the 
alkali felspar felspathisation, a series of four specimens were taken 
along the strike of a band within the Olderbugten Schists, the total 
distance between the first and the last specimen is about 10 metres.
Each specimen was chosen in the field because it seemed to indicate a 
visible increase in the presence of felspar porphyroblasts over its 
predecessor. Plates 197, 198 and 199 show the sites at which three of the 
specimens were taken.

Chemical analyses of these specimens are given in Table II 
(Specimens I-4) together with calculated norms and Niggli values. Also 
included in an analysis of the Eidvaagtinn adamellite (Specimen 5),

Figs. 5OA and B shows plots of Niggli values for this 

felspathisation series. The trends seen may be summarised as follows :



Plate 197. Slightly felspathised schist of the Olderbugten 
Group. South-west flanks of Eidvaagtinn.

Plate 198. Felspathised schist of the Olderbugten Group, 
South-west flanks of Eidvaagtinn.



Plate 199» Highly felspathised schist of the Olderbugten 
Group, south-west flanks of Eidvaagtinn.



FIG 5 0
P L O T  or n i g g l i  p a r a m e t e r s  ( n r )  p o p  t h e  g r a n i t i s a t i o n  s e r i e s  

I N  THE o l d e r b u g t e n  G R O U P

45''

4 0 -  -

J 0 - -

N P

20 - -

I 0 - - Ca

0 - 5 +  

0- 4-

O J -  

N P  
02 ■

0 / - —

j io1 6 0  1 8 0  2 0 0 2 2 0  2 4 0  2 6 0  2 8 0  3 0 0  3 2 0  3 4 0

S t

3 8 0



L.O

CD
k

QC
G
(o
Io
ko
Ko

\



With increasing SI : (a) A1 rises (d) Ca decreases

(h) A].k rises (e) % shows a slight overall
increase.

(c) fm decreases (f) Mg remains about the same.

These changes indicate an enrichment in potassium, sodium and silica, 
with a concomitant depletion in iron, calcium, magnesium and manganese.
The A1 psxameter shows an increase with progressive granti sation, thouĝ -i 
the actual weight per cent of alumina shows a decrease. This implies 
that the increase in A1 is only relative, undoubtedly due to the 
depletion in the fm and Ca constituents.

Fig, 51 shows the change in normative quartz and felspar, associated 
with the granitisation.



T a b le  I I F e l s p a t h i s a t i o n  S e r i e s

Geochemical Data
Oxide V;t.,.'. 1 2 7 4 5

56.96 62.64 62 .74 68.50 71 .66

h °2 0.3. 0 .8 4 0 .79 0 .63 0.46
AI2O3 13.31 17.08 17.17 15 .34 13 .72

2 .35 0.35 0 .92 0 .58 0.97
FeO 6.63 6 .58 6 .23 3.70 1.87
ivînO 0 .25 0.13 0.13 0.07 0 .0 4
MgO 2 .39 1.71 1,66 1 .09 0 .6 4

CaO 5.67 2 .94 2.71 1.91 1.71
NagO 5.07 3.42 3.40 3.28 3.76

KgO 1.98 5.55 3.95 4.39 4.77
EgO* 0 .9 9 0 .5 3 0 .59 0.47 0 .52

EgO- 0.24 0.07 0.10 0 .11 0.14

h t 0 .22 0.27 0 .22 0.04 0.12

Total 99.85 100.41 100.61 100.11 100.38

Analyst H. Lloyd
Trace Elements PPM
lib 21 24 24 11 8
Rb 163 244 275 255 292

Sr 151 193 192 110 70
Zn 127 173 164 102 49
Zr 240 461 4O8 326 264

Y 58 110 93 61 41

Percentages Norms
Quartz 12.164 17.179 15.807 24.555 26.634

Orthocl ase 11.700 19.796 23.341 25.941 28.187
Albite 25.977 28.939 28.770 27.754 31.816
Anorthite L , 26.692 12.827 12.007 9.214 6.471
Corundum 1 .3 3 4 3.129 2.901 1.816 -
Magnetite 3.378 1 .232 1 .3 5 4 0.841 1.406

Ilmenite 1 .538 1.595 1.500 1 .196 0.874
Apatite 0.510 0.626 0 .510 0.093 0.278

Water 1 .230 0 .600 0.690 O.58O 0 .660

99.850 100.410 100.61 100.11 100.38
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Niggli
Parameters
A1 33.53 36.64 37.03 40.57 40.66
fm 34.41 32.04 31.06 23.40 16.50
Ca 18.88 11.47 10.63 9.18 9.21
Aik 13.17 19.85 21.28 26.84 33.63
Si 177.05 228.04 229.62 307.44 360.35
Ti 1.89 2.30 2.17 2.13 1.74
P 0.29 9.42 0.34 0.08 0.26
H 12.75 7.29 8.42 8.68 11.07
K 9.30 0.39 0.43 0.47 0.45
Mg 0.52 0.29 0.29 0.31 0.29
Qz 24.33 48.65 44.48 100.09 125.83

1 - 4  Felspathisation series K24, 32A, B, Cl and C2. 
5 Eidvaagtinn adamellite.



These geochemical changes indicate that the metasomatism which 
is obviously associated with the intrusion of the Eidvaagtinn adamellite 
tends to change the composition of the schists such that they become more 
like the adamellite.

Summary and Discussion
Associated with the intrusion of the Eidvaagtinn adamellite, which 

was produced by partial melting within the Olderbugten and Olderfliord 
groups, a zone, of intense alkali-metasomatism develops. When traced 
outwards from the adamellite core, there appears to be a zonal distribution 
of the felspar porphyroblasts which is accompanied by a change in the 
composition of the other porphyroblastic minerals.

(1) In the Olderfjord and Olderbugten Groups the assemblages consist of 
K - felspar, porphyroblastic kyanite end sillimanite together with 
fibrolite.

(2) In the structural top of the Eidvigeid Schist Group, E-felspar, 
plagioclase with kyanite and fibrolite.

(5) In the Lower Eidvageid Schist plagioclase and kyanite.

(4) The Upper Komagnes Group contains plagioclase and no aluminium 
silicates.

(5) The Lower Komagnes Group albitic felspar with no aluminium silicates.

The complete mineral par agenesis for each zone is given in Pig. 49*
It is obvious that these changes represent a lateral change in 
metamorphic grade.

In many ways thisipicture is similar to that recorded by 
Goldschmidt (192I) in the Stavager area and by Reid (1927) and Reynolds 
(1942) in the Highlands of Scotland and Antrim. In the Stavanger area 
Goldschmidt records a Trondhjemitic intrusion emplaced along the boundary 
plane between garnet-bearing phyllites and green schists. Between the 
Trondhjemite and the phyllites there is a zone of raigmatite beyond which 
porphyroblasts of sodie-piagioclase develop in the phyllites. Goldschmidt
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concludes that the Si and Na were derived from the Trondlijemite while the 
Ca was derived from non-magmatic solutions circulating in the contact 
zone.

In the Dalradians of Scotland, Albite schists which occur in the 
nose-zone of the recumbent Garrick Castle fold, are regarded by Reynolds 
(1942) as representing a zone of soda-enrichment driven forward in advance 
of a syntectonic igneous intrusion emplaced along the axial zone of the
fold. This was subsequently removed by erosion leaving the albite schists

as the only evidence of its existence. Likewise Read (192?) in his
description of ;the migmatitic "Older Granites" of Deeside notes that these

rocks are largely oligoclase-biotite gneissee which marginally grade
outwards through a zone of oligoclase porphyroblast schist. Read records
the Trondlijeraitic composition of the migmatite leucosomes and draws an
analogy between the mode of formation of the oligoclase porphyroblast
schists and Goldschmidts albite schists.

Reynolds (op.cit.) notes that the albite schists occur in the 
south-west Highlands in the biotite zone whereas further to the north
east, in Reads area, the oligoclase porphyroblasts schists occur in the 
Icyanite and sillimanite zones. This variation in felspar content he 
implies is due to a thermal gradient, with the hipest temperature in the 
north-east. Indeed, Read (l940) suggested that the Harrovian zones are 
not only thermal zones but also met asomati c zones throu^ which material 
from the heart of granitisation migrated, changing in composition and 
temperature as it advanced from the core.

The picture on Eastern Seiland is in many ways a condensed version 
of the situation in Scotland as described by Read and Reynolds (op.cit.).
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The chief difference lies in the composition of the adamellite which 
is not analagnus to the Trondli.jeniitic leucosomes of Reads area. The 
difference, of course, explains the extra E-felspar zone which does not 
exist in the areas described above. The origin of the adamellite has 
already been explained in terms of partial melting at 9%b and 660°C.

A sli^it anomaly in the distribution of these felspar zones round 
the adamellite is the existence of the zone of most intense 
albitisation furthest away from the adamellite. It is also noteworthy 
that Weight per cent NazO in the granitisation sequence described above 

remains fairly constant, rising only slightly. This suggests that sodium 
was not quantitatively important during the felspathisation associated 
with the adamellite and could hardly be responsible for the zone of 
intense soda metasomatism seen at Komagnes. Tliis raises the possibility 
that these were two centres from which migration occurs; one the 
Eidvaagtinn adamellite and the other possibly Trondhjemitic, now lost 
under Vargsund. Tlie difference in composition is considered to be a 
function of the variation in the met amorphic grade prevailing in the two 
areas. Such an intrusion would be analagous to that postulated by 
Reynolds (op.cit.) in the core of the Garrick Castle fold.

With regard to the chronology of these two felspathisations, all 
textural evidence seems to suggest that all the porphyroblasts felspar 
phases of Eastern Seiland developed late in the static interval between 
F.l, and E.2. Thus, within the limits of accuracy imposed by a 
timescale erected on the relationships between the various metamorphic 
minerals, the felspathisations must be regarded as being sensibly 
synchronous, even if they did emanate from more than one source. 
Therefore, the zones defined by the change in composition of both the 

felspathic and other mineral assemblages reflect a contemporaneous
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lateral change of metanorphic grade. These facts support Reads 
contention (1940) based on the Scottish Highlands, that metamorphic zones 
represent not only thermal and pressure zones but also metasomatic zones.



Chapter 5 

The liylonite Belt

Introduction

After the main phase of porphyroblast growth and the migmati sation 
and granitisation, there ensued a.jphase of intense deformation which 
fundamentally changed the texture within the Eidvagejd schist and 

structurally higher met ase dime ntary groups. The development and 
recrystallisation of these textures is post-dated by the second phase 
of garnet growth.

The term #iich comes closest to describing the texture of these 
hi^ly deformed rocks is irylonite. Waters and Campbell (1935) give a ' 
survey of all the currently used raylonitic terminology. All of these 
terras are inadequate to describe the textures developed in Eastern 
Seiland. This is because they all imply a degree of physical milling 
produced by translative movements parallel to the banding of the raylonites, 
this being followed by re crystallisation to various degrees. It will be 
demonstrated later that the movements producing the texture on Eastern 
Seiland were not translative, the various terms used to describe 
raylonite are therefore not strictly applicable. In the absence of a 
suitable term "raylonite" will be used in a purely descriptive non genetic 
sense.

If the effects of the E.2, folding are ignored, the zone of rock in 
which these raylonitic texture occur is somewhat in excess of 4,000 
metres in thick mess and extends along the strike at its most intense 
in the Olderfjord and Olderbugten Groups and to a lesser degree in the 
Eidvâgeid Schist Group (Fig. 32). The Komagnes Group appears to have
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laxgely escaped the deformation thonĝ i some effects are apparent, as 
will be slioTO later. In the field the rocks are rather variable, this 
being a function of their pre-mylonitisation aspect. The rocks are 
generally fine-grained and rather massive, with a blocky jointing. 
Porphyroblasts and migmatitic segregations are strealced-out to various 
degrees imparting a strong banding to the rocks which is sensibly 

parallel to the original lithological banding. The Eidvaagtinn 
adamellite has a very strong deformational banding, marked by flattened 
and streaked-out porphyroblasts. Sections cut parallel to the 
mylonitic banding show no trace of any lineation or preferred orientation 

of strealced-out porphyroblasts. Intense recry stall! sation in many 
cases, particularly in the psammitic rock type, has produced extreme 
flintiness. These flinty rock types are studded with relict 

porphyroblasts and pink garnets. Plates 200 to 203 show some of the 
field characteristics of the rocks.

The mylonitic banding shown in the.photograph is folded by P.2. 

(Plate 204).

(a) Textural Relationships

Tlie entire range of textures seen in the quartzo-f el spathic 
minerals within the mylonitic belt can be explained in terms of a 
progressive reduction in grain-size due to recrystaliisation along 
zones of high strain energy. A sequence of changes can be recognised, 
particularly in the felspathic porphyroblasts, which although they have 
been frozen into the rock at different stages, must represent the 
temporal order of development of the mylonitic texture.

Tlie first stage appears to be the breakdown of the large 
porphyroblasts into irregular lensoid sub-grains. This appears to
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Plate 200. Mylonitised faciès of the Olderfjord Group, 

south-west of Hî/nsebyf jord.



Plate 201. Felspathised and mylonitised faciès of the 
Olderfjord Group, north of Hs^nsebyvann.

P la te  202. M y lon itised  O ld e rf jo rd  Group, Storvann<



Plate 205. Mylonitised Olderfjord Group, Storvann.

Plate 204. F2 fold deforming the mylonitic banding in the 
Olderfjord Group. North of Hjz(nsebyvann.



involve in many cases, actual physical rotation of the lattice, since 
features such as twinning and exsolution lamellae are disoriented in 

the resulting texture (see Plate 205). This type of breakdown may occur 
at the edges of porphyroblasts or in zones transecting the porphyroblasts» 
Generally the boundaries between the comminuted zones and the porphyroblasts 
are sharp. Tlie surviving relics show evidence of strain extinction. An 
example of a zone of comminution cutting a microcline porphyroblast is 
given in Plate 206, within the zone of breakdown, the twin lamellae can 
be seen to be disoriented.

Further reduction in grain size is accomplished by recrystallisation 
of sub-grains along the margins of the coarser lenticles formed by the 
initial breakdovm of primary porphyroblasts (Plate 20?). These zones 
are undoubtedly sites of concentration of strain energy, this 
concentration giving impetus to the recrystallisation. Répétition of this 

process may result in the complete reduction of porphyroblasts and 
groundmass to a fine-grained aggregate (Plate 208),

Under the influence of the h i ^  temperatures and pressures 
prevailing in the rocks, grain growth and recrystallisation took place 
in the rocks. The degree of re crystallisation appears to be controlled 
by two factorsî-

(1) Local concentrations of strain energy. This factor has its greatest 
influence in the region of felspar porphyroblasts, which appear to have 

acted as relatively rigid bodies during the deformation. This strain 
energy may have concentrated around them. This is well seen in the 
relatively coarse polygonal fabrics that develop at the sites previously



Plate 20^. Lensoid sub-grains illustrating an early phase 
in the development of the mylonitic fabric. 
Eidvaagtinn adamellite. x X Pis®

Plate 206. Zone of comminution cutting a microcline
porphyroblast. Eidvaagtinn adamelliteo x 40, X Pis,
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occupied by felspar porphyroblasts see Plates 208 and 209.

(2) The intensity of deformation undergone by any rock type. This 
is particularly well illustrated by the case of the Eidvaagtinn 

adamellite, which in polished sections can be seen to be intensely 
deformed; relict pink porphyroblasts have contiguous trails of very 
fine-grained pink material streaked-out either side of the relic. These 
trails obviously represent comminuted felspar. The whole rock has the 
appearance of an augen-gneiss with the pink areas interspersed, with 
parker ferro-magnesium rich zones. In thin section however, the rock 
can be seen to be completely recrystallised to a polygonal mosaic with 
a foliation defined by biotite. Relict microcline crystals appear 
as isolated augen (Plate 210), This concentration of strain in the 
adamellite probably took place because previous to the mylonitisation 
the rock had a relatively isotropic fabric in contrast to the enclosing 
schists. This may have led to a concentration of strain within the 
adamellite since in the initial stages of the deformation it was not so 
able to yield by ductile flow.

The other minerals in these rocks behave in a variety of different 
ways. The early garnet porphyroblasts appear to be totally unaffected 
by the deformation. Obviously their optical isotropism does not allow 
evidence of strain to show, but certainly there is no evidence of 
granulation. Tlie fine-grained mylonitic fabric continues right to the 
margins of the garnet, the internal fabric remains coarsely crystalline, 
thou^i there is evidence of sli^t strain extinction. Thus, as far as 
can be ascertained the garnet behaves as an incompressible kernel in 

the rock.



Plate 207. Sub-grains developing at the margins of the 
lensoid grains illustrated in Plate 207. 
Eidvaagtinn adamellite. x 120, X Pis.

Plate 208. Felspar porphyroblast recrystallisation after 
mylonitisation. Olderbugten schists, Vargsundo 
X X Pis.



Plate 209o Relict felspar porphyroblast showing recrystallised
fabric. Olderbugten schists, south-west of H/nsebyvaiin. 
%40, X Pis.

Plate 210. Microcline porphyroblast in recrystallised
groundmass. Eidvaagtinn adamellite. x 40, X Pis.



Tlie elurninosilicate grains tend to break down into a series of 
optically discontinuous sub-grains (see Plate 160 and discussion).

The original continuity of these crystals can sometimes be seen by the 
euliedral zones within which the sub-grains occur. Generally these 
crystals are strongly augened in the mylonitic banding.

i ‘occurrence of fibrolite within these rocks provides an 
interesting clue to their metamorphic relationships. The mineral can 
be seen to be nucleating at a number of sites.

(1) As overgrowths on kyanite and sillimanite (Hate 21l).
(2) At the boundaries of sub-grains produced by the breakdown of both 

the plagioclase and alkali felspar (Hates 212 and 213).
(3) At garnet-felspar grain boundaries (Hate 2I4).

The fibres are usually randomly arranged across the boundary 
between grains. A clue to the met amorphic relationships of this mineral 
is provided by one thin section which shows Garnet II overgrowing the 
fibrolite. It is thus possible to say that the mineral nucleated on the 
sub-grain boundaries formed during mylonitisation and is post-dated by 
Garnet II. Therefore, both the kyanite, sillimanite and fibrolite were 
not mineralogically unstable during the mylonitisation (Big. 72).

A number of authors have described similar occurrences of fibrolite, 

e.g. Theodore (l970) in a mylonite belt in Southern California and 
Sturt (1970) records fibrolite with very similar grain boundary 
relationships relative to felspar from the aerole of the syntectonic 
hasvik gabbro. He explains the fibrolite as being due to exsolution of 
an excess of Al^O^ and S^Og over the formula requirements of both



Plate 211. Fibrolite nucleating in kyanite crystals, 
Olderbugten schists, x l60, P.P.L.

Plate 212. Dense sheaves of fibrolite nucleating at the 
grain boundaries of plagioclase. Olderbugten 
schists. X 40, P.P.L.



Plate 213. Dense sheaves of fibrolite nucleating on
potash felspar grain boundaries. Olderbugten 
schists. X 40, P.P.L,

Plate 214. Fibrolite developing in the zone of compression 
between two garnets that have been subjected to 
flattening. Olderbugten schists, x 40, P.P.L.



2 2 5

felspar and garnet. He goes on to describe the control exerted over the 
sites where exsolution occurs, by the local thermal strain environment. 
Briefly, he concludes that exsolution will occur from a mineral, if the 
exsolved phase has a lower density than the host and the latter is capable 
ol expanding relative to the enclosing minerals, due to its larger 
coefficient of expansion. Similarly exsolution will also occur from a 

mineral which has a lower density than the exsolved phase if the host is 
under relative compression.

It has already been noted that fibrolite nucleates at the boundaries 
of sub-grains formed during the rnj^lonitisation; these are zones of h i ^  
strain energy. Similarly the fibrolite seen in Plate 214 occurs in a 
zone of strong compression caused by the flattening of the relatively 
rigid garnet, Fibrolite also tends to nucleate around the Iqranite and 
sillimanite which also Ibehaved in a relatively rigid fashion. It seems 
likely, therefore, that exsolution of fibrolite may be favoured by both 
thermal strain as suggested by Sturt, and by tectonic ally induced strains 
acting on minerals with different compressibilities.

It is difficult to ascertain how biotite reacts, since the mineral 
is almost all recrystallised. All the mylonitic rocks have a foliation 
defined by biotites which would suggest that the recrystallisation 
described above took place under some sort of directed stress.

The quartz in the rocks appears to react in two ways :

(1) In the rather f el spathic areas the mineral breaks down with the 
felspar and recry stalli ses into the typical polygonal mosaic.
(2) In the more quartz-rich, felspar-poor areas it takes the form of 

lenticles and stringers iidiich are themselves made up of a number of 

elongate sub-grains.
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(b ) 1. Summary

The textural relationships described above indicate a phase of 
intense deformation preceded by growth of porphyroblastic kyanite and 
sillimanite and by granitisation and migraatisation. The 
alurai no silicates do not seem to have undergone any diapthoretic changes 
during the derformation. Fibrolitic sillimanite tend to crystallise 
possibly as an exsolution product, along the sub-grain boundaries 
produced by the deformation. Tlie deformation texture subsequently 
under?/ent recrystallisation and grain growth, which tended to produce 
a polygonal mosaic studded with relict porphyroblast s. A foliation marked 
by the mylonitic banding and by preferred orientation of biotite suggests 
that re cry stalli sation took place under directed stress. The 
relationship observed in the alurai no silicate phases suggest that 
deformation and recrystallisation took place under upper amphibolite 
facies conditions. Finally, the recrystallised texture is overgrown by 
the second phase of garnet growth.

2. Discussion
A number of other authors have recorded textures which are very 

similar to thos described above. Theodore (l9?0) in particular, in a 
mylonite belt in Southern Cglifomia, describes some very similar 
relationships for fibrolite. His photographs of deformed quartzo- 
felspathic mosaics are very similar to those occurring in rocks from 
Eastern Seiland. He concludes that mylonitisation took place within the 
stability field of sillimanite and that the deformation was probably 
related to '*a rise to higher crustal levels of magma deep within the 
Southern Californian Batholith - magma not necessarily restricted 

spatially to the mylonite zone itself’*.



Sutton and Watson (1959) in a description of mylonite belts in 
Tanganyika note the occurrence in thin section of two textural types :

(1) Textures which are typically cataclastic "certain minerals are 
more or less completely granulated while others more résistent, escape 
all but marginal granulation. These remain as porphyroblasts in a 
streaked-out laminated and microbrecciated matrix whose composition 
varies with that of the original rock".

(2) This group varies from types where the matrix is only a little
coarser than the powdery groundmass, to varieties whose average grain- 
size is about,p.5 mm. The finer-grained varieties have a texture 
resembling a fine homfels made up of a mosaic of quartz, felspar, 
biotite and epidote. The larger mineral species embedded imLthis 

groundmass are the same as the porphyroblasts in the raylonites (l) above. 
In many of the rocks without cataclastic texture some of the grains are 
enclosed in a shell of the same mineral grovâng in optical continuity, 
the garnet commonly occurs in this way. Sutton and Watson points to this 
as evidence of re growth after mylonitisation, they also point out that 
all the rocks of the mylonite belts are remarkably clean looking. The 
products of dislocation met amor phi sm are absent. They conclude "the 
prevalence of this almost homfelsic texture together with the fact that 
the large mineral grains appear to be built up around ovoid cores 
resembling the typical mylonites suggest that a period of mechanical 
granulation may have been followed by recrystallisation whose final 
stages took place under more or less static conditions. This phase of 
crystallisation did not affect any rocks outside the mylonite belts 
and it seems to have been very closely connected with the formation of
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these belts; it may perhaps have been caused by heat generated during

the movement". They believe that these steeply dipping mylonitic zones 
are conjugate shears resulting from the operation of a rou^ly east- 
west trending maximum compressive stress, producing transcurrent 
movements at depth.

Similarly, Sturt (1969) records, in a series of small wrench- 
faults cutting the hornfelses of the syntectonic Hasvik gabbro, evidence 
of cataclasis and subsequent grain growth under amphibolite facies 

conditions; comminuted garnets display later overgrowths and some 
examples of fibrolite growing within the recrystallising fabric have been 
noted. He relates the wrench faults again to a set of conjugate shears.

From this brief survey it is clear that similar textures to those 
developed in Eastern Seiland can be achieved by translative movements, 
as in the case of Sturt and Sutton and Watson, Tlieodore, however, does 
not commit himself about the nature of the movements in Southern 

California, thou^ he seems to be in doubt as to whether the process of 
simple sliear is an adequate explanation (p. 435) •

For a number of reasons which will now be discussed it is believed 
that the process of simple shear is inadequate to explain the texture 
developed in Eastern Seiland. In this context the experimental work of 
Carter (et.al) 19^4» is of considerable relevance. They have produced 
sjmtectonic recrystallisation in samples of flint and quartsite deformed 
at temperatures ranging from 900°C to 1750°C and confining pressures 
between 15-20 Kb. The textures they produce in this apparatus are identical
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to those observed by Theodore (op.cit.) and the present author. They 
also point out the similarity between the textures observed in the 

experimentally deformed Eureka quartzite and those in a Lower Cambrian 
ortho quartz it e from the Moine Thrust, and go on to suggest (p. 724) 

that these textures are produced purely by recrystallisation and not by 
mechanical crushing.

One of the features of quartz-bearing, rocks subject to this type 

of compression ( Cm  > - (T] ) is the small circle
orientation of deformation lamellae (these are usually sub-parallel 
to the basal plane of quartz) about the azcis of maximum compressive stress, 
It will be recalled from the petrofabric section that Specimen II 
showed precisely this type of orientation, (P.li-) with the axis of the 
small circles at a high angle to (S.1.). It was suggested that this 
orientation had been produced pre-P. 2. since the axes of the small 
circles bore the same relationship to (S.1.) on both limbs of the fold. 
This specimen is a quartzite from the Upper Komagnes Group occurring 
very near the Eidvageid Schist Group bound.ary. It is suggested that the 
deforming stresses that produced the mylonitic fabric in the higher 

metasedimentary groups were also the cause of this pre-P.2. 
orientation of the quartz fabric. If this is the case these stresses, 
were by analogy with the experimental work, of the pure flattening type. 
There are two other lines of evidence which suggest that this is the case :

(l) At no time have lineations been observed in the strongly mylonitised 
rocks. Sections cut parallel to the foliation in the Eidvaagtinn 
adamellite reveal no trace of the preferred orientation of either the 
relict porphyroblasts or the comminuted trails. If there had been some 
translative movements a lineation would almost certainly have been formed*
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(2) In the section on boudinage it was noted that many of the boudinaged 
basic sheets within the schist groups were sub-circular to elliptical,
■when "viewed in the plane of the schistosity. It was also noted tha,t there
was no overall preferred orientation of boudin long axes (Pig. 39). These
features, it was suggested, were caused by two dimensional expansion in
the plane of the schistosity, produced by pre-P.2, flattening.

It is deduced, therefore, from these various observations that the 
stresses #iich produced the mylonite fabric and the pre-P,2. boudinage 
may be represented by a deformation ellipsoid of the type k = 0 (pure 

flattening) with the XY plane lying in the plane of the mylonitic banding 
and the axis of maximum compressive stress (z) normal to this banding.
This is consistent with the suggestion of Johnson (1967) that many 
mylonite belts have been produced by intense flattening. Johnson regards 

the Moine Thrust zone as an example; he regards it as having been 
produced by a deformation ellipsoid of the type 0 less than or equal to k 

is greater than 1 modified in local domains to 1 is greater than k less 
than or equal to infinity, he is of the opinion that large scale 
translative movements were not in operation during the development of the 
present mylonitic fabric.

These conclusions present a certain dichotomy; it would seem that 
identical textures can be produced in zones of translation, with the 
production of physical milling (Sutton and Watson and Sturt) and also in 
zones where no milling has occurred. In the latter case pure flattening 
appears to have been the deformation regime. This is quite simply due to 

the fact that in both cases the observed textures are recrystallisatiorf 
texture, ratherthan essentially cataclastic features. Thus, two different 
processes; i.e., translation and pure flattening, under very high strain 
rates, may produce the same end product as the result of recrystallisation 

at h i ^  met amorphic grades.



Origin of the Deforming Stresses
Brooks (1970) in a geophysical survey of the coastal areas of 

îest Finnmark, notes the presence of a positive anomaly of 100 mi H i  gals 
centred under the island of Ŝ rjẑ y, This anamaly implies the existence 
of a large zone of h i ^  density material in the crust. In his interpretation 
of this zone, Brooks describes the ideas of Belousov (1966) who regards 

the heat necessary for met amorphic reactions and granitisation as being 
derived from basic asthenoliths which are produced in the Upper Mantle.
These bodies are considered by Belousov to force their way up through the 
crust in a manner analagous to salt diapirs. As they rise through the

crust they become according to Belousov, progressively more acid by 
assimilation of crustal material and are obviously responsible for strong 
vertical movements within the crust.

Belousov also suggest that the so-called basalt layer beneath the 
Conrad discontinuity is in fact, a zone of degranitised granulite.
Brooks (op.cit.) suggests that if such a zone Became admixed ?âth large 
amounts of basic magma, of asthenolithic origin, a zone of high density 
would be formed of a type consistent with the observed anomaly in West 
Finnmark.

Now it is clear from the very large basic and ultrabasic plutons 
of WesterneSeiland that a considerable body of basic magma was introduced 
into the crust. Most of the plutons were, however, explaced in post- 
F.2. times. It seems possible that this body of magma was, in pre-F.2. 
times, rising through the crust probably in a series of pulses, as a 
basic asthenolith. Such a body could very well (have been responsible 
for the strong flattening exemplified by the mylonite zone and could also 
have been the source of heat responsible for the regional metamorphism 
and granitisation. Further upward movement of the asthenolith would



also have produced the F.2. fold phase and the subsequent flattening 
which exaggerated the curvature of fold axes. Finally in post-F.2. 
times the plutons were emplaned and upward movement ceased. In conclusion 
a fair analogy may be drawn here between the ideas outlined above and 

Theodore's (l9?0) suggestion that his mylonite were caused by a "rise 
to higher crustal levels of magma deep within the Southern Californian 
Batholith".
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CHAPTER 6

S i O T i n a r y  a n d  C o n c l u s i o n s

A  s u a u i i o . u y  o f  t h o  y o o l  o y i c o l  h i s t o r y  o f  t h e  s . u e o .  u i l l  n o i v  b e  - ' " i .

1 )  T h e  n ^ t a o e d n m e o t a r y  r ^ c k s  m a p p e d  o n  P o s t e r n  S e i l a n d  h a . t r e  a  

y e n e r a l  w e s t e r l y  s h e e t  d i p .  T h e y  h a v e  b e e n  s u b j e c t e d  t o  i n t e n s e  

e x t e n s i o n a l  d e i o p n ^ o . t i o n  e n d  h i ^ ^ ' ’ / n r a d e  r e g i o n a l  ^ o t ^ M o r ^ h i s ^ .  T h n p . e  

n p e n c i l s  b p . y o  c o n s ' i . d e - t - ' ^ b l y  d i ^ t n r t ^ i  t h < ^  n p i  ,crinn ,l f sp dn . -m en t '^ U ' ' ''  t h i o V -  

n^no^s ?-nd obliterated aid eediyentar^r pi-v̂ ietn'-op, yhe pe^ne^c^ 

d i ^ c u e s e d  i e  t k e r e f ^ r ^  e  p t m e t n r ' ' l  o n e .  T h e  r o e k ^  o m e - n - p i . o p  p,

O.T* t k i i  o k  p 1 t  T e n e t  in- H' tt s  e.roTn i  t  i  C  a n d  - n e l i t T C  ( n^ r r i T ^ P  , T n  '->r*e s o n e  

n i n o r  1 i n r e — T-i g y  h n T d p o n s ,  e s T r e c i e . l l y  i n  t i r e  g t m c t m r a l l y  h i e - b e e t  

C l d e r f d n n d  ^ n n n u  # T o p  p'p-n PT<e,] f  e  c i  o f  t h e  r e  o ^ ^ s  t r c n l  d  p p p t t i  t e  

i n d i o ^ t e  d e p o a t i o n  i n  e h a l  1 o u  w a t e r  e n v i r o n u e n t . A. t e n t â t i.•’.’•e 

c o r r e l a t i o n  u i t h  m e t e s e d i m e n t a . i i p r  s e n u e n o e s  o n  o t h e r  a r e a s  i s  g u ^ ’- o s o s t e d .

2) T h e  e a r l i e s t  p h a s e  o f  d e f o r m a t i o n  o n  t h e  ^ - r p a .  ( k . l . )  i s  

r e n r e a ^ - t e d  b y  a  n u m b e r  o f  i s o c l i n a l  f o l d s .  T h e  s t y l a p  o f  t h e  o r i y i n ' r l  

f o l d s  m u s t  h o î - r e v e r .  h a v e  b e e n  c o n s i d e r a b l y  m o d i f i e d  b y  s u b s e q u e n t  

d e f o r m a t i o n .  T h e  d e . y r e e  o f  m o d i f i c a t i o n  i n  o n e s  e s  m a r k e d l y  f r o m  e a s t

t o  u e s t .  D e d u c t i o n s  c o n c e r n i n g  t h e  o r i g i n a l  o v e r a l l  s t y l e  o f  F . I . ,  

f o l d s  m u s t  t h e r e  b e  s p e c u l a t i v e .  T h e r e  i s  h o w e v e r ,  s o m e  e v i d e n c e  

t h a t  c u r v a t u r e  o f  a x i a l - l i n e  i s  a  p r i m p r ^ r  f e a t u r e  o f  m a n y  P . l .  f o l d s .

I n  t h e  p s a m m i t e s ,  p a r t i c u l a r l y  o f  t h e  s t r u c t u r a l l y  l o w e s t  p r o u u s ,  

t h e r e  o c c u r s  a n  i n t e n s e  r i b - l i k e  l i n e a t i o n  o n  t h e  l a y e r i n g  s u r f a c e s  

o f  t h e  r o c k s .  T h i s  i s  a  P . l .  l i n e a t i o n  a n d  c a n  o c c a s i o n a l l y  b e  s e e n
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to parallel the exes of ?.l. minor folds.

•The onlpr ?.l. fold of major proportions on the $re%, occurs 

Within tne Eidvegeid Schist Groun, It has beer manned iisiny the 

massive quartsite horizons as marker bands. The schistosity j.n the 

ridvageic: Grorro is sensibly parallel to the bending in the rroartzites, 

and is re garden therefore, as an axial plane str’ictTŝ re t" T,1,
The parallelism of biotite to the axial planes cf ?.l. minor 

lolds and the parallelism of act indite cin'ctals to ?.l. fold exem 

indicate? that the ?.l. deformation took place in the Gprrtz-.llbit 

■̂iî’ote—-f.otT te Siib"iacies of t^e Gree^schlet f*clee,

The later p^rt of th^ F.1, '■le'̂ oâ î .tT.on accomnanied hy

intrusion of a'=''''hroic she-̂ te ^vr-llel ta the aaiel—nl^ne^ the 

fol-s.

5} Tdl.owine* F.I. a phase of static laetemo-̂ hi«fr , dr-Triv̂

01̂1 .ç-ar de cf T̂ei'̂i.oTni».! vet^^om-^i rsc’’"?

ev^a?rs he'-’'“ *̂er. ta ho a variation in ca^de th the ar^^* ĥ ae 

lo’-eet q?r»dçs, ç^cn^cterised by elh^+âc falyoer, hoyahlende, biotite 

end e^idct^ ç-,,0?"pl^ae»?̂ Ti,=re-.̂e ^chieu-ed in t^e e^at. Th'e hiah^gt 

Æandee, char?ctean =̂ed hy andesine, ky^nite and sillimanite, were 

- chieareâi in the vest. .1 eea-nence of raet̂ ™e'̂ h5_c Isoer-'dv delimiting'
td'e w  one ie d®î?orin<̂  . gho t̂.tg,tnm-̂ nt of the hiah.'̂ ct «roydo'®'

5n tp.a w.aat, va a aoccmranied by nh^aatia^ttm, pr^r d tz cr ■3-̂ ’̂ 

i'ntm^io^ '̂.f ^de^^llittc ebeete. The latter are believed. te be 

wofwots af partial reltlnp,

jl Voiimr.ni'̂ - the wi«'r̂ tieatiori and pr̂ n-i!ti-=ation, a thare of 

i-ntê aa nrlenitiaatiou ocm^r^d. Th-'n le-'̂ 'orvetien ph-^^ fPTr,̂ 3wwi-̂ all.y

imo-̂-î fied both tbo the thtchn'â aefs of the getâ edî 'ent!?.
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IexiuT'3'l. studies iuiicete that loreuite and sillimanite were stable 
duuina the oeiouma.tion: ûd, the develounent of the rnvlonitic fehuio 

wn.s immediately uost-dated by .growth of fibrolitic sillimanite. 

ft.ie s,bs0nce of pronounced linear structures in the mylonites suyaests 

onat translative novom^nts were not involved, in their formation.

It is believed therefore, that the mylonitic fabrics develoued in 
resuonse to intense flotteniny, produced by a risina basic asthenolith. 

Thi.s inters'^ flattening was also und.oubted.ly responsible for a. con— 

sidereble amonnt of the boudinage developed on the area.

5) The majority of folds recorded on the e.reo, ,are ettribnted 

to the second fold-form.in^ deforma,tion. (?.2.) by the onset of ^.2. 
the moto.moruhic grade armears to hsve waved, to sub-v^rnet vr'ide 

cond-itionsî it is apparent tbet garnet porph^mroblasts are always 
augened in 8.2. Tie folds have a very variable style, this variation 
appears to bo closely related to lithologie  ̂ though there also appears 
to be a. more generol change in style across the ares.. In the east, 

the folds have intensely a.ttenuatod long-limbs with a numb-^r of
vertical1y-stacked folds in the short-limbs. In the west tbe limbs 
of the folhs tend to be of r'̂ .t-her more equal le:̂ gi:h. The change in 
style is related to the different states of competence of the r^cks 

at the onset of ?.2.
A ubisuitous feature of T.2. folds on both the major and the 

minor scale, is the cunuture of their axial lines. The curvature 
appears to begin very early in the fold formingprocess. It is however, 
considerably accentuated by later flattening. The lineations associated 

with these folds are of the intersection time.
6) In the Komaanes area a number of oblioue boudins have been



r e c o r d e d .  T i e y  e p c  o l c - e l ç -  ^ ç s e c i - t e d  w i t ^ - '  r o t a t e d  t e n s i o n - v o g h c s  

nnS jneTToel T n'̂ "’ Ti c a chnictnre? -re strenvlv discorden-h t^ th

l o c a l  ? . ?  t p « n d  e m S  o i ^ v 3-r.i;,r p o ^ t - d n t p  t h e  ? . ? ,  f ^ e f o r m a t i o n .  I t  t a  

b e l  i o v e d  t b - t  "<11 t b ^ o o  e t r n c l u t - ’oc. i,ro-v>o f f i T ^ T i v d  i n  n c e n c n ^ e  t o  ?  

pnegncs-iire dcfnnmntiori ceqnonce. rnŷn r. Ĉo--rnn + t or sanncnçA T-m p olpc 

" n o p p o r  c i b l e  f  e n  I.b'^ e v e l  e n T i  e n  t  o f  t b  e  I c t c  O e p i  n P o n i ^ ^  t ^ ^ ' r r  e t ?  i r b  î c b  

o r t c r o r  e r  t b o  a d j a c e n t  m a i r l e r ^ .

7) Tr b''e north of the enea tbcna pp p, pronounced swine' in. 

strike, Tills swing is dug to notation in a west-cast sense of tb" 

Ol^erfjord broup, uein.g t^o Gl cenbiiaten Group as a ul^nc of décollement. 

A. numb'-'r of laree fcl^s devele-ncd. in associ'T’ti'on tb these mo-'’-eme:'its, 

Iboy be.ve been riepi mn tod I. I.

1.7 fold? bav“ bee-*3 recorded in the Kome..rres erea, they ere 

monoclinal warps. There temporal relationship to the ?.?. folds in 

the north; is not Icnoi-r̂

8) The final uhase of movement in the area led to the development 

of joints, faults and locally, kinlc-folds» Tine prevailing metamorphr’c 

grade dur.ing this phase of deformation, and indeed all the phases 

subsequent to T,2. was the Quartz-Albite-Muscovite-Chlorite Sub-facies 

of the Greenschist Facies.

Discussion

One of the most striking features of the geology of BastemSeiland 

is the intense extension which the rocks appear to have undergone.

Much of this extension has been produced by the intense flattening 

responsible for the development of the mylonites. This deformation 

manifests itself on the major scale, in the lensoid aspect of many of 

the litbological groups, particularly the gabbros in thexest. On the
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minor scale boudins appear to have no axis of elongation. Three- 
dimensional exposures often reveal that individual pods are discoidal 
in shape; extreme stretching is suggested by the absence of contigous 
pods.

Further evidence of this extension is providnd by the attenuation 

of the metamorphic zones. These zones represent a contemporaneous 

laieral cha.nge in metamorphic grade from the middle Greenschist Fa,cies 

to the upper .Amphibolite Facies. Tin is transition is accomulished in. 

a vertical thicknes- of rock of approximately 2,700 metres. An 

analaoug transition is accomplished in the Dalradians of north-eastern 

Scotland over a distance of approximately^ 10 miles, (Winkler 1967), 
This distance however, represents a traverse across the metamorphic 

zones at their thinnest. Clearly, if the zones in Seiland where of 
comparable thickness, subsequent extreme attenuation is implied.

Comparisons of this nature are clearly open to question and 

although considerable attenuation of the zones has obviously occured, 

there may be other factors which have contributed to their relative 

thinness.

The Falkenes Merble Group, one of the youngest members of the 
Se(r</y succession, has been, assigned on palaeontological grounds to 
the u.uper Lower Cambrian or the lower Middle Ca.mbria.n (Holland and 
Stuart 1970). Tie Beliefjord Schist Group, the youngest member nf 
the succession of S/r/y shows evidence of deposition under turbidite 

conditions. Roberts (1968) claims that this formation represents f’te 
deepening of the sedimentary basin heralding the oncoming orogenyr,

Isotouic age dates indicate that tho main structural a.nd meta- 

morphic events in the region took place in upper Cambri-'^n to loT̂ er
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Crdivician timas, moan? that the sediments on S/rçiy anui a ^nt
h'̂ ira hocn hnriod nnde?^ any con?tdenahie o’̂.̂e-a’biinden before thn on?et 

of the orovn-oy, Tiin implies that the stii]etnral and rnetamo-a-nhio 

evonts took nlaoe a.t a. fa.frly high level in tbe crust, Such a hi^h 

I.o v pI pavi^onmont could x̂ ell be loc^l Igr f avonrablr to the develomoe'^t 

of very steap +b.̂ r̂ --’l wadi ante. It i? noa'-'i'hi e that tlip at tenu a ted 

metamorphia a one? on Seiland- reflect ? t least in uavt, ?na,h a. steae 

thermal ar?dicut,

Povinnad Sottina'

‘Robert? (198s) notes tbe occur-apaae on Sô rd’"̂̂ of ]>T-S an^ 

a-tnike bolts. In the h-S belt?, F.2, folds have a monoclinic symmetry 
and a sense of transport to the east, away from the central uart? of 

the oroaen. He re""crd? these structin^es as beinv folds in 'b'

(where *b* is parallel to the margins of the orogen) , Tie elongation 

of boudins parallel to *b’ indicates that this direction was an axis 

of stretching during the F.2. folding. Similarly F.2. folds show a 

strona point maxi.mum distribution on stereogram?.
In the F~¥ strike belts the folds have an orthorhombic syeraetry/- 

and ore re;?orded as being folds in *a* in the regional sense.

Lindstrora (l955> 1957, 1958), records a. similar picture from an 
area in Swedish laniard. This area, ropresorts the ma.rginal f'-mist 

zone of the orovenic belt. He records a, H-8 or HT-SI.i set of f?ld? 
having a constant sense of overturning towards the F or S-F. Another 

transverse set of folds are overturned to the H-S or S-V7, xnith no 

clear preference for either direction. Tie first set are regarded 

as folds in »b* and the second set folds in «al. The distribution 

of those two sets is however, not confined to strike belts, but appears 

to be random.
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jb.i ' (1959) xcorkiT!in the J'lodiard 'itgp 01 centrni Hor.'/'iv note?

the ahsonce of pronounced linger structures in #%*. Uohertc f 19<e8) 

h?,s sugf-'osteo. *chorefore that Lindstrom*s area renresents the mnrhinal 

thmnt zone of the omgenic he?t an^ bn+i ( cẑ the central n?rt.
He CT>v"<’apts t^iat 8(/rcAr Contcine clcrni^nts of t̂ -'̂  structnral T)'"'ttcn'? 

of hoth areas,

Seiland does not appear to fit into this picture. Toe outcron 

of the late Calédonien thrn.st? on the mainland adjacent to Seiland, 
implies that these structures exist at no great depth beneath the 

island, in this respect Seiland is analagous to LindstroTn*s area.
The structural picture on Seiland is however, distinctively different* 
The F,2, folds are strictly sneahinv, folds in neither *a* or *b* 

since they appear to have arisen by pure flattening. This is indicated 

by such features as curvature of fold hinge-lines and absence of 
elongation of boudins* It is this predominance of deformation by 

pure flattening that is the most distinctive feature of the geology 
of Seiland. The author feels that this is very closely related to 
the uprise of the basic asthenolith, later responsible for intrusion 
of the pintons ?f Western Seiland. Tiis phenomenon has exerted a 
fundamental control over the structural and metamorphic history of 

the area.
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Appendix

Due to shortage of space the basic rocks on Eastern Seiland are 
included as an appendix. They are at present being studied in detail 
by J.B, Jackson of Bedford College,

(a ) The il/nseby Gabbro

Tliis was intruded as a concordant sheet after the F.I. folding, 
evidence of the continued presence of deforming stresses is, however, 
provided by the presence of a foliation in the gabbro which is parallel 
to the margins of the sheet, the foliation in the enclosing metasediments 
is also parallel to the banding which contains ti^t folds of F.I. age.
There is no evidence of lineation,

A number of thin screens of psammite can be found within the gabbro 
as well as thin calc-silicate lenses. The thickest of these screens is 
seen on the western side of H^nsebyfjord.

The gabbro itself has been folded by F.2., as witnessed by the large
fold that can be mapped in the contact on the eastern side of
E/nsebyfjord, Plate 215 shows foliated H^nseby gabbro deformed by a 
ti^t F.2. fold. The large monoclinal structures in the contact and the 
psammite screens also indicate deformation by F.5.

In the field the gabbro is rather variable in facies occasionally it
is mafic and flaggy as in Plate 215* Elsewhere it is more leucocratic.
It is sporadically layered with dark chocolate brown mafic layers 
alternating with rather more leucocratic layers. The gabbro is frequently 
garnetiferous particuaxly in the mafic layers. Some of the garnets are of 

go If-ball proportions. The foliation is generally parallel to the 
layering.



Plate 215. F2 fold deforming foliated H/nseby gabbro. 
Eastern side of Hphsebyfjordo

Plate 216. Anatectic veins in the contact zone of the
H^seby gabbro. Northern contact, eastern side 
of Hg^sebyfjord.
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PetroCTaTPhy

No traces of any original igneous texture are visible in the gabbro. 
The felspar has recrystallised completely to a granular often 

polygonised mosaic, llichel Levy determinations on albite twins yields 
a value of The gabbro contains ,]two pyroxenes :

(l) A green clinopyrozenes with the following optical properties :
0Opt v̂e 2V approx. =70

A _20 = 44

Birefringence O.O34 
According to J.B. Jackson (personal communication) who has analysed this 
pyroxene, it is an augite.

(2) A pleochroic orthorhombic pyroxene (hypersthene)
Opt - ve 2V approx. = 60°
Straight extinction 
Birefringence O.oll 
X = pink
Z = pale green

These pyroxenes occur together in elongate clots which define the 
foliation in the rock. There is no lineation of prismatic crystals. The 
clots may be formed of a number of single crystals of .‘pyroxene or they 
may consist of an aggregate of polygonised grains. They are generally 
surrounded by a selvage of green amphibole which often contains vermicules 
of quartz. This clearly indicates that the amphibole is a reaction 
product after the pyroxene. Tlie amphibole has the following properties :
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Opt -ve 2V approx, = ^0^
ZC = 18°
Birefringence = 0.022
Pleochroic scheme X = li^t yellow brown

Y = dark lincoln green 
2 = lincoln green

2 less than or equal to Y is greater than X

The amphibole itself in places appears to be altering to a red- 
brown biotite which is again occasionally vermicular, the final product 
of the metamorphisra appears to be granular garnet, which clearly over
grow the earlier-formed biotite and amphibole.

The Hornfelses

Later recrystallisation has entirely obliterated all traces of 
hornfelsic texture in the adjacent metasediments. There is, however, 
clear evidence that the intrusion of the gabbro caused mobilisation of 
metasediment in the immediate contact zone. Plate 216 shows a calc- 
si lie ate band at the northerly contact of gabbro on the eastern shore of 
B/nsebyf jord. The rock is shot-throu^ by a large number of leucrocratic 
veins i-Thich are undoubtedly of anatectic origin. These consist of 
stringers and blebs of quartz which often show inclusions of rutile in 
the Widmanstatten figure. There are two felspars, one a hi^ly or 
granular plagioclase vdth composition (An^^) and the other an alkali 

felspar, myrmetite develops at the junction between the two. Also 
occurring within the veins is a granular ortho rhombic pyroxene \diich is 
often intimately basso ci ate d with vermicular biotite, apparently in 
reaction relationship to the pyroxene. Finally the biotite is 
overgrovm by a granular garnet. The body of the rock into which these 

veins penetrate, consists of diopsidic pyroxene, orthorhombic pyroxene 

and labradorite intermixed in a granular aggregate.



This assemblage Biopside-Orthopyroxene-Anorthitil felspar would 
seem to indicate tnat the metasediment g adjacent to the gabbro underwent 
metamorphism under the Orthopyroxene sub-fanies of the K-felspar 
Corderite Hornfels Facies, Winkler (1967).

(B) The Hammeren Gabbro

This gabbro mass is rather different in facies and mode of 
intrusion from the Honseby gabbro. It has not been possible to ascertain 
the age relationships between the two masses, but B. Robins (personal 
communication) has evidence that the gabbro was intruded just after the 
F.l. folding, i.e. at about the same time as the Honseby gabbro. In 
the field the gabbro is very fine-grained and is generally Interlayered 
with the psammite of the Olderf jord Group, This interlaying occurs 
on all scales from the scale of a single exposure (Plate 21?), up to 
the scale of the map, where it is apparent that the gabbro contains a. 
large number of psammite screens,

Poye (1916) has proposed the term stromatolith for this type of 
interlayering of sedimentary and igneous material in sill-like 
relationships. Speedyman records (1963) the same situation on 
S^r/y in relation to the late F.l, Eusf jord gabbro and the later 
Eavnef jord Biorite. Ee attributes it to permissive intrusion of magma 
along layering subject to compression parallel to its length. Whether 
or not this explanation can be applied to Seilaad is difficult to egy, 
the lateral continuity of the psammite bands, however, testifies to 
very permissive intrusion.

The stromatolithic complex has subsequently been intensely
boudinaged during the flattening accomp.srying cylonitisation and then

folded by F.2. (Plate 213).



Plate 217. Psaramites of the Olderfjord Group interlayered 
with Hammeren gabbro. North of Olderfjord.

Plate 218. ?2 fold deforming interlayered psammites of the
Olderfjord Group and Hammeren gabbro.
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Petrog;Ta.phy

As well as the different intrusive relationships, the gabbro is 
also pétrographie ally different from the Honseby gabbro * In the 
field it is generally rather fine-grained and chocolate in colour 
whereas the Honseby gabbro tends to be rather coarse and buff in colour. 
In thin section the Hammerengabbro is rather more amphibolitised, and 
the amphibole is not the green horneblende seen in the Honseby gabbro. 
Rather it is a member of the eummingtonite-grunerite series. The optical

properties are :
Opt -ve 27 approx. = $0-90°
A
ZG = 19° 3 = b

Birefringence 0.038 
2 = very pble apple green
Y = very pale apple green
X = very pale yellow
2 = Y greater than X

The negative sign indicates that it is gruneritic. The mineral 
occurs in quite large (2.1/2 ram) crystals which show evidence of strain 
extinction. The pocasional presence of vermicles of quartz suggest that 
the mineral is an alteration product after pyroxene, with which it is 
intimately associated. There are again two pyroxenes present, a 
clinop;roxene with the following properties :

Opt +ve 27 approx. = 70° 

XC = 44°
Birefringence = O.O35 

and an orthqpyroxene
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- ve 27 = 60°
Straight extinction 
Birefringence 0,017

Tlie pyroxenes occur intimately mixed in a granular aggregate, frequently 
rimmed by the amphibole.

The felspar is a granular aggregate. îiichel Levys determinations 

yielded a composition of (Any^), twin lamellae are frequently bent, there 
has been a considerable amount of recrystallisation.

Finally biotite occurs as descussate flakes which appear to be 
forming by breakdown of the amphibole.

The author has been unable to recognise any certain indications of 
a hornfelsic texture in the immediate environs of the Hammeren gabbro. 
This is considered to be the result of the pervasive recrystallisation.

Pi seussion
In the introduction it was stated that workers such as Barth, Heier, 

Oosterom and Ifrauskopf believed that many of the early gabbro-gneisses 
seen on the adjacent island of Stjern/y and on Western Seiland were the 
result of the ;me t amor phi sm and anatectic transformation of a series of 
basic lavas and metasediments. This type of explanation was invoked to 
explain such features as the presence of metasedimentary layers parallel 
to the banding in the igneous rocks, and the general gradational contact 
of the complex with the enclosing metasediments.

Study of the ïï/nsebÿ and Hammeren gabbros, #iich have many features 
in common with the gabbro-gneisses on Stjern/y and are almost certainly 
their temporal equivalents, reveals that such bodies can be formed by 
purely magmatic processes as evidenced by the mobilised hornfelses. This
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conclusion is in agreement with the findings of Speedyman (1968) Y/ith 

regard to the Husfjord gabbro and the later Havnef jord diorite.

(c) The Ultra Basic Lenses

Within the Kbmagnes Group there are four lense-shaped outcrops of 
a very dense, dark green rock. Two of these lenses occur on the sliore 
of Southern Vasbugt; along the strike from these outcrops is a third lens, 
above Komagnes. The fourth occurs as a sheet across the neck of the 
peninsula at Kbmagnes. These bodies appear to be concordant with the 
layering of the psaramites. They are generally sheared at the margins 
thou^ away from this zone the rock appears to have almost no planar 
structure at all. Some facies are dotted with black segregations of 
iron ore.

Petrography
This section examination indicates that they have undergone' a rather 

complex series of metamorphic events. The earliest formed mineral phases 
in these rocks appear to be two series of amphibole :

(a) Opt + ve 27 = 50-60°
ZC = 19° Y = b

Birefringence 0.045 
Non-pleochroic

This amphibole belongs to the cummingtonite-grunerite series.
(b) Opt - ve 27 70-80°

AZC unable to measure Y = b 

Non-pleochroic 
This amphibole is tremolitic.
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Both amphiboles appears to be breaking down to chlorite.
Possibly as follows :

Tremolite — calcite + magnetite + MgPe chlorite
Gruneritic amphibole — > PeMg chlorite

The groundmass of the rocks is speckled with calcite and iron ore.

The chlorite itself is completely decussate and appears to be 
interfingering along amphibole cleavages.

The properties are :
Opt -ve 27 approx. = 20°
Pleochroic X = pMe green

Z = buff Z greater than X

The best fit for these properties is ripidolite, an Pëlîg chlorite,
Winchell (1951, Vol II, p.383).

The final product of the metamprphism is talc, which appears to be 
growing as small anhedra at the expense of the chlorite. The mineral 
shows strai^t extinction and h i ^  polarisation colours.

The assemblage is characteristic of metamorphism of an ultrabsic 
rock under Middle Greenschist Facies conditions. . The form of these bodies 
of rock strongly resembles the Alpine peri do ti tes and serpentinites 

described in Turner and 7erhoogen (196O). Theyonote (p.310) the 
constant association of the Alpine peridotite with geosynclinal 
sediments and say that many writers have considered that the bodies have 
been emplaced "during the earliest stages of folding which terminates 
sedimentation and ushers in orogeny", This may well be true of the
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Seiland bodies which have obviously been strongly boudinaged and 

metamorphosed. No more definite evidence of their chronology is 
available.
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