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Abstract

Tne rocks exposed on the eastern part of the island of
Seiland are the metasedimentary envelove to the large basic and
ultrabasic plutons that make up the western part of the island and
the neighbouring island of Stjermﬁy. 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 Eidv%geid Schist Group which is followed by the
relatively thin psammitic Trollvann Group. Structurally above this
is the pelitic Olderbugten Group and finally the dominantly psammitic

Olderfjord Group.

Broadly spealding two major fold-forming deformations
nave been recognised; F.1 and F.2. The latter part of the first
phase, winich was responsible for Tight isoclinal folds and a
penetrative schistosity, was accompanied by intrusion of sheets

of basic material parallel to the axisl planes of the early folds.

During the static interval separating the two deformations
the meximum grade of metamorphism was achieved, this, however, varies
across the area and a sequence of metemorphic 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. The 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 F.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 number
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
Fa2,

A ubiquitous feature of F.2. folds on both the major and

minor scale, is the curvabure of their sxial-lines.

In the east a number of obligue boudins have been recorded
which post-date F.2. They are closely associzted with rotated
tension-gashes and monoclinal folds. It is suggested that all these
structures were formed in response to a progressive deformation
sequence. This sequence was also responsible for the development

of the late Cgledonian thrusts on the mginland.

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 F.3.

Lionoclingl warps have been recorded in the east of the area.

Their temporal relationship to the F.3., folds in the north is not known.

The final phase of movement in the area led to the deve%ppment
of joints, faults and locally kink-folds. The prevailing metemorphic
grade during this phase of deformation, and indeed all the phases

subsequent to F.2., was the Quartz-Albite-lMuscovite-Chlorite Sub-facies

of the Greenschist Facies.
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CHAPTER T

Introduction

A)  TLocation

The island of Seiland is situated some 3 km. S.W. of the town
of Hammerfest Lat. '700 40'N, Long. 230 80'E in the western part of
the ‘county' or fylke of Finnmarke. . 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 straight 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 la.kes,-
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 Geology

Seiland is situated some 60 - T0 km. North-West of the main
Caledonian thrust front,where the strongly deformed and highly
metamorphosed Caledonides are thrust over both Pre-Cambrisn basement

and younger less-deformed rocks of Eo-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 N. and N.E. of Finnmark, however, there occurs a wedge of
rocks of late Pre-Cambrian to Tremadocian age. These are again
separated from the overlying Ca].edonides 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 N.E. and

those in the south and west is not known.

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

Fig. 1); these are known as the Raipas windows (Danll 1891).

In the Komagfjord windows which occur on the mainland adjoining
Seiland, (Reitan 1963) records a sequence of shales, slates, volcanics,
calcareous rocks and sandstones which have been deformed probably by
the Pre-Cambrian Karelic orogeny. The grade of metamorphism is
generally low, the maximum being attadhed only locally in the region
of basic intrusions. This association,suggests 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 Facies. 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 fo be in a south-easterly direction. Since
the Komagfjord 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. Finnmark

Most of the detailed structural work on the Caledonides of
W. Finnmmark has been carried out since 1959 on the neighbouring
island of Sﬁfﬁ& by B.A. Sturt and D.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 F.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 metamorphism
was also achieved forming porphyroblasts 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¢f¢& is generally characterised
by large scale folds which have a tendency towards monoclinic symmetry.
The associated minor structures show considerable variation in style.

The symmetry remains however monoclinic, except in certain areas where
it becomes orthdhombic. This change appears to be related to

orthogonal strike swings (Roberts op.cite)e

Further intrusions of gabbroic and dioritic material occurred
during the latter part of the F.2. folding (Speedyman op.cit.).
Sturt and Ramsay have also recorded the extensive development of
alkaline rocks of similar age in westem Sﬁfﬁ&. They include

carbonastites and nepheline syenites (Sturt and Ramsay 1965).

A1l 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 Petrogrephic 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 Finmmark and North Troms (see Fig.1.).

Numerous studies of this Province have been made. Papers by
Barth (1927 and 1953) deal with the complex intrusion history of
numerous pegmatites (1927) and the layered igneous rocks that make

up a large part of western Seiland (1953).

In north-western Seiland Barth (1953) describes a layered
complex which apparently has a gradational contact with a series of
paragneisses, showing successively higher stages of metamorphic and
angtectic 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 (1954), Oosterom (1954, 1963), Heier (1961).
Krauskopf (op.cit.), working in the @ksfjord area, describes a
sequence of gabbro-gheisses, ultramafites, syenites, anorthosites,
amphibolites and garnet-biotite-gneisses. He recognises three
varieties of gabbro-gneiss, all of which shdw variable amounts of
banding. Within these gneisses, he finds layers of meta-limstone
which are apparently concordant with the layering of the country
rocks. He also describes layers of syenitic rock which are also
concordant. The layering in these rocks is marked by differences
in composition and/br 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.

o



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 ﬁksfjord gabbro-gneisses,
Krauskopf discusses a mumber of hypotheses, including parallel
injection of sills, He suggests that such features as absence of
linear orientation of prismatic cxystals 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
recrystallisation parallel to bedding planes. The syenitic layers
are explained by the transformation of trachytic lavas and tuffs.
However, he findsdifficulty 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 (1961) in a study mostly concerned with the nepheline
syenites and carbonatites on the island of Stjern¢&, which lies to |
the north of Seiland, places the various metamorphic and plutonic
events in a time sequence.

Youngest. e3) Nepheline syenite
e2) Hornblendite metasomatic probably associated with
carbonatites
e1) Carbonatites
a) Faulting
¢) Period of Metamorphism of Granulite 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 resulf of the transformation of a supracrustal series

of lavas, tuffs and sediments.

The gabbro-gneiss II is foliated but not bandeds 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 % cm. to several metres. The dark



bands are on average 10 - 20 cms 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 generd, this is also true of the layered gabbro
in Stjernﬂ&. 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 hornblendites seem to be genetically
associated; all gradations between the hormblendite and the gabbro-
gneiss occur. This seems to indicate that the hornblendite resultis
from the metasomatic replacement of the gabbro-gneiss and also of

the peridotite.

M.G. Oosterom (1963), also working on the island of Stjerndy
recognises a sequence of metamorphic and igneous events which is
broadly in agreement with that of Heier.

Youngest
( Albite Nepheline Pegmatites

Metasomatic Suite ( Nepheline Syenite
( Carbonatite

( Hornblendite

Metamorphism

( Gabbro anorthosite



Ultramafic ( Olivine meta-gabbro
Sequence ( Pyroxene Peridotite

( Dunite, dykes in gabbro and gneiss

Metamorphism
( Syenite gneiss-syenite
Metamorphic ( Metalimestone
Complex ( Granulite
( Gabb;o 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, Qosterom believed has a tectonic origin. He
noted the absence of contact metamorphism in the Lille-Kufjord 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 are 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¢E¢& 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 Stjerndy Frsfjord suites, can be related quite
definitely to the various phases of deformation which have occurred in -

the region.

In the Loppen ares Ball et. al. (1963) 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 F.1. fqlds and has

a foliation parallel to the axial planes of F.2 folds. A granulated
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hypersthene gabbro is believed to have been formed by penetrative
deformation of the subephitic 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 F.1. and F.2
phases recognised on Sﬁiﬁ&, (Remsay and Sturt 1963, Roberts 1965, 1968),
which has been designated F.2 in the Loppen area. This phase of folding

is only sporadically and weakly developed on S¢E¢&.

On western S¢E¢& 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 F.q1 deformation and locally
shows a contact aureole with the surrounding metasediments, (Sturt and
Taylor 1971). The second is the Brevikbotn gabbro which also has a
contact gureole and cuts sharply through many F.1 structures, though
it bears a late F.1 foliation. This body is somewhat more variable
in composition than the Storelv gabbro and contains numerous limestone
xenoliths which have been converted to skarn. Both gabbros were

affected by the peak of the regional metamorphism.

Sturt (1969) has also mapped the Hasvik gabbro which was
intruded during the acme of the regional metamorphism and between

the two major phases of deformation F.1 and F.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 (1968) on the Husfjord area of south-
eastern Sﬁ%ﬁ& is especially relevant to the problem of the calc-
silicate bands seen in the gabbro-gneisses of Stjern¢&. In the
Husfjord 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) S18tten and Vatna Gabbros
5) BEuplacement of quartz diorite
Late (4) Havnefjord Diorite
F.2 (3) Kobberfjord Norite
F.2 (2) Early Diorite intrusions into Husfjord meta gabbro

Late 1) Husfjord gabbro
F.1

F.q
Oldest

The Husfjord metagabbro is of particular interest. This is a
basic sheet which shows no regular layering, but ocasiionally develops
bands of troctoiiteo It was intruded into the upper limb of a large
F.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 metasedimentary inclusions especially

metalimestone rafts which have suffered contact metamorphisme An
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important feature is that the limestone rafts do not seem to have
been greatly distuwebed 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 Foye (1916) for this sort of complex
consisting of many alternatimg layers of igneous and sedimentary

material 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. dompression along
the layers of this body caused a tendency for the layering to be
wedged apart allowing permissive intrusion of the Havnefjord
Diorite. Meta-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 body.

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 Stjermﬁy are of similar origin

but have possibly undergone more intense flattening.

Thus the work on Eastern Seiland and Sgrdy 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 (1954) Oosterom



(1954 1963) and Heier (1961). In this respect the formations of
Eastern Seiland are particularly important for they constitute the meta-
sedimentary envelope to the huge basic and ultrabasic plutons of
Western Seiland which can be traced to the neighbouring island of
Stjern¢&. The H%hseby 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 F.q1 deformation. These bodies
can be traced westwards towards the plutons of Western Seiland,
where they become hornfelsed (B.A. Sturt personal communication).
Similarly the Lille Kufjord gabbro and the Melkvann ultramafite

body of South Seiland (B. Robbins personal communication) have

c¢learly been intruded after the local F.2 phase of deformation.

Thus the elucidation of the structural metamorphic 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 Stjernﬁ&.

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 F.2
fold phase on Seiland and S%i%&, give a late Cambrian to early
Ordovician age for the later phases of the metamorphism. On the
island of Mager¢&, 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
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comagmatic nature of these bodies.

¢)  Geomorphology

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 grea also has two permanent ice-caps
both of which show much evidence of wastage in recent times. The
eastern and largest, Seilandsjﬁkelen, covers about 30 kmz, while the

western Normandsfjelljgkelen covers about 15 1m? (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 - NW trend, suddenly takes a sharp turn to the NE 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 knick-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. Trollvamn

itself does not appear to be very deep, though the large lake above

Olderfjord shelves off very steeply from its shores.

a)

b)

Lakes occur in three main settings:-

Rock hollows related to rocks with structural fractures or fissility,
e.g. the schists of the Olderbugten Group which abounds in small lakes.
Belts of major structural weakness e.g. the fault ruming NW - SE

just NE of Hﬁhsebyfjord which has been etched out by erosion into a
long valley marked by a éeries of small lakes.

Larger hollows excavated by glacial action. Trollvann is an example.
In the scarp west of the lake there are a numberof cirgue-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 Phenomens

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%hsebyfjord and Eidvaagenfjord. Ice striations in both fjords seem to

indicate an approximately north-westerly direction of ice transport.

Outcrops of the schists in Eidvaagenfjord show much evidence of polishing

as do the outcrops of gabbro in Hﬁhsebyfjord.



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 1).

Of further interest is the existence on the mainland of a very
extensive plateau or 'vidda' with summit heights of some 5-600 metres
AM.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

| Séftlémeﬁt on Seiland is confined to the coast-line. There are
numerous small hamlets, the largest of which is Hﬁhseby in the NW. The
economy is based mainly on fishing. Bach 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 from

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 Finnmark are chiefly of psammitic 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 Sgrdy Sturt and Remsey (1963),
Roberts (1965, 1967, 1968) and Speedyman (1968) have recognised a
conformable sequence of metasediments:-

Hellefjord Schist Group
Aafjord Pelite Group
Falkenes Marble Group
Storelv Schist Group
Transitional Group

Upper Psammite Group

Klubben Upper Pelite
Psammite
Group Middle Psammite

Lower Pelite

TN TN N N N N

Lower Psammite
The strong deformation and high grades of metamorphism indicated

by these rocks generally precludes the preservation of fossils.



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 Finnmark especially in the Digermul Peninsula area,
Reading (1965) and Reading and Walker (1966) 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 Vestatana 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 w§ter.'_These conditiohs deepened temp-
orarily to allow sedimentation by turbidity currents. B

On palaecontological grounds it seems that the Falkenes Marble
Group on Sgrdy. can be correlated with the lower part of the Digermul
Group of Reading. The Falkenes Marble Group also shows indications of
having accumulated in a shallow water environment, as does most of the
succession on S@grdy. Roberts (1968) puts forward evidence that the
Hellefjord Schist Group on Sgrdy is a turbidite formation. This suggests
deepening of the basin of sedimentation. He regards the group as being

the last stage in the local preorogenic, geosynclinal depositional cycle.



Thus it appears that up to the end of Falkenes Marble times a
shallow shelf sea, subject to intermittent tectonic instability existed
in the area now occupied by Sgrgy. The Hellefjord Schist lithology
represents the deepening of the geosynclinal basin, heralding the
oncoming orogeny.

Roberts (1968) claims that the succession seen on Sgrdy, can be
correlated with the Loppen Andsnes area, some 50 KM to the SW.- He
therefore suggests that conditions of sedimentation in the géosynclinal
basin were relatively uniform over a wide sarea,

Further, Sturt, Miller and Fitch (1967) determined the age of
nepheline and biotite concentrates from some alkaline rocks on Sgrgy
(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 (480-491 my). Further work was carried out
by Pringle and Sturt (1969) on an anatectic vein associated with the
Hasvik gabbro on South Western Sgrgy. This was intruded during the peak
of the regional metamorphism. The results indicate an age of 520 # 35my.
Thus, the main structural and metamorphic events in the Sgrgy 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 lithological types include quartzites and
psammites which are sandwiched between thick pelitic units (Fig2). In
the Bbsence of sedimentary structures it hed 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?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 terwms 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 responéible for the lateral discontinuity of
many of the metasedimentary horizons., In this event original thick-
ness estimatiorsbecome 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 colowr imparted by relative
abundance of phyllosilicates and amphiboles

2) The Komagnes Group

a) The Lower Flaggy Psemmites

The structurally lowest member of the metasedimentary succession

is well exposed on the coast to the north of Komagnes. It is a complex
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of grey flaggy psammites. These rocks 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 quartzitie 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 Fig. & (1) after page.3).

These early folds also have a coarse rib-like lineation parallel
to their exes. 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 af ter P.117).

Within the psammites occur a number of schistose pelite bands
(Plate 7), which are never thick enough to be mappable. Their lateral
discontinuity is probaebly 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
actinolitiec.

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 tﬂose 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.208).

b) The Calc-Silicate Schist

This horizon can be seen in beach exposures in the Jernelv 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 lithology indicates that it
consists in general of an actinolite-chlorite-biotite assemblage.
Occasionally however, # :. epidote and calcite are present. The
Ppresence of these minerals indicates a high lime content, but some
facies, which are calcite free,may more correctly be termed basie
schists. Generally, the rock type is intensely deformed internally,
in a disharmonic fashion relative to the psammites. Both second fold
Phase structures and b 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 strueturally
below is very sharp. There is no evidence of any sedimentary
trasition between them, It seems likely that this contact is

s tectonic one (plate 8).

¢) 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 Dbiotite and
amphibole schists. There are also some quite pure quartzite bands.
These often display intense boundinage. There are also a number of
dense, dark amphibolite 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 deférmed 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 intensely developed. a rather coarse massive granitoid is
Produced, The porphyroblasts may be anything up to 3 ems. in
diameter; this however is rare. The rock generally appears as a .
Pink schistose psammite studded with small pophyroblasts. Thin-

Section study of these porphyroblasts indicates that they are albitie

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

Plate 10, F2 folds in the Pink Psammite, Jernelv.



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 Cale-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 wunit discussed above has led to the development of a

mappable pink psammite unit. This is a rather flaggy 1ithology

consisting chiefly of quite pure pinkish quartzite bands approximately
2-Scms. in thickness (Plate 10). These are interbedded with thin
slightly more pelitic horizons which appear to adopt in places an

F.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.

1% is probably due to the original haematite-rich nature of the

<



sediment.

e) The Upper Flagey Psammites

- The lithdiogyiéccﬁrring above the pink psammite unit is g
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 rocﬁs 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 microfolding 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 5mm.

Intercalated with pelite average thickness  3mm.
2, Black Garnetiferous pelite 2cms.
3+ White banded quartzité with some semi-pelite 2cms.

4. Black garnetiferous pelite with grey semi-
pelite 2cms.

5+ TWhite 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 1l1lo folds in the flaggy quartzites of the
Upper Koraagnes Group, Rastaby Beach.

Plate 12. Basic sheets showing multiple folding, Rastaby.
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quartzites are often deformed into rather beautiful folds, which tend
to have a parallel geometry (Plate 11=) The flags are of the order
of Sems. 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 félds. On layering
surfaces the folds often appear as periclinal structures, with
strongly sinuous axes,

Near the contact with the overlying Eidvggeid schist Group a
rather persistent horizon of schistose psammite oecurs which is rather
closely interlayered with a dense dark amphibolite; this amphibolite
shows evidence of having been deformed by both F.1 and F.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 metemorphosed basic tuff horizons
cannot be discounted. This very early position in the éhronolqur
is confirmed by the fact that they have undergone deformation by both
fold phases. |

A Series of psammitic rogks are exposed on the peninsula at
Eidvggeid. They are apparently in a similar structural position
relative to the Eidvggeid Schist as the upper psammities at Rastaby.

Unfortunately at Eidv%geid the contact between the two Groups is not



Plate 15. Folded psammites on the peninsula at Eidvageid,

Plate 14. Fi folds in psammites at Eidvageid.



exposed. These rocks are cosiderably 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,
Felspathisation 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 hc;wever, have one feature in common with the rocks at
Rastaby. This is the presence of dark amphibolite bands (Plate 15)
which are again apparently folded by both F1 and F2. The fact that
these bands occur in a similar stratigraphic position relative to
the Eidvigeid Schist as the emphibolites st Rastaby lends some
credence to the idea that there are metamorphosed basic tuffs,

3) The Eidvageid Schist Group

Occuring 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. Geomorphologically, the schists
form a rather monotonous rolling moorland, with summit heights of
200 - 250 metres.

Thickness estimations for this Group .must be highly conjectu:;al
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 F.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. Sidvageid 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 Eidvg.geid 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
semi-pelitic schist. On schistosity surfaces the rock has a lustrous
brown appearance. The most distinetive characteristic of the rock

is the absence of porphyroblastic minerals,

2) On the south eastern shore of Eidvaagenfjord the schist has a
massive blocky 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
rock. In response to weathering, rather smooth rounded surfices 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



carystals show a considerable variation in size. Examples up to 6 cms.
in length have been recorded. The random orientation of their long
axes of these crystals on schistosity surfaces, indicates that they
have grown mimetically. In the field these crystals have a yellow-
ish weathering crust, which when broken reveda white lustrous
cleavage surfaces. Thin section examination indicates that the
kyanite has been very largely converted to white mica. The third
porphyroblestic mineral growing in the schist in #lspar. The mineral
occurs as small white crystals which tend to be equidimensional. All
the porphyroblastics are strongly augened.
L) 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
with variable amounts of felspar. They are frequently banded. The
bands are generally thin, of the order of_%cm. and are purple to
grey in colour., This colour is imparted by the relative abundance of
biotite and pink garnet. B

The thickness of these massive quartzites is very 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
with schists. Lower again, are quartzite bands 2 cms. thick, with
intercalated schists. The thinnest bands may be 5 mms. thick, though

of course the effect: of deformation on their original thicknesses
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Plate 17. Eidvageid schist showing boudinage

Plate 18. Basic material in the Eidvageid 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 36 after P.43. ). These folds are in-
terpretated as F.1. structures. The foliation in the schist is
sensibly parallel to the banding surfaces of the quartzite. F.2,
folds fold this banding and the foliation in the schist.

The stratigraphic 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 Eidvg.geid 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 17). Exposures
of schistosity surfaces reveal that many of these boudinage are
discoidal in shape. Occasionally the boudin pods show evidence of
folding by F.2. (Plates 18).

&)_ The Trollvann Psammite Group

. The Trollvann Psammite Group forms a continuous outcrop that can
be traced for the whole length of the area. This Group provides an
int@resting variation from the thick pelitic groups that sandwich it

on both sides,

The outcrop 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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fegture above the rolling moorland of the Eidvggeid 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 unif 3) so the thicknesses, which are the maximum
seen, have little meaning in the sedimentany‘sense.

The transition Group represents a transition from the dominantly
pelitic facies of the Eidvggeid Schist into the psammitic facies of
the Trollvann Group., Lithologically the unit is a flaggy semi-pelite;
purple in colour. Garnet is ubiguitous. 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 porphyroblasts impart a rather knotty appearance to the layering

surfaces (Plate 19).



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 0lderbugten Group

This group is so-called because it occurs in good coastal
exposures in the south of the area at Oldei-bugten. 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 Eroup 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

=3



Plate 21. Migrnatised schists of the Olderbugten Group.

mmk

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).

Smell 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 of'ten 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
Pltographs).

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
boudined. They occur as disjointed pods within the schist., This is

also true in the case of granitic sheets within the schist. The



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

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 2i).

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 8rea. This may be due however, in
some measure to the included basic material. On the fjell between
Olderbugten and 0lderfjord 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 amnealing recrystallisation which has made the original
sedimentary affinities of the rock extremely difficult to recognise.
In the north, to the east of the Hfnesby area, due to a combination
of migmatisation and mylonitisation the rocks are now migmatitic
gneisses. These changes have made the accurate tracing of the

lithological boundary between this Group and the Olderbugten Group

et



virtually impossible.

The OlderfJord Group is distinctly much more psammitic than the
underlying Olderbugten Group, though within it a number of lithological
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 i™m 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, i1l ), 1In thin section these lenses contain an anor-
thitic plagioclase (An,71), diopsidic pyroxene, epidote, calcite and

same scapolite, together with garnet.



Plate 25. Flaggy psammite of the Olderfjord Group,

Plate 26. Flaggy psammite in the Olderfjord Group,
between Olderfjord and Olderbugten.
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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
0lderfjord (Plate 25). The rocks, which show a host of excellent
minor structures, contain interbanded semi-pelite horizons which show
evidence of greater susceptibility to felspathisation and mylonit-
isation. Felspathisation takes place in the psammites preferentially
along the layering and the felspathic segregations whichAresults 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 generslly 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
sporadieally; examples of up to 1% cms, in size have been recorded.
They are always strongly augened. ~

In the west of the area,the Olderfjord 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
wedged 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. Roundaries
therefore have to be placed on the basis of the proportions of the

besic rock psammite. This phenomenon can be seen on the larger scale



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¥*
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by the inclusion of screens of psammitic rock in the basic rock
outerop. (See Map).
Summary |

The metasediments on Eastern Seiland comprise a sequence of thick
interbedded psammitic and pelitic Groups. The rocks have been sub-
jeeted to intense extensional deformation metamorphism and polyphase
recrystallisation. Estimates of original sedimentary thicknesses in
this event become highly conjectural. Simi larly sedimentary
strucfures which would have been of use in interpreting the sequenece
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
pRammitic and pelitic groups, together with the occasional lime~
rich horizons are consistent with this thesis.

Correlations with other Areas

Robverts (1968) has suggested a correlation of the metasediment-
ary sequence on Sgrgy with that seen in the Loppen area 50Km to the
south-west (Ball et.al) (see Eable 1). 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 Sgrdy with the series of unmetamorphosed sediments in
Bastern Finnmark, (Reading 1965, Roberts 1968). The sediments in
Eastern Finnmark in general also show evidence of deposition under
shallow water conditions. B

Thus it would appear that the area now occupied by Finnmark was

tovered 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 Sgrfy 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 »_su‘ccession seen
on Seiland is possibly older than the successions beén on Sgrdy and
Loppen. It can hardly be younger singe the Hellefjord Schist Group,
the youngest member of the Sgrgy succession, apparently accummulated
under turbidite conditions. Roberts (1968) 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 origipal stratigraphie¢ relationships.
The intense extension that the rocks have undergone, mgy mean that

vhole stratigraphic units may have been removed by sliding.
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CHAMTER 3

Structural Aspects

Introduction
iatroauclion

A discussion will now follow on the structure of Bastern Seiland.
This will begin with & description of the minor structures tosether

(& £ (&)

with deductions concerning possible modes of origin. This will be
followed by a descrintion of the major structures and the relationshins
between these and their =zscociated minor structures.

a) liinor Structures

There is & considerable variation in the style of minor structures
across the zrea. This variation appears to he closely related to
lithology. It is felt expedient therefore, to describe the minor

gtructures within a stratigraphical framework.

1. Fold Structures

Broadly speeking it has been possible to recognise two major vhases
of fold formation on ZTastern Seiland. These are designated in these
thesis as being .1 for the earlier phase and F.2 for the later phase.
Subsequent minor phases are designated ¥.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.71 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.71 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

0




e

[N

the folds have heen Inrpely unaffected by any subsenuent deformation.
They may, however, show =z 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 (Flates 23, 29, 30, 31)

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

sédiments, the latter being attributed to F.1.

a) ¥.1 Minor Folds

There is some evidence that there may be more than one phase of
fold formation within the first major periocd of deformation, the
evidence for this in the sediments of Bastern Seiland is by no means
conclusive. However, there are definite indications of the complex
nature of this vhase of tectonic activity.

This evidence lies chiefly in the relationships seen especially
at the structural topr of the Komagnes Groun, 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 stratigraphic position. This
explanation seems less likely in the case of similar amphibolite
sheets found sporadically within the Eidvggeid schist Group. Here
there is no such constancy of stratigraphic 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 ¥.2 (See Plates 12, 32, 33). Thus, it is possible that folds



Plate 290 Refolded F1 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.

.A

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 heen gencrated at slichtly different
times. The earlier phase ziving rise to o foliation which acted as a
plene of wealmness for the intrusion of the early amphibolite sheets.
These were subsequently folded by the second phase of folding within
F.1. It is relevent that B. Robbins (personal communication), working
in an area to the west has recorded two phases of folding within F.1
these separated by dylte intrusions. Thus the evidence from both areas
may be summarised as follows:-

Besic tuifs in the sediments

1T .

1 Foliation

Intrusion of Basic Material

] 2 Y ey >

™7 Foliativn

fHowever, it has not been possible to senarate these tuvo phases on
Bastern Seiland. All early folds are therefore designated as F.1

; . . 1 2

though they may, in fact, belong to either 1 or F1 .

Fold structures which, on the criteria mentioned above are of
F.1 age fold a banding which is probably the original sedimentary
banding, the absence of sedimentary structure precludes a definitive
statement on this matter. In pelitic and semi~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 81, 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

82 is the axial plame schistosity to F.2



FIG3

POLES TO SCH/STOS/”’ IN THE . E1DVAGEID SCHIST

ALl STRUCTURAL STEREOGRAMS ARE PLOTTED ON THE

LOWER HEMISPHERE OF A WULFF NET



In the Eidvggeid Schist Grous a very small nunber 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
guartzite horizons. If poles to the schistosity planes (8.1) in the
schist sre plotted on a stereogram a strong point maximuwn is obtained.
The vest-fit great circle to this maximum has a strike of 3520 and a
gip of 28% (Fig. 3).

The variability of form of the early folds within certzin 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 lonpg limbs of such folds have suffered more stretching than
these occurring on the short limbs. Thus, it is nossible to say in
general, that the style of F.1 folds as observed in the field may bear
little resemblence to the original style of the ¥.1 deformation. The
following plates indicate the increase in the deformation of F.1 folds

from east to west.

Komagnes Group Plates 34 and 35
Eidvggeid Schist Group Plate 36
Trollvann Psammites Plates 37 and 38

Clderfjord and

Olderbugten Groups Flates 39 and 40

Geometrically many of the folds approach a similar type geometry,
though they probably in reality mostly fall into Class 1C of Ramsays
classification (1%67). Where flattening has been very intense, some
of the folds may be of Class 3, that is the curvature of the outer arc
exceeds that of the immer 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. Head of
Eidvaagenf jord.

Plate 40. Galc-silicate folded by Olderfjord Group
east of head of H”Asebyvann.



FIG 4 A |
Fi FOLDS FROM THE KOMAGNES GROUP

L
- FLAGGY BANDING IN THE KOMAGNES GROUP
T SEMI-PELITE
I ICM ‘

=PSAMMITE




attenuation on the limbs are ubiquitous features (see Plates). This
strong attentuation in S.7 seems to be at its maximua in interbanded
pelite, semi-velitic and psaimitic lithologies (see Fig. 4). Due to
the difficulty in distinguishing between the long and short limbs of
the F.1 folds erising 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 35 and 306.

There is sone evidence to suggest that curvature of hinge lines
develop as a nrimary feature of F,1 folds. It would seem that this
tendency towards curvature 1s to some extent controlled by lithology.
For example, in the lowver vart of the Komagnes Group where the
psamnites ere often fairly massive. F.1 folds seem to be sensibly
cylindreoidal. This is to some degree confirmed by Fig.5% which tends
to indicate a linesr maximum rather than a nlanar distribution for
the fold axes. This having a low pluange Jjust west of north.

However, among the relatively few examples of F.71 folds which
have been recorded there are a number of important examvles of
curveture of hinge line. 4 good example oif this phenomenon occurs
at the beach exposures at Rastaby in the south of the area. Here at
the structural top of the Komagnes Group the rocks are interbanded
pelites, semi-pelites and psammites. The specimen concerned is
depicted in Fig.6 and Plate 41. It consists of two antiformal
closures separated by a very tight synformal closure. lost of the
infolded pelite has been squeezed out of this synform. 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 right angles to the trend of the lower

antiforuial hinge. The uodner 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 nuiber of features:-

1)

2)

a)

b)

The coarse lineation is 2 micro-fold lineation. These
microfolds on the uppver surface of the specimen forma series
of arcs which are non-concentric. The greatest curvature of
these &rcs occur near the fold hinge. 4Away from this hinge
the lineation may be almost straight.

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 psammitic lithologies.

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 i5 & considerable anount of evidence in the Usver Komagnes
Groun thatl curvature of axial-linc ic a nripary feature of many F.2 folds
It seems possivle therefore, that the curvature ezhibited by the F.1 fold
depicted in Fig.6 way huave been produced by F.2 movements. Tor the
followins reasons this is considered unlikely:-

1) The distortion of the snecimen induced by later deformation

as exemolified by the microfold lineation appears to be

relatively slight.

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

are aporoximately at right angles. The trend of the microfeld

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

A process of simple shear acting parallel to the axisl-plane of
the fold and normel to its general trend. could be res»onsible for the

curvature. 1If this was the case however, it might be expected that

the arcs of the microfold lineation would be concentric, which

e
ha
i
D
<

are not.

further examples of curvature of ¥.1 hinges have been noted from
other localities. Flate 42 shows an eye-shaped structure in migmatised
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 migmatisation.

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

. . 2
possible that the curved axis fold described above may be of F.1  age.



Plate 41. Curved axis fold, Rastaby beach.

Plate 42. Eyed-fold in migmatitic Olderfjord Group,
east of Storvann.



There is no evidence ot all to cupport this hypothesis, thoush it is
suggested to expluin the variution in geometry of folds of aovarently
similar ege in similar lithologies.

Generally on Hastern Seiluand the phenomenon rust be regarded as
the exception rather than the rule for F.1 folds. This however,maxv
be due in part to the comparative rarity, deformed nature and
poorness of exposure of these folds. It is obvious thet good exvosure
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 @ function of this inadequacy of exposure. It might be
said, however, that curvature of ¥.1 fold hinges has been recorded
extensively on the neighbouring island of Sgrdy by Remsay and Sturt
(personal communication) and Roberts (1965). Here on the flanks of
larger ¥.1 folds the average trend of curved minor folds mey be up to
900 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 ascrived to F.1 are confined
largely to the psamuitic 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)  HMineral lineation.

1) Folds which have been ascribed to F.1 have been measured and
plotted on the stereograms (Fig. 54 and B), each stereogram
répresenting the F.1 folds within the lithological groups indicated.

On the stereogram repvresenting the Komagnes Group there is



a8

somethinz of & scatter of fold axes, the roints penerally have a4 low

plunge soproximately either to the north or to the south. This scatter

may serncns ve partielly explaoined by modifications produced by 7.2

movements, though it azpain may be due to this tendency for curvature
of axicl lines within #.1.

It is imoossible to meke any definite statement on the distribution
of .1 folds in the Olderbugten and Olderfjord Grouwns (iig.5B) since
there are only three points on the diagram.

2) The other linesr element that can be ascribed to F.1 is a very
strong mineral lineation that occurs particularly in the Komagne Group
and =lso in the guartzite bands in the Eidvggeid Schist Group. This

anppears typically in the quartzites as a strong fine siriping on layering
surfaces, and in the psammites of the komagnes Group, as a rather rib-
like structure which parallel the 7.2 fold axes, varticularly at

s
i

Komagnes. 1e latier observation would seem to indicate that the
lineation is related in fact to F.2 (Flute 43). Indeed it seems
probable that the structure has been much accentuated by .2 movement
in places where it is coaxial with F.2 folds. However, at Komagnes
there is sone evidence of a slight discordance of this F.1 lineation
to F.2 fold axes (see Plate 44). Similarly on the peninsula at
Eidvggeid 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 45).

This lineation has two forms:-

1) In the psammite it consists of elongate flattened quartz

segregations.

[h®]
~

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.Z2.



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

100 001

Plate 44. F]_ lineation oblique to ?2 fold axis (lineation
parallels the hammer-shaft). Komagnes Group, Vasbugt



It the digtribution of these lineations is examined on the

stercosrans (Fig.54) it con be scen that in the case of the Komarmes

o

Groupn there is a concentration of woints having & low plunge
aporoximately either to the nortih or to the south. This is broadly
in agreement with the distribution of the F.1 fold axes. Deviations
may perhans 2gain be explained by nodifications mroduced during the
7.2 deformation. The lineation is therefore a 'b' lineation
relative to F.1. 4n examination of the lineations scen in the

¢lder{jord and Clderbugten Group (Fig. 5B) shows a rather wider

scatter of points, which tend to lie on 2 great circle. It is thought

likely thet the intense deformation which has occurred subsecuently

within these groups has served to obliterate any ¥.71 lineation.

These structures may have a rather different origin. (See P.T70. 7.
It has not been possible to identify any boudinage structure

which may be related to the F.1 deformation.

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

The great majority of folds observed on Bastern Seiland are of

F.2 age. They have a considerably variable morphology and frequently
aporoach the geometric form of some ¥F.1 folds. ZFor this reason the
criteria mentioned previously were used to assign any particulsr
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. ¥.1 folds
are occasionally seen to lie within this flaggy banding. Sometimes
lineations which are regarded as of .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 nroduces a primary curvature in the axes of some

49
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of the fold structures. This tendency towsrds curvature of hincze lines
and the general style of the ninor structures aasecrs to be related to
litholosicel type. It i thousht exnedient therefore to describe the

"

F.2 folds

Iy

W

g they occur within the various stratigraphic divisions.

a) The Lower Lowsmes Jroud

The style of folding within tlie lower part of the Komagnes Groupn
is somewhat variable. The folds may apvroach an isoclinal style or
ney be rather more open asymmetric structures. The dip in the lover
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 lattfer it is noticeable that the axial planes of these folds
are in general parallel to the sheet din of the rocks. This explains
the often rather monotonous westerly dip in the psammites here, =nd
indeed on the rest of Hastern Yeiland.

One of the important features noted in areas where there is
en 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
generalily isoclinal. These observations, when combined with the
fact that large tracts of country occur where there is s 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. Flates 46, 47, 48 and 49 show the vertically stacked
short limbs. OUn the scale of individual folds the style is
isoclinal but on a larger more generalised scale the style is of a

. . . 0O
more oven asymmetric to monoclinal type (Fig. 8).

e



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

0
0

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



FIG 8 A
GENERALISED STYLE OF FOLDING
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The detediled seometr: of individual folds within the group is

gomewhot variable. iHowever, the folds

near Lo show some thickening
at the hinces though often this is not very marked, together with
relative ottenuation on the limbs. The slightly less competent horanvlende
schist vonds often tend to show & rather more chevron-type of fold
geometry. (Plate 50, also Fig. 7). In the more massive vsammites the
folds are rather more open asymmetric structures tending towards a
parallel-type geometry (e.g. Plates 51 and 52). 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, 54 and 55), though often this does not apvear to be
accompanied by enr marked thickening at hinge zones, (e.g. Plates 56
and 57). These tend to maintain a parallel-type geometry. The
presence of pelitic intercalations greatly facilitates the tightening
up of this tyve of fold, because this material is easily squeezed out
of fold cores.

Plate 58 shows some monoclinal F.2 folds with a parallel
geometry. At the top of the vhotograph the beds in a similar lithology
appear to be unfolded. This has been accomplished by slip along a
plene which runs slightly obliquely across the top of the photograph
from right to left. The vlane 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 Komagnes Group are sensibly cylindroidal. Examination of
Fig. %A 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,
Jernelv.



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 iulluence of o locul §.35 phuse of defornation. This warps F.2

P

folde cuch that their azial »lenes are dipping B.H.B. (Wig. ¢B).  The

2]

b

axis of refolding is apnrreatly coaxial with the mean axis of F.2 in
thiz croup of psamiites (see Fig., Gh and B).

Thus in general,r.2 folds in these psaumites are sensibly
cylindroidal and have a remarkably constent trend and plunge. However
at a beach exposure of calc-silicate schist in the Lower Komagnes Grouw
(see Fig.7) a number of very tight folds occur which refold a lineztion
defined by amvhibole 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 litholosy is a factor
which greatly influences not only tiie senetic 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 anad 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,
vhere the layering is fissile. Generally however a nore flaggy
1ayering seens to favour the development of folds with an almost
parallel-type geometry, thoush with a tendency towards angular hinges
(e-g. Flates 5% and 60). The chevron-type geometry may, however, be

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

[
Y



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

Plate 60, Chevron folds in calc-silicate schist,
north of Jernelv.
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This is true of the fold depicted in Ilaote H%. The outer arc of this
structure hac en eixzcellent concentric rometry. In the core however,
the chevron geouetry predominctes. we Litter (1¢CGh, 2.277) shows tuzt

the maxdnum 2mount of flattening that a concentric fola can under:o

356e  The develooment of chevron geometry

before 1t becomes modified is
in the case of the above fold is wrobably duc to flatitening in excess
of this value., The guartzite band wiich avproximately sepzrates the

two geonetric i showe evidence of thickening at the hinge snd

r.

attenuation on the liwbs., his would indicate some measure of flowapge

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

—+
o+
o]

the core of the structure. s further acdjustment he flatltening is
seen in the tendency to form a box-like geometry in the layer just
above the centinuous quartzose horizon. It is only the outer arc of
the structure that is maintaining a concentric form.

Plate 60 sguin shows the phenomeunon already described in the Lower
Komagnes Group, namely the vertical stacking of minor folds in the
short limbs of more major F.Z2 structures. Yhe axial planes of these
folds again have a fairly shallow dip to the west, approximately
parallel to the sheet dip of the nsammites as a whole,

Examination of the limited exposures that occur of this
lithologzy indicates that it has folded dishearmonically relative to

the enclosing psummite.

c) Mixed Pelitic and Psmumitic Groun

v

his is a mixed lithology consisting of closely interlayered pink
psammitic units with biotite and amphibole schists. There is also
soie basic material present in the form of amphibolite 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



thiclmess. UYhe ribo thinner than this, however, often show very intens

attenuwlbioil on the liwb~ of the folds. This nay pive rice to the

o

evelogment of boudias vnd occrsionally slides, (see fir, 10).

Plute ©1 shows an exarple of an F.2 fold in this lithology. In
the field these folds clearly fold & strong echistosity, defined by
piotite in the velitic units.

The fold structure depicted ih Plate 61 mekes a very interesting
study. TFig. 104 is a detailed drawing of the ceantral part of this
photogravh. The layer XY in the diagram shows considerable thickening
on the lower inverted limb of the fold structute. This inverted limb
ig abruptly truncated by the layer M., It seems very likely that the
layers XY and HN were atAone tine continuous. During the latter part
of the folding, rupturing occurred probably at the hinge of the
complementary synforrn to the antifori shown in Fig. 103. The antiform

~

was thus thrust zlonyg the top of the 1a

[

rer Iil. The rock adjacent to
this plane shows some development of vein quartz and chloritic material
end there is soue indication of contortion of the layer just above
the plane of thrusting.
Fig. 10 shows a section along the line AB or 104. It would appear
that the contact between the outer-pelitic and psammitic material
(the layer PG) has acted as a plane of decollement. The pszmmite at
the hinge of the fold has been pinched into a tight isocline. The
pelitiq material however has maintained continuity of style with the
rest of the fold. This implies detachment and slip 2long the plane
separating the two layers. Both the vhenomena described here viz. the
thrusting and the decollement are probably of late .2 origin.
Examination of some of the minor folds in this lithology seens 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 620 Curved axis ?2 folds. Upper Koraagnes Group,
west of Rastabyvanno



FIG 10
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individual Tolds cunnot e seen fully in threes dimensions, measurement

“-u

and plotting of their axes indicates some inconstancy of trend. The

phenomenor of curvuture of sxisel line has been observed in some hand

81}
oL

specimens. hus this slight divergence of wadcl 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 axes.

&

Fig. 11 snows this phenomenon; the ax

g. al planes of the folds have &
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

gxtensively elsewhere.

d) The Pink Pscumite

The lithology is not highly folded internally. However, its outcrop
pattern indicates the presence of a fold of wmoderate dimensions to the
south of Jernelv. This fold, as can be seen from the map, conforms o
the pattern outlined for the ILower Komagnes Group, namely the short limb
consists of a number of fairly tizht folds stacked one upon the other
with axial planes dinping towsrds 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 WSU 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 Uoper Flagesy Psammite with Schist Bands

This unit is lithologically very variable. Generally it consists
of units of flaggy or schistose psammite rocks intercalated with pelitic

and semi-pelitic horizons. The most distinctive feature of this

94



FIG 1]

PLOT OF AXES(Q)AND POLES TO AXIAL PLANES()IN THE MIXED
PSAMMITIC AND PELITIC UNIT. JERNELVY BEACH.
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Plate 63.

Plate 64.

Y2 folds with irregular trends.
Group, north of Rastaby.

Hackly F2 microfold lineation.

Group, Rastaby beach.

Komagnes

Komagnes

(LN



FIG 12

CURVED AXIS FOLDS FROM THE UPPER KOMAGNES GROUP

/ 25 frasticus

QUARTZITE LCM
E scasr

D BANDED PSAMMITE



560

litholozy i~ the nresence of ¥.2 folds within it which have ocuite strongly
curving axes. The most striling examples of these structures come from
those lithologies comsisting of & cloce interloyering of pswmite, semi~
pelite and pelite. In these folds the pelite units have 2 strong
schistosity which is axial pnlaner to the folds. Sketches of thes
structures zre given in Fig. 12. The intercalated pelitic material
behaves incomvetantly and is squeezed out of the cores of the tight
synformal folds. Ilinpes are generally quite rounded end the axes of
successive folds curve quite strongly, frequently out of phase with
each other. Fig. 12A shows an elasticus developing in & competent
psammite unit in the core of this fold.

Flates &2 and 63 show three dimensional exposure of these curved
axis structures. 4 fairly consideréble change in the angle of pitch
of the structures is inaicated. The folds appear often to generate
laterally from unfolded leyering into asymmetric periclinal structures,
which then die out again. This is well shouwn by SP 116 138 depicted in
Fig. 13. Here the lateral develonment of the fold can be seen in &a
series of serial sections of a single layer, taken at random points
along the curved axis. Also included in the diagram are graphs
representing the change in orthogonal thiclkness of the layer in each
section (Graphs 4 - F). It can be seen that the greatest thickness in
each section is achieved at the hinge line of the fold. Similarly, the
greatest thiclkness 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 5 in graph D. The vrogressive increase in orthogonal thickness

at the hinge lines is recorded in Graph G.

* Noge

The terms synformal and antiformal are used in the usual
gense, i.e. an antiform is a fold that closes upwards, a

synform closes downwards.
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t is owvious thzt the folds have been subjected to considerclle
flattening; tlhe zregence of elasticus-type structures is clear evidence
of this. It ecould be vr;med thst flatiening has nroduced the curvature
of hinge lines by late inhomopgeneous movement within the axial plenes
of originnlly cylindroidal folds. &tudy of the three-dimensional form
of wicrofolds within these rocks would seem to indicate to the contrary.
Fig. 14A shows a series of thin competent layers embedded in a pelitic
incompetent matriz. The comnetent layers deform into fairly oven
structures, which are often synmetrical in cross-section. In three-
dimensions the folds have a periclinal form. A&n E2 strain-slip

cleavage develons in the incompnetent hands. Due to the rather open
nature ol these folds it would seem unlikely that a late flattening
process could have been recsponsible for the curvature of their axes.

If, therefore, these microfolds are regarded as being incivient curved-
axis folds, it would seenm that curvature begins very early in the

history of fold formation.

n

Thi

s 1

o

further substantiated Ly the fold depicted in Fig. 13.
Such a fold, which develops laterally from unfolded layering into the
overturned asymmetric structure of section D, cannot, at any wperiod in

oy A

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

by

that strong flattening has tightened up these folds, and considerably
accentuated the curvature of their axes.

Flates 64 and €5 show a rather wave-like lineation developed on & ‘
layering surface at Rastaby. The rock concerned is a fairly competent
banded vsammate. 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 simple wave~like cross section in the centre !




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

Plate 66. F£ folds in massive psammite. Upper Komagnes
Group, beach north of Rastaby»
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PERICLINAL F2.MICROFOLDS
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of the cpecimen to the rather more comilex geometry which gives
expression to the folds at the surface. This varioation is porticlly
controlled oy differences in thiclmess and competence of the layers,
thus giving rise to a shorter wavelenpgth in the thinner horizons,
Flate ¢5 (P ) chows a fold which occurs on the beach at
Rastaby. The lithology concerned is a flaggy banded quuartzite. The
fold shows a parallel type of pgeonetry. Hicrofolds, which are clearly
related to the more major structures, are of the wericlinal type
described above. Pelitic and semi-pelitic material is almost
completely absent. ©OGuch pelitic layers as do exist appear to have
kacted as planes of decollement. The slip which has occurred along
these planes has 2llowed the fold to change its style with dewpth.

For example, the fold structures veneath the hanmuer &

=

ead are relatively
opein compared with those wbove the hammer head. This process has
zllowed the fold to tighten un beyond the limit wernitted by pure
concentric folding. The welitic material along the planes of
decollement hzs been squeezed into the voids which have tended to form
between the successive disharmonically folded lavers. An example of
this occurs just below the centre of the nhotogranh, where the pelitic
material cen be seen as derk esreas 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. A parallel type geometry appears to prevail, in contrast to
the interlayered psammitic and pelitic lithologies where flovage
towards the hinges seems to be amore general occurénce.

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.

[



FIG IS

PLOT OF FOLD AXES(O)AND POLES TO AXIAL PLANES(YOF THE FOLD
"ON RASTABY BEACH (PLATE 95)

X PLOT OF MAJOR FOLD



This further indicates the considerable diversity in trend seen in F.2

folds, espccially in this upper part of the Komarmes Group.

Further evidence of this chanpe in plunge of ¥.2 folds was afforded
by study of the bLeach section st Restaby., Here a slizht veristion in
lithology allows the geometry of a single layer to be constructed.

This is shown in ¥iz.16. It cen be seen from this diagrom that there
is a considerable diversity of plunge of the winor folds associazted
with the more major structure. This is robubly due to an inherent
curvature of the axes of the folds involved.

This shenomenon of curvature is not entirely ubiguitous in the
upper part of the komagnes Group. F.2 folds have been recorded at

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

olds zre associated with a very strong

1

sensibly glindroidal. These
microfold lineation which parallels their hinge lines exactly. Such
a fold is depicted in Flate 30 (P.41. ). Here cylindroidal F.2 folds
coaxially refold an F.1 fold, which itself appears to be cylindroidal.
These folds are wpproximately symmetrical in cross section.

These folds differ from other ¥.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 tyrical
F.2 f0ld cannot be fortuitous. It seems likely therefore that the
presence of the F.71 hinge has controlled the development of the F,2
structure. This is further suggested by the fact that in similer
lithologies close by, curved axis F.2 folds are seen to occur. This
would 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.



dominsntly poamnitic, thouzh in (65) interbanded amphibolitic material

seems to be associcted with some thickening at hinge lines wznd

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

Plate 07 s=hows an interbanded cuartzite in a flaggy nsamnite, the

quartzite chows evidence of the develomment of incipient »inch-eand-

gwell structure. The folds in pgeneral have & rather robust forn.
Flates 65, 6¢, 70 and 71 chow F.2 folds in rather more semi-

b itic litholopgies. The styles are quite variable but the hinge-
pe & [ q é)
ines tend to be angular excent in 1. Here the boudinaged
o I £ o

amphiholite hos alomst certainly exercised considerzble influence

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

=

0lds, often this is more marked in sub-layers within the large layers.
For exauple in Flate 69 the layer just below the pencil does not show

L)

any large thiclmessez chenge wlong its length, but individual leyers
within this layer often show cuite strong zttenuation 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 rathervangular. Below the
pencil, however, the lithology is not so homogeneous and the style of
the fold is more open with the developument of rounded hinges. The
dark sreo between these two zones consists of pelitic material which
has acted @s a plane of decollement to acconmodate the two styles of
folding. These folds have strongly curving axes.
Eidve peid

In the psommitic rocks on the ness at Eidvggeid in the north, a
nwiber of F.2 folds are seen. These rocks, although they are
structurally in the same position as those at Restaby are rather

Purer psamnites. However, here again F.2 folds are seen with rather

Irregular trends. These are often very tight isoclinal structures.

g}



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

Plate 70. F2 folds, Upper Komagnes Group. North
of Rastaby.



Fize 174 chowe o plot of cone F,2 fold exes from the ness ot

4

O . . . . N
Tidvageid, it is that ther have a romewhrt irremilor trend.

-

gmthesis of

>
ot
‘(D

n

Figs. 178 and 17C show a cynthesis of 2ll the fold axes wmeasured

within the Upper Komazsnes Grour. Theat is all the iithologies above

[ S

and including the Cule-Silicate Schist. Two things emerze from these

diegrams: -

1) The fold axes have en irresular spread of trends; <they tend

Kl

to define a preat circle.
2) The pole to thic great circle anproximately coincides with
a nole to the »lot of axial nlsnes of the same folds. This

also approximately coincides with the »noles to foliation

-

c . o . . . -
rlanes in the Didvageid schist (reoresenting 8.1) Fig. 3.

im!

This great civcle dictribution of ¥.2 fold axes is attributed to
an inherent curvature of the axes of the folds concerned. The diagrams
represent a synthesis of curved-aziis folds measured in randon tvio

dimenzional exposures in vhich the curvoture of axis was no

This is adecuately corroborated by the presence of hand specimens of

Ead

folds which show the »henomenon of curvature often to a considerable
degree.

R« B .
f)  The FBidvageid Schist Group

]

. N S
F.2 folds are very rare in the Bidvageid Schist Group. T

hey

appear only to occur under two conditions:-
1) In the presence of sheets of amphibolite within the
schist proper.
2) In the massive quartzite bands.
Fig. 3 (P . 42) 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

Y
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conditions 1) is wmet. Bxamples of the tyoes of fold associsted with the

. In all cases

[\

amphibolite sheets are seen in Flotes 33 (P 41.) and 7
the folds avpear to be tight structures in which the foliation of the
gchist is folded round the fold nose. The fold depnicted in Flate 72
occurs in a rather psanmitic facies of the schist, the sheet of
amphibolite, which can be seen Jjust =zbhove the wvencil, bears a foliation
which is @alco folded round the fold hinge. It is possibly one of the
very early amphibolite sheets discussed previously.

Becausg of the absence of folds in the nelitic facies it seems
likely that the F.2 deformation is taken uw partly by vure flattening

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

o

schist chow that vre-r.2 porphyoblasts are strongly augened, whether

this augening is entirely due to syn-7.2 flattening is indefernminable.
r growth in surnet porphyoblasts is not synkinenatic
2fore, 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 baken un.

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 Eidvggeid 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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FOLD STRUCTURES IN THE EIDVAGEID SCHIST GROUP

FI FOLD
OUAR TZI TE
SCHIST WITH SCHISTOSITY AXIAL PLANAR
\ TO Fl FOLD
Lcrs

F2 WARP

F2 WARPS IN AN INTEPOEDDED SCHIST QUARTZITE LITHOLOGY

to CMS

F2 FOLDS IN MASSIVE QUARTZITE
PLATE 73



63

The rather mamsive lithology of the guartzites tends to deform into
relatively oven structure. Whis is in conftrest to the Tight isoclinal
which Torr in zesponse to the F.1 deformation (see Plate 36 P, w3 ).
Examples of these F.2 structures cre shovn in Flate 75 end Fig. 13.

Plate 75 shows folds which tend towards 2 narallel-type geonetry.
The two sicetches in Fiz. 10 show the rather sentle werns ascociated
with ¥F.2 structures in interbedded schist—duartzite litholo

T .- . e s 2 O L
istribution of r.2 folds witnin the Eidvageid

<

Fig. 14 shows the

schist. a8 ciil be geen they cre comyicl with the mean F.2 axis in
the Lower Komagnes Group, see ¥Fig. SA and alco with the mean trend of
F.1 lineations in the Kowmagnes Groun, (see Fig. 54 P. kbt ),

Indeed the rolds discussed above cen often be seen to be coaxizal with
a very intense lineation defined by elonzate guartz crystels in the
massive quartzites.

There does not aopear to be any narked tendency towards curvature

Kl

T

of axis. The

%)

s1light spread seen in

o

he distribution of pole to axial
plenes may he explained by the tendency in the nassive quertzites for
axial planes to be rather more steeply dinping than these of the
folded amvhibolite sheets. This is »resumably due to the decreased
facility of rotation in the thick competent quartzite bandé, thus
resulting in the formation of a more open style of fold.

g) The Trollvann Psammite Group

It ie apparent from the unfolded nature of the contact with the
encloéing schist groups that there are no major folds involiving these
three lithologies, at least on the scale of the area. The deformation
appears to have been token up internally within the psammite. The

following stratigraphic units were recognised:-
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gtructurald Yoo
pUL A e Ll

it mended Psonnite with welitic intercalations =2nd

nuertzitos,

a8
~

Grey Flaggy Fsammite
1)  Transition Group.

Structural Base

No second phase fold structures have been recognised within the
Transition Groun. The grey flogsy psammite unit also does not apneear
to show nicny fold structures.
horst of the F.2 structures seem to occur within unit 3; the
buffish bended psammite with pelitic intercalations.
Zxamples of folds developing in this unit are given in 2late 7k,
75 and 76. It cen be seen from these folds appressed often with cuite
consiaersble thickening at fold hinges and attenuation on the limbs,
Plate 75 shows once again, the tendency for fold structure to be
stacked cite upon the other with westerly dipping axial planes. Flate 76
shows & folded ond boudined quurtzite band in a more semi-pelitic matrix.
Plutes 77, 70 and 7C show examples of F.2 structures in slightly

more cusrtzite lithologies. Many of these folds tend to Le somewhat

entle in style with a tendency towards a concentric type geometry.

They are rzther more akin to the folds in the guertzite bands within

—_ ., O . . . . e T -
the Lidvizeid schist grouwn. This apwplies particularly to Flate 77.

e

©

Plates 70 and 79 show rather more acute structures in flasgy psammitic
lithologies.

figs. 1B shows the distribution of F.2 fold axes within this
lithology, and the attitude of F.2 axial planes. Once agzin the

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

been 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.

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
Eidvaagenfjord.



distribution iz therefore tiriinted to this nhenonenon. e plot of

poles Lo axicl vl mer indicates that,

pave @ rewconitble congtency of atiitude, with a roderate dip to the west.
The grest circle which represents the statictical asverare of the plot of
poles to axizl planes coiuncides with the great circle defining the locus
of fold axes.

Thus, in the Trollvann Psammite Group we see a somewhat similoar
position to that seen in the vpsammites of the Kowagnes Grouo.

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

2) Fold structures with a geometry avproaching that of the
concentric model in the wmore massive quartzits horizons, in the pscrmitic

and semi-nelitic litholozies structures are ruther nore acute

in style.

h)

hist Groun fold structures do not seem to
form extensively in this Groun unless there is some rather more
competent material vresent.
This way take the form of:-
b Psammitic or semi-pelitic material within the schist.
2) pasic sheets, intruded generally parellel to the schistosity. .
3) Granitic veins and sheets which have been intruded along the
schistosity of the roclk.
1) Plates 80 end &1 show examples of folds develoved in semi-pelitic

facies of the schist and facies containing distinct psammitic bands.

Plate $0 shows a fold with a fairly gentle style. Plate 31 on the other

hend shows some very intensely drawn out pstimsitic bands which have




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

Plate 80. F2 folds in the Olderbugten Group.



peen folcad L tht second aeforrstion.  Ln tlhie ton contre richit of the

ﬂmtogréjh, o Zold in meen with vhat is apourently o conjugate-tyr

gammtry. This geowetry is »nrobably the result of a section cut marallel

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

R

2)  Plate 02 shows an F.2 fold developing in the schist in the presence

M

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

o Ty s .. il e : [ L - s : R
same effect as they do in the Tidvapeid Schist Group i.e. they stiffen
up the schist sufficiently to allow it to fold iu response to F.2.
z)  Plate &3 and O4 show a number of F.2 folds of granitic sheets

e

1

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

again stiffen up» the schist sufiiciently to zilow it to fold in

response to f.zZ. The gtructures are somewhat veriable in their geometry

though often they micht be described a¢ ntvmuetic. The folds in Plate $3

elsHhathic vein

-

show congiderable thiclmess changes zlong the lengin of

and a general tendency towsrds thickening in hinge zones.

M

The veins
before folding, however, may not have been of the same thickness &long
their lengzths, so in this sense they are not relisble indices of the
amount of deformation. It is cpparent however, that in all cases there
is a systematic variation of thiclmess along the veins, the thickest
¢ the hinge zones and the thinnest, the limbs.

Plate 35 shows in an interesting way, the relationship between
fold wavelength and layer thickness. The thick vein on which the
hamer is resting has a rather larpe fold wavelength. The thinner vein,
to the right of the photogravh, has a rather smaller fold wavelength
and the thinner vein again which passes off the photograpvh at the
right centre has an even smaller fold wavelength. It is also
hﬂmresting to note that the thin veins which are immediately adjacent

to the thick one on the left, have taken on the doninant wavelength of



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

Plate 820 F2 fold in Olderbugten schist, flanks
of Eidvaagtinn»



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

W ifySE

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.



the thich: veln., TMie i reswably Decousze they 1ie within the zous of

contact ctriin of the thicker wein. In detail, however, many of then
are contorfed into little rucks having o very small wavelength., The
wavelength of the thick vein has presumably been superimposed on the
smaller rucks.

3ee liter for the stereosraphic distribution of fold axes within

the group.

‘

i) ihe Clderfjord droun

There is a considerable diversity of fold style within the
psammites of the Olderfjord Group. It is very difficult to gene ralis

The folde shown in Flates 86, 87 end 38 which occur in & rather massive

banded quartzite, are cuite tight structures Wi

- >

iien snow considerabl

0]

thickness varistions round individusl layers. A characteristic of
N

hat frequently the tﬂg t isoclinal folds occur in

¢ll. “his is shown in

o

zones between layerc which chow no folaing &
Plate {f. It wes orijrinally 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 excmination they could be seen to
be refolding eyed-fold structures obviously of the first gemneration.
Plate GO ghows some moderately tight folds in a rather similar
lithologw from the north of the area. In all the examnles 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, ig fact, welded, vprecluding the possibility
of interlayer slip.

A eimilsr phenomenon to that mentioned above is seen in Plate S0.

Ly . N ~ .
here however, in strongly leyered rocks. The fold involves a small

amphibolite sheet, together with felspathised psammite. The layers



Plate 87. Pg folds in quartzite. Olderfjord Group,
Olderfjord.

Plate 88. 1?2 folds in quartzite. Olderfjord Group,
Olderfjord.



Plate 89. Fp folds in quartzite. Olderfjord Group,
east of Hqgliseby.

Plate 90. F2 folds in psammites interbedded with basic
sheets. Olderfjord Group, east of Olderfjord.



[ougl]
(03]

above zna helow the fold suoenry o be comoletely unfolded,

-~

Plate €1 ¢nd <

show .2 folds in other litholocdies vithin the Groum.

Plate 2 chowe o snetite vein, folded in with & thinly lavered

psammite. 1t would anpeer thrt the nepmotite was intruded, in the
lover half of the ~hotograph, tronsgressive to the layering, and in
the vprer half of the »nhotopruph narallel o the layering. This was
followed by the F.2 folding.
Fig. 204 and 203 show the distribution of F.2 fold axes (204) and
F.2 axial planes (20B) within both the Olderbugten and Olderfjord
groups. The pattern appears to be the same as that seen in the other
groups, namely, a grect circle distribution of fold axes together with
a relative conztancy of attitude of zxisl »nlanes. These two Figs.
refer to the arez south of the strike swing which occurs in the north

of the area. Reference to F.2 folds within the srea of €

swing will be wmade later. This great circle distribution of ¥.2 fold

axes is once 2gpain atitributed to curvature of the fold axes,

3)  F.2 Linear and Flanar Structure

These comorise

1) The fold lineations which have been discussed in the
oreceding section.

2) shape and crystallographic alignment of minerals including
planar orientation of micas.

For the purposes of convenience 2) will be discussed in two

geologicslly defined areas.

a)  The Trollvann Psaummite and Structurally Iower Groups

The strong F.1 lineation, defined by elonguate quartz segregations,
has already been described in relation in the folds of the Komagnes

Groyp., Freqguently associated with this lineation, on banding surfaces,



Plate 91. F2 fold in the Olderfjord Group, east
of HOnseby.

«

Plate 92. F2 fold in pegmatite and psammite,
Olderfjord Group, east of Storvann.
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Tndticllr it war thousht thet this fleiin was due

are flexed Liot:

to microfoldin:; within .2, llowever, close examinotion under & bhinoculur

microscore incicaies thut this flewing due to howing round the

elongate cuorts se o nE, wiaich wve an elliptical cross-secticon.

P

This effect could very well have been nroducea by flattening =nd need

not have been asmociated with the .2 folding.

Thif section &énd hend swecinea exwnination of F.2 folds within the
Komagnes grouv, »eribiculirly the structural top of the succession,
indicates that the F.2 deformution was accomnanied by some
crystallisation oi phyllosilicates parallel to the axial plenes of

the folds. Frecuently a strain-siin cleavuse dev

D

lovs involving the

micas which are oriented axial-nlunur to the ¥.1 folds. Houwever, it
is clear thet there is considerzble crystalliisation of mica axial
planar to the F.2 folds. This riica can be seen in many cases to be

responsible for the develoiwient of a lineation on the banding surfaces

which are beiny folded. &ince the aies of the folds curve, the

lineation also anpearc to curve since 1t revresents the intersectior

]

of a planer surface; the F.2 schistosity, with & curvi-olaenar surface;

the banding suriaces In Fig. 54 (P. 44 ) the tendency

for a great circle distribution to occur in the orientation of
lineations may be due in part to this phenomenon.

In the flagpy ovsamnites, the intersection of these structural
elements often finds eiupression 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.

s

On a regional scale this F.2 schistosity does not appear to be

s S« S - - ;
benetrative. In the Eidvageid Schist Group, the small number of F.2

69
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folds which huve Ueon recorded ziweer to fold the F1 schistosity with very
1ittle develo.aent of an F.2 echirtority. It zeems lilkely, therefore, that

the F.2 deformotion in the schist wor tulen 1 by olio clong the 7.1

schisteeity, or by oure flattening, or both,

p) The Clderiiord and Olderiu;ten Groun

It hae alrecdy been noted thot there is am increcse in the intensity

increaze is related
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to two deformztion whases other than F.2. firstly a very intense pre

s

F.2 flattening and secondly the tightening up of F.2 folds nroduced by

)
[
D
| td
'__l
[
]
[ol}

the superincumbent weight of the plutons of wester:
Bxemination of Fiz.21 indicates 2z partial grea
for the lineations weasured in the two srouns. This can be explained

in one of two woys.

jol)
o
ag
|
o+
=
0]

a) The lineations zre F.71 lineations which have been distorte
subsequent ceformation.
b) They are related to a deformation phase other then F.1 i.e. the
F.1 lineations have bLeen obliterated and subsequent deformstion has
produced a new set of linesr structures.

Sxemination of tight ¥.2 folds from the Olderfjord Group pswmites,
indicates that there is zn axial planar schistosity associated with
wany of them. This is defined hoth by Dbiotite laths and Ly flattened
and elongate cuszrtz crystuls which seem to have underszone considersble
xtension in 'a'. This schistosity

ives rise to 2 lineation on banding

5
suriaces. It is, therefore, an intersection lineation related to the #.2

o

deformation. It has 2lso been stated that the F.2 fold axes have a
great circle distribution in the Olderfjord and Clderbugten Groups due
to the non-linear nature of the fold axes. The intersection of this

-

@xial-planar schistosity with the layering folded by F.2 has given rise



FIG. 2/
PLOT OF LINEATIONS FROM THE OLDERBUGTEN
AND OLDERF/IORD GROUPS




to the rroat clrvele disitrivution in Fip.”1.  Whus, the alternctive L) iz

fayoured overlenf the 1linsations, The ¥.1 lineations
were almost corituinly obliterzted by the intense pre-¥.2 flatteninsr.
Summa.y

1) In the lithologies structurally bLelow and including the Trollvsnn
psermite Group, the dominant lineation is considered to be of F.1 orizin.
This structure has a generally counstont nlunge just west of north

(Fig, 54, P . bbb ). The great circle distribution which tends to occur,
is caused by the influence of a faint F.2 intersection lineation

related to the curved axis folds.

2)  In the Ulderfjord sand Olderbusten Groupns F.2 end subsenuent

M

deformation has BLeen stronger, siving rise to an axial x

mor schistosity
in the psaniiites. This produces 2n intersection lineation.

1 3 ~
4 Thrustin

Occurring within the vsammites of the Loniagacs Groun are two turust

irst aznd best exposed occurs across the neck of the

[=7)

structures. The
peninsular at Komagnes (see map). The second outcrops on the
near Jernelv.

The Komsgnes thrust dips to the west rouzhly varallel to the average
dip of the layering in the psammites. 4&s the thrust area is approached

the rocks Lecome progressively more flaggy, and F.2 folds show evidence

g‘\)
of flattening, see Plate ¢3. 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, pelitic 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 ¢4). The long axes of these boudins
appears to plunge down the dip of the psammites. Despite the obvious

ntense ceformation, examination of thin sections of a platey psammite



Plate 93. F2 fold near the thrust at Komagnes,

Plate 94. 1Intense boudinage in the thrust zone at Komagnes,



from the thrust -—onc do not show eny cotaclastic eflects;  the rock
appears to h~ve totally recrystnllired. leither in €
pmineral assenbleses of lower motomorphic
in the psemmites cway fron the themst zone. It would, in fzct, appear
that prolonzed recryztallisation tooll nlace under Liiddle Greenschist
Facies conditions, most-thrusting.

To the east of the thrust zone occurs & concordant sheet of highly
altered ultrzbuasic nmoterial. This is identical in composition and
aspect to other bodies in southern Vasbugt and inland from Komegnes.

vecories rather sheared close to the susnnosed thrust nlane.

It is not felt however, that it is geneticully associnted with the
thrusting, although the highly chloritised litholosy may have been

utilised 2s a plane of easy slio.

has tsken place on this structure.
sugeests merhans, thet this hos been substonti=zl. Comvarison of the
rock tyves on either side of the ti

st is helonful., On the enstern

side a small zone of very strong
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The rocks in consecuence The felspathisation

phenoniena recerded in thin

those seen in the rest of the Lover K

they are not develoned to such a strong depgree. Apart from this one

h

erea, however, the rest of the rocks to the east of the thrust ere in

.

every way identicul to theose to the west. There is a slight difference

[

n the strike across the thrust, this may verhans be explained by
rotational movementc associated with the thrusting, or to the different
response of the very massive felspathised rocks to the east, during F.Z.

The direction of movement on the thrust was probably approximately

i
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east to west, this bheing normal to the strile of the pline.
The second tirust plone, vhich occurs in the Upner Lomegnes Group
at Jernelv, ig merked by o rather thianer zone of deforuation. sigszin

o

the structure 2upeurs to be sarallel to the average din of the layering,

It is almost certainly of siniler z2gpe to the Komasmes thrust.
Regarding the age of this episode of thrusting, several lines of

AR

evidence seern to point towards it heinsg a late F.2 phenonenon.

vl

1) The totel recrystallisation of the quartz fabric within the rock

sugpest an esrly aate, similarly the absence of dianthoretic mineral
assemblages. This recrystallisction is further suggested vy a petro-
fabric diarram pren2red for & nlatey nsarmite from the thrust zone
(Fig. 22). This chows & tendency tovierds the develoment of an
orthorhombic cuarts foubric, identicsl to those seen in F.2 folds in
the psarmites from outside the thrust zonz (e.g. IIT A-G and IV A-C

in the petrofabric cection). Thus, the rocks in the thrust zone
appear to have recrystallised under an F.2 stress regime.

2)  The leyering of the kKonarmes Groui, including the platey layering
in the peemmites close to the thrust »nlane, is affected by a number

ks

of rotated boudins. It will be sugpgested later that these are

related to the main later Caledonisn thrusts which separate th

(0]

high
grede Culedonides from the Pre-Cambrien basement on the adjacent
mainland (F.1%9 ). Thus, the thrusts discussed @bove apnear to nre-
dete the main late Caledoniem thrusting.
3)  Evidence of thrusting on the minor scale has been recorded in
association with F.2 folds elsewhere (see Fig. 10 P.54.). Iere
thrusting has occurred of the upper limb of an F.2 fold, alonz the
layering of the lower limb.

It is suggested from these lines of evidence that this thrusting

1s a late 7.2 phenomenon. It seems likely, therefore, that there has



FIG 22 ,
POLES TO 000! OF QUARTZ IN A PSAMMITE FROM THE THRUST
ZONE AT KOMAGNES

200 POINTS

CONTOURS 5§43.21%, PER IS/, AREA

SCHMIDT NET L[OWER HEMISPHERE

Ll = FI LINEATION



not been & very creut deal of movement along the thrucst wlenes since they

are probably locally relzted to #.2 Toldn.

=~

5) Geonetric otudies of folds.

Rameay (1967) haos supmested ¢ method of classifying folds by

5]

measuring the thickness changes thot occur in a single layer of any fold
structure.

For examole, in Fig. 23A the hinge thickness is measured; (to)

n

then a series of teangents ot varying engles of din (a) to a tengent at
the fold hinge, are constructed. The orthogonzal thiclness betueen

tangents (ta) is measured for each successive wzangle of din, thus e

series of values arc obtained which cen grevhically be used to represent
the changes of thickness round the fold. Cn such 2 graph certain well
defined specizl cases will occur, for examnle, for purely concentric
folds the value (ta) will remain eoual to (to) for 11 vclues of (a).
For a similar fold (to) is related to (to) as follous:
T = %o T = <thickness parallel to 4P of fold
ta = Cos oT
. ta = Cos ato
-
Thus, if & zraph is »lotted of %% against (a) the speciel cases

occur &s well defined curves which can be used to delimit various fold

classes.

74



FIG 23

ta

T=TMICKNESS PARALLEL TO AXIAL PLANE

la




Class 1A
1-0 —Chass—B Concentric folds
Class 1C
{% Class 2
Class 3
Similar folds
a

See Ramsay (1967).

Using this method, however, it is impossible to represent more
then one hinge 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
Fig. 23B. A series of measurements of (ta) are made begimning 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
(aj at 10° intervals is then begun from hinge (B) back towards hinge (4).
This process can be repeated from hinge (B) up towards hinge (C) and
fron (A) backwards towards the hinge to the left of (A). In this way
& number of values representing thickness changes for a complete
Wavelength may be obtained and more if desired. These values may then

be plotted on a graph.



Fig. <8 0 on exrwnle of such ¢ plot. The fold which reorerented
in the accoimyin: dizrpom iz o cvlindroidal #.2 fold from Rostehy in
the south of the zree. The »lot begins st noint (o) on the loft of the
fold, point (5) resresents the smiiformul hinge vt which the masiimum

thickness ic obtuined (o value = o), the »lot %

icn nroceeds down the

chort linb of the fold wntil o wrrirnw volue of (&) is found (e mex).

Then plotting is recumed Ifrow the symfor (C) back un towwrds

(B), the point ({) revresents the junction of these two »lots end sives

the interlimb cncle.

90~a

a mox

Assuminz the sxial nlane, which conteins (%to), divides the fold
into two halves. Since (2 max) represents the warimui din on the fold
limb
Interlimb t = 2 x (C0-a mex)

Drawn on this dizgrom are two curves:-
1) Represents an ideal concentric fold. For this, values of (t) will
always be the sume as (to) for all values of (a); it is a straight line.
2) Represents an ideal similar Fold. The curve for this is calculated
qﬁite easily. In Fiz. 234 the value (T) represents the thickness
heasured parallel to the axial plone of the fold, between the tangents
constructed for various values of (a). In a similar fold the value

Will alueys equal (to); the hinge thickness
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Thus, T = <o
ta = Cos a T
o t2 = Cos a % %o

Thus, various values of (ta) can be calculeted uning values of
(Cos a) and a kanown hinge thickness (to).

It is obvious that the curves can only bhe drawn in the grazh from

. Ta 2 AT 21 = N . . s S T L S .
the hinge thiclmess values (to) i.e. on Fig. 24 noint (B) or (C), but
since the vlotted thiclmess curves (4-D) are close together, the ideal
curves are wlotted from a2 noint bhetween the two values (B) ana (C).

Ixamwination of Fig.

<

o

} - a . I} IR
>4 indicates that all the curves approach

quite closely to the similar fold model. Though, in Tact, they lie
that the limbs mey f211 into

to both sides of thics cu

1

either Class 1C or (lass

Classification, though only just

into either of these fields.

In Fiz. 2% it can be seen thet the antifornal hinge is slightly
thicker thsn the synformel hinge.
The interlimb t = 2 x (L0 - a mex)©
= 2z 20°
= Lo°
Discussion of the method
Advantazes
1) Flotting absolute thickuess rather than the ration %% allowis:—

a) Relative thickening or thinning of adjacent hinge lines
to show up on the wnlot.

b)  The thiclmess chanzes round a nuwitber of hinges to be recorded
&t & continuous line.

m - . . N
2)  Tuo or viore hinge lines can be represented on the graph in this way.



Digadvantaics
—_—"“"""‘"—-‘“

1) The foldwr which have been reciured in this ctudy wostly have

thicknesses wiich nre rmeasured in millivetres. This presents roblems

of measurenent :tnd cccurecy.

2)  Wwith folds vith fodirly shard hinses the first fow reodings e.s. Tor
(ol O - o - Ead ] -~

(2) values of O - LO7, are 21l mzde in the hinge zone of the fold.

This is & problem that occurs in all methods of this

3)  Only fold systems way be neasured vhich have the axiul planes of

adjacent hinges »arallel. This may be illustrated by considering
Fig. 23C.

Neasurement i bemun at hinge (A4) down towards hinge (3) until a
naxiwun value of (2) is obtained. Then measurement is commenced from
hinge (B) up towards (&) but since the tangents to hinse lines are
non-parallel the values obtained frow (B) are only epparent thicknesses
if one considers hinge (4) as a catum. The curves cunnot, therefore,
join. This is »robably the most serious drawnack 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 vhase.
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 adjzcent

hinge, therefore apparent thiclkening at hinge lines may invalidate the

—nmo

plot. Consider Fig. 254 and B. These sketches represent sections of

-

folds in which the axes of adjacent hinges curve out of phase.

In XV

Cos & = t_l

tx

e = tx = __l
Cos e

Assuning & true hinge thickness of ¢ = 1

tx = 1
Cos e



FIG 25

LINE OF CUT
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DETAIL OF HINGE B ALONG THE LINE OF CUT

LINE OF CcUT

PLAN //
/ HINGE 8
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© =DIFFERENCE IN ANGLE OF DIP BETWEEN

SECTION

- SECTION

HINGE A AND 8
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Let e be for crminie =G°
T - 1 = 1.004
Cos 20
i oL . -
Increase of thiclmess duc to o 20 aifierence of 1wre inclin~tion = 0,064
0% w00 = Gk
Thus, fox 20° aifferance only w G 5% incrense of thickness ocours.
This can Hrouwituly be imnored in any case vélues of (o) are likely to
be less than 20
Romzey stutes (1€67) thot - 1Similar folds have been envigared in
mathematical terns as purallel folds which have been subjected to on
infinite corurecoive stroin. In other words, of an originally
concentric structure is subjected to fluttening it will pass through,
theoreticully thet iz, a nuwber of ctages of nodification until it
2 oimilor-1 ceonetry.  Raer 2) uning )
on naturally occurring folds, »oints out tain of the
thece measurements indicate for folds of the
tened buckle fold model =nd the true simila:
S buclkle fold the hinge
ured for that
hickness nieasured
for the

achieves
inimum value
T)

in the nodifisd bu
1
1

the maximu: thiclmess ne:

go-called modified or fla
7 example,
o T 1
nd its associated limbs, and the
penerally a
of

fold model for
thickness (to) iz always
particuler hinge and i s
parallel to the axial -~ plane (Ta) is
modified buckle tvpe. Conversely in the similar fold model the (
value tends to he the maximum value obtained in the course
1d dewicted in TFig.24 approaches quite close to the
ceneral tendency for it to conform more
wadinum (to) value ond =

o
on

neasurement.
Although ti
there is
rmodel with & nex
2).

slnilar fold model
to the flattened buckle fold
e Table

ue (se

ninimum (T)



N

Table of W velus Tor s, 2k (% Lie Z

e o

(T) = thicimesns weusured parallel €o ne of Fold.

a° B-i (ina) 3-8 (ry) C-5 (ray D (rmn)
0 (T) 7.4 (T) 7.4 () 7.0 (T) 7.0
10 7.1 7.0 5.5 7.1
20 7ol 77 8.6 7.7
50 Ve 7.3 5.5 7.2
4o 74 7. 6.5 5.0
50 7.3 3.0 6e7 7.5
60 C.0 C.6 7.2 7.6
70 Ge @ Co3

o)

90

The fact thet 70° values of (2) were not recorded in (B-a) znd (C-D),
indicates that the Told is not veriectly symmetrical i.e. that the axizl
plane as drawn does not completely bisect the fold. This difference,
however, is probably within a@cceptoble limits. It is also notable that
in two cases (C-B) and (C-D), the (T) values do not increase smoothly,
the generzl trend however seems clear (see later).

Ramsey (1¢G7) 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 N 1 is the

k|t
&g

principal guadratic extension which the fold has undergone parallel to
its axial plane direction and }\ 2 that which it has undersgone normal

to this direction.




FIG 26

/0,2 .30 <40 50 60 70 - .80 90 !
' ANGLE OF DIP @

AFTER RAMSAY 1967




When >\ L ecmiale /\ the fold 1t concentric ciructure. -is /\
b o &

gecreases the fold becomes clocer to the cimilear fold nodel. Theoreticull;

it finelly wchicovern @

O. The »oint of the dia rwa is

tes tho

that it indica

undergone. for a niore cour

sew (1667,

e, 26 is & wlot

If this ides iz volid it
considerszhle fluittening, since 1% occurs very newr to the siniler folad
curve A 2/'>\ 1= C. It is clesr the linecs ore rather sinuous but once
again the trend is claar.

Let us now consider sorne othzr exannlesi~

s i}
Fig. 27

This structure is once anein 2n ¢.2 Jold from Wostebhy in the scuth
of the area, the litholosy is & nink oscrmiite.  The structure nes o wveck

axial nluncr Toliotion de

intersection e fola zxes are curved

g0 therefore in the is haclzly. The fold measured
i showm as nrofile in the sgketch eccomminying Fig.27. The diagrom shous:-

1) The synfornel hinge is conslderabdly thicker than the entiformal hinge.

2)  The lines (II-I) end (II-TII) conform verv closely to idezl siwilar

fold curves which have been drawn in this case from the synformal
hinge value. The lines (I-II) ond (II-III) =lso anproximete to the
similar fold wodel, though ideal similar fold curves are not nresent.

On Remsay's clossification the folds are generally of Class IC.

o
(¢0 - a max)

: (90 - 80)°

3)  Interlimb L approx. =

»

il —

i
"
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rd
Table %

7 value for fold depicted in Tige, 27

a® | section (I-1I) (mm)  (TT-I)(um) (IT-ITT) (mm) (171-11) (mm)
0 (1) = 7.2 (T) = 12.0 (T) = 12,0 (7) = 8.1
10 740 12,2 11.7 842
o0 649 11.8 11.7 843
20 6.6 12.5 12.0 9.0
20 6.8 12.9 11.8 8.9
50 746 13.6 12.2 9.0
60 840 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 Fige. 24, i.e, an initial
decrease in the velue of T from the hinge line, then a pronounced
increase of (T) to a maximm 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--4.0O 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
Fig. 27 by the change in orientation of the curve (II-III); for low
value of (a) it is below the similar fold curve, i.e. Class 3.

Then at a = 300 it crosses the line and from thence remains very
close to the similar fold curve. The trend is seen more clearly
for the curve (I-1T) which after crossing the similar fold curve at
(3-) = 22° remains above this curve, ie.es it conforms to a Class IC
geometry,

Fig, 28 shows a plot of the various curves on a plot of t/to



- FIG 28

o .20 .30 40 50 6o 70 - 80 90
| ANGLE OF. DIP @ Ny

AFTER RAMSAY 1967 =~ o




against (a) diagram. Here the Class 3 geometry is again reflected

for low value of (a,), by the tendency for the lines to be situated

below the similar fold curve of ;"}{f = 0o This tendency is also
ghown in Fige 26, VWhen 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,

Fige 29

This fold is an F.2 fold from Rastaby. The lithology is mixed,
it consists of an interbanding of quarztitic layers, semi-pelitic
layers and pelitic layers. The pelitic layers bear a strong axial
planar foliatione. 1In the core of the fold concerned an elasticasg-
type structure occurs in a quartzite band. The fold axes are curved
and bear a faint 13‘.neatior.1. The inset in Tig, 29 shows the fold
concerned,

Examination of Fig. 29 showsi=

1) Once again the synformal hinge is congiderably thicker than
the antiformal hinge.

2) The lines (II-I) and (II-TII) are probably close to the similar
fold model whereas the curves (I-IT) and (ITI-II) 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 IC,

the other curves are also Class IC, but approach more closely to

the similar fold model.

3) The interlimb angle approX.

i

i

2 x (90 - max)

"

2 x (90 = 70)

i

e}

" = 40
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Table 4
Table 4

(1) values for fold in Wie, 29

a’ section (T-IT) | (T1-1) (I1-171) (I11-11)
0 8.0 12,4 12.4 841
10 749 12,2 12.4 9.0
20 8.0 12.6 12.3 8.8
30 8.4 12.4 12.4 942
40 9.1 12.8 12.1 10.4
50 10.6 1349 12.4 11.0
60 11.2 14.0 12.6 12.0
70 15.2 15.2 13.7 14.0
80

%

These figures show once again a slight tendency for the folds
Yo be of Class 3 near the hinge, However, away from the zone the
folds are more clearly of Class IC. The curve (III-II) shows this
clearly. Here there is no tendency for a decrease then an increase
in the (T) value to occur.

The curves (II-I) and (II-ITI) can be 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.

These facts are again seen in the Fig, %0, It would secem from

this diagrem that the various parts of the fold have undergone

»a
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gifferent amounts of flattenins, Tt is notable that the curves
(I-II) and (TTI=TT) appear to have undercone the least flattening,
they represent analacous narts of the fold, i.e. the plot from each
antiformal crest downwards towards the central synform., The nlots
from the central synform upwards towards each adjacent anticline
however, anpear to have undergone the most flattenins. This reflects
a greater extension in ta? ¥ for the synforms1 hinge than for the
antiformal hinge., Fxamination of the rest of the fold, however,
indicates that this is not a consistent feature of the fold as a
vholes This extension in 'a'! must have heen accompanied by some
flovage 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 ta' 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 tb! 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. t'a' is the direction normal to this lying in the

axial plane of the fold.

¢t



Fige 21

The fold depicted in this graph is an F.,l. fold from a
psammite rib within the Fignseby gabbro; the fold has a strong
axial planar foliation defined by biotite. In this case it was
only possible to plot cne limb of the structure. The graph shows
that the fold has a consisterft 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 (a2 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 5
(T) values for Fige 31

@)° (T) value m.m.

0 8.3
10 8e4
20 8.5
30 8.4
40 9.1
50 9.3
60 10.8
70 11.7
80

90

Sumary and Discussion

2) Meny of the folds measured in this study have a Class 3 geometry
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in the hinge zone. This changes for higher value of (a) to a Class
1¢ 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 Tig. 29, here different parts of the fold have
apparently undergone different degrees of flattening. From these
observations it was suggested that both extensions in tat and flow-
age within the layers was responsible for the fold form. Since
relative thickening of synformal hinges is a common feature, this
process was probably operative in all the folds measured.

c) The F.1 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 superficizl
geometry of the F.l structure in Fig. 31, there is a tendency to say
that the fold is a similar fold,imvlying 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.

8) _Petrofabric Studies

Petrofabric diasrams of poles to 0001 of quartz were prepared

for a mumber of folds of both generations (F.1 and F.2). TIn all



cases the diagrams were nrepared from plots on the Lower Hemisphere
of a Schmidt net.

gpecimen T. W.17 34D,

Thigs is the F.1 fold with the strongly curving axis depicted
in Fig. 6. TFrom this specim_en a number of slides were taken
(see 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 shown, The mineral is only very slightly
strained. The equidimensional nature of the quartz is almost
certainly due to recrystallisation after the F,1 deformation. The
slight straining may well be a later effect. The rock has a
schistosity (S.l.) defined by biotite crystals which show a general
tendency to be axial planar to the fold. The orientation of these
biotites 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 fabrice. Iater 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 tac' girdles (the term 'ac! is in a sense inappropriate
here since due to the curvature of the fold axis the 'a! directions
represented in each slide are non-parallel)., These 'act! girdles
have an asymmetric distribution of maxima within them.

2) There is a general tendency for a weak cross-girdle to develop,

(8]
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the axis of which is at a hirh anele to the axis of the perivheral
girdles They are BAB tectonites., In some cases, e.gs B there is
a tendency to develop more than one cross-girdle,
3) The overall symmetry is tricline though if the cross-girdles
are ignored there is a tendency for orthohombic symmetry to develon
with S1 as a symmetry plane, e.o. (B C and E).
4) (F) shows a relatively veryv strong concentration (70%) aliened
in (Sl). This slide also has a slightly greater preferred dimen-
sional orientation of the quartz grains then the others. The grains
however do not seem to be any more highly strained 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 fct' 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.

Fig.(32.G) shows a synthesis of the position of all 4, 5, 6 and
T% maxima relative to a constant plane, i.e. the plane of the tac!
girdles. 40° small circles have been added for the purposes of
orientation,

Some interesting features emerge from the diagrams
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

89



of the diagram whereas these from the upper antiform represented
by diagrams (D, E and F) are clustered at the top of the diagram,
b) The 400 small circles are the approximate locus of the points
representing these maxima.

These features are extremely difficult to explaine. A survey
of the literature seems to indicate some confusion concerning the
origin of tac' 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
7.2, This seems unlikely because the orientation of these cross~
girdles seems to have a consistent orientation relative to the tac!
girdles, If in fact the cross-sirdles were rel~ted to 7.2, it
might be expected that they would change their orientation in each
slide, since the slides are non-narallel.

There must have been a considerably a,nnea.lj:ng recrystallisation
of the quartz in these rocks following the F.l deformation and

.Preceding the F.2 deformation. Tt would seem, however, that this

"has not disoriented the fabric imposed in the rock by the F.1 folding.

50



This is an T.2 fold from Rastabyv. It has an almost varallel
geometry with an anpgular hinese line ( Pie, 33A=T inset). The quartz
is equidimensional and only slishtly strained, often with slishtly
irrepular outlines but tendine towards a nolygonal shane. There is
a crude schistogity (S.l) which has tended to be obliterated by the
recrystallisation the rock has undergone, this nresumably taking
place between the two deformationse. The schistosity S.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 S.2. In a pelitic layer within
the fold, an .2 strain-slip cleavage can be geen to have developed.
The rock contains some garnet and zoisite and the biotite which
defines S,1 is freauently partially renlaced by muscovite.

The location of each slide ig given in the insetj in each case
the glide is cut normal to the axis of the fold.

The results of the study are given in 33 A-D. The following
results are apnarent from these disgrams.

1) 1In (4,B) and (D) there is a tendency for a smell circle distri-

bution to occur, the axes of these small circles are at some moderate

angle to (S.1). It apnears 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, €.ge Diagram (A). Diagram (B) shows the development of the
two small circles on either side of the plot, though they are as
might be expected, asymmetrically placed relative to the centre.

2) This small circle distribution tends to become rather confused
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in (C) and (D). These glides are talen from the hinse zone of the
folds It seems likely that this would be the ares vhere the quartz
would be most likely to resnond to the 7.2 deformation.
3) Diagram 3 shows a cleft girdle distribution with an asymmetric
digtribution of maxima, Thev diagram however, does show the greatest
distribution of maxima in the area to the southwest of (S,l). This
is a consistent feat‘ure of these diasrams, thouch in the other cases
these maxima can be approximately assigned to small circles.
4) The overall symmetry of the diagrams is triclinic, though in
gome cases they may approach monoclinic symmetry, with the symmetry
plane approximately normal to (S.1). 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 7% maxima with
the (S.1) plane of each slide rotated into parallelism. This
process effectively unfolds the fold. The diagram reveals that the
maxima becomes clustered in an ares to the right of the mean position
of Sels The three points which most strongly depart from this
cluster sienificantly 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 at moderate ansles 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, TFrom 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 dve to the relative
concentration of strain in this area.

It has been noted that the fabric represented by these diagrams



ig pre=Fe2. It differs considerably from the F,1 fabric indicated
in Specimen (I). In this specimen the fabric diagresms are almost
a1l tac! girdles. In Spécimen (17), however, only diagram (F)
approaches this eseometry. The more typical fabric is that of a
sm2ll circle distributions. Cerfer, Christie and Griecgs (1964)
point out that 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 t'c! axes, define
small circles inclined at approximately 450 to the I.W. diameter of
an equal area net. In their experiments the axes to their small
circles corresponded to the principal applied stress & 1. The
stresses § 2 and o 3% were equale 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
(8¢1) it seems likely that § 1 was not normal to (S.l1). 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 know, however, why this flattening deformation has
not affected Specimen (I) which comes from a locality close by.

Specimen ITIT (XK5)

This F.2 fold is depicted in Fige 34. It was taken from a beach
€Xposure at Komagnes. Slides were cut at intervals round the

S’Gructure, 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 morphologics
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
guartz. In these cuts, however, they are rather more elongate and
are undoubtedly responsible for the strong lineation. These layers
of coarsely crystalline quartz are 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 erain boundaries.

There is a schistosity in the rock defined by mica, mostly
muscovite. This schigtosity is being folded by the fold. In the
groundmass areas this schistosity is tending to be ‘destroyed by
recrystallisation. In slides where micro-folds are visible there is
a tendency for a foliation to develop axial-planar to the seond fold
(52).

The contoured diagrams are given in Figs. 35 (A=F). It was found
that the coarse grained guartz did not have any significantly
different orientation from the quartz in the matrix. The lines which
appear on the sterecgram are purely orientation marks and do not

hove any structural siemificance. In slides (A, B and C and F) they






approximate to (S.1). Their position relative fo the fold can be
agcertained by reference to Pig., 34, The line marked ¥,2 2xial vplone
on the dirgram represerts a line originally drawn on the fold
gpecimen representing the ceometrical axial plane and then trans-
ferred to each diagram. The following features emerge from these
diagrams:

1) The fc' axes tend to be distributed in tac' girdles with a
fairly symmetrical distribution of maxima. The F.2 axial plane
represents an approximate 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 freouently approximately a plane of
symnetrve So it is possible to say that the symmetry tends towards
orthorhombic.,

2) TUsing the constructed axial nlane as a datum, all 4, 5 and 6%
naxima were placed on a senarate stereogram (35G). This clearly
shows the tendency towards orthorhombic symmetry, with the axial
plane and a nlane normal to this as planes of symmetry.

Let us consider in (35H) that the distribution of 'c! axes that
occur in (35@) 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 )' 1. The points ‘7’ 1 represent the
statistical maoxima of the concentrations of maxima showm by (35G).
By rotation in the stereogram let us bring these fc! axes concen-
trations into the centre of the projection. The point X1 rotates
round a small circle to X5« The point y 1 does not change its
orientation since rotation is taking place ebout that point. The

Dpoint X2 is then rotated to the centre of the projection along the
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=y diameter. This displaces the point Y 1 to '\{ 2, the ¢t axis
maxima now effectively occuny the centre of the projection,
Assuming that the al and the a3 crvstallogrenhic axes of guartz are
placed in the positions indicated, the unit thombohedron (1051)

can be plotted (Berry and Mason 1959). Trom the disgram it can bhe
geen that this is less than 2° from \f' 2, the pole to the hypo-
thetical plane alisned in the axial nlane,.

According to the fracture hypothesis of CGriggs 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. Grisgs and Bell suggest that in natural tectonites,
this process may be operative with the long axes of the needles
aligned in the 'at! direction of the tectonite and one of the bownding
. Planes becoming aligned in a vlane of slip of the fabric.

The orientation data from Speec, TIT can be explained in this
way. Consider (35H) again; \/ 1 is the pole to a rhombohedral
plane supposedly aligned in the axial plane of the fold. TIn order
to account for the positions of the 'c! axis maxima it is necessary
that the tc! axes of the quartz be aligned in the plane of the
diagram, i.e. the tac! plane, In this situation the edge separating
the two rhobohedrs, i.e. the long axes of the needles, must be
tilted relative to the plane of the diagram. The position of this

Bdge is easily found by locating the intersection between the N-S
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diameter, which represents one rhombohedrol face and the great circle
representing any other, This latter ereat circle mayv be found by
reversing the manioulation described overleaf, starting with the
point (1101). The edee thus found, is represented by point (Z) on
(35H). If it is trume that the long axes of needles become aligned
in the 'at direction of the tectonite, it would seem that the 'a!
direction here represented by point (Z), is not normal to the 1h!
direction of the fold which lies at the centre of the projection,
Usually it is impossible without deformed lineations to locate the
13! direction of a folde In this case although the lineation is of
F.l age and the fold is of F.2 age the former is not deformed by

F2 because the tab! plane of F.2 contains the F.1 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 'ct! axes of such needles would
obviously take up different orientations relative to ta'. 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 (1963 p.430)
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
%o explain some of the well known relationships between foliation
and quartz patterns. We tentatively reject this explanation for

tWo reasons. TFirst there is no proof that the supposed slip planes



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-quarts
and milky auartz and examining ontically the resulting fragments,
the most common bounding planes were the unit rhombohedra (x) and
(z)s This he attributes to the presence of a cleavage parallel to
these crystallographic planes, The next most common bounding nlane
was the unit prism (m). Frarments parallel to the basal plane
accounted for only %’” of the sample. This at least supports the
finding of Gric~es and Bell concerning the brittle fracture of aquartz.

Another posgible wav of exnlaining these orientation patterns
is the Translation hypothesis of Schmidt (1927), Ve susgested that
rhombohedra (r) basal pinacoids (c¢) and first order prisms {(m) cen
be translation planes in quartz, with the vertical edge (mem.).

" The horizontal edge (c:m) or the rhombohedral edge (r:r) as trans-
lation directions. FHe accounts for the charscteristic maxima
(I,II,1TT, 2nd IV) of Sander bw assmming that either (¢) (m) or (r)
become oriented par=llel to a single ts!' surface with any one of the
three translation directions oriented parallel to 'a'., The orient-
ation data in Snecimen IIT can be exvplained bv assumineg that rhombo-
hedral facies are the planes of translation and the edge (r:r)

(point 7 on 35H) is the direction of translation., It is perbaps
notable that once again 'a' is not normal to the 'b' direction of

the fol4,
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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 expaimental
evidence susgesting that one of the effective glide mechanisms in
quartz is translation on 'c?t,

Bailey, Bell and Pense (1958) in an X-ray study on cvartz in
naturally deformed rocks conclude that this mineral deforms plastice
ally by bend eliding. According to them one of the crystallogranhic
13 axes is always the axis of bendines., In looking for a possible
glide direction they state that the most likelv nlace for this is
in the plsne of the unit rhombohedron, though they were unable to
establish this experimentally. IMore recently, Baeta and Ashbee (1969)
have indicated that there are many directions of slip within quartz
subjected to compression along various directions at elevated
temperatures. Among the planes of glip recorded is the rhombohedral
plane, The directions of glip derived from their exneriments however,
do not tie up with the Miller index of the point 7., However, in
order to maintain the orientation of the 'c! axes in the primitive
plene in Fig,(35H) it is obviously necessary thot this slip direction
lies somewhere in the rhombohedral plane, though not necessarily at (7).

Other workers, (Christie, Griesrs and Carter (1964) have experi-
mentally determined a basal slip plane in cuartz. This type of
experimental evidence seems to suggest strongly that quartz in nature
deformg plastically rather than in the brittle fashion envisaged by
Griges and Bell. The fabrics shown by specimen ITT seem to indicate
participation of the rhombohedral planes of quartz in the genesis of

the tectonite fabrice



In Specimen I the fabric appeared to be of F,1 age. In
gpecimen IIT however, the fabric anvesrs to be completely of F,2
origine. Possibly some of the scattered maxima can be explained as
representing a residual pre~F.l influence. It would seem, therefore,
that the F.2 deformation in the Komagnes area has been sufficiently
gtrong to totally reorient any previously existing fabric.

Specimen TV (K24)

This series of specimens comes from the large 7.2 fold
depicted in Plate 51. This occurs on the heach a2t Komasnes quite
close to the locality from which Snecimen (ITII) was taken. Fic, (36E)
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
F.l lineation. Tn each case the slide is cut novrmal to the fold axis.
xamination of the thin section indicates that the stringers
of quartz which characterise Snecimen ITT ave here absent. The rock
has a fairly consistent grain size. There is no dimensional
orientation of ausxtz 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 bandings this is (S1).
It has been partially obliterated by recrystallisation. A second
foliation (S2) is tending to develop axial planar to the F.2 fold.
This is defined by muscovite. There is some epidote in the rock.
The contoured stereograms are given in Fig. (36A~C). From
these diagrams the following facts are apparent:
1) In (36A) it would appear that (S1) and a vertical plane normal

to it, approximate to planes of symmetry, suggesting that the fabric

o
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bears some relationship to W,1 thourh this is not clear. In (B)
and (C), however, the F.,2 axial plane and a vertical plane normal
to this are more closely planes of symmetry. Thus, all three
slides appear to approach orthorhombic symmetry though with
different orientation of the symmetry planes,

2) TFige (36D) presents a synthesis of 4 and 5% maxima from (4, 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 drawn

on the diagram by bisecting the arc between (A) and (C). The

great circle (XY) represents a plane normal to the fold axis, i.es
the plane containing the slides, The lines (OP, 0q and OR) are the
orientation marks on the slides. TUsing these lines as datuns 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,

BExamination 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 shown 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

using Ramsay's method of plotting deformed lineations. In the case



of (36A-7), however, there are some sismificant differences in the
microscopic fabric of the guartz. Tn the specimens described by
Gangopadbvay and Johnson (op. cit) the amarts is stronely
dimensionally oriented in the fold axial nlane. In (3AL-R) this
is not the case, the auartz shows verv 1ittle dimensional orient-
ation. In the same paper, measurement of first phase folds by
Gangopadhyvay Aand Johnson in which the quartz also shows a strone
dimensional ovrientation in the fold axirl vlanes, yield disgrams
in which the maxima are concentrated in planes inclined a2t some
40—600 to the axial planes., This sitvation ig more akin to that
seen in Wig. (35A=8) though aenin the dimensional orientation of
quartz in this specimen is absent., Ganconadway and Johnson exnlain
the fabrics in their first folds bv saying that, although shezr
along the axizl plemes must have token nlace, ¢liding along planes
10-60° from the tc! axes might also have been overative (these
presumably aliened in the axi~1 plone).

Thus, the two specimens (ITT) 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 (III) contains stringers of quartz which are quite strongly

strained, these are absent in Specimen (IV). The groundmass quartz

of the two rocks are very similar. It is possible that the stringers

in (I.TI) which must represent areas of slightly different competance,

influence the development of the fabric during some initial phase
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of flexural folding, this additional influence would have heen
gbeent in the develowment of frld TV, althoush the two folds almost
certainly were snbjiccted to a similor =mort of deformation regime.
Thus, both examples (ITT) and (TV) would seem to indicate that

the axial planes of the T olds have a2t some stage in the evolution
of the structures, been planes of slin or trencslation a2long which
gsome cryetallosraphic direction of quartz became alisrmed.

(Gangopadhyay and Johnson op. cit).

gnecimen V_(¥16 - 18)

This is the P. 2 fold from Rastaby with the strongly curving
axis devided in Tig. 1%. Tt is apnarent from the serial sections

(P.56) that the fold senerates along its
7

RY]

xig from layerine which
is virtually unfolded into an asymmetric antiform (seri-l section D).
In this petrofabric study a slide (A) was taken from the point where
the layerin~ is virtually bv the fold, TIn fact the slide was talen
from a position where the laverine is even flatter than serial
section (A) of Fig. 13, A second slide (B) was taken from the
section (D). In ench case the slide was cut normal to the fold axis
at that point, thus the slides are non-parallel in snace.
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 F,1 and F.2.
In the second glide this crude schistosity is being folded by the
zone of the fold there is a tendency for mica crystals to grow
varallel to the axial plane of the F.2 fold. In the area between
the hinge zone and the limbs, the micas are clear and unstrained,

which means that post-F.2 recrystallisation must also have taken



place. The gquartz in the whole rock displays slight undulose
extinction and the develomment of deformation bands. These, however,
nay be late features of the deformation history. The contoured
disgrams are given in Fig. (A) and (B).

Txamination of these diasrams indicates that in Tie. (A)
there is A sm2ll circle distribution of onartz axes. The apnrovimate
sxis of this emall circle is marked as (X1). This is a similar
gituation to that recorded in Specimen (1), = small circle distri-
bution with the ~xis inclined at a high angle to (S.l). The line
marked (S.l) in the diaoram is an annroximation to this direction
since the real (S.1) was imnog=ible to locate properly on the
glishtly folded surfece., MNiaoram (R), however, indicates that there
are two great circles inclined at a high angle to each other, the
orientation of F.2 axial plsne is given on the diagram. This
diagram is, therefore, a ﬁ\B tectonite. It is of considersble sig-
nificance to note that in this diasram, which renresents the fold
et its maximum development, the fabric is at its most complex., It
is in sharp contrast with the simplicity of the fabric in (4).

This strongly suggests that the fabric in (A) is a pre-F.2 structure
which becomes considerably modified in the area of the more intense
F.2 folding representedqby (B).

Fig. (37C) is an attempt to relate the t'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 (S1)

in(37C) represents a plane which is common to both slides. It

%Y

<

-~



Sixy @704 c4=2€

. ° )
FYIHISINIH HIMOT ,\mqv&\ ¥3d \,.\Nn LR ZER - I

LIN LGIWHIS S¥NOLNOD

A NIWIDIIS SLNIOS 022 SWYHOVIQ HiIO8 ZiHVND 1000 L§£ ©Ofo



corresponds with (S.1) in Slide (A). Now assuming the primitive

of the diagram to represent the plane of slide (A), the point (Xl)
is marked in the diagram. However, we know that the two slides are
23° out of parallelism with each other; thus great circle (1)
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.1). Since the plane of (A) is now tilted relative
to (B), the point (X1) 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
(PN) repectively, It is to be noted from this that the pole to (M),
the great circles representing the strongest concentration in slide
(B), is very close to the point (X1) which represents the axis of
the small circle in (A). It is possible, therefore, that the small
circle in (A) and the great circle girdle represented by (M) are
related.

Considerable care is needed here since:-

1) (X1) 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 ﬁ4B tectonite of (B). It is suggested there-

fore, that slide (A) has a pre-F.2 fabric. In the sense that this
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fabric is distributed on a small cirele whose axics is inclined at

a moderate anple to S.1, it resembles the pre-7.2 fabric seen in
specimen (TT) where the pre-F.1 fabric anpeared to have been folded
by the .2 fold with little modification.

Summary and Discnssion

I F.l isocline with curved axis, eirdle fabrics with the axis
of girdle parallel to the fold axis,

II F.2 open syvmmetrical fold with almost parallel geometry, the
fabric tends to be alismed on sméll circles, the axes of which
are at a moderate ancle to S.l. The fabric is pre-F,2 and is
folded by Fe2.

III 7.2 fold with moderately appressed stvie. Tahric entirely
Fo2 with tct! axes aliened symmetrically either side of the

axial plane,

=

7.2 fold moderatelv avnressed fe' axes tend to be in the axi-l

plane.

i<

Curved axis F.2 fold pre-F.2 fabric where S.1 is unfolded,
F.2 fabric where the 7.2 fold reaches its maximum development.

Recrystallication

The slides show evidence of a strong recryvstallisation between
F.l and F.?23 this tends to disorient the mica fabric defining S.1,
e.g« Specimens (T) and (II). Where there has been a more complete
reorientation of the quartz in response to F.2, e.g. Specimen (III)
and (IV) althoush the disoriented S.1 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

in the form of undulose extinction and deformation bands. These,
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however, may be a loter feature of the deformotion. It seems clear,
therefore, that there has been recrvetallisation of the auartz,
tending to form polyoonal srnin fabrics both between ®.1 and 7,2

and post=Ta?,

Snecimen (T) seems to indicate an W.1 fahrie which has snrvived
the recrystallisation which the wvocles heve wndercoone, TT shows
evidence of a fabric which may he due to flattening (Carter Christie
and Griges 1964). It must be admitted however, that the festures
on which this inierpretation is hased are not common to all the slides.
In this specimen a tendency was noted in ‘bhé hinge zone for an F.2
fabric to develon, this preswmably bheing due to the concentration of
strain in this area. This tendency for an T.2 fabric to develop in
an area of stronmer 7.2 reorientstion is seen acein in (V). The
specimens (ITT) 2nd (IV) seem to be strongly T.2 oriented, thoush
nossibly odd maxima which do not fit the scheme, may be explained as
pre=7.2 fabrics, In these latter two snecimens (TTT) and (TV), the
axial planes of the folds amnezr to bave been zones of alismment of
either rhombohedral planes of the aqusrtz lattice (T,II) or of actual
10t axes (IV)., Tt is snosested, therefore, by analogy with other
workers (Ganeopadhyay and Johnson op. cit), that there has been a
component of ghear foldinge in the genesis of this structure., This
is also true of the snecimen (III) because of the obvious alignment
of rhombohedral planes in the axial plane of the structure. These
blanes 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



plastically by bend elidine and slip on certain well-defined
crystallorranhic planes. One of the commonest such slin nlones is

the basal pinacoid of aquartzm, The vresence of a slip direction on
this crystallogsraphic plane is evidenced by the occurrence of
deformetion lamellme parallel or sub-marallel to it (Carter, Chrietie
and Criges on. c¢it). WMore recernt work by Reete and Ashbee (on. cit)
revenls the ocenrrence of a numher of other slin directions in au~rte,
notahly the rhombohedral ovlane, Slin on rhombohedral nlanes may be
respongible for the minor nonce%trﬂﬁjon nf deformation lamellae

voles meking an angle of 2ﬁ~500 vith the fe! axes recorded by Carter,
Christie and Griges (on. cit), The ocenrrence of identical astructures
in natur21ly deformed rocks is stronely sngrestive thot they have
deformed by similar mechanisms, Fviderce of gnch deformation lamellae
may be removed by later recrystallisation leavins the oriented fabric.
The general absence of evidence for the catalastic textures neces-
sary for the (rigos-Rell Pypothesis seems to indicate that this is

an wnlikely deformation mechanism in nature.

The netrofabric data described above voses the following

questions:-

1) Since there are so many combinations of bounding planes to
needles and planes of sliv, according to the respective
hypotheses, (although rhombohedrs appear to be among the
commonest detected experimentally) why should rhombohedron
have been chosen in the case of (IIT) 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) Vhy do two different orientation patterns develop from
similar localities, i.e. (III) and (IV).

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-
F.l fabric as it was modified in a curved axis fold. Also the work

could be integrated with mica diagrams.



Z) Mechanisms of Fold Formation

a) P

It is very difficult to make many meaningful comments about the
mode of formation of F.q1 folds for two reasons; firstly not all that
pany of the folds have been found and secondly, they have certainly
been modified by subsequent deformations. However, the following

facts are apparent:

1) The folds have a tight isoclinal style; one such fold measured
(Fige 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
the folq formation. Such folds have been recorded extensively on the

eighbouring island of Srdy by Remsay and Sturt (personal communication)



and Roberts (1965). For some folds of this type in marble on Sdrdy
foberts (op.cit) favours the explanation of Nicholson (1963) advanced
for comparable folds in the Sokumfjell Marble, i.e. uniaxial compression
causing differential movement within the axial plane of the structures.
Ramsay (1967), in 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 ‘¢! 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
axess  As the metamorphic 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@rdy by Ramsay and Sturt (1963) and
Roberts (1965) and also by Hooper and Gronow (1970) further south in the
Sandland peninsula. The 1atfer two authors have proposed an anti-
clingl rise in the Sandland area, this based on two criteria; firstly
the presence of garnet-gneiss in the area of the proposed rise, this
tepresenting deeper crusal material. Secondly, and more important, is
the fact that the large F.1 recumbent folds either side of the proposed
rise have opposed senses of transport. To the east, on S;Kry{y they

close eastwards and to the west, they close westwards. Possibly this,

e
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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
wiquity of garnet-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 garnet-gneiss is post the local
F.2 foldinge. Despite these objections the opposed senses of transport

remaine

B.A. Sturt (personal communication) has said that on ngry(y the axes
of Fo1 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 cylindroidal 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 Sgrdy.

EL The Second Fold forminz 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
had undergone high grade regional metamorphism, and intense deformation.
The metamorphic grade had waned to sub-garnet grade conditions by the

®mencement of F.2. A summary of the various features of F.2 folds



113

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 cylindroidal 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) BEvidence 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, cylindroidal.

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 (1967);



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.

¢) Intra-layer flowage is suggested by the constant increased
thickness of synforms relative to antiforms. This feature

cannot be explained solely by differentisl 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 'e' 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

Voll (1960) states that "during the advanced stage of B.1 folding
the axes of monoclines and their parasitic folds begin to curve. For
large monoclines in competant rocks this can be the case from the
beginning of folding". He states that this curv.ature"is particularly
Pronounced in zones of strong deformation, it particularly affects the
Parasitic folds of the overturned and steep limbs of monoclines, whose
4%es may remain horizontal." He gives four possible reasons for the

development of this phenomenon:
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1) They curve owing to unequal stretching along the strike of (S.1)

(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.1)

planes (external rotation) .

3)  (SS) is buckled before (S.1) forms and the buckles are intersected

by straight (S.1) planes.

4) (S8) planes are intersected by (S.1) planes of different attitudes.

For reasons already discussed it would seem that the curvature of
these structures on Seiland is initiated from the very begimming of the
folding processe It would seem necessary, therefore, to look for some

deformation process capable of producing this effect.

Campbell (1958) 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
Peficlinal fold system. Campbell enlarges on this; he envisages the
application of a shear couple F-F to rock materiale. (The direction of
§hear presumably lying in the layering). He states:- "the initial
result is the development of a fold caused by F-F. At an early stage,
the induced (oblique) forces S-S develop sufficient strength to dominate
the detail of foldformation". This combination produces en-echelon

Periclines, the axial traces of which are normal to the shear directions

F.F,

«t



It would appear that this explanation is not viable for the folds
on B. 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
ecasily reconcilable with the development of S.2, the F.2 axial planar

schistosity.

It seems to the a,uthor. that the problem is not how the folds
continue to develop curved axes, but how the initial periclinal buckle
is developede 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 rmumber of ways
in which it can develop. Voll claims that all the possibilities he

advances have been observed with the possible exception of 1).

Fig. 13 gives some clue to the movements that have tagken place in

this fold structure. Consider the following table:=

Table 6 from Fig. 13 (P )

Section Mlm_mum Limb Thickness Maximum Hinge Thickness
(m'm°) . (momo :

.7 -8
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There are relatively few readings here but it is possible to pick
out a trend. There is a relative constancy of limb thickness at around
4 mme In the hinge zones, however, there is a progressive increase in
_ thickness, until the maximum is reached where the fold reaches its
naximum development.s 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 foldse This was presumably accompanied by stretching in the 'at
direction, but this stretching cannot account completely for the va.ri-;
ations in thickness, which must be partially due to flowage. These

facts are expressed diagrammatically in Fig. 384.

Mnother factor which may help the curved axis folds to decrease the
radius of curvature of their hinge line is the decollement effect between
pelitic and psammitic unitse. This effect may be to some degree
responsible for the strong development of curved axis folds in mixed
pelitic and psénmﬁtic unitse 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 layerse A greater volume of pelitic material in the area of a
culmination will greatly facilitate the sliding of successive psammific
bailds over each other using the peli‘vcé-psammiteréontact on a pla.né of

decollement. This is illustrated in (Fig. 38B. and C.)

This sort of effect has already been discussed in (Fig. 10. P-54--)
In this example, however, actual detachment of the pelite-psammite
boundary took place. Similarly, detachment at psammite-pelite

boundaries in Plate 95 has allowed a change of style of minor folds with






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. 154 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 Sp’ryfy 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 Fo2 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 Wi%h those
of Voll (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 Voll's in that on Seiland the curvature is

initigted 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
axis folds., This process can be envisaged as modifying the sensibly
Concentric buckles initially formed, through a number of stages until

they approach quite closely to the similar fold model. This process of




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 'c' 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 foligtion 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
%o 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 (1964) are particularly relevant to

the study of these structures. They assign folds to four fields of

foldings

Quasi Flexural
Passive

Flexural Flow
Flexural Slip

a0 oo



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
gbundant 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
lithologic type. Both these quantities are dependent on envirommental
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-high. They say:- "Material moves towards or away
from hinges in flexursl flow folding; the redistribution of material
within the layers is most commonly reflected by relative thickening at
the hinges and thinning on the limbs. Where there is high ductility
contrast and appreciable flow in the hinge, the more ductile layers
nay 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.

The Tower Komagneg Group

The folds in the Lower Komagnes Group differ in a number of



important 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 '¢' axes or rhombohedrsl planes of quartz within

the axial planes of the fold.

No geometric studies have been carried out on these 4structures.
Superficially, however, they show mény 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 interbandihg of psammitic and pelitic 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 deer Komagnes Group resemble geometrically the folds
of the Upper Group except in the respect that they do not have curved
axess 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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1ikely that subsequent to their initial origin as buckles an element
of shear folding has entered into their development. This inter-
j)retation 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 lithologic
banding favours the development of this type of process in preference to
the intra-layer flowage noted in the cdurved axis folds, where a well~
defined intercalation of pelitic 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 uniform, however, the layering no longer has much

significance and can begin to react more passively.

Explained in the terms of Donath and Parker (op.cit.) the rocks
of the Upper Komagnes Group would have had a high ductility contrast
and g 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) Boudinage on a Minor Scale

Introduction

The rocks of Eastern Seiland show evidence of having undergone
Very considerable boudinage. The rock types most frequently involved

in these structures are as follows:
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1) 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.220). It is clear, however, from
mexny minor folds with boudins on their limbs, that these have been

formed by stretching during the F.2 folding.

However, where 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 agbove-mentioned flattening deformation.

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.
Fig. 39 shows this; it is a plot of the long-axes of individual
boudins 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 lonz 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.

Rast (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 compressionsl
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 intermnal 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.

gl 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 Rast says can be explained as
being due to differences in the behaviour of the materials involved.
When the boudined material is effectively rigid relative to the
incompetent material, it will develop joints at an early stage of the
deformgtion. If these joints are not at right angles to the layering,

Subsequent shearing stress will rotate each segment as the extension
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proceeds.

The barrel-shaped boudins Rast 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.

¢) Separation of the individual segments and formation of tectonic

inclusions.

Ramberg(1955) and Ramsay (1967 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 elecongation. This may ultimately form lenzoid
boudin i)ods. The incompetent material in this case flowing into
the space between boudins. There is every gradation between these
typese  The barrel-shaped variety of Rast 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.

Ramberg (op.cit.) appears to differ from Rast concerning the

Mechanism of boudin formation. He points to the frictional drag and



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 (1959) points
out that in order to obtain boudinage in this way beds must be
igoclinally 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 Ramberg in non-isoclinally
folded beds, though the boudin pods would tend to be offset relative

to one another in an en-echelon fashion.

Ramberg 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 F.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 F.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. 62 )
and 96. 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. Fige 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 F.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 associagtion with
an F.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-F.2 deformation. Some oreédence is lent to this idea by
Plate 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 Ramberg (op.cit) and Ramsay (op.cit.) attribute the develop-
nent 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 (Rast 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 Olderfjord Group,
east of Olderfjord.

Plate 100. Boudinaged basic material in the Olderfjord
Group psammites. East of Olderfjord.



extension results in separation at the nodes to give discrete pods,
(esg. 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 (Ramberg, 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 although 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 F.1 Fold. Rast, in his paper, says that such structures
are of g compressional origin whereas true boudinage is of tensional
origine  The occurrence of these two structures together seems to
favour Ramberg's (op.cite.) idea that most boudinage is of a
compressional origin. Plates 104 and 105 show boudinage developing
in lithologies with a slightly greater competence difference.

Plate 104 shows the development of some quartz segregation in the
nodes Plate 105 shows g 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

country 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,



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



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 equidimensionzl are

given in Plates 107 and 108. This bulbous shape, which is also
recorded by Roberts (1965) on Sga’r;a’y, only seems to occur in boudined
basic material. It must again be partly due to competence differences
combined with possible original varistion in shape of the basiec

materigl involved.

If we accept the ides 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 metamorphic grades. At low grade the
differences will have their maximum affect, at higher grades however,
they will tend to convergee. Thus at different metamorphic 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 metamorphic

grade.

b) Post F.2 Boudinage

Within the Komagnes Group occur a series of very distinctive boudinage



Plate 1070 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 F.2 axisl 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

g 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
nodgl areas thus, have the form of asymmetric folds. These areas
are frequently filled with vein quartaz. 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 boudinsge
(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 114 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®

Plate 112. Oblique boudin in flaggy psammite of the
Komagnes Group, Vasbugt®



Plate 113. Oblique boudin, Upper Komagnes Group,
east of Rastabyvann®

Plate 114. Oblique boudin in the 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

Fige 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. The 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. 41B are a mumber 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 119. 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
mich 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»

Plate 116. Quartz-filled tension gash, Komagnes Group, Komagnes,



Plate 117. Contorted quartz-filled tension gash,
Komagnes Group, Komagnes.

Plate 118. Quartz-filled tension gashes, Komagnes Group, Komagnes.



Plate 119. En-echelon quartz-filled gashes, Komagnes
Group, Komagneso

Plate 120. Incipient boudinage developing in association with
a quartz-filled tension gash. Komagnes Group, Komagnes,



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

g small monoclingl fléxu.re. 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 boudine. This boudin is of the barrel-
shaped type of Rast. 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.

Mong the beach exposures discussed above g number of folds have
been observed which have similar trends and styles to the folds
associgted with the boudin nodes. The structures, however, are
not obviously related to boudin nodes neither are they related to
tension ga,shes.. Examples of these structures are given in Plates
121, 122, and 123. If 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

stmcture with a similar trend and disposition of axial plane as the

(o9
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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.

lode of Formation of Obligque Boudins and Associated Stiructure.

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) TRotation of boudins and tension gashes leading also to the

development of folds.

These events can be regarded as being part of a progressive
deformation 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 obligue
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 modelwhich 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
%o 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
be the development of the tension gashes; it was suggested that

these had probably been rotated by the subsequent folding such that



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
form noxrmal 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 c;ouple acting along the layering in an spproximately
south-easterly direction. This latter statement is based upon the
fact that the axisl planes of the boudin nodes dip towards the
north-west, thus the sense of transport, the 'a' direction is towards
the south-east. This hypothesis is doubly attractive since the
sense of translation on the thrusts which separate the Pre-Cambrian
from the overlying Caledonides on the adjacent 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 may 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 pelitic layer occurring
within the psammites on the peninsula at Komagnes, a number of tight

folds occur. The average trend of their axes is 2820 with a plunge



of 320. The axial planes strike 033O and dip 44ON. This is roughly
the attitude of the rotated boudins. It seems likely that these are
true drag folds resulting from the rotational shear couple discussed

gbhoves

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.
When 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 relagtive to the layering rather
than g change in the orientation of the layering within the strain

ellipsoid of the type discussed by Flinn (1962) and Ramsay (1967).

A statement of Ritan (1963) 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 me‘camo:tpﬁic grade prevailing during the formation
of these structures is consistent with the late brittle. nature of

the mainland thrusts.



9) Boudinage on a Major 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, esvecially
the Hammeren 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
fjell above Eidvaagenfjord 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 Hammeren 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 Vasbugtvann. The forces respounsible for the boudinage
acting on such a cross-cutting body would lead to the development of

the anomszlous trends described above.

Further evidence of the intense boudinage of basic sheets
is seen in the Komagnes Group, within the outcrop of the psammites
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 wéuld 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 Eidvaagenfjord has a rather fringe-like forme The dips in
the enclosing Olderbugten Group are quaguaversal 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
minor boudins suggested that this stretching was two dimensional,

leading to the development of equidimensional pods Ramberg (op.cit).
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This i1s probably the case for the larse 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 F.2 itself was undoubtedly responsible for the development of some
boudinage. A further phase of boudinage occurred after F.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 psammites of the Upper Komagnes Group in the Rastaby-
Jernelv area a number of structures occur which completely post-date
the Fe2 folding. They appear to be mainly restricted to the coastal
EXPOSUres. lMorphologically they are somewhat variable, some
resembling joint drégs, (Flinn 1952) and others are more akin to
kink folds. For the pufposes 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 g high a.ngle.
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 1ittle 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.

Fige 42A illuétrates a specimen in a banded pink psammite in
which a conjugzate set of these pink folds are developed. The kinked
segments are no more than 2-3 mm wide and they tend to be slightly
simwous. One set of kinks is developed strongly in preference to
the other which occurs as only one or two striations on the banding
surfacese The axes of the two sets diverge and their sense of
offset is opposite. On fracture surfaces viewed noxmal to the kink
axes 1t can be seen that they are associated with vexry fine joints
which do not completelysplit the rock (see Fig. 424). These Jjoints
which have obviously been heagled 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 monbclinal 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 Fig. 42A, also later).
The fold axes on banding surfaces are marked by a lineation 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 stereograme
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The Fig. 43A, B and C show the orientation of the two sets of kink
folds. In Fige. 434 the set plunging approximately west (set a) are
represented (Plate 125). The set plunzing 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 Db)
the poles to the axiagl planes of the kink folds. The average planes
statistically estimafed from the poles of Fig. 43B are represented in

Fig. 43B together with the memn position of the kink axes.

Thus, it is clear from these observations that we have gz
conjugate set of kink folds which are occasionally seen in combingtion

in a single exposure (Fig. 424), but are generally not seen together.

Discussion

Most of the literature (Johnson 1956, 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 iater work (1967) 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. Naturally occurring kink zones, however, mostly have
the principal compressive stress bisecting the obtuse angle between the
kink plane. From this Ramsay goes on to sugsest (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

nigration 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 orientztion of
the stress field, since it is gpparent that the maximum compressive
stress does bisect the acute angle between the kink-planes (790).

A close study of the structures yields a lot of imformation about
their mechanism of formgtion which is relevant to the theories put
forward by other guthors. Consider 42 B. 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 normagl to the planes bounding the
kink zones. These gashes are not filled with vein quartz. Thewe
structures are entirely consistent with the development of g 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
processe. 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 nmight be expected:-

a) For 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 kinks 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

125; here, however, the brittle fracture planes are much more obvious.

Ramsay (1962) indicates a method for positioning the gtress axes
of conjuzate kink zones; the intersection of the two kink planes give
the position of the intermediate stress axis (P.Int). The maximum
compressive stress (Mg;) is the bisector of the scute angle between
the kink planes and (éln) is at right angles to the other two axes.
This has been done in Fig. 43C. It can be seen that the kinematic 'bt
axis reoresented by (P.Int), has a very steep plunge and is thus
inclined at a high angle to the layering, this orientation explains the
diverging kink-fold axes described above and in Fig.424. It is vexny
difficult to obtain a great circle representing the average inclination
of the layering since this has been disturbed by F.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, tikclinic. The two sets have not developed
together with sufficient frequency and strength to prove this by

obsexvation.

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 Flinm.(1952)
from Shetland. In these structures Flinn notes two senses of movement,
one in the manner of a normal fault, i.e. down the dip of thejoint and
a second movement along the striké 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 islande This fault, he

sugzests, has a slight horizontal component of movement, though its main
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throw is vertical,

Knill (1961) describing joint drags from Mid-Argyllshire suggests
that they are conjuzate to the Great Glem fault. Both these authors,
however, record only one set of joint drags these being conjuzate to
fault systems with some transcurreht component. On Seiland, however,
there are two sets déveloped as déscribed above. These forming a
conjugate pair with divergzing axis. A number of possibilities will

now be considered for their origins-

1) It will be noted from the map that a number of small faults oceur
in the Rastaby-Jernely 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 aslong the axis of this sound.

The throw of this fault, as deduced from the sense of downthrow on the
axigl 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
associgted 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 Max) postulated in Fig.43C is,
however, only just south of east, whereas the thrusting direction

postulated by Reitan (1963) is towards the SE.



Congsideration of all the factors relating to these structures
would seem to indicate that the first hypothesis is the most

satisfactory for the following rezsons.

1) Comparison of Fig. 43C and Fig. 44C which represents the average
disposition of the majér joint planes, and rose diagram Fig. 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-F.2
metamorphism. P.197 ). This would seem to be good evidence of the

temporal associgtion of joints, faults and kink zones.

11)  Joints and Faults

Jointing is developed to various degrees in the different. rock
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 prominenf linegr features on the aerial photographse. The
Eﬁdvégeid schist is not very extensively jointed, neither in general

are the igneous rocks.

Fig. 44A shows the distribution of joints within the Komagnes,
Eidvageid Schist and Trollvann Groups. Fig. 44B, the Olderfjord and
Olderbugten Groups. Both have girdles with disinct maxima.  The

average planes represented by these maxima are given in Fig. 44C.
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Itcan be seen that in both cases the planes are approximately
orthogonal, though for the two 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 very
conspicuous on the aérial 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 lake the river takes
a sudden turn to the north to occupy a straight trench which
is very striking on the aerial photographs. In the rose Fig. 45
it can be seen that there is a very conspicuous maxima trendly
roughly NE-SW, this corresponds reasonagbly well to the joint set
maxima with a similar trend seen on Fig. 44C. It seems likely
that these lineaments are master joints along which there has

been some shattering.

There are not a large number offgults in the area, those that

have been mapped are generally quite small structures.

1)  Two small faults displace the outcrop of the pink psammite at
Jernelv 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 fanlt just to the west of Vasbugtvamn 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 Ggbbro outcrop. Since this displaces a
little anti-form-synform system, it probably has a slight dextral

strike-slip component. Downthrow S.E.

4)  Small fault to the west of the point where the Trollvann
psammite passes out into Eidvaagenfjord. This fault truncates

a gabbro boudin.  Throw unknown.

53.) The largest fault in the area cuts the outcrop of the

Hy)’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 lengths  The downthrow is slight, to the south-west.

5b)  Another small fault just to the north-east of 5a) along the

southerly contact of the gabbro. This has a throw to the NE.

6) A small fault on the eastern side of Storvann displaces the

outerop of the Hammeren gabbro.  Downthrow SW.

7) A number of small faults displaces the outcrops of massive
quartzite within the Eidv8geid schist in Northern Vasbugt.'

A jacent to one such fault Plate 127 was taken, it.can be seeh

that a well developed conjugate joint set is develéped in the massive
- qQuartzite. 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 Eidvageid 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 faults agzrees
broadly with the trend of the major shatter belts. The major
fault (5&) is marked (X). This corresponds to a very minor maxima
in the shatter belt frends. This direction (3180) however,

corresponds well with the other orthogonal maxima of Fig. 44C.

Thus a picture emerges of faults, shatter-belts and joints
tending to fall in trend, into one of two orthogonsl maxima. This

strongly suggests that all three fegtures are genetically related.

It has already been suggested that there is a close similarity
of trend bétween the joints, faults and the planes bounding kink
folds at Rastaby. (Compare Figs. 43C, 44C 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. More detailed analysis of the Figs. 444 and B
indicated that the joint directions were not significantly different
in the various metasedimentary groups. This type of jointing appears
to accord with that recorded in a discussion by De Sitter (1964, p.105)
gn the work of Parker (1942) in Central and Northern New York and
Northern Pennslyvaniae. 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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through extreme cross-bedding etc. They are obviously shear joints".
Tension joints on the other hand are described as "curved and irregular

with a rousgh torn appearance'.

The joints on Seiland 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 presuﬁably 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 Max) dérived for the formation of the kink
zones was postulated on trending just south of east. It was sugzested
that these structures were perhaps related to a major fault systen out
in Vargsund.

These general observations, would seem to cross-cut the suggestion

of Price (1959) 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 kink folds during a definite

phase of hydrothermal metamorphism.

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 Renison Bell ares of Tasmania, though on a



149

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 telegranph poles.

B) Major Structure

Introduction

Attempts to elucidate the major structure of Eastern Seiland are

rendered difficult by a number of facbors:

I) Isoclinagl folding and the relative constancy of dip makes major

closures inconspicuous.
2) The absence of distinctive marker horizons.

3) Anomalous evidence of fold verzence.

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 Hastemn
Seiland is the apparent ability of each of the stratigraphic 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 F1.




It has been possible to distinguish only one large fold of F.1 age
on the arza. This is the structure defined by massive quartzite bands
within the Eidvggeid Schist Group. The schistosity in the schist is
sensibly parallel to the bandinz in the quartzites, and is therefore
interpreted as an axial plane structure related to the early fold.

The fold has an isoclingl style; this may well be due however, to

subsequent deformation.

. . N L0 . Vs

F.1 folds and lineations within the Komagnes, Eidvageid Schist and
Trollvann Groups tend to concentrate in a maximum plunging just west of
north. Again the effects of F.2 on the originel disposition of these
lineations is indeterminable; their relative constancy over a wide
ares suggests however, that this has been ninimal. Roberts (1965)

, . o .

quotes the avergge F.1 trend on north-east Sﬁfﬁﬁ as being 010°. This
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.?

Because of the tendency for each litholozical group to fold as a
unit, it is thoughtexpedient to describe the F.2 mgjor folds as they

occur within the stratigraphic 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.

» O
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1) Tt is very difficult to determine the true sense of verzence of

the folds even thoush they are frequently well-exnosed.

2) The absence of well-defined litholozical 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 with 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 Jernelve The stronzly attenuated long limb and the stacked
short 1limb are readily apparent, the syn-F.2 boudinage. It was
perhaps also responsible for the separation of the ultra-basic pods

in the middle of the outecrop of the Komagnes Groupe.

Given this clesar structural picture it is possible to make some
regsoned 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.

... 0 . .
1) The Eidvaxeid. 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. DMost of the

deformation was probably taken up either by slip or by homogeneous



deformation within the schist.

c) _The Trollvann Psammite Group

Althouszh F.2 minor folds agbound within this Group there does not seem
to be a consistent sense of vergence that might give some elue to the
overall structure within the Group. Thexe 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 lonz limbs, is also

seen within this group.

d) The Olderbusten Groun

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
Eidv%geid 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. No 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. Sinmilarly, study of the
northern boundary of the adamellite, which represents the base of the
schist, reveals that here also the folds have died outs. 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
pattemn of folding can also be seen just to the west of the
Eidvaaztina folds, involving adamellite and zabbro sheets,

(Section 2).

Thus, the folds agpear to be periclinal structures which are
both laterally and vertically discontinuous. This pattern
conforms quite well to the periclinagl nature of the minor folds

alrzady described.

e) The Olderfijord Groun

The large number of sheets of basic material which occur within
the Olderfjord Group heve made the mapping of a number major F.2

folds possible, There are however two principal difficulties:

1) The lenses of gabbro may be interpreted either as boudins or

periclingl fold cores.

2) The isoclinal nature of many of the folds, espedially in the

metasediments, makes the tracing of the axial .zones difficult.

One common fzctor that does emergze from a study of the large folds,
however, is their periclingl 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
netasediment with gabbro are visible in the field.  Their profiles
indicate thét 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.



This is also true of the northern boundary of the complex. The

folds are thus dyins out along their plunzes, i.e. they are periclinal
structures.e  To what extent this lateral discontimiity is controlled
by the wedsing oub of the gabbro sheet is difficult to say. Suffice
it to say that a similar pattern has been observed in the Eidvggtinn

folds and indeed in a1l the minor folds of Hastern 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
stmucture on the same scction just to the east. This difference in
style may perahps be explained by variations in thickness of the gabbro
sheets; the thimner sheets tending to form the tizhtest 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

outero sugrests that in fact it is a boudin core.
b D

A further example of tizht F.2 folds is seen in the boundary of the
Hﬂhseby gabbro just to the north of the head of Hﬁhsebyfjord 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

sugeests that the statement that this may merely be a matter of scale,

(O
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ig 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.
Robbins (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 generslly have a periclinal
aspect in common with the minor folds of the ares. 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.



Discussion

Perhaps the most significant feature that emerges from this
gtudy 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 F.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 coﬁpled 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-
morphic 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 - Fo2. 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.



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
Eﬁdv%geid Schist Group tend to deform into rathepfoncentric styled
folds though still with curved axes. This 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

gpply 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 Vasbugb, 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 averase some 10-20O 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 elsewhefe
in the region, e.g. by Ramsay and Sturt (1963) and Roberts (1965)
on the island of S¢i¢&. Here the swings give rise to north -
south, and east - west strike belts. The swing recorded by
Roberts (1968) on N.E. Sﬂfﬁ& is acéompanied by a change in the
symmetry of the F.2 folds. The F.2 folds in the north-south belts
have a monoclinic symmetry whereas those in the east-west belt have
an orthorhombic symmetry. From these observations Roberts (1968)

states that the swings must be regarded as a feature of either the first
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or second episode of deformation on Sfrdy. 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 ¥.2 folds, indeed, evidence will be put forward

to show that F.2 folds are refolded within the swing belt.

The Fo3 folds

There are g number of major folds which are associated with

the strike swing.

1) The southern contact of the Hfnseby gabbro to the west of

' Hyfnseby is folded into two steeply plunging monoclinal structures,

2) A similar monoclinal buckle is shown in the screen of psammite

within the Hfnseby gabbro to the north of 1).

3) There is a swing of strike in the screens of psarmite within the

Hammeren 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
Bfnsebyvarm. This fold is depicted in Section 1. One of the
DPeculiarities of this structure is the way in which just north of
H?{nSebyVa.rm the dips suddenly rapidly steepen in the psammite

aéross 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 by Figs. 46A and B. A6A shows the distribution
of presumed Fo2 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 agttitude. Perhaps more significant, however, is
46B. This shows the attitude of the axial planes of the folds in
464, clearly they have been folded sbout an axis treading 2340 and
plunging at 10° since they define a great circle of which this point is
the pole. The rather random arrangement of F.2 axes in 46A may be
explained by the refolding in this manner, of the typical non-cylind-

roidal F.2 folds.

Thus, 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 tie gpproximate axis of bending.

The folds depicted in Plate 129 and 130 are very probably
Fo3 minor folds, Plate 129 comes from the north of Eidvagenfjord while

the second 130 comes from just south of H%hsebyvann.

These have been marked on 46A and apparently they do not bear

any clear relationship to the axis Qf refolding. This, however,

might be expected because of their wide separation in space and the

¢l
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Plate 129. fold in the Olderfjord Group, shore
of Eidvaagenfjordo

Plate 130. warp, Olderfjord Group, south-west of Hj/nsebyvann,



complexity of both the litholories and the forces responsible for

their development.

A study of the proposed plane of decollement does not yield
very mach useful information. The plane across which the described
chanses in dip occur is very distinct, however, the author has failed
to find any evidence of breccigtion along this zone and the under-

lying Olderbugten schist appears to be normal.

The 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%hseby gabbro contact. It
seems to be most conveniently explained by the F.3 movements described

above.

Rezarding the forces responsible for these structures, preliminary
mapping of the area inmediately to the west by J.B. Jackson (personal
comminication) 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 7.3 Folds of Komaomes

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,



It is clear also that they post-date the oblique boudins
described from the Xomagnes area, since they can be seen to be
deforming the layering containine these structures. They are
apparently sensibly coaxial with the local 7.2 trend in the psammites of

the Lower Komasnes Group.

Geometrically, these folds are monoclinal in style. (PLate
131). Yany F.2 folds near or in the steep limbs of these structures
have their axial nlanes warped into an easterly dinping abttitude. This
tendency is clearly seen in Fig. 9B. (P5i.) Here the plot of F.2

axizl planes is tending to show s great cirvcle distribution. The axis

of this zreat circle is 3330 with a plunce of 140.

The relationship of these structures to the F.3 folds of the
strike swing belt is not known. Clegrly they are very late
in the structural evolution of the area. The gquestion must remain
open as to whether they are coeval with F.3 in the north For this

reason they will be desisnated as F.31 folds.

A summary of the structural and metamorxphic events is given in

Fig. 52,

[y
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Chapter 4

Metamornhism and Petrolosy

Introduction

The complex series of structural events that have occurred on
Bastern Seiland have left an indelible mark on the various mineral
assemblazes that have arisen during the concomitant phases of meta~
morphisme A sequence of crystallisation of metamorphic minerals can
therefore be established in relagtion to the minerals that have grown
during the deformation phases. This 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 (Se1.)

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.
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In the Upper Komgines Group and the metasedimentary lithologies
structually above, this schistosity is clearly overzrown by larze post-
F.1 garnet porphyroblasts. The inclusion fabric of these
porphyroblasts 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 durinz F.1 can be
obtained by study of the minerals which parallel F.1. lineations in the
schists. A specimen of g basic schist from the Lower Komagnes Group
contains acicular actinolite crystals which define a lineation.
This lireation is folded by very tight folds of F.2. age. The émphibole,
which makes up about 70% of the rock is embedded in a gramular azgrezate of
quartz and untwinned feispar withyellowish-green epidote overzrowing
the amphibole (see Plate 133)* The optical properties of the

amphibole are:s

Opt - ve 2V= 75 -~ 80°
A o

ZC=19 Y="
Birefringence = 0.037

Pleochroic Scheme Z = Apple green

X

n

Pale Yellow
* In the following sections all optical data, unless stated otherwise,

was obtained with a standard petrological microscope.

a,b,cy refer to the crystallographic axes
X,Y,Z refer to the three principal refractive
indices of the optical indicatrix.

(Hartshorne and Stuart 1969)



Plate 133* Epidote porphyroblast overgrowing syn F]_
actinolite. lower Komagnes Group, Vasbugt.
X 40, PoP.Lo

mimi

Plate 1340 Decussate biotite. Upper Komagnes Group,
Rastaby. x 40, PoP.L.



These properties plus the acicular habit indicate that the
mineral is actinolitic rather than hormblendic.  Winkler (1967, ».100)
states that above the Quartz-Albite-Epidote-Biotite Sub-facies of the
Green Schist Facies, actinolite is replaced by more zluminous horn-
blende.  Althouzh this rock almost certainly reached a hizher zrade
subsequent to TF.1 this transformation may not have taken place her
due to paucity of éluminium in the rock. Elsewhere where horn-
blendic amphibole has been observed it is generally post-F.1, un-
lineated, rather poikiloblastic and conbtains inclusions of earlier

formed mineral phases.

This paragenesis actinolite-biotite-muscovite cbserved 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 (1965) on S¢E¢&, who bases his conclusion on the presence
of inclusions of biotite withinpost-¥.1 garnets. On Sﬂfﬁ&, however,
the subsequent picture is very much complicated by a vexry pervasive
F.2 schistosity which obliterates all egrlier fabrics. On Seiland
the F.2 schistosity is not nearly as pervasive and therefore the
dominant schistosity is an Fe1 structure defined by the growth of

micas There is no evidence of epidote growth during F.1.

2)  The Static Period between Fo1 and F.2

During this phase of metamorphism significant differences in
metamorphic grade are apparent in the various metasedimentary Groups.
These differences will, therefore, be considered under the following

sub-headings :



A) The Komagnes Group

B) The Tidvageid 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 zrade within them are of a minor nature.

5) The Komarmes Groun

Most of the porphyroblastic 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 veriod. This is based on two observations;
firstly, zarnet 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 relabively abundant. This may partly
be due to compositional differences_in the original sediments though
it is not easy to see why the mineral could not have developed in

the more pelitic horizons of the lower division.

The second andbmore imporfant réason is that there is a change
in the felspsr composition dcross approximately the same line.
In the Lower Group the felspar is albitic and takes the form of
large poikiloblastic porphyroblasts, in the Upper Group these
porphyroblasts are absent and the felspar is in the oligoclase-
andesine ranre. These changes will be discussed in greater detail

later. The other minerals, the epidotes, amphiboles and micas



are common toc both groups. Bach mineral phase will now be considered

.

in detail,as far as possible in their temporal oxler of occurrence.

&

Biotite

It is apparent that biotite crystallised right throuzh this
period of metamorphism.  Rocks which show evidence of recrystallisa-
tion under these static conditions i.e. those with polygonal quartz-
felspor mosaics generally contain biotite which tends to be

decussate and largely unstrained.

It would seen that the presence of mica exercises considerable
control over the development of these nolygonal textures since
in the mica-free quartzose horizons the quartz takes on a coarse
lenticular form; the long axes of the lenticles beinz parsllel to

8010

Plate 134 shows a portion of a slide of an F.1 fold (Specimen I)
described in the petrofabric section (P.37). 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 zood 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 hormblendic amphibole and butite. Plate 135 shows such an
occurrence. In this slide the iong axes of the amphiboles are
randomly arranged within the plane of the schistosity. The biotite

shows no dimensional orientation and is presumbd to be an alteration

%Y
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Plate 135. Decussate horneblende altering to biotite*
Lower Komagnes Group, Komagnes. x 40, P.P.L,

m4

Plate 136. Euhedral Iron Ore in the Upper Komagnes Group,
X 40, P.P.L.



product of the amphibole. This type retrogressive change is

probably related to the wane in metamorphic grade preceding F.2.  This
seems more likely than the thesis that the retrogression may be a

post -F.2 phenomenon since where evidence is forthcoming concerning
post-F.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 2 is lincoln green. This presumably indicates a high ferric-
iron to titanium ratio. (Deer, Howie and Zussman 1967, P.213). The
gbundance of iron in the rock is further sugzested by the presence
of large amounts of ore including large (1mm) 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
breakdown product of amphibole, probably during the wane of

metamorphic grade previous to F.2.

Muscovite

Muscovite is quite common in the metasediments; it frequently
occurs in associabion 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. There are some
interesting relationships between the two micas. Some crystals

may be composed, one half of biotite and the other of muscovite.



The two micas also occur as leuses and bands in each other -
(Plate 137). This tywe of relationship is very difficult %o
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 sugcest that the in-
crease of biotite ip the biotite zone is coincident with a
decreage of chlorite and especially muscovite. On this basis it
would be possible to explain the association as beinz due to the
progressive increase of biotite at the expense of muscovite

during the rise in metamorphic grade subsequent to F.1. A number
of lines of evidence contradict this view. Firstly the muscovite
in the rocks frequently abuts agzainst garnet crystals (Plate 138)
which in itself sugrests that the muscovite is pre-garnet.
However, although biotites have been recorded as inclusions in
gernet, muscovite has not. This strongly suzgests that in

most cases the muscovite is post-zarnet. 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.1), a slide which shows particularly strong development of
muscovite and 2lso in post-F.2 muscovite porphyproblasts, (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-F.2. times.

There is glso, 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;

Y
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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 140. 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, contgin an abundance of horn-
blende, epidote and biotite and very little muscovite. The minergl has
been recorded in association with hoimblende in only two thin sections;
in one it is sericitic and obviously retrogressive relative to biotite,
and in the other-it has the similar intergzrowth 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

e relative dearth of iron, i.e. the psammites. Thus many of the
observed biotite-muscovite interzrowths may, in fact, be equilibrium

assemblgges caused by shortage of iron.

Thus, a picture emerzes 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 muscovisagtion of the biotite. This was a retrogressive
effect undoubtely due to the greater stability range of muscovite.

It is, of course, well known that muscovite is stable in the lowest sub-

facies of the €reen §chist Facies, whereas biotite is not.

e e i

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 act;nolitic amphibole by its optics
and different mode of occurrence. The actinolite always defines an
Fue1 lineation and has an acicular habit, whereas the hornblende is
characterised by a rosette-like appearance on schistosity surfaoes and
a stumpier habit. In some instances the individual hornblendes are up

r

to 1 cm. in lengthe
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In the actinolitic rocks there is some evidence of post-F.1
amphibole overirowing the lineated actinclite (Pla.te 141). These lzter
amphibole crystals have, however, similar dptical properties to the
actinolites 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 rocke The rather
random rosette-like nature of the later ho:mblende‘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 varié;ble, both in its ropt‘ical
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 élear 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 stronzly albitised rocks the hormblendes have the pieochroic’scheme:-

Z = Deep turquoise blue

Y = Deep green

X = Pa,lre yellow
Z0X

In sections which show scant or no evidence of albitisation the

hornblende lacks the turquoise colour for the Z vibration, e.g.:

Z = DPale Green

X = Pale yellow



Plate 141. Horneblende porphyroblast overgrowing syn-Fp
actinolite. Lower Komagnes Group, Vasbugt.
X 40, P.P.L.

Plate 142. Laths of horneblende with epidote inclusions,
Upper Komagnes Group, Rastaby. x 40, P.P.L.



was recorded from a zolsite-hornblende schist in which albitisation effects
were absent. This contrast is probably due to the incressed content of
sodium in the amphiboles of albitised rocks. Where this albitisation is
particularly intense it tends to destroy the (8.1) scnistosity and in response
to F.2 flattening, the amphiboles become decussate. TF.2 movements were also
responsible for some straining and augening 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, 70

Table T

Optical Properties of Hornblendes

1.  Specimen M20 - 2A

Albitised hornblende-~biotite-enidote schist

Opt - ve 2V approx. = 60° - 70°
N 0

Z C=16 Y="=

Birefringence 0.017

il

Pleochroic scheme Z = Turquoise Green

Y = Deep green

)1

X

1]

Pale yellow Z>Y X

2. Specimen N17 - 47

Strongly albitised hornblende-biotite-epidote semi-pelite.

Opt - ve oV approx. = 70°
N o

z C 15 Y="%
Birefringence 0.019

Pleochroic Scheme Z = Deep turquoise blue



Plate 143. Horneblende showing strain due to Fp movement.
Upper Komagnes Group, west of Komagnes. x 40, P.P.L.

Plate 144. Granular epidote. Lower Komagnes Group,
Vasbugt. X 40, P.P.L.
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Y = Deen green

s
i

Pale yellow 2>Y> X

3. Snecimen M20 - 50B

Unalbitised zoisite-hornblende-hiotite schist.

Ont  ~ve 2V approx. = 60°
A

7 ¢ =18° Y="%
Birefrinzreunce 0.030

Pleochroic Scheme Z = Pale green

Y = V. Pale yellow
X = Colourless 2>Y7>X

4. Snecimen 117 - 20

Unalbitised hornblende biotite epidote schist

Opt - ve ZV approx. = 80O
N o)
ZC=14 Y=>=>
Birefringence 0.029
Pleochroic Scheme Z = Pale Green
Y = Pale Green
X = Colourless Z>Y> X

Minerals of the epidote type are ubiguitous 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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been rrcorled).

4.

¢ frzquent mode of occurrence is as a gramwlar agsrezate in

3

The mos
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the groundmass of the rocks (Plate 144). Occasionally, however, it occurs
as porphyroblasts which clearly oversrow earlier-formed hiotites and
amphiboles. Plaie 133 shows such a porphyroblast overzrowing Fo1
actinolites, The crystal has been strongly angened bz F.2 movements

and is, in consequence, rather strained and gramulated. Further evidence

for this pre-F.2 epidote srowth is provided by the existence of prisms of

the mineral thalt 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 narticles of a
brownish birefringent mineral which can sometimes be seen to be
rimnin; the nseudomorphs. Optical study of this mineral yields the

followiny pleochroic schemes

N
|

Chocolate brown

>
Il

Pale yellow 2Z>X

There seems little doubt that this'brown mineral is allanite
which in places has broken down by radiocoactive decay of included rare-
earth elements to yield the metamict pseudomorphs (Deer Howie and

Zussman 1967, P.68).

Clinozoisite also formed during this static phase and its formafion
appears to have been controlled by the original compesition of the sedi-
iment. This is strongly suzzested by the fact that the mineral has

only been recorded in slides which contain no iron ore. Presumably



with a hizh iron content ferriferous epidote would have formed. This
paucity of ivon is further suscested by the very pale shades of sreen

of the accompanying amphiboles (Winchill 1951, Pt IT, p.436).

Textural evidence indicates that the clinozoisite post-dates the
“amphiboles  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 smphibole and biotite. The mineral has a low bire-
fringence (0.007), 1s optically positive, has a 2V of gpproximately

0 . , 3 . .
107 and most sections show straight extinction.

This mineral, which has grown with the long axes of the prisms

lying in 8.1 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 sbove the approximate level of the

Calc-Silicate Schist, it is relatively abundant.

Textural studies suggest that the mineral overgrows the Se1
schistosity defined by both biotite and muscovite and also e?idote and
hornblende (see Plate 146) though this latter relationship is seen only
in one garnet from the Lower Komagmes Group (Plate 146), elsewhere it
is equivocal. This growth of garnet therefore, probably represents

the acme of regional metamorphism in the Komagnes Groupe.



Plate 145n Clinozoisite overgrowing biotite and horneblende.
Upper Komagnes Group, west of Komagnes. x 40, P.P.L.

Plate 146. Garnet overgrowing epidote and horneblende.
Lower Komagnes Group, Komagnes. x 40, P.P.L.
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The mineral is widely variable in form and size; a zarnet
poxrphyroblast 3 cms across has been recorded in a semi-pelite from
Ragtaby though this is exceptional. The most frequent occurrence
is as skeletal cxystals which have a very faint pink hue and are
perfectly isotropic. Sometines, however, the mineral occurs as good
voikiloblgstic euvhedra. The inclusions are quartz, felspar and

disoriented biotite flakes.

An interesting relationship is seen in Plate 147. Here a garnet
porphyroblast occurs in the core of g small F.2 fold. It is clear that
the jarnet has behaved as a rigid kermel during the deformation, éuch
that the quartzo-felspathic band which defines the fold has been
flattened round the garnet giving a rather bulbous appearance to the
structure. A1 the garnets are strongly ausened by F.2 movements and

there is no evidence of growth duringz F.2.

Determination of the 'a! cell edge of a garnet from g semi-pelite
at Rastaby, usingX-ray diffraction methods and the refractive index,
yields a composition of Alm 18, Pyr 7, Spess 75, using the tables of

Sriramadas (1957).

RI = 1-80

a! = 11059

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 Fe.
Atherton (1965) although agreeing with the géneral 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 Mne,

.
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Plate 1l4y. Garnet in the core of an Fg buckle. Upper
Komagnes Group, Rastaby. x 10, P.P.L,

Plate 148. Galcite segregation. Upper Komagnes Group,
Rastaby. x 40, P.P.L.



garnet may be the only phase capable of taking this up, thus even at
relatively hizh grade a garnet may be rich in IMno. A whole rock
analysis of the rock in question has not been obtained. However,
further X-ray work on garnets from the Eidvggeid schist group and the
Olderbuzten Group reveals them to be rich in the Almandine molecule,
i.¢. Fe rich. These observations, which in the lizht of Atherton's

work must be regarded tentatively, are certainly consistent with the

observed change in grade that occurs across the area.

Caleite

Calcite is a common sccessory constituent of the rocks. Generally
it occurs as gramilar anhedrs showing the typical extreme birefringence
together with a negative uniaxial sign. Its relationship to other
minersl phases is often difficult to determine. It seems certain that
most of it is associated with a post-F.2 hyrothermsl metamorphisme.
However, some calcite has been recorded as inclusions in pre-F.2 garmnet,
It seems likely that it is, thersfore, a primary constituent of the rocke
Plate 148 shows a calcite porphyroblast overgrowing a biotite segregation
aligned along S.1s This type of calcite growth is easily distinguished

.

from the growth occuring in the post-F.2 veins and cracks where it is

accompaniad by chlorite and enidote.

Quartz_and Felspar

A considerasble 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:



1)

2)

a)

In psanmites quartz generally has two morpholosies.

A fairly coarsely crystallise variety which occurs as
giringers in the rocks. Within these strinsers which
generally define 8.1, the quartz show little or no
dimensional orientation but is fregquently strained.
These laﬁers are mica~-free and give rise on banding

surfaces to a strong F.1 lineation. (Plate 149).

A rather finer-grained eguidimensional fraction which is
often a mixture of quartz and felspar. These areas tend

to show a rather polyzonal outline obviously due to post-Fo1
recrystallisation. It is this recrystallisation that has
tended to disrupt the 8.7 fabric defined by mica, which
occurs commonly in these agrsas. The difference in fabric
between (1a) and (13) is obviously a function of the presence

/ . . .
ovabsence of felspathic constituents and more important, of

mnicaceous constituents. The reasons for this will be discussed

more fully later.

The optical orientations of the two fractions (1a) and (1b) were

not significantly different in any one slide.

3)

In the Xomagnes area the quartz fabric appeared to be more

controlled by F.2 whereas in the Rastaby the fabrics were dominantly

pre-F.2,

It is the felspathic constituents of these rocks that constitute

Y
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Plate 149. Stringers of quartz, Lower Komagnes Group,
Komagnes. x 40, X Pis.

Plate 150. Poikiloblastic albite porphyroblast. Lower
Komagnes Group, Komagnes. x 40, X Pis.



the most important evidence of a chanje in metamorphic grade.

The Lower Komacnes Groun

This consists of the structurally lowest metasediments up to
the approximate level of the llixed Psammite and Pelite unit. This
is characterised by the gbundant ocourrenogéf larce porphyroblasts
of albite. (Plate 150). Measurement of albite twins vielded a
maximum extinction ansle of 150, this coupled with the positive sign
and refractive index slizhtly less than bslsam gives a composition of
(AnY). This albitic composition is confirmed by X-rsy diffraction
study; a whole rock crush of zn glbitised psammite yielded good-
albite peaks. This glbite is demonstrably of metasomatic origin.
Felspar porphyoblastesis is a common feature in the area and it will
be demonstrated later that there is g systematic chanze in the
composition of these porphyroblasts with metamorphié grade. In the
Bther metasedimentary groups it has often been possible to make a
distinction between the composition of the groundmass felspar and the
porphyroblasts. In the case of the Lower Komagnes Group this has not

been possible, albite appears to be the only felspar phase vresent.

There may be two reasons for this:-

1) Any earlier felspar, perhaps indicative of g higher metamorphic
grade, broke down during the albitisation, which took place at a

slightly lower grade.

5%
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2) The previous felspar nhasewas also albitic and merely recrystallised

during the albitisation.



Since there is no evidence of any retrogression of other
rineral phases and sarmet is notably sparse in the -roup, the
alternative 2) is favourad i.e. that zlbite is the felspar
reorasentative of the maximum grade of metamorphism schieved

within the Lower Xomarmes Group.

The U-rnar Xomo-mes Groun

In 1litholozies above and including the Pinl Psamite albite
is absent. The felspar is a plagioclase which occurs as a
nolyzonal mosaic with quartz, (Plate 151). 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).

Surmarr and Discussion

The rocks of the Lower Komagnes Group contain assemblages
consistins of albite, hormblende, epidote, biotite, muscovite
with sparse garnet. These minerals jrew duringy the static phase
of metamorphism between Fo1 and F.2. Thus, the maximum grade of
nmetamorphism achieved during this phase was the Quartz-Albite

Bpidote Almandine Sub-facies of the Green schist facies, Winkler

(1967).

JUES
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Plate 151. Polygonal quartz felspar mosaic. Upper
Komagnes Group, Rastaby. x 40, X Pis.
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The Upper Tomaznes Croup during the same dhase, aconired a

sli_htly hijher seade of metamorphism charactarised by wlarioclase,

homeblende, eridote, biotite, muscovite and zbundant arnet. Thig

ot L

.

indicntes metanorphism in the Staourolite Almandine sub-faocies,
Wintler (op.cit.) The abseuce of staurolite is perhans due to

a compositional control.

Perhaps the most sivnificant indicator of this change in grade
is the change albite to plagioclase. De Waaxd (1959) records a
very 5inilar change in a metamorphic belt in Indonesia. He notes
a sudden Jjunp in felspar composition across a vexry well defined
line. In the zone of lowest metamorphic srade the compositions
are of the order (410-10), on the other side they are in the An 20+)
ranze. Very few rocks coabtain An contents hetween these values.
De Wazrd (op.cite.) concludes that the line across which this jump
oceurs, represents the isosrad between the sreenschist facies and the
Amandine Amphibolite facies. The line across which this change ocours

on Seiland is indicated in Figz. 49 (P.220).

b)  The Eidv%geid Schist and Structurally Hi-her Grouns

Introduction

Durinz 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.

e



Biotite

As a general rule biotite defines a good schistosity which appears
to be overgrown by the later porphyroblasts. This schistosity is
generally axial-planar to early folds and sensibly parallel to the
lithologic 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 invoived in its formation, This will be

discussed in greater detail later.

In thin section the minersl appears in various shades of brown
and red-brown defining the schistosity which sweeps round the strongly-

augened . porphyroblasts.

Garnet

It has been possible to recognise two different types of garnet
growth., These two growth phases are separated by an episode of
mylonitisation. Tor 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, though occasional
euhedral examples have been recorded showing a rhombdodecahedral 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 15%). 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.1
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.



truncating relationship suggests that the garnets have overgrown an
earlier formed schistosity in which they have been sugened 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 decussate biotites. These are similar in many ways to the atoll
structure described by Rast (1964 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. Rast states (op.cit.) "Zoned
garnets which occur in the Centrsl 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 Tepreseht the remnant M2 rims while their inner cavity, filled
by felspar, mica and quartz, was originally the Ml garnet which is
normally protected by the:rim, If, however, the rim is mechanically
breached, the ﬁnstable 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 gérnet is
siggested by a garnet from Eidvageid schist adjacent to a post-F.2 fault
at Eidvageid., This shows a core that has been selectively chloritised

by the retrogressive metamorphism accompanying famlting (Plate 173).

ha
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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. Sidvageid
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 154 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,

D. Powell (personal communication) working in the Moines of H.W.
Scotland, has noted garnets in pelitic rocks overgrowing an external
foliation., The internal fabric of these garnets is obviously continuous
with the external fabric. When, however, these pelites are traced into
a zone of migmatisation, the internal fabric of the garnet
recr;stallises in a manner very similar to that seen in Seiland. This
means that the idea that the internal fabric of garnet represents a
frozen relic of a previous phase of metamorphism must be applied with
eare, particularly where the inclusion fabric is coarse-grained as on

Seil al'ld.u

Garnet IT
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, Flate 156.

2. As discrete grains within the groundmass.

ey}
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Tne mineral clearly overgrows the schistosity and the mylonitic
fabric, and is not so strongly augened 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 mylonitic fabric.

Generally the selvage of garnet II on garnet I is rather thin,
though this discrete garnet II porphyroblasts may be anything up to
1/2 mm. in size, The very characteristic inclusion fabric of both
types makes them easily distinguishable., This difference in inclusion
fabric indicates that the two types probably do not vepresent a
continuous phase of garnet growth, rather they represent two phases of
growth, separated by the mylonitisation during which growth was inhibite&d.
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 IT,
(Plate 158). It seems highly unlikely that rotation could have taken
Place about an axis normal to the schistosity. It is probable,
therefore, that these spiral inclusions are a reflection of the manner
in which the garnet has grown, Xingery (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, Eidvéigeid
Schist. X 40, P.P.L.



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). Alm 77, Pyr 10 Spess 13,

&
L]

1.815

v o 11.53

It will be remembered that a garnet from the Upper Komagnes Group
was very rich in the spessartine molecule. Although both of these garnets
almost certainly grew before the acme of regional metamorphism, the
obgerved increase in the Almandine molecule is consistent with a rise in

metamorphic grade across the area, Sturt (1962).

The Significance of S.1l.

The following observations have been made above concerning the
relastionships between the various phases of garnet growth and the

schistosity.

l, Garnet I frequently truncates the schistosity, though it is very
strongly aungened.
2, Garnet II clearly overgrows the schistosity and it is not so

strongly augened.

From these observations it was suggested that garmet I was
overgrowing the F.l, axial-planar schistosity (S.l.). Certain evidence,
however, suggests that the situation is more complex than this. In rogks

vhich have been strongly mylonitised, thorough recrystallisation produces



an annealed fabric with a schistosity defimed by biotite. This
schistosity must represent the result of post-mylonitisation possibly
mimentic recrystallisation; thus although it is parallel to the anial
plane of F.1, fo}ds 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 though they have a fairly
distinctive distribution. Pormhyroblastic kyanite occurs commonly in
the Ei&vggeid Schist, occasionally with fibrolitic sillimanite, In the
Olderfjord and Olderbugten &Goup however, both porphyroblastic, kyanite

and sillimanite occur together with fibrolite.

In the Eidvggeid Schist the kyanite 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.?).



FIG47

KYANITE LONG AXES FROM THE EIDVAGEID SCHIST GROUP
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In this section these large kyanites can be seen to be strongly
shimmered by muscovite (see Plate 159). Occasionally this pseudomorrhing
is complete, resulting in a lens of white mica. Where 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 partielly pseudomorpied areas are prismatic in form
and there seems no doubt that they were once singlg crystals, the effect
of flattening has been to split the kyanites into a number of optically

discontinuous sub-grains (Plate 160).

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 161). Thig gives a very good idea of the chronology of
kyanite growth. One example has been recorded of a kyanite inclusion in
a large alkalli 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 angening.

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 oﬁ 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
Trecorded 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, Eidvageid 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, Hg/nseby.
X 40, P.P.L.



section, the mineral tends to be square with one prominent cleavage
(Plate 165). In rocks within the Olderfjord and Olderbugten Groups
where only porphyroblastic kyanite occurs the mineral tends to take on
an identical prismatic shape to the sillimanite. An important festure
is the fact that the cleavage planes within the kyanite appear to bear
a rather random relaiionship to the outline of these prisms

(Plates 163 and 164),

Table 8 shows some of the relationships that exist between the
cleavage planes of the kyanite and the bounding prisms. Where it was

possible to determine the optic sign this was always negative.

Tehle 8
Orientation

Extinction sign of ray

angle 1o nearest to

bounding crystal Interference

crystal Cleavage Extinction length colours

3% Abs St to C1 Slow Grey

12 X St to C1 Slow White

20 X St to C1 Slow White

17 X St to C1 Slow White-yellow

42 X St to C1 Slow White

40 Abs Obl to Pr Fast White

12 Cross 0bl to Pr Slow Grey-white
fracture

45 X st Slow Yellow

0 X St Slow Yellow

12 X 0bl to €1 31° Slow Grey

0 X St Slow Grey

22 X St to C1 Slow White

34 X St to C1 Slow Yellow

9 Cross @hlitockr Slow ' Grey
fracture

St to C1 = straight to cleavage

0bl to Pr = obligue to prismatic outline of crystal

S't = strai ght

e
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Plate 163. Kyanite pseudomorphs after sillimanite
Olderfjord Group, H/nseby. x 40, F.P.L,

Plate 1640 Kyanite pseudomorph after sillimanite. Note the
anomalous relationship between the cleavage and the
prism outlines. Olderfjord Group, H*/nseby. x 40, P.P.L.



The strong similarity in shape between the bounding crystal and
the sillimanite prisms, together with the apparently non-
crystallographic relationship of the internal mineral to this prism
shape, strongly suggests that the kyanite is a pseudomorph after
sillimanite. Hietanan (1956) has recorded the transformation
sillimanite to kyanite in the Doehls Butte Quadrangle. She attributes
this to a reglional 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 F.1. igneous rocks such as the Hﬁnseby 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-F.2. plutons of Western
Seiland. ™irstly, many of the sillimanite porphyroblszats 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
polymorvh. In examples where kyanite occurs above there is however,
evidence that it may have been formed by inversion of pre-existing

8illimanite,

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, 1969) in a similer
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determination using slightly purer starting material, obtains 2 polygon
of experimental uncertainty, the centre of which has the co-ordinates
622°C- and 5.5 Kb, 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 experimenti using both his
own starting materials and those of Richardsons (et;al.) in the same
bomb, he found after five days that in his own materiagl the kyanite was
converted into sillimanite and in the Richardson sample, the sillimanite
was converted to kyanite. The chief difference between the two starting
materials was a high content of Fe203 in the Althaus sample. He
tentatively suggests, therefore, that impurities such as Fe203 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 closelyw
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 670°C and 9.15 Kb, (Winkler 1965, 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, though it has been recorded in the top of the



Eidv%geid Schigt Group. The mineral appears to nucleate at the

grain boundaries of the other mineral phases, both on sillimanite,
kyanite, 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.

Iuscovite

During the steady decline in tempersture 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 F.2. Thé results of this process are manifested most
intensely in the Eidv%geid 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.

(1) As decussate flakes péeudomorphing kyanite (Plate 165). Harker
(1939, P.§49) 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 F,2.

folds.

(2a) As very large porphyroblasts overgrowing the schistosity but rather
intensely strained (Plate 167). 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 mskes 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.
Eidvageid Schist, x 4, X Pis.



Plate 167. Deformed muscovite porphyroblast. Note the ore
grains aligned along cleavageso Eidvédgeid 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) Ag amall 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-gilicate component consists of a very granular
aggregate of diopsidic pyroxene which gives the following optical properties.

N
60° ¢ =  32°

Optically +ve 2V approx.

Birefringence 0.033

This occurs together with grénular 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

Ho determination of the garnet has been made but it is almost

certainly a lime-rich variety.
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The basic rock in the same slide contains very little garnet. The
plagioclase, 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 sbundance of hornblendic amphibole, in

the former. This gives the following optical properties :

Opt -ve 2V approx; = 700

% = 14° Y = b  Biref = 0.0%0
4 = brownish green

Y = pale yellow

X = pale yellow N = X

Quartz snd 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 Michel Levy determination
of plagioclase compositions yields an average of about (&n 34). 1In the
Eidvageid Schist and structurslly higher groups, the observed textures
are the result of the recrystallisation of a mylonitic fabric, the
felgpar occurs generally as a fine grained mosaic (see later for further

details).
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(2) The porphyroblastic 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 flatiened during the mylonitisation and subsequently

recrystallised.,

Summary

During the static phase the following assemblages arose in the
EIDVAGEID SCHIST GROUP s
Quartz, Andesine, Biotite, Almandine, Garnet (2 growth stages),

Kyanite, Fibrolite, Nuscovite.

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 slightly
higher in the Olderfjord and Olderbugten Groups since porphyroblastic
sillimanite is present as well as kyanite. There is evidence of

inversion of silliﬁanite to kyanite suggesting that the temperature and



pressure conditions were close to the kyanite-sillimanite equilibrum curve.
Only fibrolitic sillimanite eppears in the Eidvageid Schist, evidence will
be presented later that this developed later thon the porphyroblastic

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 higher metasedimentary groups.

Thus, during the static phase the maximum grade achieved, appears
to have been the Kyanite Almendine Muscovite Sub-facies in the Eidv8geid
Schist Group and locally the Sillimanite Almandine-Orthoclase 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.

(3) The Syn. F.2, Vetamorniism

Examination of the relationships of the various metamorphic 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 thoroughly 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 angened in this newly formed schistosity (S.2.) and in no case

hag been observed to overgrow S.2. (see Plate 147). This F.2., foliation
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is not »nenetrative except in some of the pelitic bands in tight F.2,
folds, even here vestiges of S.l. can be seen in the form of strain-slip

cleavages.

Bxamination of F.2. folds from the Eidvégeid Schist Group and the
other metasedimentary groups reveal similar relationships; (s.1.) is
folded by the second phase folds and biotite and muscovite develop axial
planar to F.2., kyenite, garnets I and II, silliminate and other

porphyroblasts become augened in the anial planes of these structures.

3. Robins (personal communication), working on an adjacent area to

~ the west, has recorded sillimanite growing axial-planar to F.2. folds.

In 211 the thin-sections examined by the anthor, 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. Thus, 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. ¥Where, 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.

o
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This type of relationship means that the anthor cammot 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-F.2. basic pluténs. 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 metamorphic 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 ¥.2. times,

this only occurring in the western part of the area.

(4) The Post F.2. Hetamorphism

There is evidence of a post-TF.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, though they tend to be most intensely developed
adjacent to faults and kink zones. The EidvB8geid 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 1eés ferriferous composition for

the chlorite (Flate 169). 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.lLo

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 170 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 high angle within the Komagnes Group. The
infills along these cracks are responsible for the discolouration
occuring along the bounding surfaces of kink folds and joint drags
(P i39), A fine example :of the association of this phase of
metamorphism with the kinking is seen in Plate 171. Here an albite
crystal can be seen in which a conjugate set of kink zones is developed,
One of the joint planes of this structure is infilled with epidote. If
this crack is traced through the rock other minersls 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 FPlate 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 Bidv8gzeid Schist
taken from the northern corner of the head of Eidvaagenfjord at

Eidvageid.s. It is clear from the strong brecciation occurring in the

Qo



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 Eidvaagenfjord from Vasbugt, that there
is a fault present. This has been mapped by D. Powell. The fault is
otviously responsible for the local chloritisation of biotite and garnet
in the Eidv8geid Schist Group; Plate 173 shows an interesting exemple 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.

Thus, during the phase of faulting, jointing and kink-fold formation,
the metamorphic 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.

The observations described above are further evidence of the

temporal association of joints, faults and kink folds.

A summary of the sequences of mineral growth during metamorphism

is given in Fig. 53.

(4) Grenitic Rocks Migmatites and Felspathisation

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 1730 Garnet with a selectively chloritised core
Eidvageid Schist, x 40, P.P.L.

Plate 174. Migmatitic Olderfjord Group striking into
porphyritic Eidvaagtinn adamellite. Eidvaagtinn,



(1) The ¥Mipgmatites

The development of migmstites occurs exclusively in the Olderfjord
and particularly the Olderbugten Grouvs. The migmatisation appears to
have developed pre-felspathisation, the laﬁter process is closely
associated with the Eidvaagtinn adamellite. These relationships are
illustrated by Plate 174 which shows migmatitic psammites of the

0lderfjord Group striking into strongly porphyroblastic adamellite.

The migmatites are most easily studied on the coastal exposures
of the Olderbugten Group,'both in the area of Clderbugten itself and
on the shores of Eidvaagenfjord, 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-
felspathic bands or streaks which are often ptygmatic (Plates 175, 176
and 177). The general attitude of these bands is parallel to the sheet
dip of the metasediments., OCften 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 smsll pink garnets. Deformation and recrystallisation imparts a

flinty stresked-out aspect to these rocks (PLate 178).

The melanosome of these migmatites is generally a purple
garnetiferous 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

*lodes of two of the leucosomes are appended in Table 9.

Table 9

Example 1 Example 2
Lensoid leucosome Thick leucosome vein
Olderbugten schists. Olderbugten schists.
Potash felspar 42.25 44.30
Plagioclase 26.45 (an 33) 17.75 (An 41)
Quartz 16.45 34.27
Biotite 10.70 1.12
Garnet 3.35
Sillimanite 2.52
Others 0.80 0.04
Total 100.00 100.00

From 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 mme. They are

untwinned and generally strained. A

These modes were obtained by staining the slides with sodium cobaltini-
trite solution after etching with hydwxfluoric 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.
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The plagioclase crystals are of the same order of size and shape, they
show some polysynthetic and carlsbad twinning, the twin lamellae are
frequently bent. DPotash felspar-potash felspar grain boundaries and
potash felspar-plagioclase grain boundaries are frequently merked by a
thin zone of granulation salong which dense sheaves of fibrolite have
grown. The guartz occurs as irregular pockets between the felspar grains
and shows some evidence of polygonisation., It can be seen as inclusions
in the Tatter. The small amount of biotite present is decussate and
shows red-brown pleochroism. The sillimanite is acicular and the
crystals may reach 1/2 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. Exanple 1}, This depending on the degree of admixture with the
melanosome. The dense concentrations of biotite which occur in these

admixed zones are clearly overgrown by Garnet IT (Flate 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 Eidvaagtinn Adamellite

This body occurs as two laterally discontinous sheets. The most
westerly of the two sheets can be tracéd northwards from the western
flanks of Eidvaagtinn to the northern corner of Hgnsebyvann. In the

region of H¢hesbyvann 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.



viicit can bemapped in the field. The easterly cheet 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 associatéd felspathisation makes
the passage metasédiment to adamellite imperceptible. The adamellite
is generally gneissose in appearance and it is obvious that it has
undergone considerable deformation. ZLarge pink alksli-felspar ovoids
which make up a large proportion of the rock survive only as

"porphyroclasts" in a fine-grained streaky groundmass.

Petrography

A mode of the adamellite is appended below.

Table 10
Potash felspar 30.29
Plagioclose 39.97
Quar“hz 28 077
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
cobaltinitrite 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 féct 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 almost completely obliterated. The potash felspars occur
generally on large porphroblasts (12 mm) in a fine-grained
recrystallised groundmass (Plate 181), These surviving crystals and
the groundmass grains show carlsbad and gridiron twinning (Flate 182).
L-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 (FPlate 183).

The jplagioclase, which makes up 397 of the mode, is generally
untwinned making determination very difficult. Some myrmekite develops
at the junction between the plagioclase and the microcline. The quartz
in the rock occurs both on gramules in recrystallised quartz-felspathic
gones and as stringers which define the rock foliation with biotite.

The latter mineral in the most recrystallised rocks occurs as laths with
a chocolate brown pleochroism which define the foliation. In other
facies where recrystallisation 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 magmatic origin. Plates 185 and 186 show
examples of basic xenoliths in the granite. These display sharp igneous
contécts; (185) shows little granitic veins penetrating the xenolith
aad (136) shows a similar situation with the veins deformed, provably

by #,2. FElsewhere noghi-adanellite nognratites and aplites have been

recorded. On Sfrfy, Toylor (-orsonal commnication) 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 eidvaagtinn
adamellite. x 40, X Pis.



Plate 183. Bleb and hair perthite in potash felspar.
Eidvaagtinn adamellite. x 40, X Pis¥*

Plate 184. 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.
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very similar adamellitic sheets which are unequivocally of magmatic
origin, All these factors lead to the conclusion that the azdemellite
wag intruded as a series of sheets, which were capable of producing

intense felspathisation 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 (1967) and Von Platen (1965) has suggested that migmatitic
rocks may be explained by partial melting of crustal rocks at high
temperatures and pressures. Workers such as King (1965) have attacked
these conclusions as being too facile and ignoring petrographic and
field evidence. King (op.cit.) believes that in many cases the
apparent mobilisation features seen in migmatites may be due to the fact
that they have initially acquired a granitic composition by a process
of metasomatism and it is this thét 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 enough of the granitic elements to produce

a reasonable quantity of granitic liguid.

This controversy is obviously not going to be entirely resoived
here but the author proposes, with a rather limited amount of dats, 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 metamorphic rock, is
controlled by the ratio of normative 2lbite to normative anorthite, the
Ab/Anlratio. In his book, Winkler (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 PH20—2Kb, see fig. 48. From this it is clear that
the effect of changing the Ab/ﬁn ratio from 7.8 - 1.8 is to shift the
composition of the minimum temperature melt (M.T.M.) closer to the

2tz-0r join.

Congider Specimen I in Table II (P.2l4). 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 Fig. 48, the author has
estimated the composition of the M.T.H. of a rock with an Ab/An ratio

approximately equal to 1 (Specimen 1).

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/!n = 2,9 has its M.T.¥, displaced to point (4) on Fig. 48,
if the pressure is raised to 7TEb. It will be remembered that the
coexistence of kyanite and sillimanite in the Oldérfjord and Olderbugten
Groups plus the jpresence of partial melting, suggested that the pressure
operative during the maximum gradé of metamorphism was appréximately
9 Kb. TUsing a similar pressure extrapolation, to the one giving ﬁoint
(4) 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 SXb.

If the approximate cotectic lines are now sketched in for this
M.T.Me it will be noted that the composition of the adamellite

(specimen 5, Table IT) lies close to this cotectic. This suggests that

~
-d
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partial melting of a metasediment with an Ab/ﬁn ratio of 1, at 9Kb
could produce an adamellite of the composition of the Eidvaagtinn

adamellite.

There are, of course, many criticisms that can be made sbout 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.

(3) The wvalue 9Kb is only aporoximate. It represents the pressure
during the coeval growth of kyanite and sillimanite which 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 unigue
melting point neither is there a unique lM.T.l. 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 beiween
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 QrAb-An—Or-HZO are sub-parallel

to the lines representing equal Ab/An ratios., Thus it only appears

-3
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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 Fudo (op.cit.) is a strong one,
however, the extrapolations executed in Fig. 48 must still be
approximately cqrrect, since the planes of equal Ab/An ratio in the
system Q-Ab-An Or-HZOjare, 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 9%Xb could
produce an adamellite magma of the composition of the Eidvaagtunn
adamellite., The very limited chemical data available suggests that the

Ab/An ratio was of this order.

The migmatites described earlier, it is suggested, are also products
of partial melting. In support of this there ;s definite evidence of
the magmatic mobility of this type of materiel. Flate 187 shows pale-
coloured granitic material invading foliated Hgnseby gabbro. It is
certainly feasible that this material could have been squeezed out of the
migmatites as a liquid. These facts strongly éuggests, therefore, that
the Bidvaagtinn adamellite represents a concentration of migmatic
leucosome material derived by partial melting within the body of the
Olderf jord and Olderbugten Groups. The intrusion of this liquid into
its present position was accompanied by intense felspathisation. It is

obvious that much more jwork 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,



line of approach might be to examine the chemical commosition 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) Felspathisation Features

Study of the compositions of megascopic felspar porphyroolasts
in the metasediments reveals a systematic change which is closely
related to the changes in metamorrphic grade indicated by the other

porphyroblasts.,

(a) The Lower Komazgnes 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. énd frequently have a micaceous selvage which 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 flaggy psammite, when traced along the
strike can be seen to be becoming progressively more feispathised,

until a very massive gﬁeissose 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 peninsuls, however, albite makes up 50-60% of the



Plate 189. Relict Fqg 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 vexry 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 preéence
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 190. Here a
rather ragged albite can be seen with a large number of inclusions of guartz
and epidote, although the crystal is transected by a strip of

polygonised quartz the two halves are in optical continuity. Plate 191
shows an aunhedral 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 Komagne Group

There is no strong development of porphyroblastic felspar in the
Upper Komagnes Group. Small white ovoids have been observed, these are
mostly untwinned, optically negative with a large 2V. They'are almost

certainly in the oligoclase-andesine range.



Plate 191. Albite containing partially digested muscoviteo
Lower Koraagnes Group, Vasbugt, x 40, X Pis.

Plate 192. Albite with quartz inclusions. Lower Koraagnes
Group, Vasbugt. x 40, X Pis.



(¢) The Eidvageid Schist Group

The composition of the felspar porphyroblasts varies within the
Eidvggeid Schiet group. A distinctive change takes place across the
line indicated in IF'ig. 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 shapeﬁand are occasionally twinned. They
frequently contain inclusions of mica, (Plate 193), and 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 Porphyroblastesis

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 Eidvasgtinn adamellite. As this body is
approached across the strike, it is apparent that the amount of
porvhyroblastic felspar is increasing markedly. The adamellite appears
to have been, therefore, the centre responsible for this

porphyroblastesis.

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 fo varying degrees by the later mylonitisation,

which causes them to become streaked-out and augened.

A
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Plate 193. Felspaj? porphyroblast v;ith mica inclusion,
Eidvageid Schist, x 40, X Pis*

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®

Plate 196. Myrmekite in a migmatitic leucosome. Olderbugten
schists. X 40, X Plso
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In thin section it is apparent that these porphyroblasts are
of alkeli felspar; plagioclase has only been recorded in association
with alkali felspar in the Upper Eidv8geid Schist. Carlsbad and
gridiron twinning are very common, occasionally the crystals are
perthitic, the intergrowth being of the blab-type (Flate 194). The
porphyroblasts are almogt 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
porrhyroblasts and the groundmass (Plate 196)., This growth is lobed into

the body of the alkali-felspars.

Geochemical Changes Accompanving Felsnathisation

In order ito ascertain the chemicsl changes involved during the
alkali felsvar felspathisation, a series of four specimens were talken
along the strike of a band within the Olderbugten Schists, the total
distance between the first and the last specimen is about 10 metres.
Dach 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 1-4) together with calculated norms and Niggli values. Also

included in an analysis of the Eidvaagtinn adamellite (Specimen 5).

Figs., 50A and B shows plots of Niggli values for this

felspathisation series. The trends seen msy be summarised as follows :

2
-



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 50 _
PLOT OF NIGGL! PARAMETERS (NP)FOR THE GRANITISATION SERIES
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With increasing S1 (a) Al rises (d) Ca decreases
(b) Mk rises (e) X shows a slight overall
increase.
(c) fm decreases (f) Mg remaing 2bout the same.

These changes indicate an enrichment in potassium, sodium and silica,
with a concomitant depletion in iron, calcium, magnesium and manganese.
The Al pzrameter shows en increase with progressive grantisation, though
the actual weight per cent of alumina shows a decrease. This implies
that the increase in Al 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.,
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Table IT Felgnathigation Series
Geochemical Data
Oxide Vt. - 1 2 % 4 5
5102 56 .96 62.64 62.74 68.50 71.66
T102 0.3. 0.84 0.79 0.6% 0.46
AlZO3 18.31 17.08 17.17 15.34 12,72
FeQO3 2.33 0.35 0.92 0.58 0.97
Fe0 6.6% 6.58 6.27% 2.70 1.87
¥n0 0.25 0.1% 0.13 0.07 0.04
Vg0 2.39 1.71 1.66 1.09 0.64
Cal 5.67 2.94 2.71 1.91 1.71
Na20 %.07 2.42 2,40 3.28 3,76
K,0 1.98 3435 3495 4.39 4.77
H20+ 0.99 0.5% 0.59 0.47 0.52
HZO- 0.24 0.07 0.10 0.11 0.14
P205 0.22 0.27 0.22 0.04 0.12
Total 99.85 100.41 100,61 100.11 100.328
Analyst H. Lloyd
Trace Flements PRl
Nb 21 24 24 11 8
Rb 163 244 275 255 292
Sr 151 193 192 110 70
Zn 127 173 164 102 49
Zr 240 461 408 326 264
58 110 93 61 41
Percentage Norms
Quartz 12,164 17.179 15.807 24.555 26.6%4
Orthoclase 11,700 19.796 23,3241 25.941 28,187
Albite 25.977 28.92%29 28.770 27.754 21,816
Anorthite S 26,692 12.821 12,007 9.214 6.471
Corundum 1.334 3.129 2.901 1.816 -
lagnetite 3,378 1.232 1.334 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 1.2%0 0.600 0.690 0.580 0.660
99.850 100.410 100.61 100,11 100. %8

'Y
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Peraneters

Al 2%.53 36.64 37.03 40.57 40.66
fm 24,41 22,04 21,06 22,40 16.50
Ca 18.88 11.47 10.6% 9.18 9.21
Mk 13,17 19.85 21.28 26.84 32,63
Si 177.0% 228,04  229.62 207 . 44 260,35
Ti 1.89 2.30 2.17 2.1% 1.74
i3 0.29 0.42 0.34 0.08 0.26
H 12,75 7.29 8.42 8.68 11.07
jig 9.30 0.39 0.43 0.47 0.45
ilg 0.32 0.29 0.29 0.31 0.29
Qz 24,33 48.65 44.48 100,09  125.8%
1 - 4 Felspathisation series K24, %24, B, Cl and C2.

5 Eidvaagtinn adamellite,

']
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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 sucﬁ that they become more
like the adamellite.

Summary and Discussion

Associated with the intrusion of the Eidvaagtinn adamellite, which
was produced by partisl melting within the Olderbugten and Olderfhord
groups, a zone of intense alkali-metasomatism éevelops. When tfaced
outwards from the adamellite core, there appears to be a zonal distribution
of the felspar perphyroblasts which is accompanied by a change in the

composition of the other porphyroblastic minerals.

(1) In the Oldgerfjord and Olderbugten Groups the assemblages consist of
¥ - felgpar, pornayroblastic Y“yenite and sillimanite together with
fibrolite.

(2) In the structural top of the Eidv8geid Schist Group, K-felspar,
plagioclase with kyanite and fibrolite.

(3) In the Lower Eidv8geid Schist plagioclase and kyanite.

(4) The Upper Yomagnes Group contains plagioclase and no aluminium

silicates.
(5) The Lower Komagnes Group albitic felspar with no aluminium silicates.

The complete mineral paragenesis for each zone is given in Fig. 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 (1921) in the Stavager area and by Reid (1927) and Reynolds
(1942) in the Highlands of Scotland and Antrim., In the Stavanger area
Goldsdhmidt 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 migmatite beyond which
porphyroblasts of sodic-plagioclase develop in the thyllites. Goldschmidt

cy
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concludes that the Si and Na were derived from the Trondhjemite while the
Ca was derived from non-magmatic solutions circulating in the contact

zone,

In the Daglradians of Scotland, A1bite schists which occur in the
nose-zone of the recumbent Carrick 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 leasving the albite schists
as the only evidence of its existence. Likewiée Read (1927) in his
description of jthe migmatitic "O0lder 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 Trondhjemitic composition of the migmatite leucosomes and draws an
analogy between the mode of formation of the oligoclase porphyroblast

schists snd 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
kyanite and sillimanite zones, This variation in felspar content he
implies is due to a thermal gradient, with the highest temperature in the
north-east. Indeed, Read (1940) suggested that the Barrovian zones are
not only thermal zones but also metasomatic zones through 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 analagous to the Trondhjemitic leucosomes of Reads area. The
difference, of course, explains the extra K-felsnar zone which does not
exist in the areas described above. The origin of the adamellite hags

2lready been explained in terms of partial melting at 9%Xb and 660°C.

A slight.anomaly in the distribution of these felspar zones round
the ndamellite is the existence of the zone of most intense
albitisation furthest away from the adamellite. It is also noteworthy
that Weight ner cent Naz0 in the granitisalion 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 resnonsible for the zone of
intense soda metasomatism seen at Komagnes. This raises the possibility
that these were two centres from which migration o;curs; one the
Eidvaagtinn adamellite and the other possibly Trondhjemitic, now lost
under Vargsund., The difference in composition is considered to be a
function of the variation in the metamorphic grade prevailing in the two
areas. Such an intrusion would be analagous to that postulated by

Reynolds (op.cit.) in the core of the Carrick 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.1. and F.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 mimeral assemblages reflect a contemporaneous

18
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lateral change of metamorphic grade. These facts support Reads
contention (1940) based on the Scottish Highlands, that metamorvhic zones

represent not only thermal and pressure zones but a2lso metasomatic zones.
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Chapter 5

The liylonite Belt

Introduction

After the main phase of porphyroblast growth and the migmatisation
and granitisation, there ensued a.phase of intense deformation which
fundamentally changed the texture within the Eidviged schist and
structurally higher metasedimentary groups. The development and
recrystallisation of these textures is post-dated by the second phase

of garnet growth.

The term which comes closest to describing the texture of these
highly deformed rocks is mylonite. Waters and Campbell (1935) give a-
survey of all the currently used mylonitic terminology. All of these
terms 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 mylonites,
this being followed by recrystallisation 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
mylonite are therefore not strictly applicable. In the absence of a
suitable term "mylonite" will be used in a purely descriptive non genetic

sense.

If the effects of the ¥.2, folding are ignored, the zone of rock in
which these mylonitic texture occur is somewhat in excess of 4,000
metres in thick mess and extends along the strike at its most intense
in the 0lderfjord and Olderbugten Groups and to a lesser degree in the

Fiav8geid Schist Group (Fig. 52). The Komagnes Group appears to have



FIG 52.
MAP or THE aiSTRIBUTION OF MYLONITIC POCKS
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largely escaped the deformation though some effects are apparent, as
will be shown later. In the field the rocks are rather variable, this
being a function of their ovre-mylonitisation aspect. The rocks are
generally fine-grained and rather massive, with a blocky jointing.
Porphyroblasts and migmatitic segregations are stresgked-out to various
degrees imparting a strong banding to the rocks which is sensibly
parallel to the original lithological banding., The Eidvaagtinn
aCamellite has a very strong deformational banding, marked by flattened
and strezked-out porphyroblasts. Sections cut parallel to the
mylonitic banding show no trace of any lineation or preferred orientation
of streaked-out porphyroblasts. Intense recrystallisation 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 F.2.

(Plate 204).

(4) Textural Relationships

The entire range of textures seen in the quartzo-felspathic
minersls within the mylonitic belt can be explained in terms of a
progressive reduction in grain-size due to recrystallisation 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.

The first stage appears to be the bresgkdown of the large

porphyroblasts into irregular lensoid sub-grains. This appears to



Plate 200. Mylonitised facies of the Olderfjord Group,
south-west of Hi/nsebyfjord.



Plate 201. Felspathised and mylonitised facies of the
Olderfjord Group, north of Hs”nsebyvann.

Plate 202. Mylonitised Olderfjord Group, Storvann<



Plate 205. Mylonitised Olderfjord Group, Storvann.

Plate 204. F2 fold deforming the mylonitic banding in the
Olderfjord Group. North of Hjz(nsebyvann.
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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. The 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 breskdown, the twin lamellae can

be seen to be disoriented.

Further reduction in grain size is accomplished by recrystailisation
of sub-grains along the margins of the coarser lenticles formed by the
initial breakdown of primary porphyroblasts (Plate 207). These zones
are undoubtedly sites of concentration of strain energy, this
concentration giving impetus to the recrystallisation. Repetition 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 high temperatures and pressures
prevailing in the rocks, grain growth and recrystallisation took place
in the rocks. The degree of recrystallisation appears to be controlled

by two factors:-

(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,



occupied by felspar porphyroblasts see Flates 208 and 209.

(25 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 materisl 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 secéion howevér, 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
gramulation., The fine-grained mylonitic fabric continues right to the
margins of the garnet, the internal fabric remains coarsely crystalline,
though there is evidence of slight sitrain extinction. Thus, as far as
can be ascertained the garnet behaves as an incompressible kernel in

the rock.
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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 2090 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.
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The =luminosilicate grains tend to break down into a series of
optically disconfinuous sub-grains (see Plate 160 and discussion).
The original continuity of these crystals can sometimes be seen by the
euhedral zones within which the sub-grains occur, Generally these

crystals are strongly angened in the mylouitic banding.

The occurrence of fibrolite within these rocks provides en
interesting clue to their metamorphic relationships. The mineral can

be seen to be nucleating at = number of sites.

(1) As overgrowths on kyanite and sillimanite (Plate 211).
(2) At the boundaries of sub-grains produced by the breakdown of both
the plagioclase and alksli felspar (Plates 212 and 213%).

(2) At garnet-felspar grain boundaries (Flate 214).

The fibres are usually randomly‘arranged across the boundary
between grains. A clue to the metamorphic relationships of this mineral
ig provided by one thin section which shows Garnet II overgrowing the
fibrolite. It ig 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 (Fig. 52).

A number of authors:have described similar occurrences of fibrolite,
e.g. Theodore (1970) in a mylonite belt iﬁ Southern California and
Sturt (1970) records fibrolite with very similar grain boundary
relationships relative to felspar from the sercle of the syntéctonic
hasvik gabbro. He explains the fibrolite as being due to exsolution of

an excess of Alzoz and 5102 over the formula requirements of both



Plate 211. Fibrolite nucleating in kyanite crystals,
Olderbugten schists, x 160, 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.
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felspar and garnet. He goes on to describe the coﬁtrol exerted over the
sites where exsolution occurs, by the local thermal strain environment.
Driefly, 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
of 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 vhase if the host is

under relative compression.

It has already been noted that fibrolite nucleates at the boundaries
of sub-grains formed during the mylonitisation; these are zones of high
strain energy. Similarly the fibrolite seen in Plate 214 occurs in a
zone of strong comnression caused by the flattening of the relatively
rigid garnet. Fibrolite also tends to nucleate around the kyanite and
sillimanite which also’behaved 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 tectonically induced strains

acting on minerals with different compressibilities.

It is difficult to ascertain how biotite reacts, since the minerzl
is almost all recrystallised. A1l the mylonitic rocks have a foliation
defined by biotites which would suggest that the recrystallisation

described gbove took place under some sort of directed stress.
The quartz in the rocks appears to react in two ways 3

(1) 1In the rather felspathic areas the mineral breaks down with the
felspar and recrystallises into the typical polygonal mosaic.,

(2) In the more quartz-rich, felspar-poor areas it takes the form of
lenticles and stringers which are themselves made up of a number of

elongate sub-grains.



(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 migmatisation. The
aluminosilicates do not seem to have undergone any diapthoretic changes
during the derformation. Fibrolitic sillimsnite tend to crystallise
possibly as an exsolution product, along the sub-grain boundaries
produced by the deformation. The deformation texture subsequently
underwent recrystallisation and grain growth, which tended to produce
a polygonal mosaic studded with reliect porphyroblasts. A foliation marked
by the mylonitic banding and by preferred orientation of biotite suggests
that recrystallisation took place under directed stress. The
relationship observed in the aluminosilicate 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 (1970) in particular, in a
mylonite belt in Southern Czlifornia, 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".
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Sutton and Watson (1959) in g 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 orvless completely granmulated while others more resistent, escape
all but margina; gramulation. 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 0.5 mm. The finer-grained varieties have a texture
resembling a fine hornfels made up of a mosaic of gquartz, felspar,
biotite and epidote. The larger mineral species embedded im'this
groundmass are the same as the porphyroblasts in the mylonites (1) above.
In many of the rocks without cataclastic texture some of the grains are
enclosed in a shell of the same mineral growing in optical continuity,
the garnet commonly occurs in this way. Sutton and Watson points to this
as evidence of regrowth after mylonitisation, they also point out that
all the rocks of the mylonite belts are remarkably clean looking. The
products of dislocation metamorphism are absent. They conclude "the
prevalence of this almost hornfelsic texture together with the fact that
the large mineral grains appear to be built up around ovoid cores
resembling the tybical myloniteé 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

N
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these belts; it may perhaps have been caused by heat generated during

the movement". They believe that these steeply @ipping mylonitic zones

are conjugate shears resuliing from the operation of a roughly east-

west trending maximum compressive stress, producing transcurrent

movements at depth.

Similarly, Sturt (1969) records, in a series of small wrench-
fanlts cutting the hornfelses of the syntectonic Hasvik gabbro, evidence
of cataclasis and subsequent grain gréwth 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. Theodore, however, does
not commit himself azbout the nature of the movements in Southern
California, though he seems o be in doubt as to whether the process of

simple shear 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) 1964, is of considerable relevance. They have produced
syntectonic recrystalligsation in samples of flint and gquartzite deformed
at temperatures ranging from 900°¢ 1o 1750°C and confining pressures

between 15-28 Kb, The textures they produce in this apparatus sre identical
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to those observed by Theodore (op.cit.) and the present guthor. They
also point out the similarity between the textures observed in the
experimentally deformed Eureka quartzite and those in a Lower Cambrian
orthoquartzite from the Moine Thrust, and go on to sugzest (p. T724)
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 ( g > Gf; = G; ) is the small circle
orientation of deformation lamellae (these are usually sub-parallel
to the basal plane of quartz) about the axis of maximum compressive stress.
It will be recalled from the petrofabric section that Specimen II
showed precisely this type of orientation, (P.Qi.) with the axis of the
small circles at a high angle to (S.1.). It was suggested that this
‘orientation had been produced pre-F.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 @uartzite from the Upper Komagnes Group occurring
very near the Eidvggeid Schist Group boundary. It is suggested that the
deforming stresses that produced the mylonitic fabric in the higher
metasedimentary groups were also the cause of this pre-F.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 :

(1) 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 commimuted trails. If there had been some

translative movements a lineation would almost certainly have been formed.



(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 that there
was no overall preferred orientation of boudin long axes (Fig. 29). These
features, it was suggested, were caused by two dimensional expansion in

the plane of the schistosity, produced by pre-F.2, flattening.

It is deduced, therefore, from these various observations that the
stresses which produced the mylonite fabric and the pre-F.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 O 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 recrystallisation
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 recrystalligation

at high metamorphic grades.

oy
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Origin of the Deforming Stresses

Brooks (1é70) in a geophysical survey of the coastal areas of
Test Finnmark, notes the presence of a positive anomaly of 100 milligals
centred under the island of S¢r¢y. This anamaly implies the existence
of a large zone of high density material in the crust. In his interpretation
of this zone, Brooks describes the ideas of Belousov (1966) who regards
the heat necessary for metamorvhic reactions and granitisation as being
derived from basic asthenoliths which are produced in the Upper llantle.
These bodies are considered Ly 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 EBelousov, progressively morz acid by
assimilation of crustal materizl 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, s zone of degranitised granulite.
Brooks (op.cit.) suggests that if such a zone "became admixed with 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 ig clear from ithe very large basic and ultrabasic plutons
of WesternsSeiland that a considerable body of basic magma was introduced
into the crust. ost 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 wellihave 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
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also have produced the F.2. fold phase and the subsequent flattening

which exaggerated the curvature of fold axes. Finally in post-F.Z.

times the plutons were emplaced and upward movement ceased. In conclusion
a fair analogy may be drawn here between the ideas outlined above and
Theodore's (1970) 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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Svmmazxy and Conclusions

A summaxy of the gerological historv of the ares will now be oivan,

1) The motrsedimentoyr rocks marned on Fastern Seiland hove n
renernl weq%érly sheet din. They have heen svhincted to intense
extenrional deformation and hish srede resional mefomornhism, These
areneias have econgiderTly distartad the oricinal sedimantery thinlk-
necaas and ohlitereted 21l eedimentory etrmiatin-e=, The sernence
dicenesed dia therefnrs 2 otmmictiwsl one. The wocks enmmrice a geries
of thiclk =liermatine neammitic and nelitic erenmne, Thave ~are anmma
minor Time-rich hariceona, eenecially in the struectnrally hichest
Olderfiord Croun,  The eseneral facies of the vorl g yorld seem tn
indicete Aenoction in ~ <hallow water environment. A tentstive
corralation with metacedimentery seonences on other arems iz anecectad.

2) The earliest nhase of deformation on the 2vea (W,1,) is
reprea~nted by 2 vumber of isoclinal folds, The stvles of the oxri~in-l
folds mnot however, hawe been considersbly modified hy subsemient
deformaticn. The decree of modificztion inoeases markedly from enst
to vest. Deductions concerning the owiginal oversll styvle of T,1.,
folds mnat there be speculative. There is however, some evidence
that curvatnre of axizal-line is = primﬂfy feature of many F.1. folds,

Tn the pnsammites, norticularly of the structnrally lowest erouns,
there occurs on intenss rib-like lineation on the layering surfaces

of the rockse This is a F.l. lineation and can occasionally be seen

2
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Toxtural studies indicate thet kvenite and gillimarite vere stohle
during the deformation: »nd the develonmrment of the mvlonitic fahmic

wag dmmedinrtely nost-dated hy srowth of fibrolitic sillimanite.

(0]

- . . . . ] .
The absence of pronounced linear structures in the mylonites sugeestn
that translative movements were not involved in their formation,

It

[N

8 believed therefore, thot the mvlonitiec Ffahwics deverloned in
resnonse to intense flattenine, produced hy o pisine besic asthennlith.
This intensn~ flottenings was also undoubtedly resnonsibla fow a con-
siderahle amomnt of the boudinags develomned on the ares,

5) The mojority of folds wecorded nn *the sren are sttribnted
to the zecond fold-formin~ deformation (F.?., Ry the enzet of ¥,2,

the metamormhin srade annasra to have wnved fo sb-marnet srede

conditions: it is apparent that camnet norphyroblasts are alwais
angened in 5.,2. 'Me folds have 2 very variable giyvle, this verirtion

nears to be celosely related to lithelory, thongh there also 2pnenya

2

t,

tn he a more genernl chonme in stvle across the area, In the ea

7

ttemmeted lons=limbs with a numbar of

he foldas heve intensely

B

vertically-stacked folds in the short-limbs, In tho west the limbs
of the folds tend to be of rather more equal larcth, The chenoe in
gtvle ig related to the differsent states of competence of the rocln
2t the onset of F,2,

A phiouitons feature of F.2. folds on hoth the major and the
minow scale, is the curvatnre of their 2xizl lines. The enrvature
anpears to begin very esrly in the fold forminrmrocess. Tt is however,
considersbly accentnated by Jater flattening, The lineations associsted
with these folds are of the intersection tyne.

6) 1In the Kommemes srea o mmber of oblinue bondins have been

-‘.j
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recorded, Tﬁey rre elomely ~aanci~ted with roteted tenaionemschas
mA monoelin-ed £alda,  Theos atvmetires ~me atronely digcordant tn the
Loeal B2 fmend 5nd elasvlv nactedate the F,2, Aeformation, Tt i-
heliaved thet 2171 thesa ctrictnmes vewa Favmnd 4n roenonee to =
nro-raaciae ﬂ@fner#ﬁOh pemnonee,  This Asfavmotion sermonce wnae 2lon
resnonaihle favr tha develonmant of the Iote (s1ledonisv Hhrmets vhich
ovteror an tho 2diacent mrinlenA,

7) T the north of the arer there ig a pronomeed. swine in

striks, This swine dis due f0 vatation in 2 vest-nast sence of the
O01derfiord Crermn, veine tho 0lderbusten Crovn 28 2 nlann of a?COliQmOht-
A muomher of Jaree folde develened in assceiotion with these movemente,
Thew hove been desienated B3,

F.Z fold= heye heen wecorded in the Komosrmns sres, they are
monoclinal warne, Theare ftempornl rﬂléiionship to the F,3, folds in
the north, is not lmom,

8) The fin»1 phase of movement in the area led to the development
of joints, faults end loeally, kink-folds., The prevailing metamornphic
grade during this phase of deformation, and indeed 211 the phoses
snhaequent to F,2., was the Mmartz-Alhite-Moscovite=Chlorite Sub-facies
of  the Greenschist Facies,.

Discussion

One of the most striking features of the geology of EasternSeiland
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

menifests itself on the major scale, in the lensoid aspect of meny of

the lithological groups, particularly the gabbros in thewest. On the :
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minor aeale bondins apnear to have no axis of elonsation, Three-
dimensionn~l exposures often reveal that individual pods are discoidal
in shape; extreme stretchins is sugrested by the absence of contigous
pods.

Further evidehcm of this extension is provided by the attenuation
of the metamorphic zones., These zones renresent a contemporaneous
lateral chance in metamorphic grade from the middle Greenschist Facies
to the upper Amphibolite Facies., This transition is accomplished in
a vertical thiclmes~ of mrnck of armproximately 2,700 metres, An
analaoug transition is accomplished in the Dalradians of northeeastern
Scotland over a distance of approximately 10 miles, (Winkler 1967),
This distance however, revresents a traverse acrozs the metarmorphic
goneg at their thimnest., Clearly, if the zones in Seiland where of
comparable thiclmess, subseauent extreme attenuation is implied,

Comparizons 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 reletive
thinness.,

The Falkenes Marble Zroup, one of the youngest members of the
Sdrdv snccession, has been assigned on palaecntolosical grownds to
the unper Lower Cembrizn or the lower WMiddle Cambrian (Holland and
Stuart 1970). The Hellefjord Schist Croup, the youncest member nf
the succession of Sdr»dv shows evidence of deposition under turbidite
conditions. Roberts (1968) claims that this formation wepresents tha
deenenine of the sedimentary basin hersldine the oncoming orooeny.

Teotonic ~ge dates indicate thot the mein structural and meto-

morphic events in the region took ploen in mnner Camhrisn to lover

[}
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Ordivicisn times. Mhia meane thrt the sediments on Sf_;(:@g{jr ~rn11l A nnt
hawe heen bnried 1nder anv conaiderahle ovevbirden hefore the oncet
of the ororenye MThi~ imnlics thet the stmictural and metamornhie
events took nlace at a fairly high level in the crmst, Sich 2 hich
1evel environment could well he loe~llv fevonrable to the develonment
of very sferm thormol evedisnta, Tt ie morcibls thet the attenvoted
metomorvhinc wones on Seil~nd, reflent = t Jeast in nrrt, anch A gteon
thermal sradient,

Pagione] Setting

Roherta (1968) notes tha ocrurrerne on Sﬁrdv of =G and -1
atrilre helts, Tn the V=S bolte, ¥,2, folds have a monoclinic svmmetry
and a sense of transnort to the eagt, away from the centrel novts of
the orosen, We rerards these strietnres as beine folds in ™!
(vhere th! ig narellel to the margins of the orogen). The elongation
of bouding varallel to 'w' indicates that this direction was an exis
of stretching during the F.2. folding, Similexly F.2, folds show a
strone point maximuim distribution on stereosrems,

In the B=Y strike belts tha folds have an orthorhombic srmmetry
and ~re resnrded ag beirs foldé in ta' in the regsional sense,

Lindstrom (1955, 1957, 1958}9 records a similar victure from an
ares in Swedish Tenland, Thig amea renregents the mereinal thrmst
zone of the orocenic belt. FHe wecords o N=S or NE-SW set of folds

En

hnving a constant sense of overturning towards the ® or S-B. Anothar

transverse set of folds are overtumed to the =5 or S-W, with no

o

clear prefersnce for either direction. The first set are resnrded
as folds in '™H' and the second set folds in ta'. The distribution

of theose two sets is however, not confined to strike belts, but anmears

to he random,.
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Ihrtl-nd (1939) vorlcine in the Modland ares of central Towwmy notors
=l - _ o .
the ahseonce of nronounend linzor ghmichnres in 19!, Toherte (1063)
3 (1068

hos emccaghed therafore that Lindstwomla oren renresents the moreinsl

- Eo TR . . .
thrmeat zone of the ornreric belt and Putl-ndfs, the centr~l nort,
o semsecta that Sdrdr contnine alamante of the shmetnral natber
nf hoth arens,

Seil~nA doen not aprear to £it into thiz nicinre, The outeron

of the 1-te Coledonion thimsts on th2 mainlond adineent tn Seil-rd,
implies thot thege struectures exist at no sweat denth beneath the
island, in this respect Seiland is analosous to Tindstrom!s zren,

The strnctnr-1l picture on Seiland is however, distinectively Adifferent,
The .2, folds are strictly gnealtine, folds in neither 'at! or Iht

since they avnear to have zryicen by pure flattenineg. This is indicated
by such features as curvature of fold hinge-lines and ahsence of
elongation of boudins. It is this predominance of deformation by

pure flattening thet is the most distinctive feature of the geology

of Seiland. The author feels thet this is very closely related to

the uprise of the basic asthenolith, later responsible for intrusion

of the plntone »f Western Seiland. Thig phenomenon has exerted o

fundamantal control over the structural 2214 metamorphic history of

the area.
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Anpendix

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.

(4) The Hénseby Gabbro

This was intruded as a concordant sheet after the F.1. folding,
evidence of the éontinued 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 tight folds of F.l. 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 screeng is

seen on the western side of Hgnsebyfjord.

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
H%nsebyfjord, Plate 215 shows foliated Hﬁhseby gabbro deformed by a
tight F.2. fold. The large monoclinal structures in the contact and the

psammite screens also indicate deformation by F.3,

In the field the gabbro is rather variable in facies occasionally it
is mafic and flaggy as in Plate 215, Elgewhere 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 particuarly in the mafic layers. Some of the garnets are of
golf-ball proportions., The foliation is generally parallel to the

lsyering.



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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Petroggaghx

No traces of any original igneous texture are visible in the gabbro.
The felspar has recrystallised completely to a granular often
rolygonised mosaic. Michel Levy determinations on albite twins yields

a value of An71, The gabbro contains jtwo pyroxenes @

(1) & green clinopyrozenes with the following optical properties :
Cpt +ve 2V approx., = 70°
A o
2 = 44
Birefringence 0.034

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 0,01l
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
This clearly indicates that the amphibole is a reaction

of quartz.

product after the pyroxene. The amphibole has the following properties :
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Opt ~ve 2V approx. = 50O
A o

Z = 18

Birefringence = 0,022

Pleochroic scheme X light yellow brown

Y

I}

dark lincoln green

Z lincoln green

1

Z 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 metamorphism appears to be gramular garnet, which clearly over-

grow the earlier-formed biotite and amphibole,

The Hornfelges

Later recrystallisation has entirely obliterated all traces of
hornfelsic texture in the adjacent metasediments. There is, however,
clear evidence that the intrﬁsion of thé gabbro caused mobilisation of
metasediment in the immediate contact zone. Flate 216 shows a calc-
silicate band at the northerly contact of gabbro on the eastern shore of
Hﬁhsebyfjord. The rock is shot-through by a large number of leucrocratic
veins which are undoubtedly of anatectic origin. These consist of
stringers and blebs of gquartz which often show inclusions of rutile in
the Widmanstatten figure. There are two felspars, one a highly or
granular plagioclase with composition (An65) and the other an alkali
felspar, myrmetite develops at the junction between the two. Also
occurring within the veins is a gramular orthorhombic pyroxene which is
often intimatelybassociated with vermicular biotite, apparently in
reaction relationship to the pyroxene. Finally the biotite is
overgrown by a gramular garnet. The body of the rock into which these

veins penetrate, consists of diopsidic pyroxene, orthorhombic pyroxene

and labradorite intermixed in a granular aggregate.
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This assemblage Diopside~Orthopyroxene-Anorthitil felapar would

seem to indicate that the metasediments adjacent to the gabbro underwent

metamorphism under the Orthopyroxene sub-facies of the X-felapar

Corderite Hornfels Facies, Winkler (1967).

(B) The Hameren Gebbro

This gabbro maés is rather different in facies and mode of
intrusion from the Honseby gabbro. It has not been possible to ascertsin
the age relationships between the two masses, but E. Robins (personal
coggunication) has evidence that the gabbro was intruded just after the
F.?; folding, i.e. at about the same time as the Hﬁhseby gabbro. In
the field the getbro is very fine-grained and is generzlly interlayered
with the psammite of the Olderfjord Group. This interlaying occurs
on all scales from the scale of a single exposure (Plate 217), up to
the scale of the mzp, where it is apparent that the gabbro containz 5

large number of psarmite screens.

Foye (1916) has proposed the term stromatolith for tuis type of
interlzyering of sedimentary and igneous materizl in sil1l-like
relationships. Speedyman records (1963) the same situation on
S#rdy in relation to the late F.1l. Eusfjord gatbro and the later
Eavnefjord Diorite. He attributes it to permissive intrusion of mazna
alonz layering subject to compression parallel to its length, Whether
or not this exrlanation can be applied io Seiland is édifficult to szy,
the lateral contimiity of the psammite bands, however, testifiez to

«

very permissive intrusion.

The siromatolitaic comrlesx has subsscuently been intensely
boudineged éuring the flziilening accompanying rylonitisalion 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.



Petrography
As well as the different intrusive relationships, the gabbro is

also petrographically different from the Hﬁhseby gabbro., In the
field it is generally rather fine-grained and chocolate in colour
whereas the Hgnseby gabbro tends to be rather coarse and buff in colour.
- In thin section the Hammerengabbro is rather more amphibdlitised, and
the amphibole is not the green horneblende seen in the H¢hseby gabbro,
Rather it is a member of the eummingtonite-grunerite series. The optical
properties are ¢

Opt -ve 2V approx. = 80-90°

Eb = 19° ¥ = b

Birefringence 0.0328

Z = very pile apple green

Y

very pale apple green

X = very pale yellow

o]
[}

Y greater than X

The negative sign indicates that it is gruneritic. The mineral
occurs in quite large (2.1/? mm) 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 oV approx. = T70°
7\

X = 4°

Birefringence = 0.035

and an orthepyroxene



-ve 2V = 60°
Straight extinction
Birefringence 0,017

The pyroxeneé occur intimately mixed in a granular aggregate, frequently

rimmed by the amphibole.

The felspar is a gramular aggregate. Michel Levys determinations

yielded a composition of (An71), 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 amthor has been unable to recognise any certain indications of
a hornfelsic texture in ithe immediate environs of the Hammeren gabbro.

This is considered to be the result of the pervasive recrystallisation.

Discugsion

In the introduction it was stated that workers such as Barth, Heier,
Oosterom and Krauskopf believed that many of the early gabbro-gneisses
gseen on the adjacent island of Stjernﬁ& and on Western Seiland were the
result of the; metamorphism 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 H¢hseby and Hammeren gabbros, which have many features
in common with the gabbro-gneisses on Stjern%y and sre almost certainly
their temporal equivalents, reveals that such bodies can be formed by

purely magmatic processes as evidenced by the mobilised hornfelses. This



conclusion is in agreement with the findings of Speedyman (1968) with
regard to the Husfjord gabbro and the later Havnefjord diorite.

o

(C) Thne Ultra Basic Lenses

Within the Komagnes Group there are four lense-shaped outcrops of
a very dense, dark green rock. Two of these lenses occur on the shore
of Southern Vaébugt; 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 Komagnes, These bodies appear to be concordant with the
layering of the psammites., They are generally sheared at the margins
though 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 oV = 50—60°

B =19 Y =1

Birefringence 0,045

Non-pleochroic
This amphibole belongs to the cummingtonite~grunerite series.
(p) Opt - ve ov  70-80°

é& unable to measure Y =D

Non-pleochroic

This amphibole is tremolitic.



Both amphiboles appears to be breaking down to chlorite.

Possibly as follows @

Tremolite  --3 calcite + magnetite + MgFe chlorite

Gruneritic amphibole --3 FeMg 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 2V approx. = 20°
Pleochroic X = pale green

Z

il

buff Z greater than X

The best fit for these properties is ripidolite, an Féllg chlorite,

Winchell (1951, Vol II, p.283).

The final product of the metamprphism is tale, which appears to be
growing as small anhedra at the expense of the chlorite. The mineral

shows straight extinction and high polarisation colours.

The assemblage is characteristic of metamorphism of an ultrabsic
rock under M;ddle Greenschist Facies conditions.. The form of these bodies
of rock strongly resembles the Alpine peridotitei and serpentinites

described in Turner and Verhoogen (1960). Theyimote (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



Seiland bodies which have obviously been gtrongly boudinaged and

metamorphosed. No more definite evidence of their chronology is

availsble.
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