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Sammendrag

Et storre omrade rundt Glomfjord er undersokt med tanke pa strukturgeologi og petrologi i granitter og
metasediment. Tre foldefaser er observert, og metamorfosegradene relateres til disse forskjellige
foldefasene. Granittene har gjennomgatt en liknende strukturell historie som metasedimenta. Granitt.







Statement of Thesis

The area studied consists of about 150 square miles of
metasediments and granites sitnated towards the centre of the
Caledonian orogenic belt, The granites occur both as structurally
basal masses, with concordant envelopes of metasediments, and as
concordant intercalations within the metasedimentary sequence. 1In
every case, the schistegranite contents are sharply defined,

Three periods of deformation have been recognised, termed
rl. rz and r, respectively, the latter two possibly representing
overlapping phases of a single major fold episode, Each of the
periods produced distinctive structures from completely isoclinal
first folds, through overturned and recumbent second folds to
broad open folds of the latest deformation,

The first folding was responsible for the development of a
regional schistosity and also of numerous slides which are
sensibly coincident with the bedding. Cross-cutting slides are
also preseat, and are correlated with the F, folding.

The metamorphic history of the metasediments can be related
to the various fold periods. Thus fine-grained biotite and granular
quartz developed mainly during rl times, while garnets formed
subsequently, and enclose the earlier fabrics, Rotation of the
garnet porphyroblasts by F, deformation is commonly seen. 4
later age of metamorphism is preserved in calcareous rocks where
undeformed erystals of considerable size are present. Late stage,

probably rj, deformation is indicated by localised fracture of



various minerals,

The granite masses are shown to have undergone a similar
structural history to the metasediments., Reasons are given for
referring them to the base of the succession, and fqr regarding
them as having been in existence as granitic rocks before
subsequent sedimentation. Localised felspathisation of the
overlying‘sodinonta can be shown to be related to the underlying
granite, The concordant sheet granites are mainly regarded as

representing disconnected portions of the basal granites, isolated

in rl times,
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General Description of the Area

The area with which this thesis is concerned is situatad in the
Nordland region of N, Norway, just north of the Arctic Circle.
Ornes is a village in the SW of the area and is the most important
centre for the whole of the region, Situated some 50 km N of
Ornes is Bod%, an important market town of Nordland with a
population of some 10,000,

The country is mountainous; the highest peaks, Scetertind
and Galtskart, are just above 1000 metres, and are covered by
perpetual snow, Access to the heart of the region is afforded
by the deep glacial valleys, which predominantly have an E-W
alignment and are often occupied along some of their length by
glacially dammed lakes, Glacial débris covers much of the valley
flovrs forming marshy waterlogged country, while thick woods cover
most of the valley sides, Mountain ridges between the valleys are
intermittently grass-covered, but rock exposures above the tree
line are generally very good,

Towards the east, the general height of llnd.;ncro-soo towards
an extensive dissected plateau around éootcrtind and Galtskart,
This area, which is wholly above the tree line, is an irregular
northern extension of the Glombraeen icecap, and forms the
watershed for rivers flowing W towards Ornes, and those flowing E
towards the Sokumvand region (fig.2), Situated between the high

ground around Scetertind and Galtskart, at a height of 350 metres,



is Lysvand, the largest lake of the area,

North of Inmer Galtskart is a further area of high grovad,
consisting of an extensive glacial corrie, now partially occupied
by three lakes and surrounded by mountains between 600 and 900
metres in altitude,

The dominant E-W topographical 'grain' of the area 1s
determined by the regional southerly dip of the rocks., This also
sccounts for the steepness of the N-facing scarp slopes, some of
which are vertical, Only in the extreme NE of the region do
the structural and toptséaphie features trend N-S,

Exposure in the region is variable, In the W, exposure is
confined to coastal and stream sections, with more extensive
tracts on the mountain ridges, but to the E there is & gradual
increase of exposure as the height of the ground increases, and
vegetation is less prolific, until in the Steffodalen region there

is nearly 100% exposure,

Glacistion
The whole of the region shows evidence of extreme glaciation.

with over-deepened and U-shaped valleys, commonly occupied by glacial
lakes, Most of the mountain summits, which vary between 600 and
1000 metres, probably represent the remnants of the pre-glacial
peneplain, Apart from local and recent screes, there is little

loose materiasl on the high ground., A single end moraine, present

as a well-defined ridge some 20 or 30 metres high, occurs on the N

face of Galtskart, Irregﬁlar glacial and fluvoeglacial deposits



cover many of the valley floors, consisting of unsorted boulder
clay, or local developments of varved clays. Peat covers much
of the glacial deposits, and produces waterlogged country,
particularly in the extensive Markvand valley, and the area S of
storviken, The lower part of the Markvand valley, and the whole
of the valley SE of Bolden, is covered by a uniform and regular
uhiio sand, This is banked up on the eastern side of Skraaven
(£ig.5), but its thickness in the valley floor is unknown., In 2
cutting N of Reipsa, at least 10 metres of the sand is exposed,
The grains are subangular to sub-rounded, and well sorted, ranging
from 0.1 to 0.3 mm, diameter. Most of the sand is composed of
qﬁarts and felspar, but a whole series of coloured silicoles are
present indicating local derivation from a calcareous eanviroament.
A particle size analysis, performed by Mr. J., Konig, shows
similerities with glacial outwash lqporial. Part of a shell
of an ostracod, identified by Dr. E. Robinson as a member of the

gub=-family Cytherinae, indicates a marine origin of the sands.



Methods Used

Three field seasons, each of about ten weeks' duration,
were spent in mepping an srea of approximately 200 Sqe K. Aerial
photographs, on a scale of 1 & 16,000, were available for the
eastern half of the region, and the majority of the time was devoted
to detailed mapping of this area, using transparent ‘ethylon'
overlays to the photographs. For the region W of a line from
Ornes to Grimstad, no aerial photographs exist, and enlargements
of the Norwegien 1 : 100,000 topographic maps had to be used,
Exposure in this area is poor, and a total of about four weeks was
spent in mapping the region to determine the major structural
elements and extcn& the more important boundaries westwards,

A base map was constructed from the aerial photographs, on
a scale of 1 : 16,000, by the slotted template method (American
Monual of Photogrammetry 2nd ed.)s The accuracy of the map is
determined by the precise location of control points, taken from
the 1 : 100,000 map. Since many of the control points used are

situsted on the coast, they can be relied upon as being accurately

located,
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Structural Setting of the Urnes Region in the Norwegian Caledonides

The region lies well within the intensely deformed part of the
Caledonian orogenic belt, approximately 200 km W of the Caledonian
*Front'. This can be traced for many hundreds of kilometres in
Central and Northern Sweden, where Caledonian sediments of Io;canbrlan
to Silurian age locally rest with unconformity on the basement rocks
of the eastern foreland, Relatively undisturbed and unmetamorphosed
Caledonian sediments form only a very narrow and impersistent strip,
and in general they are overthrust from the W by progressively more
not;morphosod schists of » similar age,

In the Sulitelma region, which is 100 km E of Ornes, and thus in
an intermediate position between the latter and the autochthenous
margin of the orogenic belt, the rocks are still in a sufficiently
low metamorphic state for faunal remains to be preqorvod. Kautsky
(1953) has shown that Upper Ordovician fossils are present and that
successions from the Eo-Cambrian to Upper Ordovician or Silurian
can be recognised, It is probable that the luéh more intensely
deformed rocks of the present region are broadly of a similar age.
The rocks of Sulitelma are regarded by Kautsky as belonging to a
large-scale thrust mass - the Seve Nappe - that has travelled an
undetermined distance from the west (Kautsky 1947, 1953). Within
the major nappe smaller scale thrusting has operated - which has
locally isolated small amounts of basement granite within the

metasediments. The basement over which thrusting has teken place
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is recognised, and belongs to the eastern cratogenic blook;

The rocks in Nerdland as a whoi;, including those of the Ornes
region, consist principally of granitic masses, sandwiched between
and enveloped by thick groups of garnet mica schists and marbles,

On the most recently published survey map (0, Holtedahl and J, Dens,
1953), two types of granites are recognised, the 'Basal Granites' of
Nordland and granitic igneous rocks of assumed Caledonian intrusive
origin, The granites of the ®rnes region, and all of those mapped by
the Department, are included by Holtedahl within this latter group,
though such an interpretation is very much open to question. In a
discussion of the Caledonian Mountain Chain (1944) Holtedahl suggests
that the Caledonian granites were injected during the height of
tectonic processes, which probably also involved extensive movement
over the associated metasediments, The sections he gives across the
Caledonides indicate the Western Nord;and granites to be situated

in the core of a tectonic depression of Caledonoid trend - the
Nordland Synclinorium - reating above the Cambro-Silurian metasediments,
Holtedahl's view concerninz the teetoni& position of the granites i§
not substantiated by the present study,.

In view of the location of the Ornes region,it is to be expected
that basement rocks (including granites) would have become involved in
the Caledonian folding, The concordant nature of the granite masses
of Glomfjord and Bjellgtind are tentatively regarded as being of this
character, Both the granite masses and the overlying metasediments
show evidence of more than one period of folding and perhaps repeated

metamorphism. The locations of several minor,and possibly eccasional
major thrust zones have been identified,
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General Character of Folding in the Ornes Region

The relationship between the Ornes area and the wider region
mapped by members of the Geology Department, University College, is
shown in fig.2. From the evidence of this whole region™ it is now
established that folding has occurred in at least two major episodes,
The first of these was very intense, with the development of
recumbent and tightly isoclinal folds, It is this period of
deformation that has had the greatest effect on the original
stratigraphy, as largee-scale repetitions of distinctive sedimentary
Sequences have been produced; but as the folding is completely
isoclinal, such repetitions are sometimes difficult to identify,
Contemporaneous with the first folding there was large-scale sliding,
causing elimination of parts of the succession in some areas, Sliding
of this nature is not always easy to observe, and sometimes must be
postulated on the basis of non-matching successions., Associated with
the first-folding is a regional schistosity which is now the most
proﬁouncad planar structure the rocks possess. For the most part, it is
coincident, or very nearly 80y with the compositional banding, but
at the closures of the isoclines, it can be seen to be an axial plane
schistosity cutting right across the original bedding, Attenuation
on the limbs of the isoclines can be shown in places to have been

intense, and was accompanied by a corresponding flow of material inte

% The complete area so far covered by the mapping of members of the
Geology Department, University College, has been named after the most
important fjord penetrating the area, Glonmf jord, In future,
references to this complete area will be called the Glomf jord area,
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the cores, This indicates that even in groups of rocks that show no
evidence of large-scale closures, there has probably been a high
degree of bedding plane slip,

One of the best examples of an early large-scale isoclinal fold
is the Krokvatn-Rebenfjell fold, occurring to the E of the Gloafjord
Granite, The axial plane of this fold is parallel to the limbs, dipping
towards the E, and the plunges of the southward-directed fold closures
are inclined down the dip (Hollingworth et al 1960, Walton 1959). 1In
the northerly part of its outecrop, around Krokvatn, the rocks in the
core of the fold are a varied group of calcareous metasedimeunts
with well=defined boundaries., Even though there is complicated minor
folding within the sediments, individual c¢losures can be readily
mapped due to the marked contrast of lithologies. An axial plane
schistosity is the dominant planar structure (in rocks of appropriate
composition) and demonstrably cuts across the banding in the core of
the fold; while in the limbs it is coincident with the bedding. As
the axial region of the fold is traced further S, towards Rebenfjell,
a thick group of pelitic schists is encountered, dominated completely
by axial plane schistosity, Due to the uniformity of composition, no
examples of bedding cutting sbhistosity can be seen, One has to travel
for about 15 km fraem the prominent closures ik the N along the axis of
this remarkable fold, before meeting the next obvious closures to the S.
In the intervening belt, the rocks give the misleading impression of
belonging to an unrepeated succession., A further important

characteristic of the fold is the extreme amount of flow into the core,
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coupled with attenuation on the limbs, Bordering the folld on either
side are important slides isolating it from the Glomf jord Granite and
associated metasediments on the W, and from the Sokumf jell marble
group on the E, The positions of each of these slide zones cannot

be observed directly in the field, and have to be inferred from
considerations of the succession,

When folds of this character are looked for in the Drnes
region, one meets the difficulty of poor exposure (pe 2 ), There
are several instances where the successions of rock types are
repeated and where isoclinal folding must be postulated, even though
no fold closures can be identified, Detailed stratigraphic corre-
lation of local successions, and the recognition of distinctive
sedimentary sequences, is essential, and reliance must be placed on
experience gained from the ad joining areas,

In the Glomf jord area, the first fold slides have had important
effects on the major stratigraphy (map 4), The eastern margin to
the region is marked by a slide zone separating the Vegdal Schists
from the Sokumfjell Marbles (Hollingwarth et al, Rutland, Nicholson [960),
The latter Qre separated from the uppermost Sokumvand diorites
(the Harefjell Group of Rutland) by another slide, isolating the
diorites in a synformal structure. To the W of the Sokumvand
synform, the Meloy Schist Group is in close proximity, separated by a
thin band of Sokumfjell marble, The junctions between all the
groups are thus =11 characterised by the presence of important
slides. - In no cases can the exact positions of the slides be located

by direct observation of mylonites, slickensides or other related



KVITTIND TVERFIELL STEFFODALEN E
! SCETERTIND SFPILDPERHESTEN
‘ |

-~

Ao - el

LIDE ’_——_X"’/,\—’ -

i ————
- — ~ 5 . 4oy
: i s Calcareous Pelite - \_
» e Felte ’ ¥
F -
‘ k\ ” iy
L} e e i o %
> e eaaemeeae ey = ———

T T = Silty Schis - T“\--. =
e Silty Schist = .
n ~F . -° —
i g . T s - alcarecus
- _‘-—-H\ — _ - g - p—

SLIDE - Lt Pelite
Granite r LYSVAND




14

phenomena, The exact age relations between the slides are unknown,
but as they are exactly parallel to the regional schistosity = a first
fold structure = and as they are commonly bent by the second folding,
they are assigned to the early period of deformation,

Evidence for the existgncc of similar major slides in the Urnes
region is generally not so satisfactory, The most important of-the'
inferred slides has a NE-SW alignment, and separates the Bjellgtind
and Glomf jord Granites with their associated metasediments in the S
from the big group of pelitic schists and sheet granites in the N,
Other ma jor slides have bee;.idontificd from considerations of
stratigraphic successions,

Besides this large-scale sliding, smallescale deformation between
individual beds can be shown to have occurred, Isoclinal folds can
often be traced in beds of one lithology that have quite simple
boundaries with their neighbours, Although such boundaries have
ev;ry appearance of being due to originai'aedimentation, their
parallelism to schistosity and to the isoclinal drag folds developed
during the first folding demonstrate that sliding on every scale from
unidfportant bedding-plane-slip to major thrusts has occurred throughout
the Glonf jord area, and it is not surprising that no primary
sedimentary structures have been positively identified,

Evidence of 2z later period of folding superimposed on the early
isoclines, is widespread throughout the area, It is variable in
style from broad open folds to recumbent overfolds, and may be of

two phases, In contrast 4o the early isoclines, axial plane

Y
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schistosity is rarely developed, and the folds deform the regional
schistosity, In addition to the schistosity, all the major slides
are folded by the second fold period, Associated with the second
folding is a series of minor structures with very different
characteristics from those of the early fold period. The miner
folds are typically open and often anguler in style with few of the
dfidierv » characteristics of the esrly isoclines, Spasmodically
developed is o well-defined strain-slip cleavage, that deforms

the early schistosity snd produces 2 planar structure which may be
almost at right angles to the litholégical banding, These second
fold features tend to dominate the Urnes region, and in the N, intense
penetrative linear structures and strain-slip cleavage obliterate
all traces of the early folds,

Double folding of the type outlined above has been described
from a number of areas, notably the Scottish Highlands, In the
Loch Leven area (Weiss and McIntyre 1957) large recumbent overfolds
with NW axes are superimposed by varied folds with subvertical NE-

trending axial planes. The Loch Morar early folds are asymmetric, and have
an E=f trend (Ramsay 1957): end are superimposed by NE-SW folds In
both the areas, the geometrical relationships of superimposed
structures are described in some detail,
Examination of the fabrics of the rocks in the field is important
in deducing their metamorphic history. Thus on the closures of many
of the first folds, an axial plane schistosity with unbent mica

erystals cutting scross the bedding indiceates post first-fold
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recrystallisation. Moreover, in regions showing strain-slip
cleavage, 2 second-fold product, even though the rocks are highly
deformed on a minor scale, the mica erystals are unbent, proviig

that recrystallisation occurred after the later phase of deformatione
Observations of this type correlate the structural history with

the processes of metamorphism, & study that has been supplemented

to a large extent by microfabric analysise.
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Relationship of Folding to Banding

Reference to the effects of the intense deformation of the
first folds on the bedding has already been made, but as it is such
an important and striking feature of the region, it is considered
in more detail in the ensuing discussion,

Continuous exposure above the contact of the Bjellgtind Granite
(fige4,A3) on the mountain of Galtskart,® affords excellent
opportunities of studying in detail what appears to be a simply
bedded succession, From a vantage point on the N side of Bjellgtind
the rapidly alternating sequence of metasediments can bg seen to be
overlying with apparent conformity the mass of the Bjcllgtind Granite,
The immediate contact rocks appear to occupy & normal sedimentary
position above the granite which itself is finely banded parallel to
its upper surface. As far as can be seen in continuous exposure even
the beds which are only a metre or so thick persist to the limits of
eéxposure, a distance of more than a kilometre, No minor structures
are visible in the immediate contact metasediments to the granite, but
away from this region, examples of isoclinal minor folds can be seen,
particularly in the more competent but finelyebanded beds, such as
siliceous schists, Here, the axial planes of the isoclines (fig.31)

are parallel to the schistosity and 'oedding', showing that apparently

#% In references to Inner Galtskart, the more important of the two
mountains named Galtskart,the prefix 'Inner!' is omitted; when
distinction between inner and outer Galtskart is required, it is
termed Inner Galtskart.,
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simply=bedded rocks are intensely deformed on a minor scale, and
indicating that a great deal of movement must have occurred parallel
to the 'bedding' planes, To a large extent, the individual beds must
have acted as tectonic units in first-fold times, maintaining
regular boundaries with the neighbouring rocks, and yet folding on a
very intense scale internally. In these sediments that do not show
such deformation styles, there is no reason to suppose that they have
escaped the folding that the niarby rocks have undergone, It is
more likely that they Lave the wrong properties for preserving such a
fold style, Contrasting styles of deformation of the type outlined
above have been described from the Scottish Highlands (Sutton and
Watson 1952)., The visible 'bedding'planes although'superficially
simple in origin are therefore interpreted as schistosity planes

that were formed during first fold times, and along which sliding has
occurred to a greater or lesser extent, Similar phenomena have been
described from other highly folded terrains, €sg%s the Scottish
Highlands (King and Rast 1955).

An important conclusion from this is that the observed granite
contact and its internal banding, which have the same appearance as
the 'bedding' in the sediments above, is also a first-fold structure.
This means that the granite may be separated from its metasedimentary
cover by a slide of unknown impeortance, and may itself have undergone
the intense first-fold deformation., Such & conclusion is supported
by the probable existence of an elongated isoclinal fold observed

by the writer in the granite of the N face of Bjellftind (fig.12).
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This fold is gquite insccessible, but appears to be defined by the
convergence of two thin bands of dark biotite schist, Within the

core so determinated, other bands also appear to close, Interpretation
of the structure is fot entirely unambiguous, but the dark bands are
very clear-cut and persistent, and diverge in the correct sense for

the presumed plunge of the fold over a distance of 2 km or more.

It is clear, therefore, that the observed regional schistosity is
o first-fold structure, and only in restricted cases can it be seen to
cut scross the bedding. For this reason, 2 repeated succession that
shows 2 simply-bedded nature can represent an early first-fold isocline
whose axial region has been so attenuated as to mesk any of the
original closures (see p, 50 ), Such is thought to be the case for the
Western Galtskart Succession, where » large-scale repetition
involving five distinctive bands has been observed,

One of the most striking features ot-tho Urnes region is the
finely=banded nature of the sediments which have the appearance of
being folded lnio @ gentle dome over the Bjollgttnd Granite, This
feature is representative of only the latest phase of deformation,
and a closer study reveals the internal complexities of this

consistently banded succession.
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Terminolo of Rock Groups

During the initial stages of field mapping, rock units were
identified and named largely according to their mineral coatent.
Terms such as hnrablondc-gnrnot-hiotit.—schist. siliceous
garnet-mica-schist etc, were employed, In addition, certain
distinctive rocks acquired names based on some distinctive feature
of their lithology. Outstanding among these are the 'hornblende
rock', a green calcareous gneiss, with prominent hornblende
erystals; and 'silty schist', a massive grey quartzo-felspathic
schist, These familiar terms are reserved for formations thet
are sufficiently unique to serve as reliable markers in stratigraphic
and structural correlations. Finally, it should be noted that the
successions include many examples of thin and rapidly alternating
schists of verious kinds which cannot be shown separately on the
map, but must be grouped according to their dominant chemical or
sedimentational character, In this way, groups of calcareous
schists have been mapped which include rocks containing a wide
range of calcareous minerals, sometimes alternating with thin
marbles,

The following rock groups and mineral assemblages are
recognised:=

Pelitic rocks, These contain typical assemblages such as:

(1) Plngioclaae--ulcdvltoubiotito-qu-rts

(2) " " " » almandine



(3) Plagioclase-muscovite~biotite-quartz - kyan.‘.t‘t.- stauro=-

lite,

Rocks of diverse appearance fall in this group, but in general
they are schistose or foliated due to the mica, and weather to
irregular brown or rusty-coloured slabs, Relics of original
sedimentary structures are rarely seen, and irregular porphyro-
blastic garnets may be prominent., Kyanite and staurolite, although
only rarely present, are usually easily identified,

Semi-Pelitic Rocks (Psammitic rocks, gquartzo-felspathic rocks).

The name is adopted to suggest gradation towards original
sandstones or quartzites from pelitic material (shales or clays).
Typical pelitic minerals, such as kyanite and staarolite,are
lacking, though there may be very subordinate amounts of garnet
occasionally; while the proportion of total mica, particularly
biotite, is reduced, A complementary increase of quartz and
felspar is the consequence, and these two minerals often make up
- more than 30% of the rock,

One distinctive quartzo-felspathic formation has acquired the
| field name 'silty schist', and is a massively weathering grey

rock, not unlike some of the grey granites when viewed from a
distance, Occasionally the rock is very rinely banded, and may
preserve evidence of isoclinal folding (fig.32), Two distinct
layers of silty schist are present in the Galtskart succession, and
can be traced towards the E into the area mapped by Wells and
Bradshaw, where the term was first applied.
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The remainder of the semi-pelitic schist group generally
weather to more flaggy grey or brown rocks, which are normslly
readily differentiated from true pelitic schists. Certain
thinly banded rocks - given the name Rusty Schist on account of
the weathering of biotite to hematite - are often intermediate
between pelitic and semi-pelitic schists, and therefore difficult
to classify.

Calcareous Pelitic Rocks

This group, which forms very distinctive bands in the Ornes
Region, is probably a unique stratigraphic horizon (see ps (76 ),
It consists of a pelitic schist with a variable but normally
small proportion of calcareous minerals, such as hornblende,
diopside and scapolite. A little calcite, normally less than 5%,
is always present.

It is a rock-type of uniform mineral content and nppcuraneo.'
It is always light brown or green-brown in colour, generally
banded on a scale of about 10 cms, due to the inequalities of
the percentages of the calecareous minerals present, and often
showing careous weathering due to irregularities in the distribution
of calcite. Occasional foliation surfacon. which are always
rough and uneven, contain abundant green horamblende crystals,
which have a brosd and stumpy crystal habit nﬁd may be oriented
parallel to an F, linear direction.
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Calc Schists, Calc-silicste Rocks and Amphibolites

Members of this group are massive and green in colour and
generally occur in thin bands, In the field, subdivision is often
difficult, though on a petrographic basis it is desirable to
distinguish the three kinds of rocks as follows;

(i) Calc Schistss derivatives of impure marbles often

interbedded with pure calcite marbles, They normally contain both
diopside and hornblende, together with quartsz, calecite, biotite,
scapolite etc, A very varied mineral assemblage is characteristic
of theigroup. :

(i1i) Calc-silicate Rocks, When the proportion of calec-silicate
minerals, such as hornblende or diopside, exceeds about 30%, the
term calc-silicate rock is applieds Members of the group may be
of sedimentary or igneous origin, and are sparsely but widely
distributed in the Urnes region.

(11i) Amphibolites. This group consists essentislly of hornblende-
plagioclase combinations, but quartz and biotite may also be present,
and garnet may be an important constituent. Diopside may accompany
hornblende in certain amphibelites, Two further subdivisions are
generally recognised (cf, Turner, Williams and Gilbert, 1954).

(2) Igneous amphibolites: these congist principally of
hornblende and plagioclase, with small amounts of quartz
and biotite. Typical accessory minerals are magnetite and
sphene, Garnet may be abundant,

(b) Sedimentary amphibolites: the percentage of quartz and
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biotite is, in general, higher than in igneous amphibolites,

while diopside may accompany or even substitute for horne

blende, Small amounts of calcite, scspolite and epidote

are ilao found, while in the rocks from the Drnes region

garnet is lacking,

A considerable amount of overlap exists between the two groups,

and commonly it is difficult to assign rocks to a particular
subdivision with certainty.

Marbles
Both grey and brown varisties are found, as well-differentiated

and generally thin layers. The grey variety is often a nearly pure
caleite rock, the calecite occurring in large interlocking crystals;
while the brown variety contains a series of accessory minerals
such as phlogopite, tremolite etc, Grey marbles are the more
common, As the marbles usually weather more rapidly than
neighbouring rocks, they form easlly traced mapping horizons,
Mizmatites

When & pelitic or semi-pelitic schist contains welledefined
leaticular patches of felspathic material, intimately associated
with the schistose part of the rock, the term migmatite is nppiiod.
They are generally associated with the ma jor granite messes, and
the most well-defined occurs in a narrow belt near the Glomfjord
granite,
Granites and related rocks

Rocks belonging to this group are distinctive in appesrance,
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and even when finely banded, as in the case of some of the Storviken
rocks, are readily recognisable, They consist of massive pink or
grey variasbly banded gneisses, with a low percentage of mica and
other ferromagnesian minerals. The latter are generally well
oriented to give a well-defined foliation. 1In certain cases the
grey 'granites' approach some of the more massive silty schists in
appearance, However, the latter are always somewhat more schistose,
with a smaller grain size, and generally a more granular guartzo-
felspathic fraction.

Investigation shows that many of the granites recognised in
the field are really ademellites, while others are ¢lose to gquartzo-
felspathic schista, 1In the case of the latter group, the
percentage of felspar is always higher than in the undoubtedly
sedimentary quartzo-felspathic schists of the area,

Quartz Dioritic Gneisses

The name is applied to banded gneisses containing plagioclase ,
biotite and hornblende, with other minerals, e.g. quartz and
microcline, in variable but generally subordinate amount, They
are of restricted occurrence, and the largest outcrop is in the
vicinity of Urnes, More calcareous-rich gneisses are found
spasmodically elsewhere, the dark bands being composed of horanblende,
diopside and biotite.

Ultrabasic Rock
A single lenticular mass is found to the W of Ornes. The

rocks are variably green or brown, massive in the centre of the
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Ma jor Structure
Summary of Major Structures

To assist in the structural interpretation of the Ornes
Rigion. equal area projections of poles to bedding and schistosity
(TS disgrams) snd linear structures (B diagrams)™ were plotted
(plate 1), Nine separate sub-areas were recognised, each
dominated by a single ma jor structure, or series of related ma jor
structures, When all the diagrems are combined (fig.8) it can
be seen that the poles to the bedding and schistesity lie on a
single great circle, within which are two distinct maxima,
corresponding to two mean surfaces. The point of intersection
of the two surfaces, which represent separate limbs of related
major folds, intersect within the maximum of the B diagrasm for
the whole areas This indicstes that for most of the ares the
ma jority of the measured linear structures were produced at the
Same time as the ma jor structures now visible and that the region
approaches homo-sxiality with a WSW plunging axis. The main
exception to this is in the SE, where, as shown in the diagrams
for the separste sub-areas (plate 1), the linear structures mostly
trend south-eastwards, From the 1 § diagram it can be seen that
the axial planes of the folds are either nearly horizomtal or
nearly vertical,

% Observation in the field shows that all the linear ltrﬁcturos
present in the Drnes region are parallel to the b axes of the

ma ds N
xvggz {2553’ .r.opr=..%t?oationn. of the type described by



3

Fig.3(a), Measurements of 950 poles to bedding and schistesity for
the whole region

Fige8(b), Measurements of 450 linear structures for the whole region
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Due to the mountainous topography of the Drnes region, many
of the changes in trend of outcrop have no structural significance.
Thus the Veshaped outcrops on Galtskart and Bjollgtind are due
wholly to topographic control, In certain parts of the region,
notably Blaatind end ﬁtorviknn. it is difficult to project the
boundaries across regions of unexposed ground because the dips
are low; large-scale correlations are then uncertain, To
overcome these difficulties, the outcrops of the more important
beds were projected on to a plane normal to the direction of
regional plunge., The method depends upon the folds maintaining
their direction and amount of plunge indefinitely, and does not
take into account varistions in thickness of beds along the
direction of plunge, In order to cover the whole of the region,
the most distant points on the boundsries had to be projected about
18 km, and‘Lt is these that are likely to be the most inaccurate.
Throughout the region except the S and NW, the regional linear
structures are fairly constant on bearings between 210' and
240°, fhc average, as determined from the B diagram for the
whole region, is 230.. with a dip of 1?.. Boundaries from the
whole of the Urnes Region were plotted on to a plane at right
angles to this (fig.9). It is immediately apparent that the most
important structure of the whole of the ®rnes Region is a large-scale
overfold, c¢lesing southwards, and with an axial plane that is
nearly horizontal., The two limbs of the fold are at 60° to one

another, & figure that corresponds teo the angular difference of



33

TRANSVERSE PROFILE OF THE KJEIPEN FOLD

(projection normal to the regional fold axes, 230°, plungei7*)
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maxima of the Il § diagram. The fold, called the Kjeipen Fold
invelves, and can be identified im all the rocks from Storvikvand
to Lysvand (see map 3), Beneath the fold the Bjcllgtind Granite
eccurs im the core of the M. a2 structure that
is later than the Kjeipen Fold as it deforms the axial plane of
the latter into a gentle arc, .
Southwards from Lysvand, the metasediments dip constantly

under the Glomf jord Granite, whese northern boundary projects J
above the Kjeipen Fold, suggesting the granite to lie structurally
above the whole of the metasedimentary sequence, Moreover, the
boundaries of the MesBen and Teksmona-Blsatind granites plet as a
natural continuation -of the Glo-tjogl granite boundary, indicating
the probability of correlation of these granites. In each case,

the lithologies of the granites and the associated metasediments,
which dip beneath them, are similar,

On the island of MesYen and on the mainland at Bugten,

linear structures with easterly dips predominate, suggesting that
a true representation of the regional structure may be different,
in this area, from that indicated im fig. 9', Similarly, the
projection does not cover the Fykan granite and neighbouring
rocks, because of the d'irforent plunge direction, In the NW
of the Urnes Region, the projected outcrops of the Skjeggen
granite on fig.9 show very sinugus forms unrepresentative of the
true structure as determined from direct field observation and
are not included. The anomaly in this case is due to

fluctuations in the WSW plunges as they are crossed by the
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SSE-trending fold of North Skjeggen.

In order to obtain a true representation of the airuatural
relationships of the southern group of rocks, where E-W linear
structures are dominant, the outcrops of tho‘nnjor units were
projected on to s plane normal to the regional linear direction
(£ig.10, on a plane normal to 100°, with a dip of 10%)., This
shows the Glomfjord granite to be situated in an important
overfold ,the Spilderdalen Fold,closing northwards in the opposite
direction to the Kjeipen fold, Within the upper limb of the
Spilderdalen Fold, the Fykan Granite is situated, itself forming

the core of an isoclinal fold, the Steffodalen Fold., Above the

main Spilderdalen fold, part of a major isoclinal fold, the
Krokvand Fold is indicated, one of the largest isoclinal folds
identified in the Glomfjord Region, and iappod by Messrs, Wells,
Bradshaw and M.A, Jones, Part of the Bjelldtind antiform is
again indicated on this disgranm,

In both of the diagrams the overall picture produced is not
an exact representation of the structural relations of the rocks,
due to inherent limitations of the method of proejection suech
as variations in the directions of regional plunge and effects
of later refolding. Other major structures can be determined
from field observations but their properties are such that they
appear on neither of the diagrams. The equivalence of style of
the Kjeipen and Spilderdalen folds suggests that they are of the

same general age, and the composite diagram (fig.ll) shows their



36

TRANSVERSE PROFILE OF THE SPILDERDALEN FOLD
(projection normal to the regional fold axes, 100° plunge 10°)

KROKVATN FOLD

\L T o et . FYKAN GRANITE

+

3 - - . -~ .

+ + + - - ~——

. BJELLATIND GRANITE —y
*® x ® § & & LY SVAND

€ & F£ fo& & SLIDE ~

CALCAREO
PELITE

Horizontal & Vertical Scales

) 1 2

KM,
Fig 10



37

COMPOSITE TRANSVERSE PROFILE OF THE ORNES REGION
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broad interrelations. These structures are seen to refold
isoclinal felds (notably the Fykan granite fold) while they them-
selves are also refolded by structures of & later age (notably the
Bjollftiad Antiform, This indicotes three main periods of
deformation, termed rl. !2.and 13 respectively, In the section
dealing with miner and micro structures it is shown that the

styles of these phases of deformation are guite distinct, Despite
this, it is pessible that r5 may represent simply a phase of ?2
folding, probably of relatively late age.

Folds of rl agel= In addition to the Steffodslen Fold noted

above, other structures of this earliest peried of folding can

be recognised., Large-scale lithological repetition, invelving the
whole of the upper part of the Galtskart auecoaﬁion. is clear from
field ebservation (see p, 50 ), Throughout the limits of outerep,
no closure can be seen, but the individual components of the
succession do become extremely attenuated northwards towards
S8rfjord, This is believed to be due to the existence of &
completely iseclinal fold, the Galtskart Fold, whizh is dominated
by an exial plane schistosity, and in which closures are no lenger
visible, It is significant that anslegous repetitions of the
succession occur above the eastern margin of the Bjnllxtind
granite; but in this cese, there is abundant evidence of iseclinal
fold closures. This structure, mapped by Mr, Sradshaw, tg'herc
termed the Kvittind Feld, ‘ .
Within the granite masses of Bjelltind and Glemfjerd are

probable iseclinal folds, termed the Laksaadalsvend and Spilderhesten
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Folds respectively (see p, 52 and figs. 12, 13), 1

Other folds of ra age, When the Spilderdalen fold is traced

westwards from Steffodslen, the uniform southerly dips represent
the under limb of the structure, However, in the region of

gneissic rocks to the E of Ornes, the dips are high and locally

reversed. As the correlation of basal Glomf jord granite with |
Teksmona-Blaatind granite is suggested from fig,9, it is probiblo

that the steep dips in the gneissic rocks represent part of a
monoclinal flexure, the Djupvikfjell Fold,

In the successions of SBJjezgen and Markvasnd, two welledefined
zones of steep dips occur, namely on the S side of Skrsaven and
to the NW of Markvand, These are related to two monoclinal
flexures termed the Skjeggen and Breitind Folds respectively, and
are thought to represent ma jor drag folds on the upper limb of the
Kjeipen Fold.

On the northern margin of the Bjcllgttnd Granite, in the
ground mapped by Wells and Bradshaw, a zone of E-¥ verticality
is encountered. This either represents a fold analogous to
the Spilderdalen overfold, or a tight synform, and is called the
Lakssadalen Fold.

A major structure of either Fa or r3 age involves the
Succession to the N of Skjeggen and forms a large-scale antiform,
the Bolden Antiform, whose axis corresponds to the trend of the
valley running SE from Bolden,

Other folds of PJ age, Certain gentle wWorps, which are not

intense enough to show up on figs, 9 and 10, can be recognised
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Fige.l2, The north face of Bjellﬁtin; showing probable isoclinal
fold, indiceted by the convergence of two dark-coloured bands to the
left hand side of the main face

Figel3s The north face of Spilderheaten, showing probable isoclinal
fold, closing towards the left, in the lower slopes
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directly in the field, Although of & relatively gentle nature,
these folds often determine to a2 large extent the shapesof the
outerops. Their axisl planes are normally steep and often nearly
vertical, The most important of these, the Storvik 8 nform, is a
compl ementary structure to the Bjellfﬁtnd Antiform, and accounts
for the reversal of dip in the Storvikvand-Storviken region,

In the region between theso.two important r3 folds, smaller
structures, representing minor puckers, can be identified, On
the N¥ of Outer Geltskart, the Markvand Synform accounts for the
regional change of NW dips on Inﬁer Galtskart to the SE dips in
south Skromdalsvand, When traced both towsrds the NE and.sw. its
identity is lost, A similar structure on almost the same axis
can be identified on Blaatind, the Blantind'ﬁznforlh

Two other 13 structures are established in the SW part of the
region, by considerations of structural and stratigraphic evidence,
A large part of the region is covered by water or is unexposed, and |
many of the conclusions must be tentative. Correlation of the |
Glomf jord-MesBen granite with that of Teksmona-Bleatind has already |
been suggested, and the two must connect by an antiform, plunging
west, to account for the observed structural arrangements, This
structure, the Urnes Antiform, has a2 steep axial plane and an
easterly trending axis. Although the Skjeggen granite is regarded
s representing a reappearance of the basal granite, it is thought
to be separated from the Teksmona-Blaatind granite by an rl slide,

Thus, a synformal structure is inferred from the arrangement of

regional dips, the Reipaa Synform, which separates the two granites,

-
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end is the complement to the ®rnes Antiform,

Examination of the linear structures in the southern region
(plate 1) shows that in the E the undoubted F, lineations dip E,
while in the W the reverse is the case, The culmination, termed
the Spildervand Culmination, is situated around Spilderusindi,

and probably has a northesouth axis,

The Slide Zones

Sliding of varied amplitude took place contemporaneously with
the fold periods, particularly the first but occasionally the
second, For the most part, this was spread fairly evenly
throughout the rocks, producing the present schistosity and also
the common smalle-scale dislocations which can be observed in many
outcrops, Occasionally, however, sliding was concentrated in
narrow,well-defined zones, Later metamorphism has completely
obliterated any direct evidence of these slide zones, and they can
only be identified by considerations of successions and
thicknesses of merker bands etc.

Throughout the region, the granites and associated meta-
sediments are interfolded by rz and r} movements, and in one
case by F, movements (the Steffodalen fold), Elsewhere, in
isolated regions, the two groups can be seen to be folded
isoclinally but independently of one another, suggesting that
the two are separated by slide zones of some importance, Stratie
graphic considerations, however, indicate that the lowermost
30=40 metres of the metasedimentary sequence hawe probably

undergone only slight movement in relation to the granite, and
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that the Basal Slide is probably situsted above this (see also p. 177 ),
Due to the lack of information on F, structures, the significance

of this slide zone, which is probably present above both the
Bjellftind and Glomfjord successions is unknown,

Northwards from Galtskart, the succession becomes extremely
attenuated, and many of the distinctive marker bands are
eliminated, A similar thinning occurs in the North Markvand
pelitic rocks, Although part of the attenuation may be due to
the Kjeipen Fold, which is probably a shear structure, this does
not appear to be adequate to explain the total amount of thinning
observed, The latter is regarded as having been caused by
sliding along the upper limb of the Galtskart Fold, contemporaneous
. with this first phase of deformation, The Galtskart Slide follows
the outcrop of the thick marble~quartzite band in the valley
between Inner and Outer Galtskart (see fig.23A ), The projected
outerop of the slide is shown in mop 3 § westwards it projects
to the south of Markvand and through Reipas, while northwards it
probably reappeers in Storviken due to the Storvik Synform,

On the S5 side of Lysvand, a closure within cslcareous pelitic
schists (probably a continuation of the Kjeipen fold) is cut off
by a cross-cutting slide, the Lysvand Slide (fig.3). Over some
distance of its outcrop, distinctive rock types are eliminated
against the slide, The structure separates the Kjeipen fold, with
its dominant southewesterly plunging linear structures from the
E-W Spilderdalen fold. The amount of movement along the slide

may have been relatively slight, as the regional successions on
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either side are similar., This slide, which is ’2 in age, is the
only large-scale discontinuity of this age in the Ornes Region, and
is unique amongst the slides in that it can be seen cutting
obliquely across mas jor folds,

Isolated with its local envelope of schists, in the upper
limb of the Spilderdalen Fold is the Fykan Granite, It occurs
in the core of a completely isoclinal fold, and must be separated
from the remainder of the succession, which does not show an
equivalent fold, by slide zones developed at the time of folding,
The considerable structural complexity of the Steffodalen region
is probably to be accounted for by these Steffodalen Slides, as
suggested in fig, 14 and map 3,

Lithologicel similarities between the Glomfjord and Bjall8tind
granites and their associated metesediments, and also the Skjeggen
granite associsted with metasediments to the N,are discusstd in
section 2 , They are thought to represent stratigraphic
equivalents that were separated by sliding during rl times,

The Skjeggzen Slide follows the southern boundary of the Skjeggen
granite, It probably accounts for the thinning of the granite
eastwards, and the elimination of successive members of the

North Markvand pelitic series against the granite,
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Details of Major Structure

Pl Folds,

These belong to the earliest phase of deformation and are
completely isoclinal in cheracter, An associated and often
pronounced axial plane schistosity is normally developed,

(1) The Steffodalen Fold and associated structures

Situated within the upper limb of the Spilderdalen fold, in
the east of Stiffodalen, is the Fyksn granite. Towards the
north, the latter is seen to form the core of a northward-closing
isoclinal fold, which also involves a locsl envelope of
schists (6ee fig. 10 ). It is clear that a slide of considerable
importance must separate this.structuro. termed the Steffodalen Fold,
from the schist sequence to the E. The westerly extension of this
alide c;nnot be determined with certainty, but probably follows
the major trend of the schist sequence of Steffodalen, as shown
in map 3, Close comparison exists between this structure and
pﬁrta of the Montagne Noire gliding mappes (de Sitter and TrWmpy
1952)s A series of sections of the development of these nappes,
reproduced from de Sitter 1956, together with a comparison with
the Steffodalen region, is shown in fig.l%. Although geometrically
similar it cannot be determined whether or not the Steffodalen
structures developed by the same mechanism, _

The Fyken granite is lithologically similar to the Glomf jord
granite, and it is possible that the two granites connect on the
south side of Glomfjord by an isoclinal fold, the complement to

the Steffodalen fold, No repetition can be established in the



& r ys taliine*
Mass

'ris;lb. A=C Development of the Montagne Noire gliding nappes,
after de Sitter and Trimpy (de Sitter 1956) .

D The Steffodalen region, showing the Fykan granite nappe
forming part of the 1imb of a major overfold around the basal
Glonf jord granite. Close geometric symmetry with perts of fig.C
is apparent, !

-
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view of HYgnakken from the south, showing the sbrupt
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schist sequence between the two granites in the area examined on the
east of Glombraeen (M,A., Jones: personal communication) but a
large amount of sliding would clearly accompany the development

of such a ctructﬁro and the symmetry of lithologies could well be
destroyed, ;

Close comparison exists between the Steffodalen and
Krokvand-Rebenfjell folds (Walton 1959, Hollingworth et al 1960),
although the foliation of the outer margin of the Fykan granite
follows the arrangement of the fold, inside it is wholly axial
plane, It is probable that these two major structures were
developed in the same general period of deformation.

The recognition of the Steffodalen fold is important in the
understanding of the structural history of other granites of the
Ornes region, Except for its northern termination, the Fykan
granite has every appearance of representing a sheet granite in an
unrepeated succession, and is exactly analogous to the sheet
granites of Blaatind and Skjeggen. Thus it is possible that some
or all of these other sheet granites represent isolated fractions
of ‘basal granite. Such an explanation is suggested in the case of
the Bleatind granites which are lithologically very similar to the
Glomf jord and Bjallstlnd granites, Some of the other sheet granites,
notably those of Skjeggen and Storvik are probably thrust sheets,
emplaced during rl times, and in the occasional instances where
terminations of the granites are visible, they do not appear to

occupy isoclinal fold closures (fig.15).
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One other major isoclinal fold has been recognised in the
Steffodalen region, and is indicated by the westerly teramination
of a thick marble band, Its characteristics are broadly similar

to those of the Steffodalen fold,

(2) The North Kvittind Folds

Beneath the silty schist of Kvittind, a duplication in the
succession around a distinctive pelitic schist has been 1dontitiod'
by Wells and Bradshaw as caused by an isoclinal fold, closing
westwards., The schistosity cuts across the lithological banding
at the nose of the fold, and is an axial plane structure; the
axis of the fold plunges east, On the main geological map, all
the information . of:t this region, and that - omt the eastern
margin of the Bjellgtind granite, was kindly supplied by Dr. Wells,
On the shores of Iysvand, the lower limb of the fold is no
longer seen, due to the action of a slide developed at the same
time as the folding,

Rusty bands within the silty schist on the north face of
. Scetertind show evidence of a tight, nearly isoclinal, fold,
closing towards the east, It appears to be of equivalent style
to the fold in the north'of Kvittind, but due to the inaccessibility
of the cliffs, its properties are not known in detail, Slides
probably separate this from the isocline in pelitic schists
described above, Towards the west, the 8ilty schist is eliminated
by the Lysvand Slide (fig.3), but eastwards, the schist continues

and has & very distinctive outcrop (see map 4), Its northern



50

boundary follows that of the Bjellgtlnd granite into the area E
of SBrfjord, where it closes northwards due to an isoclinal fold
on a northesouth axis, and forms part of the lower 1imb of the
Krokvand-Rebenf jell fold. (Wells: personal communication). Its
southern boundary, however, becomes jnvolved in the Spilderdalen
fold, and follows the schist envelope of the Glomf jord granite,
.again on the lower limb of the Krokvand-Rebenf jell fold. Thus the
.silty schist has a trifurcating outcrop centred on Kvittind,
analogous to the outcrop of the west lLysvand calcareous pelitic
schist shown in fig.26. One branch continues northwards and

" represents the core of a northe=south isocline, one southwerds, and
again probably is repeated by folding, and one westwards into
gcetertind where the easterly closing isocline already described
occurs, This last branch is also involved in the Kjeipen fold,

and resppears on Galtskart due to the Bjellftind Antiform.

(3) The Galtskart Fold and associated structures

One of the most controversial aspects of the structural
interpretation of the Drnes region concerns the possibility of
isoclinal f?lds of ma jor importance affecting apparently simply
bedded successions. The most striking of these involves the
upper part of the Galtskart succession, illustrated in figs. b, 58,
where lithological repetition involving a Separt sequence is
sdmirably displayed. No major closures have been identified in
a series of traverses across the area, and the schistosity is

everywhere completely parallel to the lithological bending. All

"
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the minor structures seen in this part of the succession belong

to either the ra or 13 period of deformation, except for occasional
small-scale isoclinal folds in the upper silty schist (fig.3l).
These are only very occasionally visible, and have their axial
planes parallel to the dominant schistasity., This is, therefore,
evidence of the rocks having undergone rl deformation.

When traced northwards from Galtskart, the succession becomes
extremely attenuated, and on western SWrfjord, it can be shown
that many of the distinctive marker bands, such as the silty
schists, have been eliminated, or so thinned as to be unrecognisable.
This attenuation is probably to be accounted for by the action
of the northerly closing Galtskart fold, but there are other
possibilities. Thinning on the limbs of the Kjeipen fold is
illustrated in fig.9; this is largely to be accounted for by the
thickening of the west Lysvand calcareous pelitic schist 4in the
Suppevand region by a series of r3 minor folds, situated in the
core of the Kjeipen fold, and is most probably a separate
phenomenon from the thinning from Galtskart northwards, In
addition, the Galtskart slide, which probably formed at the same
time as the Galtskart fold, may account for some of the attenuation
(see po 9% ),

Projection of the North Kvittind folds from Kvittind to
Galtskart is bikely, and 45 probably of the same general phase
of—deformetion, Thus, although the Galtskart succession has every
appearance of being a normal one above the BjellStind granite,

there is probably successive repetition caused by major isoclinal folds.
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(4) The Lakssadalsvand and Spilderhesten Folds

Both these structures occur in the basal granites, in the
Bjelldtind and Glomfjord granites respectively (figs 12 and 13),
That in the Bjollxtind granite is determined by the convergence
and closure of a2 dark band high up in the N face of BJlllatlnd,
and although it is not clear in the photograph, the writer is
convinced of its existence due to detailed examination of the
region through binoculars, The bands are probably dark biotite
schists that are fairly commonly seen in the Glour;iord and Blaatind
granites; none are exposed in accessible parts of the Bjcllgtind
mass, The closure of the presumed structure is eastwards, and
the two bands continue to diverge in the correct menner when
traced on to the NW face of the mountain; the probable axis of
the fold, from the observed divergence of the bands, is alighed
eastewest,

The fold on the north side of Spilderhesten is a more
convineing structure involving three distinctive bands, probably
of mica schist, which are visible from a distance in steep cliffs,
The closure of the fold appears to be eastwards, and the axis of
the fold, which probably runs nearly parallel with the north face
of Spilderhesten is SW,

In both cases, the areas where the presumed folds outerop
are completely inaccessible, and it is not possible to be cnhh@h;;ly
certain whether or not the structures exist, If their existence

is sccepted, it indicates that the basal granites, together with
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the schists, have undergone isoclinal rl deformation even though
contemporaneous sliding has generally separated the two,

R. Nicholson (1960) has photographed similar isoclinal folds
in the Svartisen grenite, a mass which he regards as basal, and
the stratigraphic equivalent of the Glomfjord granite. There
can be no doubt of the existence of these folds, which are
beautifully exposed, and afford confirmatory evidence for the
less clearly displayed structures in the Ornes region. Nicholson
regards the Svartisen granite folds as representing rl isoclines
and indicates the variance of this view with that of Skjeseth
and SBrensen (1952) who interpret the western equivalent of the
Svartisen granite which outcrops in Holandsfjord as an
allochthanous sheet emplaced during the early folding.,

rz Folds

These are the most widespread and important structures of
the Urnes region, and have the greatest effect upon the trends of
outcrop. They cohsist generally of broade-scale recumbent overfolds
with gently inclined axial planes,

(1) Kjeipen Fold

This structure involves the whole of the succession from
Storvikvand to Lysvand, and successive closures can be traced in
all the major lithological units, Because the axial plane of the
fold is nearly horizontal, its outcrop on the surface is sinuous,
and is determined largely by relief, Prediction of its position

in unexposed ground is therefore difficult, and is complicated



Figel7. View of Scetertind from the northewest, showing closure of
the Kjeipen fold in calcareous pelitic schists in the foreground
(see also fig.198)

Fig,18, Closure in calcareous pelitic schist on Kvittind, This
is the most northerly closure of the Steffodalen fold identified
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by the fact that it has been refolded In the F, period of deférmation.

3
Direct observations of successive cloaﬁres are only possible in
isolated regions, In order to fix the position of the axial
plane with some degree of accuracy, the successive points of
verticality on fig.9 were projected back to their position on the
base map. Good agreement between observed and calculated zones of
verticality was obtained for well-exposed regions and by joining
all the calculated pointa: the trace given in map 3 was obtained,
The location of the axinl plane in the north is uncertain, and
north of Degro, where the last exposure of vertical rocks occurs,
the trace is based entirely on projection. Although there are
local veriations in the direction of dip of the axisl plane, its
mesn inclination is to the south-west, bent by the Bjellftind
Antiform and Storvik Synform. Southwards, the fold is cut out

by the Lysvand Slide,

Reference to map 3 shows that the lower 1limb of the fold
is exposed to the north of Lysvand and Galtskart, while the whole
of the region to the west of the trace of the axial plane is within
the upper limb,

The éloarost demonstration of the fold is in the Galtskart-
Suppevand region, On Galtskart itself, the regional dip is
westwards, forming the western limb of the Bjellftind Antiform,
but when traced towards the south-west, the succession becomes
involved in a whole series of complicated minor folds, and is

finally overturned to dip south-east in the region to the west
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of Suppevand,

Rusty bands at the base of the silty schist that'eutarops on
the north of Kjeipen show a whole series of asymmetric drag folds
with gently inclined axial planes (fig. 194). The drag folds
are dextral, in the correct sense for thc.n-jor closure of the
fold on Kjeipen, and the whole of the massive north face of the
mountain is regarded as being situated in the core of the fold,
When the boundary of the silty schist with the underlying pelitic
schists is traced south-westwards it becomes involved in a
complicated series of minor folds, and then finally dips
constantly south-east, and is situated on the upper limb of the
main fold. Marble bands in the pelitic schists show extremely
complicated minor folds with horizontsl axial planes and a common
development of small-scale slides (fig.21).

Unlike the silty end pelitic schists that, en masse, show
a relatively simple arrangement, the calcareous pelitic and
associated thin pelitic schists are compléxly folded in the
Suppevand region., The group as @ whole follows the same
atruc‘ural pattern as the associated silty and pelitic bands, but
instead of the regional dip changing through a well-defined zone
where the dips are vertical, the schists are folded into a series
of persistent symmetric folds with a varied amplitude and vertical
axial planes, A dotailoq map of this region is shown in f£ig.20,
and a crosse-section in figz,22, The northern boundary of the

calcareous pelitic schist is disharmonic, as indicated by the
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Fig.19A, The summit of Kjeipen from the north, showing drag folds
in rusty schists, situated on the lower limb of the Kjeipen fold.
CeD refers to the location of the section on the map, Fig.20.

KVITTIND TVERFJELL SCETERTIND

Granite

LYSVAND

B 2N _ Akt
Fige198, View of the eastern end of Lysvend, showing closures
belonging to the Steffodalen fold (on Tverfjell) and to the Kjeipen
fold (right foreground), The location of the Lysvand slide, which
separates the two structures, cannot be seen from this viewpoint,
(See also fig.l7).
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Fige22, Section across the nose of the Kjeipen fold at Suppevand,
The line of section is indicated on the map, fig.20.
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closure in the calcareous pelite which is not followed by the
adjoining pelitic schist. From considerations of the regional
structure, the calcareous pelitic schists of the Suppevand region
must be situated within the core of the main Kjeipen fold. The
symmetrical folds now seen cannot represent drag folds produced
at the same time as the Kjeipen fold, because they have vertical
axial planes, while that of the major fold is horizontal, They
are therefore correlated with the l‘5 period of deformation, and
are thought to represent minor puckers on the flank of the
Bjellgtind antiform, caused by flexuring of tio relatively soft
calcareous pelitic schists as the blunt nose of the silty schist
moved slightly towards the south during the formation of the major
r3 fold, Just to the north of Kjeipen, minor overfolds with
horigzontal axial planes in calcareous pelitic schists are

common (see fig. 45). These are much more intense than the
structures with vertical axial planes seen to the south, and may
represent structures produced at the same time as the Kjeipen

' Fold, Smallescale slides are commonly associated with the
overfolds,

Other drag folds on the lower limb of the Kjeipen Fold, and
in the correct sense for the observed closure are common in the
Galtskart succession (fig.23A). 1In accordance with the major
structure, they have gently dipping lilal planes, The most

intense of these folds occur in marbles and quartzites of west

Galtskart (fig.48). All the drag folds observed in the Galtskart
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Tig.23A, View of the valley between Inner and Outer Galtskart from
the north, Drag folds with gently inclined axial planes, and
situated on the lower limb of the Kjeipen fold.,are prominent,

T DEGRO OUTER GALTSKART INNER GALTSKART.

Kjeipen Fold

‘race of Axial
Plane

Fig.238, Section from Degro to Inner Galtskart showing proximity
to the sxial plane of the Kjeipen fold, The monoclinal flexures on
Outer Galtakart are interpreted as representing drag folds of
considerable amplitude
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rocks are in the wrong sense and are too intense to be associated
with the broad Bjell8tind Antiform. Moreover, the inclination
of their axial planes indicates that they cannot be associated
with the r, period of deformation,

The TI § diagram of bedding and schistisity for 150
measurements for the Suppevand area (plate 1) which incorporates
the closure of the silty schist on Kjeipen, has two well-defined
maxima, These correspond to the two limbs of the fold, with
dips to the W at 30° and the SE at 30° respectively., The latter
is shown on the diagram as the much larger of the two concentrations,
due principally to the location of most of the Suppevand region
within the upper limb of the fold, From the disgram it is seen
that the angular distance between the two limbs is 50°, a result
close to that obtained from fig,9, Field evidence shows that
the axial plane of the tolﬁ is nearly horizontal, and by
construction from the 1| S diagram it can be seen to dip to
the south-west at about 15°,

Even though there is a slight scatter in the B diagram of 43
linear structures, the meximum clearly falls as a pole to the
great circle through thé maxima of the 'TT S diagram, indicating
that the majority of the lineations are a consequence of the
Kjeipen Fold., The reasons for the scatter of linear structures
in this and all the other suberegions is discussed in section 2499,

In the North Markvand pelitic series, from outer Galtskart to
Storvikvand, detailed mapping is difficult due to lack of
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continuous distinctive marker bands. On the north side of
Storvikvand, a well-defined sheet granite outcrops, and probably
continues southwards across the lake to connect with another sheet
granite visible in the north face of Degro (fig.24)., Here it
becomes involved in an important overfold, closing towards the
south-east, and with a gently dipping axial plane; the
associated schists are similarly deformed, Parts of the
schistose succession have a well-developed fracture cleavage, whose
axial planes are approximetely parallel with the ma jor fold, and
which was probably formed at the same time as the main fold, The
direction of the closure of the fold on Degro is the same as the |
closure in the silty schist on Kjeipen, and their probable
correlation is indicated in fig,9.

Southwards from Degro, towards Galtskart, the strike of the
beds is constantly NE-SW, but thi dips are high and varisble
in direction., On outer Galtskart two large-scale dextral drag
folds are revealed by marble and cale schist marker bands within
monotonous pelitic schists (fig., 23B). They have nearly herizontal
axial planes, and are probably drag folds on the under limb of
the main fold, The proximity to the axial region of the major
Kjeipen Fold is shown in map 3, Similsr structures probably
exist in the Skromdalsvand region, and the rapid changes of dip
may be due to folds of this nature, structures which are difficult

to identify in relatively flat ground due to the attitude of their
axial planes,
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Northwards from Storvikvand, there is no evidence of closures
similar to those described above, and it appears that the whole
of the H¥gnakken-Gr¥tset masasifs is-: situated within the lower
limb of the fold, The axial plane must then be above ground level,

When the North Markvand pelitic schists are traced SW from
Skromdalsvand, the dip, although variable in amount, is constant
towards the SE.: Only in the SE of the sub-region does the
Markvand synform lead to local reversals in the direction of dip
(see pe 6 )o The reason for this constancy in dip direction is
the location of the rocks on the upper limb of the Kjeipen fold.
The axial plane of the Kjeipen fold which outcrops to the east, has
a general south-westerly dip and will therefore project underneath
this region, As the linear structures of rz age are undeflected
in the region north of Markvand, there is no reason to suppose
that later refolding has altered the position of the projected
axial plane. In central Markvand, it will be some 1000 metres
beneath the surface (see fig.25).

The Il 8 diagram of 160 measurements from the whole of the
North Markvand Region (plate 1) shows two maxima representing
dips to the south at 4%0° and to the NW at 30°, Moreover, the
extension of the maxima is on a great circle, the pole to which
is represented by the msximum to linear structures, also by chance,
based on 160 measurements, indicating the connection between the
ma jor fold and the measured linear structures, The more important

of the two mexima of the 1 S diagram is that representing the
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central and western part of the region situsted on the axial
regions and on the upper limb of the Kjeipen fold. However, dips
from certain perts of the lower limb of the fold, notably around
Storvik, fall in the same maximum due to refolding by the Storvik
Synforms The other maximum represents dips from the eastern part
of the region on the lower limb of the fold, Field observation
shows that the axial plane of the ma jor fold has only a gentle dip,
and by plotting its position on the U § diagram, it is seen to
dip westwards at about 15°. This value is probably correct

only in & limited region, as the Storvik synform must have some
effect upon its inclination, In fact, if the position of the
axial plane is constructed using this value, it outcrops once
again on the Storviken peninsula, which can be seen in the field
to be incorrect,

Within the region W of Skromdalsvand, zones of steep dips
are occasionally encountered. The region is situated wholly on
the upper limb of the Kjeipen Fold, and the structures probably
represent monoclinal drag folds on one limb of the ma jor fold,
All are in the correct sense for this interpretation, The two
most well defined of these belts occur on the north of Markvand
(the Breitind Fold), and another on south Skraaven (the Skjeggen
Fold),

A series of sections indicating the broad structural
relationships of this region are shown in fig.25, in each of which

is included the position of the projected axial plane of the
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Kjeipen Fold., 1In the same way as the Galtskart succession is
overturned in the Suppevand region, so the North Markvand pelitic
series from the SE of Storvikvand is overturned on the north of
Markvand,

Correlation of the lowest rocks of the Storviken peninsula
with those of the Galtskart succession has already been mentioned
in connection with the projection of the Galtskart Slide (see p, 43 ).
If this is the cese, the overlying granite-semi-pelitic schist
Sequence must correlate with the lowermost part of the North
Markvand pelitic schists of Outer Galtskart, It has already been
shown that the Skjeggen granite and schist sequence to the north
must be wholly within the upper limb of the Kjeipen fold and
separated from the Geltskart succession by the North Markvend
pelitic schists, Therefore, the calcareous sSequence of North
Skjeggen cannot correlate directly with that of West Storviken;
the former must close within the envelope of the latter, and the
¢losure probably projects above HBgnakken and Storvikvand,

The TIS and B diagrams for the Skjeggen region show a more
complicated pattern than that seen in the area to the east, due
principally to the presence of ma jor folds on N-S axes, There is
a single maximum to the 125 measurements of poles to bedding and
schistosity, representing a southerly dip of 40° and the
complicated scatter aroundAtho maximum is due to these NeS
structures, A similar relationship exists for the diagram of

b6 linear structures, and again the greatest maximumcise still due to

-
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structures associated with the Kjeipen fold, on bearings around
.235°, and a mean dip of 25’.

Southwards from the Suppevand region, the influence of the
Kjeipen fold quickly disappears, due to the action of the Lysvand
Slide, Spanning the western end of Lysvend is a thick
calcareous pelitic schist whose northern boundary, as already
described, becomes involved in the Kjeipen fold. Convergence of
the southern and eastern boundaries of the same group, which has
a roughly triangular outcrop, occurs on the north face of
Scetertind, and is shown in fig,26, The exact position where the
two boundaries meet is inaccessible, and the nature of the Jjunction
iz unknown, but when plotted on fig.$ it appears to represent
@ further closure of the Kjeipen fold, Within the calcareous
pelitic schist in the region of convergence is clear evidence of a
major closure (fig.3) in the same direction as the main Kjeipen
fold, and which is truncated by the Lysvand Slide, The reason
for the distinctive shape of the outerop of the calcareous pelitic
schist is due to later refolding of the structure around the
Bjollgtind Antiform, Thus, the eastern and southern margins of
the calcareous pelitic schist are correlated, the former situated
on the lower limb of the fold, and the latter on the upper limb,

No further closures of the Kjeipen fold can be recognised
south of this band of oalc;rooua pelitic schist,and the outerop
of the rocks of the southern region is determined wholly by the

Spilderdalen fold, snd structures of the 13 period of deformation,

Separating the two regions is the Lysvand Slide, to be
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Fige26, The calcareous pelitic schist of West Lysvand is o
‘eoloured green, Its ‘distinctive outcrop is due to refolding of

the Kjeipen fold around the Bjellatind antiform.



described in detail later, whose general outerop follows the
southern boundary of the calcareous pelitic achist of Western
Lysvand, :

(2) Spilderdalen Fold

In the south of the Wrnes Region, where the structural
trend is generally E-W, the dominant structure is an overfold
closing northwards of the same style, and ﬁrobabl: the same age,
as the Kjeipen fold., It is separated from the latter by the
Lysvand Slide, Like the Kjeipen fold, the structure has a
gently inclined axial plane, which has been refolded by the later
r3 period of deformation. The position of Fhe axial plane was
plotted on map 3 in the same way as was that of the Kjeipen fold,
namely by relating the points of verticality of fig.l0 to their
geographical position on the base map, Again, the sinuous nature
of the axial plane is largely topo;rapﬁically controlled, Over
most of the Urnes region, only the lower limb of the structure
is seen, Its upper limb outerops in the eastern part of
Steffodalen, and forms the whole of the eastern boundasry of the
Glomfjord granite,

The clesrest demonstration of the fold occurs at the head
of Spilderdalen, where the granite boundary, which dips gently
eastwards under Glombraaen, becomes vertical, and then dips
moderately steeply southwards along the whole of its northern
outerop (Fiap, 1 o Fige27, which shows a view of the head

of Spilderdalen, indicates that the metasediments associated with
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Fig.27. The head of Spilderdalen from the weast., The region
is situsted in the core of the Spilderdalen foldj the latter
accounts for the pattern of the features visible
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Fig.28. The conformable contact of the Bjellitind grapite with
the overlying metasediments on the north face of Bj tind,

The contact is sharp and occurs below the lowermost snow patches.
Banding within the granite is clearly displayed

[

Fige29: The contact of the Glomfjord granite with its associated

metasedimentsin the nose of the Spilderdalen fold at Glombraaen,
View from the north
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the granite also follow the same structural pattern, with steep
dips in the Steffodalen areas, An alternative explanation is that
the regional convergence of dips, represented by the north-easterly
dips of the contact sediments to the Glomfjord granite and the
southerly dips in the pelitic schists of Scetertind, represent

a tight and symmetrical synform with a steeply dipping axial plane,
However, in the presumed axial regions of this suggested fold, the
sheet dip is everywhere vertical or nearly so,

Towards the north of Steffodalen, a series of distinctive
mariker bands occur on the north of the pelitic group, and show a
series of major closures with E-W trends of verticality, and
easterly plunging exes (see figs 18, 198)., They close in exactly
the same way as does the Glomfjord granite margin, and when
traced both westwards and southwards, form part of the regional
succession away from the granite, The ¢losures are therefore
interpreted as a northerly continuation of the Spilderdalen fold,
the direction of the axes of each successive closure being
identical while the steep sheet-dips of central Steffodalen are
regarded as being situated in the nose of the fold, The southern
boundary of the main silty schist of Kvittind also follows the
pattern of the Spilderdalen fold, but its northern margin is
remarkably elongated northwards into the area mapped by Wells and
Bradshaw, and becomes involved in a fold of a very different
nature (see map 4),

Within the boundaries of the observed Spilderdalen fold, which

cannot be traced north of Scetertind due to the action of the
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Lysvand Slide, the detailed relationships are oftin complicated,
This is particularly the case in the east of the Steffodalen
region, where the Steffodalen Fold, an earlier structure, is
encountered, Here minor folds of isoclinal charscter are
abundant and lead to extreme complicetions (figs 36=40, p. s
On the south side of Scetertind a series of large-scale isoélinal
sinistral drag folds in marbles are visible (see Pe o fige.30B)
in the wrong sense for the Spilderdalen fold, They are associsted
with the rl schistasity in interbanded pelitic schists, which is
parallel to their axial planes, a direction that is markedly
divergent from the axial plane direction of the main Spilderdalen
folds Occasional dextral monoclinal flexures, with amplitudes

of about 10 metres are visible on the southern flanks of
Scetertind, They have gently inclined axial planes and are of an
equivalent style to the major fold, and probably represent drag
folds on its lower limb, Similar structures are visible in the
schists in contact with the granite below Glombraaen,

The 11 S diagram for 80 measurements in the Steffodalen region
shows two distinct maxima, corresponding to the two limbs of the
major overfold, 'In the N, the mean dip is southerly at about 40°,
while in the S and E it is towards the NE at about 35°, The scatter
of the maxima is on a well-defined great circle whose pole
corresponds with the maxima to 30 linear structures on a bearing
of 110, with a 10° dip. This is the axis of the ma jor fold, and
suggests that the linear structures were developed at the same

time, Construction of the sxial plane from the T8 diagram
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indicotes that it dips to the SE at about 20°,

Towards the W, in the North Spilderdalsvand region, only
the lower limb of the fold is exposed, due to the inclination of
the axial plane of the fold, aﬁd the dip is everywhere S, with the
granite structurally above the metasediments. The rocks consist
principally of the Steffodalen pelitic series and exposure is not
good; little is known of the details of minor structures, One
isolated overfold in massive pelitic schists has the same style
of deformation as the Spilderdalen fold and probably represeants
part of a dextral drag fold whose upper limb has been removed by
erosion, Its axial plane has a similar inclination to that of
the major fold (fig.44C), Most of the other minor folds are
earlier structures, much more intense than that described sbove, and
on different axes,

Structural data diagrams for the North Spilderdalsvand area
indicate the position of the region on the lower limb of the
Spilderdalen fold, 106 measurements to bedding and schistosity
form a single concentration, within which the maximum is fairly
diffuse, The mean dip is just to the E of 5, at 40°, but
variations in dip from 20° to ?0° are coumon through an arc of
about 60°, No obvious trends in the scatter of the 1S diagraa
can be seen, but the slight elongation along a great circle whose
strike is just E of N does correspond to the great circle in the
Steffodalen region.' The 40 measurements of the B diagram show

the largest scatter in any single sub-region, due principally to
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refolding of earlier r1 lineations. However, the greatest single
maximum is almost due east with a 15° dip, and is a consequence

of the Spilderdalen fold., A slight maximum with a westerly dip
may be due to the proximity of the Spildervand culmination

(see po 1/ ). Comparison witin the B diagram for the Steffodalen
region, shows that the maximum has moved from a bearing of 110

to 090. The reason for this is not clear but may be due either
to original variation or later refolding,

On the coast south of Ornes and on the island of MesBen the
rocks still dip constantly under the Glomf jord-MesBen granite,
even though the amount of dip is variable, Exposure is not good,
and detailed observations have not been possible,

Variations in the amount of dip from 25° to 60° are shown in
the |18 diagram based on 56 measurements for the South Drnes
region. On the mainland there is only a slight variation from
the mean southerly direction of dip. As for the North
Spilderdalsvand region, there is a marked seatter in direction
of the 20 linear structures measured, due principally to the
identification of early rl linear structures, jAn easterly
concentration is due to F, structures directly related to the
major overfold and are mainly to be found in the east of the
region, On MesBen all the linear structures measured have
westerly plunges, and agein are probably related to the
Spilderdalen Fold,



79

(3) Djupviktjell Fold

The recognition of this fold and its significance in the
regional stfucture depends on the stratigraphic correlations of
the Urnes and Blaatind regions. Lowermost in the succession
on Blsatind, an area that is cﬁnplctel: isolated by drift, is a
calcareous pelitic schist, It is of identical lithology to the
calcareous pelite of North Djupvikf jell, and although the
regional dips of the two schists are nearly at right angles
(southwards on Djupvikf jell and almost westwards on Blzatind)
they appear to connect up across the valley NE of Mosvold, Such
a projection is illustrated in fige9y and is suggested by a
reasonsble correlation of stratigraphic successions (see
sectiond i and fig.60). In each case there is a achist
sequence of comparable lithologies lying underneath & granite
masse The granites themselves are closely comparable,

An approximste prediction of the position of the axial
plane of the Spilderdslen fold when projected westwards may be
medey knowing its inclination in Steffodalen and allowing for the
effect of the Spildervand culmination, Assuming the axis to
maintain its bearing of 110 and dip of 15° on Steffodalen, the
position of closure of the granite will be some 2000 metres
above ground level at Djupvikf jell, The effect of the
Spildervand culmination will be teo bring the sxisl plane down
towards ground level, and assuming that the observed 15.20° dip

of regional lineation is representative of the major fold, it
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should reappear on the Blastind-Teksmona massif, Thus, the
Teksmora-Blaatind granite is interpreted as representing the
reappearance of basal granite in the lower limb of the
Spilderdalen fold, due partly to the effect of the Spildervand
culmination, but also to other 13 folds on differeant axo,. The
nose of the fold is interpreted as being situated in the
unexposed ground around Reipaa(Fig 25)

Once these broad relationships deseribed above have been
recognised, it is possible to give a rational explanation of the
steep dips observed in the Urnes gneisses, These comprise a
steep limb of an essentially monoclinal fold, which has
affected part of the under limb of the Spilderdalen fold, The
monocline is asymmetric, with gentle dips in the north where the
Blaatind rocks occur and a steeper southerly limb in the Bugten
region.

The B diagrams for both the Blaatind and East Ornes regions,
which are affected by the Djupvikfjell and Spilderdalen folds
each show an easterly plunging maximum, with a 15° dip, which
corresponds with the constructed axis of the Djupvikfjell fold,
The main concentration from 50 measurements in the 18 diagram
for the Blaatind region represents th; gentle upper limb of the
monocline, That of the East Urnes region (based on 25
measurements) indicetes a southerly dip of 30° and is located
on the steep limb of the monocline, The planar structures in

this region are mainly csused by the arrangement of pegmatites
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in the long limbs of rl isoclines, and by the gneissic banding
which is parallel to these. That they are representative of the
regional 'bedding and schistosity' is shown by the conformable
contact with adjacent schists on South D jupvikfjell, Finally,
the southern limb of the monocline is represented by the rocks
in the South Urnes region, where the mean dip as calculated

from 35 measurements, is towards the S at ho°.

(4) F, _folds in the Skjeggen-North Markvand region

A series of monoclinal flexures, representing drag folds on
the upper limb of the Kjeipen fold have already been described in

the section on the Kjeipen fold (p. 67 ).

(4) Bolden Fold and associated structures

In the metasediments on the N of Skjeggen, itnoar structures
on bearings between 160° and 190° are seen, These are generally
associated with sheet dips to the SW, varying in amount from
60 to 90°, an arrangement that is quite unlike that on the
mountain itself, Little time for detailed mapping of the region
was available, and as the area is not covered by aerial photographs,
and is poorly exposed, only the broadest festures could be determined,
The tentative correlations of the region are shown on the main
geological map, where the connection between the steep south-
westerly dips of the cosstal succession with the more gentle
southeeasterly dips of the Skjeggen massif is thought to be due
to an antiform., That this structure continues southwsrds is shown

by a calcasreous pelitic schist that can be traced on the west

side of Skjegzen and crosses over the valley, to reappear on
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Skraaven; the dips indicate an antiform plunging southwards,
Similarly, the northern boundary of the Skjeggen granite crosses
the valley via a steeply dipping zone to reappear on Skraaven,
These steep dips are part of the Skjeggen fold on a different
axis, and possiblg of a different age from the Bolden entiform,
and it is in this region that the two structures converge,

Exposures of granite on the coast north of Bolden dip
steeply eastwards and a zone of steep dips can be identified
southwards from this, on the west side of Skraaven, The only
other structural information on this region comes from the west
of the Kunna peninsula, where the rocks dip gently eastwards,

There are two possible explenations to account for this
arrangement:-

(a) the structure is an asymmetric synform, complementary

to the Bolden antiform, ‘

(b) the rocks at Kunna are overturned with respect to those
at Skjeggzen, and the total structure is a ma jor
overfold, with a gently inclined axial plane, of
equivalent style to the Kjeipen and Spilderdalen folds.

It is the latter alternative the writer favours,

The Skjeggen granite is regarded as basal granite detached
during ri times (p. 95 )s It structurally overlies metasediments,
suggesting that it wis overturned, On the second explanation,
therefore, the rocks at Kunna are the right way up, and it is

the Bolden overfold which accounts for this inversion. All the
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islands to the W and SW of Kunna are mapped by the Survey as
granite, and as they cover a very large area, the most likely
explanation is that they represent basal granites, Thus, the
balance of evidence appears to be in favour of interpreting the
structure as a2 major overfold, with the rocks of Kunna and all
the islands to the W forming the lower limb, The axis of the
fold is south-easterly, on a very different trend ffom the
Kjeipen fold, Detailed relationships between the two structures
are unknown, due to the poorly exposed nature of the terrain.

(6) Laksaadalen Fold

On the northern shores of Leksaadalsvand, vertical quartzites
with an E-W trend sre encountered., When traced towards the N,
the sheet dip is consistently southwards, although exposure is
poor and the details obscured. This region has been mapped
principally by Wells and Bradshaw, and idterpretation as to its
structural arrangement can only be determined with reference to
the areas N and E, It appears, however, that there are two
possible explanations to aocount'fur the zone of steep dips:

(1) the existence of s tight synform on the northern

margin of the granite,
(ii) a major overfold with similar characteristics to the
Spilderdalen fold,

Regardless of which of these is the correct interpretation,

it appears that the fold is of F, age, with an easterly plunging

axis, and a welledeveloped associsted lineation,
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direction is displaced from that of the main SBrfinnset Anticline,
and indicates the major structure to be periclinal,

Towards the SW of the Lysvand region, the antiform rapidly
loses its identity, and the regional dip is determined wholly
by the major rz overfolds. The series of symmetrical folds in
the calcareous pelitic schist of the Suppevand region which have
vertical sxial planes sre correlated with the Bjellftind antiform,
and are thought to have developed by crumpling of the relatively
soft calcareous pelites in contact with the massive core of the
Kjeipen silty schist (see also p. 60 and fig, 22)., The direction
of axes of the folds correspondwith that of the Bjellftind
antiform,

A possible continuation of the same structure is represented
by the Urnes fold (p, 87 ), the structural details of which are less
well known, In addition, the Spildervend culmination (p. 91 )
with an essentially NS axis, is probably of the same general
age, and may represent a contemporaneous cross-fold (King ond Rost ks5) ,

(2) The storvik Synform

On the W side of the SBrfjord the sheet dip is towards the
N¥ or W, due to the situstion on the lower limb of the Kjeipen
fold, When traced north-westwards, however, on to the Hbgnakken=
GrBtset region, the beds are almost horizontal (fig.16), and further
to the NW, on the Storviken peninsula, dip gently southwards,

This gentle synform, with an axis which plunges to the SW at 150.

has an axiel plane that is nearly vertical, and is conparablc in
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style to the Bjellftind antiform., It is the complementary
synform and was probably formed during the same general period
of deformation,

Towards the SW, the fold cannot be traced for any great
distance. The rocks here dip consistently to the SE and are
situated wholly on the lower 1limb of the Kjeipen fold,

The lowest rocks seen in the W of Finneskua, consist of
calcareous pelitic schists, lithologicslly identical to those in
the Galtskart succession., It appears that they are lateral
equivalents, and that their reappearance is due to the synform, a
view that is supported by the mapping of Wells on the east of
Grotset (map 4), The structural importance for this correlation
is discussed elsewhere (p, 6% ).

(3) Markvand and Blaatind Synforms

Between the Bjellltind antiform and Storvik synform, two
gentle r3 struétures are developed, On the Outer Galtskarte
Molndalstind ridge, a zone where the beds are horizontal, accounts
for the change in sheet dips (map 1), The structure is synformal,
and has an axial plane that dips steeply to the SE, with a
SW trending axis, The structure is not a simple synform, and a
whole series of minor ripples arranged en &chelon can be
identified in the axial region. Towards the SW, a thick marble
band marks the core of the fold, The structure is termed the

Markvand synform.
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In an analagous way to the Storvik synform, the Markvand
syaform only occurs over a limited region, probably due to its
situation on the pre-existing Kjeipen fold, Towards the NE, it
dies out where the steep dips of the South Skromdslsvand region
in the closure of the Kjeipen fold are encountered, while to the
SW it probably also disappears when the regional dip is wholly
south-eastwards,

Along the projected axis of the Markvand synform, another
similar structure is seen in the Blaatind massif., The
arrangements of dips on the mountain indicates a very gentle
synform with a steep axial plane and an axis which plunges towards
the S¥W at 18°,

(4) The Ornes Fold

The structural interpretation of this region is based upon
mapping that was considerably less detailed than the regions to
the E, using an enlargement of the 1 : 100,000 Norwegian topographic
mapj large tracts of unexposed ground conplicafb. matters., Any
conclusions as to the regional structural arrangement are therefore
highly tentative,

In the section on the Spilderdalen fold, the westerly
projection of the latter was discussed (p, 77), and it was
concluded that the granite could reappear in the Teksmona-Blaatind
massif. A cross-section across this region (fig.25) compares
closely with that of Vogt in 1912 and the correlation of

metasediments dipping undernesth granites has already been outlined,
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The structural arrangement of the Blaatind snd South Ornes
regions indicatesan antiform, the Brnes sntiform, with an axial
plane that dips steeply to the NNW with an axis plunging at 19°,
On this interpretation, the island of MesBen should be
situated in the nose of the antiform, and there should be some
indication that the granite and schist sequence does connsct up
with that on Blaatind, Only a single day was available for
mapping the east coast section, principally to determine the
correlations of the succession with that on the mainland, and to
fix the position of outcrop of the ®rnes Gneisses. In the
south of the island, the granite boundary is a direct continuation
of that of the Glomf jord granite seen on the mainland only 2 km
awayj its outcrop on the west of the island is taken from the
existing survey mep., The bend in outerop is wholly topographic,
The sueceeding group of metasediments is broadly similar to that
on the mainland (see p, (69) and the dip is still towards the
south at about 40°, 4 little further N, however, the strike
chenges rapidly, until the rocks dip towsrds the SW, in a fairly
well defined zone aligned NW-SE across the island. This is
exactly the direction to be expected on the present interpretation,
and connects up with local strike directions in the Teksmona
granite, However, on the north of MesBen the strike changes back
to almost due E-W, and quartzitic rocks project directly inte
gneisses on the mainland, The reasons for both these phenomena

are not clear, but it suggests that the Ornes fold is not a
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simple antiform, In addition, a series of isoclinal folds have
been identified in the quartzites of MesbBen, probably of the same
age as those in the gneisses,

(5) The Reipaa Synform

In the same way aa.the recognition of the Urnes Antiform
depends on a correct interpretation of the local stratigraphy,

80 the establishment of this fold is entirely dependent on the
extrapolations through the unexposed ground west of Markvand.
Correlation of the Djupvikfjell succession with that of 10”..!'
Blasatind has already been mentiened (pe 79), and it is the western
extrapolation of the succession that is of prime importance,
Two possibilities existi=
(1) the succession continues with an E-W strike, and
disappears out to sea ét Reipaa, It is this alternative
the writer favours,

(11) the succession connects with that of South Breitind, by
means of a major overfold, correlating the Blaatind with
the Skjeggen granite.

The regional dip for the eritical reffion to the W of
Markvand is steep and towards the south, except for very occasional
measurements on the southern flanks of Breitind, These may have
been recorded from blocks that were not in situ, but are anyway
of very local significance. Thus there is little structural
indication of 2 major fold ¢losure, and as the succession is

very varied lithologically and no bedding cutting across the
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the measured schistosity has been observed, the possibility of
there being an F,y isoclinal fold with associsted axial plane
schistisity appears to be remote,

Moreover, the northern boundary of the Skjegzen granite
has been shown to connect with the granite on Skraaven by a
steep NE, SW belt, while a small band of pelitic schists, of
stniiar general lithology to the south Breitind pelitic schists
has been identified on the extreme south-west tip of Skraavea,
again with a NE-SW alignment, Finally, the schist sequence
of south Breitind, on the contact with the Skjeggen granite, is
quite unlike that on Blaatind,

The two granites are therefore interpreted as being
separated by a band of schists which outcrops along Markelven.

From the arrangement of the steep southerly dips of West
Markvand, and the more gentle westerly dips of Blaatind, the
rocks of the latter must overlie those of the former (see fig.25),
and the structure must be synformal, Using these two regional
dips as representing the limbs of the fold, its axis is seen to
plunge SW at 18°, and its axial plane to dip steeply NW; these
are comparable properties to the Urnes antiform to which it is
the complement,

Both the Reipaa synform and Urnes antiform are upside down
structures if the basal stratigraphic position of the Glomfjord
granite is accepteds The minor Blaatind synform, on the common

limb to the two structures has already been mentioned, and a
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suggested correlstion made with the Markvand synform, Reference
to map 3 shows how the axis of the Brnes antiform corresponds
almost exactly with that of the Bdollstind antiform, while the
Reipaa synform corresponds fairly well with that of the Storvik
synform. The structures are all of the same age, and correlation

of the two sets of structures is suggested,

(6) F; Folds in the Steffodalen Region

No largeescale !'3 structures are seen in the region, but a
series of small symmetrical folds with vertical or steeply
inclined axial planes, snalogous to the folds in calcareous pelitic
schists of the Suppevand region are ¢ommon (fig.49D), Like the
Suppevand folds, they are remarikably persistent, and can sometimes
be traced for distances up to a kilometre, Their direction is
constant, and is just 3 of E, parallel with the axial direction
of the msjor Spilderdalen fold,

(7) Spildervand Culmination

The linesr structures in the 8 of the Brnes region have
a genersl E«-W trend, However, in the W, the predominant trend is
westwards, and in the E eastwards, The culmination of linear
structures is not well-defined but must have an approximate NS
axis paseing through Spildervand., It is probably responsible
for the reappearance of the basal granite in Blaatind (see Pe79 ),
and may represent 13 cross folding produced at the same time as
the ®rnes and Bjellgtind folds. This phenomenon is seen in

other complexly folded belts and has been described From the
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Scottish Highlands by King and Rast (1955) and is- regarded as being
due  to accommodation by constriction of the material when

folded at depth, Sutton and Watson (1954) have described a

series of oblique subsidiary folds on the limbs of major folds.

They have shown that these oblique folds are due to variations

in original plunge of the major fold, and are therefore coeval

with the major folds., Whether or not the Spildervand culmination

is an rz structure, comparable to those described by Sutton and
Watson, or an r3 cross-fold, of the seme age as the Drnes and

BJellgtind folds cannot be determined on the information available,

The Slide Zones

Two main groups of slides can be established, according to

the age of their development,

(1) During F, times, a large amount of thrusting took place,
distributed rather evenly through the succession,
Concentration of movement occurred along certain
boundaries of lithological contrast, snd such zones
can be postulated from structural and stratigraphic
considerations,

(2) A single example of an rz slide has been identified
separating the Kjeipen and Spilderdalen folds, The
stratigraphic significance of the slide is probably
slight, as the lithological groups on either side are
identical,
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rl Slides

(1) Basal Slide

In both the groups, later metamorphism has completely
obliterated indications of atruoturui dislocation, and uniforme
schistdsity extends across all the postulated slide,

The recognition of isoclinal folds in the basal granites has
already been outlinedj; similar isoclines can be identified in
the overlying metasediments but it is only rarely that the two
are interfolded on an isoclinal style, It may be inferred there-
fore that separating the two broad groups is a slide zone of some
importance, The besal 30 to 40 metres of the metasedimentary
succession above the Bjollftind granite shows no evidence of
isoclinal folding, and is not repeatiéd on a major scale higher up
in the Galtskart succession. It is remarkably constant even in
detail over the limits of outcrop of 3 to 4 km, and is regarded
as having remained approximately in contact with the granite
throughout all periods of deformstion., The ma jor basal slide
probably occurs above this zone, and accounts for the elimination
of the isoclinal folds of Galtskart, and the lowermost fold on
Kvittind,

(2) Galtsksrt Slide

Just as the basal slide separates the Galtskart isoclinal
folds from the basal granite so has the Galtskart Slide eliminated
the continued repetition of the succession upwards, In the valley

between Inner and Outer Galtskart, a thick msrble and quartzite
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band separates the Galtskart succession from that of the North
Markvand pelitic group. Both lithologically and structurally,
the two series are different (see also pp.13, /73 )« The
lithological differences are described in sectiondfiw while the
main structural difference is the presence of a series of major
isoclinal folds in the Galtskart succession and the lack of
large-scale repetition by isoclinal folding in the North Markvand
pelitic rocks,

The marble-quartzite sequence, which itself is very highly
deformed often with an intense fracturing of the quartzite
members, is taken to represent the position of the slide zone,
although its exact location is unknown. On map 3 the slide is
represented by the outcrop of this distinctive group. The
situation of the slide on the upper limb of the Galtskart fold is
also shown in map 1 which indicates the extreme thinning of the
successions both northwards towerds Sbrfjord, and westwards
towards Markvand, Both these regions are situated on the limbs
of the Kjeipen overfold , but as described earlier (p. 5/ ),
the structure does not appear to be of the style to produce such
thinning, particularly in massive bands such as the silty schist.
It is suggested, therefore, that thinning in both these regions
is a consequence of the !‘1 slides, and in the Galtskart region
was associated with the development of the Galtskart fold. A
similar thinning and partial elimination can be seen in the case
of the North Markvand pelitics, and in this group, on the north

of Oyter Galtskart, extreme rl sliding is indicated by
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irregular lenticular masses of marbles and amphibolites,
(3) Steffodalen Slides |

These structures account for the isolation of the Steffodalen
fold in the upper limb of the Spilderdalen overfold (figel4) and
are described on p, 45 ,

(4) Skjeggen S1ide

The main reason for the recognition of this slide is the
stratigraphic similarity between the Bjollgtind granite and the
metasediments on Galtskart, and the Skjeggen granite with the
associated metasediments to the north (fig.64)., 4 partial
elimination of the North Markvand pelitic series against the
southern boundary of the granite, which represents the position
of the slide, is shown in map 3, As the boundary is not well
exposed, it is impossible to observe the nature of this
elimination. The Skjeggen granite, when projected eastwards,
connects up with the much thinner Stortind granite; the latter
is entirely eliminated a little further east, This is regarded
&8s being controlled by the Skjeggen slide,

The slide itself is affected by the Kjeipen fold, indicating
that it is of F, age. Other similar structures probably account
for the southerly elimination of sheet granites of the Storvik
region and may account for the presence ;f the granites in the
metasedimentary sequence (see also Pe k8 o

The Lysvand Slide

The disgram of linear structures for the whole of the Drnes
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region shows two distinct maxima (fig.8B), corresponding to
south-westerly trending axes in the majority of the area, and

E-W trends in the southern margin of the Ornes region, Considerations
of the major structures show that each of these regions is
dominated by a single ma jor overfold, the Kjeipen and 3pilderdalen
folds respectively, which from examination of the attitudes of
axial planes and style of deformation are regarded as having
developed at the same time, The region of convergence of these
two folds is a well defined zmone which follows the southern
boundary of the calcareous pelitic schist of West Lysvand, and
corresponds almost exactly with the change in trend of the
associated linear structures, Detailed information is available
only for a small part of the zone, from North Kvittind, to East
Scetertind, as the region of projected éutcrc;p on to Djupvikfjell
and Blaatind is only poorly exposed.

The clearest demonstration of the structure is on North
Scétertind, where the closure in calecareous pelitic schists is
truncated by a massive band of silty schist (fig.3). The latter
is quickly eliminated towards the west, and the slide must follow
the lower boundary of the silty schist., Eastwards, its effect is
ne longer visible, but it accounts for the absence of the fold
on Kvittind; here the slide is conformable with the banding,

South-westwards from Scetertind, the southern boundary of the
west Lysvand calcareous pelite is not well exposed, However, a

further distinctive band of caleareous pelitic schist, which
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outcrops on North Scetertind, and follows the Spilderdalen fold
is eliminated westwards in the poorly exposed ground north of
Digermulen. There are two explanations to mccount for this:=-

(a) the calcareous pelite forms the core of an isoclinal

fold, which closes westwards,

(b) it is eliminated against the Lysvand slide in a similar

manner to the silty schist fnrtﬁer to the west,

On the southern side of the North Scetertind calcareous pelite
is 2 distinctive group of rocks of undoubted stratigraphic
significance (fig.,60), These are not seen on the north of the
same band, and if an isoclinal fold does exist, the succession
must have been eliminated by sliding, In addition, the same
group of distinctive rocks is seen further to the west, this time
bordering upon the West Lysvand calecareous pelitic schist,
suggesting stratigraphic correlation (see also p, 175 ),

Because of these factors the writer favours the interpretation

of the western teruination of the calcareous pelitic schist as

due to the action of the Lysvend slide, in a similar way to the
8ilty schist of North Scetertind, On this interpretation, the
observed change in strike of the calecsreous pelitic schist near
its westerly termination, may represent a drag fold produced during
the formation of the slide, while the rapid way in which the fold
dies out south-westwards would then be expected, The geometrical
relationships on North Scetertind suggest a movement of the

southern block towards the west, and the direction of the fold in
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the calcareous pelite supports such a contention,

In the region of Urnes the gneissic rocks are thick but
north-westwards and eastwards their presumed lateral equivalents
are considerably thinner, It is possible that the Lysvand Slide
has had some influence upon the variation in thickness of the group
(see also ps 284 ),

Westwards from Ornes, the Blastind region is again dominated
by east-west linear directions and is also within the influence
of the Spilderdalen fold, For this reason, the westerly continuation
of the Lysvand slide is regarded as following the western boundary
of the cslcareous pelitic schist of East Blaatind.

The Lysvand slide is the only large-scale structure that in
one place at least is demonstrably cross-cutting, It is associated

with two major F, folds and is probably of the same general age.
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Effects of Refolding on Linear Structures

The majority of linear structures in the ®rnes region were
developed during the ra period of deformstion, and their orientstion
depends upon whether they occur in regions dominated by the Kjeipen
or Spilderdalen felds, Later folding has been on sxes almost
the same as those of the F, major folds, and it is only possible
to assign the linear structures to the re phase on considerations
of style and intensity, Slight scatter of the r2 linear structures
does exist, however, and can be caused by one or both of two

factorsi=-
(1) original variation

(ii) later refolding.

The effects of refolding of earlier structures have been
described previously (Weiss 1959, Ramsay 1960). Both these
authors have outlined a method to explain the effects of refolding
of linear structures. According to whether the later folding is
concentric or similar in style, the early linear structures will
lie on a small circle or a great cirecle around the new axial
direction respectively, In the ma jority of cases, the tz linear
~ structures are refolded by rs folds on almost identical axes, and
the scatter may be difficult to identify, or to separate from
original variation. Occasionally, rl linear structures are
refolded by F, folds on very different axes, and the effects are
easier to observe, These are described in some detail at the

end of this section,
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(a) Suberegions affected principally by F, linear structures

(1) Blsatind Region. Two maxima are seen in the B diagram,

corresponding to plunges of 262 at 16° and 220 at 25°, the first
of which is by far the more important. The lesser of these,
consisting of only five measurements, represents a restricted area
in the south, When the axis of the Blaatind synform, an r,
structure, is plotted, it falls in the extreme southern part of
the ma jor maximum, and bears no simple relation to the arrangement
of 12 linear structures, For this reason, the observed scatter is
regarded as representing original variation that appears to have
no aerial control,

(2) North Markvand Region, A single well-defined maximum to
160 measurements of the B diagram is seen, and the axes of the
later ,.3 folds are on bearings that are almost identical, No
aerial control to the slight scatter could be determined, and the
few measurements in the northeeast quadrant are evenly distributed
through the whole area., As the r3 folds are on the same bearings
as the ré linear structures, no scatter due to refolding is to be
expected, and the total slight variation observed is probably
original,

(3) Bast Drnes Region. Leck of detsiled structural informetion
prevents any conclusions from being drawn., The single maximumis in
an easterly direction, and does not appear to have been affected

by refolding,

(4) Suppevand Region, The B diagram shows a marked scatter
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which can be related to separate geographical regions, As a
generality, those that fall on the more easterly part of the
maximum are confined to the W of the region, and vice versa, while
the single sub-maximum is csused by linear structures from a
restricted area on the N of Kjeipen. The nearest large-scale rs
structure is the Bjcllgtlnd antiform, whose axis falls in the
centre of the main maximum, As the axes of both r2 and 73 folds
are very nearly equivalent, the scatter observed cannot be due to
refolding. The aeriel control on the scatter must therefore

be due to original variation in the ra linear directions.

(5) Lysvand Region. A similar systematic variation in the
orientation of the B diagram can be shown to occur in this region,
Thus, the linear structures on bearings around 250° predominate in
the South Lysvand region; those on 230° correspond to the rocks
of East Galtskart where dips are low, and those on 210° to the
steeper dips of West Geltskart., When the position of the later r,
Bjellftind antiform is plotted, it falls midway between the 210
and 230° maxima, and a small circle between the two, using the
r5 axis as centre, can be constructed. The 250 maximum is a long
distance from this smaell circle, sugzgesting original variation,
while it is possible that the observed scatter on Gsltskart is a
direct consequence of the Bjellftind antiform,

(6) Steffodalen Region, Two distinct linear directions
prevail on bearings of 110 and 125°, The former predominate in

the N and W of the region, and the latter in the SE, particularly
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around the Fykan granite, The style of the linear structures is
constant, and all probably belong to the F, period of deformation,
The constructed axis of the Spilderdalen fold falls in between the
two mexima, and as there are no major F, folds, the scatber is
regarded as being due to original variation in axial direction of
the linear structures,

In the remaining sub-regions the linear structures do not show
such a simple arrangement. For two of these, the complications
are due to !‘1 linear structures on variable axes, but in the
North Skjeggen region, they are caused by ra structures on varied
axes,

(7) Skjeggen Region, Four distinct maexims can be recognised
in the pattern of the B diagram, one of which is the dominant.
Just under half the total of linear structures measured are grouped
around a mean of 2300. corresponding to the areas influenced by
the Skjeggen and Kjeipen folds, Another maximum, around 150°. is
caused by linear structures in the North Skjeggen region and is
related to the Bolden fold, Only a few structures on bearings
around this value are represented, but due to the rapidity of
mapping, this is unrepresentative., The two remaining l&!i-l.
one plunging E and the other W, occur in the BreitindeN,W,Markvend
region, and sre related to the monoclinal flexures .on the upper
limb of the Kjeipen fold. The reason for the varistion of this
trend from that of the regional linear direction is not known,

If great circles are drawn on the |l 8 diagram for each of

the recognised folds, their poles correspond accurately to the
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meximum of the associated minor structures, In each case, the
folds have one limb represented by the main maximum in the [I 8
diagram, and consequently, the great circles for each of the folds

pass through approximately the same point,

(b) Suberegions affected by both F, end F, linear structures

(1) South Ornes Region. Few linear structures have been
recorded from this region, but those that have been show & marked
scatter, The two most important maxims are easterly and westerly
plunging respectively, and are of ra age. Their variation is due
to the Spildervend culmination, and in the W of the region,
particularly in MesBen, the linear structures dip W, while on
the mainland and in the E of the region they dip E. The amount
of separation of the maxima is 25°. and is probably a measure
of the intensity of the culmination.

The remainder of the scatter is due to structures in the
region to the E of Bugten, where southerly trending linear
directions are spasmodically developed, Some of these are of rl
age, but some are very gentle puckers on nearly N-S axes and may
be correlated with the Spildervand culmination, No trend in the
Fl structures can be observed, ;

(2) North Spilderdalsvand, It is this ares that shows the
largest scatter of linear structures of any of the suberegions,
The 11 § disgram, on the other hand, shows a single meximum due to
the position on the lower limb of the Spilderdalen fold; the

scatter within this one maximum is considerable, but cannot be
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related to separate geographicsl areas,

The largest maximum on the B diagram represents easterly
plunging linear structures, related directly to the Spilderdalen
fold, which are found throughout the region. Occasional westerly
plunging axes of the same age are found, principally in the W of
the region, and may represent an approach to the Spildervand
culmination whose main axis is some distance to the W. Linear
structures on bearings around 070 are found principally in the N
part of the region, towsrds the Lysvand slide,

An important series of linear structures are found in the 5
of the region, on axes varying from 130° to 190° and generally with
high dips. They consist principally of axial directions of
intense 11 minor folds in marbles and calc schists that have been
refolded by the Spilderdalen fold, and exhibit a well-defined
trend, To account for this trend, comparison of this region with
that of Steffodalen was made, where the approximaste direction of
the ¥, Steffodalen fold is ESE, When this is plotted
stereographically, together with the maximum of rl structures in
the North Spilderdalsvand region, a great circle may be drawn
between the two points, The observed trend of rl linear directions
fall almost exactly on this great circle, suggesting the scatter
to be a consequence of refolding of the early rl lineations
about the Spilderdalen fold, If this is the case, the refolding
should be of similar style, a view supported by field evidence.

By unfolding around the Spilderdalen fold, it can be seen

that the present NS F, linear structures of the Spilderdslsvand
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region become E-W, in conformity with all the other linear structures
and major folds of this age to the E of the Glomf jord granite,
corroborative evidence for regarding the metasediments of the

South Urnes region to be upside down.

Summary of Age go;gtionshigs of Folds

The geometric relationships of the major structures indicate
directly the influence of three ma jor fold episodes, termed Pl,
rz and r3 respectively, each of lessening 1n§ouuity. and each with
typical characteristics, It hes been shown that the whole of the
Ornes region has undergone deformation during each of the fold

periods,
’1 Folds, The earliest folds are entirely isoclinal in

cheracter, often with a pronounced axial plane schistisity. In
the ®rnes region, the Steffodalen fold is the only ma jor rl
structure to be identified with certainty, but a series of
probable isoclinal folds can be established in the Galtskart
succession on the basis of lithological repetition, Linear
structures are rarely preserved, except in restricted regions,
esge North Spilderdalsvand,

Contemporaneous with this fold period, a large amount of
sliding took place, occasionally concentrated into well-defined
zones. They may be identified on structursl and stratigraphic
evidence,

ré Folds, It is these folds that have the greatest effect on

the geometrical arrangement of the rocks of the Ornes region; they

consist of recumbent overfolds with gently inclined axial planes,
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Two major F, folds have been recognised, namely the Kjeipen and
Spilderdalen folds, with SW and E plunging axes respectively.

Other less important r2 structures have been recognised, mainly
monoclinal flexures on the flanks of the larger folds. In the

NW of the region the Bolden antiform is probably of a similar

age, and may also have & gently inclined axial plane. It
probably represents a2 contemporaneous &rosa—told. The majority of
‘the linear structures were developed at the same time &8s the 1'2
folds, and are consequently concentrated in two general directions,

corresponding to the two most important F, folds, Field evidence

2
suggests the ra folds to be similsar in style, and the trend of
the refolded linear structures in North Spilderdalsvand corroborates
this view,

Separating the two major folds is the Lysvand slide, the
only large-scale F, structure of this nature seen in the Ornes
region, It also separates the two regional linesr directions
showing them to be associates of the rz folds,

12 Folds. These consist of symmetrical folds, generally
of a gentle nature, and of large amplitude., Their axial planes
are vertical or very steeply inclined, on axes identical, or
very nearly so, to the F, folda. The style of the folds is
concentric, and although they are demonstrably superimposed upon
the ra folds, it is probable that they represent a later phase of
the same general period of deformation.

Similar conclusions as to the styles and characteristics of

the three periods of deformation mey be deduced from a study of
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minor structures (see section d bl ),

General conclusions and comparison with the remainder of the
Glomf jord region

Correlation of fold styles is possible with the remainder of
the Glomfjord region, which has been shown to have undergone a
similar structural history. Thus the rl period of deformation
is displayed to advantage in the Krokvand-Rebenfjell fold
(Hollingworth et al 1960, Walton 1959) and other major isoclinal
folds have been described by Rutland (1958) and Nicholson (1960).
Although these are comparable in style with the rl folds of the
Ornes region, it is impossible to be certain whether they all
developed at the same time., 1In addition the isoclinal folds in
the basal granites may beloag to a still earlier phase of deformation,
!2 folds are also found throughout the Glomf jord region., The
largest of these in the east of the region is the Sokumvand synform,
a NeS structure that is in part overturned., It appears that the
ra folds of the western part of the Glomf jord region are more
intense structures, with more pronounced overturning than those in
the east,

The r5 structures are only spasmodically developed in the Drnes
region, and show interesting relationships to the earlier structures
and to one another,

A marked constancy of all the linear structures in any one
area, together with parallelism to the axisl directions of the major
folds is a charscteristic of the Brnes region, However, it is not

necessarily the case that the two structures are products of the
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same period of deformation, Thus, in the NE part of the region,
the predominant lineation is an rz structure and developed at
the same time as the Kjeipen fold, whereas all the readily
identified ma jor folds have a similar orientation, but are
probably of 13 age,

When a wider region is considered, however, different
relationships are found to exist, Thus, in the N of the Glomf jord
region, around SYrfjord, the latest folds of presumed 1'3 age have
a8 NeS alignment, markedly divergent from the ra fold directions,
It appears probable that the basal granites influence the geometry
of the r3 folds to a merked extent., The S®rfinnset antiform,
which involves the rocks around 8brfjord, has a N-S8 axis,  When
the Laksaadalen fold is encountered, the fold is no longer present,
However, the Bﬂollatind antiform appears to be a re-emergence of
the same structure, but here it has a SW plunging axis, in
conformity with most of the other r3 folds of the Urnes region.

In the Steffodalen region, the 13 folds are on = very nearly
easterly plunging axes. Thus, the alignment of the rj folds
appears to be affected by the proximity of the Glomfjord granite,
the largest mass of basal granite in the whole of the Glomfjord
region. Such an influence of basal rocks upon later structures
has been noted elsewhere. In the Kettleman hills the direction
of alignment of domelike structures is dependent upon the shape
of the basin border. Some authorities, e.g. Glangeaud 1949

(quoted from de Sitter) suggest that folds of the pre-Alpine

Western Alps depend upon the basement structure, Fault patterns
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are also often dependent upon pre-existing faults. In general,
however, the alignment of previous structures, when refolded by a
later organic phase, have little effect upon the directions of the
later folds, In these cases the consolidated basement tends to

- move in blocks, in the manner suggested by Aréand. It is not
suggested that the separate phases of deformation of the Drnes
and Glomfjord regions represent different orogeneses, Indeed the
progressive change in style from rl intense isoclinal folding to
the !3 gentle doming suggests the development of a single
orogenesis, As this is the case, the individual phases of
deformation are probably partly continuous, and there is no reason
to suppose, particularly in the case of rz and r, folds, that a
period of quiescence intervened, The basement was therefore in
all probability continuously active, with a constant influence on
the arrangement of the folds,

Certain parts of the Urnes region show complex rz and r3
interrelationships, Thus, the Skjeggen region is situated on the
convergence of axes trending S and SW, while at Spildervand, a
probably NeS3 culmination of presumed !‘3 age crosses the SW plunging
Ornes fold. In both these cases, the structures may represent
contemporaneous cross-folds (King and Rast 1955), In both cases
the proximity of basal rocks may be an important factor,

Comparison exists hetween the r3 structures associated with
granites with certain of the mantled gneiss domes of Finland
(Bskola 1948), Here, rejuvenation and tectonic injection of

granites into their metasedimentary covers can be demonstrated, a
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mechanism which may explain the way in which the Bjellgtind
antiform dies out south-westwards. It is also probably indicative
of the largeness of the granite mass, as it has a pronounced effect
upon the regional structure; this is further evidence for
regarding the granite as basal,

Henderson (1943) has described the structure and metamorphism
of pre-Cambrian rocks in the Great Salt Lake district, where
granitic batholiths have invaded the already deformed country
rocks, The batholiths are concordant with the structures in the
sediments and may have caused their development, This shows
" similarities with the Urnes region, except that in the Great Salt
Lake area, the granites have caused extensive thermal metamorphism
of the surrounding sediments, while in the Urnes region it is

suggested that the granites are older than the metasediments.
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Minor and Micro Fold Deformation

In accordance with the pattern of major folding already
described, minor and micro folds™ belonging to each of the three
periods of deformstion have been identified throughout the whole
of the Ornes region, The minor folds are the most abundant; some
of these occur as drag folds on the limbs of ma jor folds, and can
then be dated readily, but others occur as isolated examples, and
can only be assigned to the appropriate fold period from
considerations of style, and the attitude of the geometrical
components of the structures. Good agreement between ma jor and
minor structures is obtained, and an identical tectonic history
may be deduced from a study of the minor folde, bodthsbt indicated
from the relationships of the ma jor structures,

rl Deformation

The most important structural feature developed at this time
was the regional schistasity, For the most part, this is
coincident, or nearly so, with the bedding, but occasionally where
small-scale overfolds or isoclinal folds are present, it is seen
to be an axial plane structure, Examples of this are clearly
displayed in the pelitic schists where the regional schistasity is
most pronounced. When interbanded material of a different nature
is present in the pelitic schists, the form of deformation is

displayed (fige30 A=D); similar structures are probably of

¥ The term "minor fold" is here used to describe structures from a
few centimetres to several metres in amplitude, and corresponds
to the mesoscopic division of Weiss (1955). Micro folds are those
that can only be observed on microscopic scales,



Fig.30, Folds belonging to the ra_?orlod of deformation

Ae Fractured quartzite in pelitic schist, South Galtskart,
showing intense folds., The schistosity is axial plane
to the observed folds

B, Asymmetric drag folds in merbles within pelitic schists,
South Scetertind

C and Ds 1Isoclinal folds in interbanded quartzites and mica
schists west of Lysvand, showing dominance of axial plane
schistosity in the schists,

E. Isoclinal fold in calcareous pelitic schists, South
Lysvand,

F. Isoclinal folds with associated thrusts in calcareous
pelitic schists, North Lysvand
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widespread occurrence but cannot be detected in the more uniform
pelitic rocks, Spasmodic development of ’1 axial plane
schistisity is displayed in a2 number of examples involving
interbanded pelitic schists and quartzites (figs 30 C and D and
fige3l).

Microscopic examination of the pelitic schists shows that
recrystallisation has occurred after F, times and has largely
masked the early folds. An early and relict schistosity, sometimes
at right angles to the present structure, is frequently seen in
the orientation of trails of inclusions in porphyroblastic garnet
erystals,

Due to the diverse mineral assemblage in calcareous pelitic
schists, the regional schistosity is never as well defined as in
the pelitic schists (see also p, 25 ), Evidence of F, deformation
is consequently sparse, but intense folds have been identified
in scattered localities (fig, 30 E and F) and do show an
incipient development of axial plane nchistﬁiity. Associated
with some of these folds are small-scale slides, and as in the
case of the major slide zones, sre frequently only visible over
a restricted outcrop,

Microscopic evidence of F, folds in calcareous pelitic schists
is lacking and most of the minerals probably date in their crystallis=-
ation from poat-rl times, The mineral paragenesis of the group,
probably covered a large time-range.

Because of their consistently banded character and relatively

low mica content, the semiepelitic schists often show rl structures
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Fige3le The differences of Fl deformation between micaceous

pelitic schists and quartzites, Steffodalen

al foldsy, with evidence of flow

Fige32, Intense F, isoclin
in silty schists, North Galtskart

towards the axial regions,



(6

to advantage. Good examples of rl overfolds and isoclinal folds
are present in the semi-pelitic schists of Galtskart, with
occasional smallescale slides also developed (figs 32-35), In
one of the outcrops (fig.35) an rl overfold has been refolded by
@ much more gentle structure, indicating directly the effects of
more than one period of movement,

In the series of banded semi-pelitic and pelitic rocks of
the Steffodalen region, good examples of 5gpfr1npbs:d folding
are developed, and structures belonging to all three periods of
deformation hsve been identified (figs 36-40), Superimposition
of rz upon rl folds, and r3 upon ra can be seen, and in each
case the folds possess similsr characteristics to the equivalent
ma jor folds. Thus, the rl_rolda show an incipient axial plane
schistosity, are normally isoclinal or nearly so in character
and comuonly show a pronounced thickening towards the axial
regions. The {2 folds are less intense, with no axial plane
schistosity, but with a commen development of itrain—allp or
fracture cleavage; they have developed by shearing processes,
and the beds maintain constant thicknesses around the folds,
r3 folds are gentle warps and have developed by concentric folding,
Occasionally, as in fig,40, the rs folds are superimposed upon a
series of beds that show convergence in one direction due to
earlier folding, It appears that the inclination of the axisl
plane of the FB fold changes across the earlier fold due to this
convergence (see fig.41), Essential requirements for this

arrangement appear to be a competent band within less competent
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Folds in banded semi-pelitic schists, North

Figs 33 and 34,
n development of minor thrusts

Galtskart, showing a commo
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Fige35. Refolded r1 isoclinal folds in semi-pelitic schists,

North Galtskart

Fige.36. Accordion folds of ?F, age, refolded by gentle warps,

in bended semi-pelitic schists, Steffodalen
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folds in banded semi-pelitic snd pelitic

schists, refolded by F2 shear=folds, Steffodalen. A high degree
times is indicated by the disharmony of the
s associsted with the 12 folds

Fice37. Isoclinal Fl

of plasticity in Fl
folding, Incipient fracture cleavage 1

rig.28, F, isoclinal folds in pelitic schists refolded by

gentle 7F, folds, Steffodelen
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Fige39. Refolded rl isoclinal fold in semi-pelitic schists,

Steffodalen, Note the two sets of drag folds, one within the
isoclinal fold and of Pl age, and the other on its margins and

of F. ages The inclination of the axial planes of the later
foldS seen in the two light-coloured bends is variable (see
fig.4l), Moreover the axial plane directions of the small T,
drag folds appear to fan around the axial plane of the
larger folds,

Fig.40, Disharmonic ?1 folds between banded semi-pelitic schists

ané aczphibolites, Steffodalen



(A) Overfold refolded by shear folds The axial plane trace of

the F2 fold is undeviated across the overfold.

|<—Trace of mean axial plane of
F 2 fold

& local axial plane directions
AS—of F 2 folds

(B) Overfold refolded by a concentric fold The presence of a

competent band within the sucession may cause local

deviation of the direction of the mean axial plane of
the F2 fold

Fig 41.

(21
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materisl sround which folding is initiated,and a concentric style
to the folds, This may form a means of differentiating the style
of superimposed folds, as if the later folds are similar in
style, the inclination of the axial plane remains constant (see
also Ramsay 1957)., Moreover, if the refolding is on approximately
the same axis as the oquicr fold the angular relationship between
the axial plane traces of the later foldn is almost the same as
that between the limbs of the earlier fold (see fig.bl),

rl folds on a microscopic scale have not been observed, and
@s in the case of the pelitic schists syn- or post-!‘1
erystallisation has been operative throughout,

In the galce=schists and amphibolites, evidence of rl folds
is rarely seen, unless deformation has involved interbanded rocks
of a different nature, This is due mainly to the unﬁandod na ture
of this group, and the general absence of S-planes of any
description, Occasional examples of rl folds involving cale
schists or amphibolites with other rocks are spasmodically
developed; in some, the calcareous rocks deform in the same manner
as their associates, but elsewhere, and notably in fig,39, marked
disharmony between the two is apparent, Rarely rl overfolds
within a single band of a cale schist or amphibolite can be seen,
They are normally exhibited by the arrangement of thin,and often
very persistent, quartsz partings whose origin is uncertain, It
is suggested that the quartz is of secondary origin, having been

segregated along incipient Sesurfaces,
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Micro-folds of Fl age have not been identified in this group
of rocks, and 2 large amount of late-stage, probably polt-!s.
recrystallisation now masks most of the earlier structures,

Rocks belonging to the Gneissic Group are found mainly in the
immediate environs of Urnes, but thin bands are also present in
the Galtskart rocks, They consist of massive creamy-white
quartzo-felspathic rocks, with large platy biotite and homblende
crystals arranged in thin bands or in discrete clots orientated
en ‘ch.lon. Due to the outerop of the main group of gneisses in
heavily vegetated country at sea level, detailed three-dimensional
examination of the rocks is not possible. However, the ma jority
of the gneissic rocks contain abundant thin pcgnatitoo; arranged
in elongated isoclinal folds (fig.79); the schistesity of the
gneisses, determined by the orientation of the platy minerals is
rarely well-defined, but as far as can be seen, is axial plane
to the folds in the pegmatites,

In one of the thinner gneissic bands on the coast at 8®rfjord,
development of a predominant schistesity normal to the trend of
the junction with an adjoining quartzite is well displayed
(fige424). The boundary shows a series of tight minor folds whose
axial planes ere parellel to the schistasity of the gneisses,

Occasional examples of possible F, micro-folds are seen,
determined by the arrangement of individual biotite crystals,
Subsequent recrystallisstion has occurred and the crystals are

unboné.
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Due to their distinctive lithologies the Marbles often show
the style of folding to advantage. Thus, in the pelitic schists
of South Scetertind, a whole series of dextral drag folds cgn be
identified by the pattern of thin interbanded marbles (fig,304).
Other examples of intense rl folds involving interbanded marbles
and schists are seen in the rocks north of Spilderdeslen (fig.43 A-D).
In some of these (A=C) the individual marble bands, although
highly deformed, maintain constant thioknosa-over large distances
of outerops The pattern of folding is very irregular and was
probably accomplished by flow, The other example (D) shows marked
disharmony between the folds in a brown snd grey marble within
associated schists, The boundaries of the brown marble are
sinuous, and indicate local injection during folding, In
contrast, the grey marble shows a much more simple pattern, and
in one place has deformed by fracturing rather than folding.

An unusual fold involving merbles and cale schists is present
to the N of Digermalen (fig.,43E). The upper surface of the fold
is elearly diapiric into the overlying rusty-weathering schists,
while the lower boundary appears to be a plane of detachment,

Thus, the overall form of the structure simulates a congentrie
fold, and good agreement between the observed plane of décollement,
and that calculated from the arrangement of the upper surface of
tﬁe fold is obtained (;ce de Sitter 1956), However, the patterns
of minor folding on the limbs end within the core of the fold
fmlennl.iko those normally associated with concentric folds,

Moreover, the axes of the drag folds are 1 variable X0,






Fige43. :! folds in marbles

A-B,

Ce

Interbanded marbles and calc-schists, South Scetertind,
showing a good development of flowefolds,

Irregular folds in marbles within pelitic schists,
South Scetertind, &Schistosity dominates the schists,

Variable styles of deformation in grey and brown
marbles, South Scetertind, Localised flow of the brown
marble is suggested by its sinuous contact with the
associated schists,

An unusual 'concentric' fold in brown marbles, North
Digermulen, The observed plane of detachment corres-
ponds closely with that calculated from the amplitude

of the fold (de Sitter 1956, p.189) but the internal come
plexities exhibited by thin calceschists probably indie
cate intense deformation at considerable depths,
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indicating further complications, and the possibility of more

than one period of folding. Not enough messurements were taken to
determine the reasons for this variation in axial direction. It
is therefore suggested that the equivalence of the fold to a
concentric structure is coincidental, end that it was produced in
rl times, probably et considerable depths, The geometrical
arrangement may be due to the effects of refolding,.

Late-stage, probably post-lj.recr:stallisation has
effectively obliterated any evidence of rl micro-folds; 4in
general, the marbles are composed of large calcite crystals with
an average grain size of several mm, which occasionally show a
slight amount of bending,

Evidence of minor structures in the Ultrabasic Mass of
Torsvik are completely lacking. The original fabric of the rock
has been almost completely obliterated by late-stage crystallisation
of rosettes of amphiboles and chlorite, and only rarely can the
original igneous minerals be identified (see also Ps 291 Ve
It is clear from petrographic examination that the cbserved meta-
morphism is late-stage, possibly poat-ra.

Throughout the areas of Granite in the Ornes region, evidence
of folds belonging to any of the fold periods is uncommon, Two
probable ma jor rl folds in thelﬂlonfjord and Bjellgtind granites
have already been described (see p, 52 )4 while the only definite
isoclinal minor folds, with typical rl features such as axial plane
schistosity are present within the Glomf jord Granite (M.A, Jones,
personal communication),
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The only probable rl minor structure observed in the granites
of the Urnes region is preseant within one of the banded sheet
granites of Storviken (fig.42B), Here, a nnasivo pink granite
about 15 cm thick, and interbanded with coarse-grained biotite
schists and grey granite, is folded into a series of irregular
recumbent isoclines. The style compares closely with deep-seated
folding in other aress (e.g. Welss and McIntyre 1957, where quartzite
bands in schists deformed by early folds show comparable
structures), Later recrystallisation has been widespread,
particularly in the biotite schists whose present fabric is unrelated
to the fold,

Irregular schlieren of felspar-rich or biotite-rich lenses
are common in parts of the North Storvikvand Granite (fig.42C) and
probably owe their origin to shearing processes during rl times,

Crystallisation of the granites, particularly the felspathic
fraction, is late-stage, and evidence is given elsewhere (p, 12! )
for regarding the bulk of the crystallisation to have been
accomplished during or later than F, times, Thus, evidence of
r1 micro-folds are unlikely to be preserved, and has never been -
seen, The present schistosity, caused by the parallel arrangement
of biotite crystals, is everywhere completely planar, and parallel
to that in the overlying schists. In both groups it probably
has a common origin in syn- or poat-tl erystallisation,

Conclusions on Style and Conditions of rl Deformation

A general correspondence between ma jor and minor folds produced

in the earliest period of deformation exists, and conclusions as to
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the conditions of formstion are applicsble to folds on all scales,

(1) Minor structures produced in F, times are overfolds or
isoclinsl folds. The smount of shesr of material into the noses
of the folds is very variable, and while some show pronounced
varistion in thickness, others approsdh accordion folds in their
geometricel arrangement, Both of these types of folds are
regarded as having been formed by shearing processes, Occasional
examples of folds that were probably formed by flow of material
are seen, notably in the case of the recumbent isoclinal folds in
marbles., The single example of a fold with a8 concentric style
(see p, 125), is probably a much more complicated structure,

(2) Associsted with many of the F, folds is a pronounced
axial plane schistosity in appropriate rocks, and in the cores of
the folds this can be seen to cut across the bedding. Axial plane
schistasity is most highly developed in pelitic schists where the
percentage of micsceous material is high,

(3) The present fabric of the rocks was produced during or
after rl times,and microscopic study indicates that in a large
number metamorphism has been prolonged,

(%) Superimposed upon these, the earliest and most intense
folds, are more gentle structures belonging to the rz and !‘3
periods of deformstion, The latter possess very different properties
and were probably displaced in time and sSpace,

F, Deformation

On a major scale, the l'a folds are recognised as open overfolds
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with horizontal or gently inclined axial planes, On a minor
scale, the ra structures have similar properties, and can often
be directly related as drag folds on the limbs of the major folds,
A true axisl plane schistosity is never developed, although in
certain areas small-scale puckers of highly micaceous material,
formed by strain-slip cleavage, is the most prominent structure
the rocks possess,

Isolated examples of rz drag folds, with gently inclined
axial planes, are present in Pelitic Schists, principally in the
south of the ®rnes region (figs 44 B and C)e They are generally
exactly analogous to the major folds upon whose 1imbs they are
developed and are uinilar in style. The regional schistosity is
bent around the folds, and ro new Sesurface is developed parallel
to the axial plane of the PZ folds,

In addition, some of the regions of pelitiec schists,
notably north of Markvend, are dominated by ?2 microfolds, These
consist of puckering of the micaceous laminae by a2 series of
¢losely-spaced clesvage planes, generally about 1 ecm apart,

The amount of movement along each of these planes has been slight,
and the micas now occupy the form of symmetrical cleavage folds
(fig.444), Analogous structures illustrated by Billings (1942)

and de Sitter (1956) have been termed shear cleavage and fracture
cleavage respectively, Other iuthoritlen use the term straineslip
cleavage, de Sitter regards slaty cleavage as a development from
fracture cleavage by incressed movement and recrystallisation, and

recognises the difference between the two in that fracture cleavage
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fans upwards towards the top of an anticline, and slaty cleavage
fans downwards (see also G, Wilson 1946). Moreover, fracture
cleavage tends to fan around the folds to a grester extent than
slaty cleavage., Such characteristics have not been observed in

the North Markvand pelitic schists, as the micro-folds are developed
upon a single limb of the Kjeipen fold (see pe (5 ), and as far

as can be seen in the limits of outerop, maintain a constant
direction., Fig.47 shows the cleasrest example of fracture cleavage
micro=folds in the whole of the Urnes region, but similar

structures are seen spasmodically throughout the whole of this

group of pelitic schists, In the sole example where measurements
of the inclination of the axial plane of the micro-folds was
possible, it was found to be equivalent to that of the major Kjeipen
fold in the same area, which supports the view that the micro-

and ma jor structures are coeval,

Extehsive syn- or postura recrystallisation of the pelitic
schists is admirably displayed in these rocks that show fracture-
cleavage folds, In all the examples examined in hand specimen
and thin section, the micas are uniformly recrystallised and unbent,

‘evon on the hinges of th§ folds (see also fig: 103 ;

The age of certain of the minor folds in Calcareous Pelitic
schists is sometimes difficult to establish, Thus, a series of
overfolds in the rocks north of Kjeipen have gently inclined
axial planes, in conformity with the rz ma jor structures, but have

associated small-scale thrusts, a typical rl phenomenon (fige 45 ).






FPig.hh, F, folds in pelitic schists

A. Symmetrical shear folds in highly micaceous schists,
South Spantind

Bs Segregation of quarts into the axisl regions of a monoe
elinal drage-fold in semi-pelitic schiats, Spantind

Ce Overfold in pelitic schists, South Scetertind, The fold
probably represents part of & dragefold on the lower 1limb
of the Spilderdaslen fold
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Figsi5., Overfolds in celcareous pelitic schists, North
Kjeipen, They are probably of FZ age

»
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Fig.46, r2 overfold in calcareous pelitic schists, West
Lysvand
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Fig.47. re fracture cleavege in pelitic schists, Markelven,

The lithological banding is inclined gently towards the bottom
right hand corner of the photographe,
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Fig.48, T, shear folds in merbles and gquartzites in the valley
between Inner and Outer Galtskart f
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An ra age to the folds is favoured as their axial directions
correspond to that of the major ra fold, and the other undoubted
rl folds observed in this group of rocks are very much more
intense,

Another isolated F, overfold is shown in fig.46 and is
associsted with F, accordion folds with a very different style
and axial direction. As far as can be seen, the succession
involving the accordion folds is repeated about the overfold .

A loose block of calcareous pelitic schist on the north of
Skjeggen shows how a symmetricel fold is eliminated by an axial
plane pegmatite (fig.76). Because the block is not in situ, it
is impossible to be certain of its regional relationships and the
age of the fold, The style of deformation is not diasgnostic, but
as the pegmatite is developed parallel to the axial plane of the
fold it is suggested that the structure is of rz age, Elsewhere
in the ©®rnes region the PB pegmatites are cross-cutting bodies
which are not governed by the attitude of pre-existing folds.

The Semi-Pelitic Schist group is the only one in the Brnes
region that shows directly the effects of all three periods of
deformation, Examples from Steffodalen show refolding of esrlier
structures to sdvantage, and from the style of the folds it is
possible to determine their relative sges (see also Ps il )e
Figs 36-40 show examples of all three types of folds,

Microscopic examples of F, folds can sometimes be identified

by the orientation of mica erystalsy in the majority of cases
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later recrystallisation has been operative, and the micas are
rarely bent, (Fig (03)

In the Calc=Schist and Amphibolite group, ré minor deformation
is not commonly developed, For the most part, it consists of
scattered development of boudinage whose axes are parallel to the
other regional ra linear structures,

Crystallisation of the constituent minerals of the group has
been largely accomplished since ra times, and no examples of micro-
folds of any description have been identified,

Similar relationships a# found in the preceding group are
also present in the Gneisses, Here the only evidence of ?2
deformation is the localised development of boudinage in the rocks
on the SE of Blesatind, Segregation of calcite, and its
recrystallisation in perfect rhombs up to 3 or 4 mm in length has
occurred in the regions of low stress,

!'2 folds in Marbles are particularly abundant in the thick
band of alternating marbles and quartzitea on the W of Galtskart
(figs 48, 49E), 1In the quarttites angular accordion folds affect
the discontinuous layers, while the intervening marbles show a more
complicated fold pattern, This veriation in fold style is clearly
dependent upon the differences in physical properties between the
quartzites which were liable to fracture, and the marbles which
more easily flowed, It is the former which determined the major
pattern of folding.

An unusual rz structure involving marbles and calc-schists
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Disharmonic folding, West S¥rfjord

Disharmonic folds in qn;rtultoc and amphibolites,
West StBrfjord

Fractured quartzites in pelitic schists, showing
symmetrical r, concentric folds, Breitind

Gentle l‘, folds in massive pelitic schists, South
Scetertind

Fractured quartzites in brown marbles in the valley
hetween Inncr and Outer Gal tskart, showing rz shear=
folds

Angular ré box-folds in a grey marble, South Scetere

tind, The smallescale thrust is not visible in
associated calc-schists, indicating the latter to have
recrystellised subsequent to the period of folding
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occurs on the 8§ of Scetertind (fig.49F). A grey marble about 50 cm
thick is deformed into angular box-folds, with local development

of minor thrusts, The associated cale-schist has a visible
schistisity which is not interrupted by the thrust in the marble
band, and indicates ecrystallisation subsequent to the thrusting
and folding. Thus, although the style of the fold is suggestive
of 1'2 deformation, it has some associated rl features, Nearby

Fl folds in other marble bands are very much more intense, and for
this reason the fold is assigned to the ra fold peried,

As mentioned previéusly. late-stage crystallisation of the
marbles has occurred throughout, and the slight amount of deformation
of the calcite crystals occasionally seen is probably to bhe
correlated with 13 0.4 deformation,

rz structures in the Ultrabasic Mass of Torsvik are completely
lacking (see also p., /2%),

As in the case of F, folds, F, minor and micro-folds are
not commonly seen in the granites, However, in all of the finely
banded sheet granites of the N of the region, minor folds of
presumed F, age are developed spasmodically (figs 50, 51)s Commonly,
the folds have a marked development of long and short limbs, all
in the ssme direction, Similar structures are seen in the granite
on Teksmona where the sense of the drig folds is the same as that
in the underlying quartzites, indicating them to have a common age.
The contemporaneous development of pegmatites with smalle-scale
dreg folds is seen within the granite on the N of the same island
e, F, minor deformation is entirely lacking in the
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0 and 51. PE minor folds in ttnoll banded sheet

Figs 5
granites, North Storviken



143

Bjelldtind Granite, This is due probably to the massive nature
of the latter, combined with the position on the under limb of
the Kjeipen fold,

The majority of crystallisation: of the granites occurred
after the rz fold period, and no examples of Pz micro-foldas have

been identified,

Conclusions on Style and Conditions of rz deformation

(1) The structures produced in this phase of deformstion were
either overfolds or closely-spaced shear folds, analogous to |
fracture cleavage, The style of the folding was variable,
sometimes as symmetrical similar folds, with a2 varied amount of
thickening towards the axial regions, and sometimes as accordion
folds with angular hinge-lines,

(2) Except for the development of fracture clesvage which
can be readily distinguished, no new planar structures were
developed.

(3) In the mejority of cases, the axial planes of the folds
are only gently inclined, a charascteristic that serves to
distinguish the folds from r} structures,

(4) The style of the folds is considerably less intense than
the ’1 structures upon which they are superimposed, sugzesting
that they formed at 2 higher tectonic level, probably at a
considerably later date in the history of the rocks,

(5) Metamorphism was operative during and after this phase

of deformation, and varies according to the character of the rock

BEroupsSe.
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F, Deformation
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The separation of this phase of deformation from rh folds

was accomplished principally by examination of the ma jor structure
(see fig.9). Nevertheless, it is possible to identify 13 minor
folds, even though their style is sometimes equivalent to ré
folds, As a generality, 13 folds are concentric in style, with
vertical or steeply dipping axisl planes,

Examples of r3 minor folds are very scattered, and some of
the lithological groups contain none.

The most widespread examples of 73 minor folds sre seen in
the semi~pelitic schists of Steffodalen (figy 49D), and are
recognised by the gentle nature and concentricity of the warps,
They are noteworthy in sometimes possessing horizontal axial

planes in marked contrast to the remsinder of the F, folds of the

3
Ornes region.

Scattered examples of other r3 minor folds are shown in
figs. 49 A=C, where the fold pattern is determined by the existence
of semi-pelitic layers within softer pelitic material, Again the
style of folds is concentric., Some of the structures, particularly
on the S of Scetertind are remarkably constant, and can occasionally
be traced over several hundred metres,

A whole series of symmetrical open folds with amplitudes of
around 10 metres are present in the calcareous pelitic schists of
Weat Lysvand, and are probably due to the situation of the rocks

in the nose of the Kjeipen fold (see pe 60O ),
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Occasional gentle warps and monoclinal flexures are developed
throuzhout the Ornes region, and probably owe their existence to
r3 deformation, Commonly, the axes of these warps are very
different from the regional linear directions; for example, on
North Galtskart, gentle folds in calcareous pelitic schists are
on » N-2 axes, a direction which corresponds to the major 13
SBrfinnset Antiform,

A large amount of the slight microscopic deformation of mica:
and plagioclase crystals which is common to many of the rocks
may be due to this phase of deformation. It cannot be determined
with certainty whether or not the late-stage crystallisation of
marbles and calec-schists etc, is pcst-rr because the occurrences

of 15 folds are so scattered.

Conclusions on Style and Conditions of r} deformation

(1) Structures belonging to this phase of deformation are
concentric folds and minor warps with vertical or steeply inclined
axial planes,

(2) No new planar structures of any description are associated
with the folds,

(3) The style of the folds is indicative of their formation
at high tectonic levels, and it is possible that they rcproiont
the dying phase of the more intense l‘2 deformation,

General Conclusions on Structural History, from a study of minor
and-. cro deformation

Three main phases of deformation can be recognised from this
study, and may be correleted directly with major folds of
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equivalent styles, These phases, termed !'1. !'2 and l'3 respectively,
represent a systematic change from deep-seated conditions where
deformation was intense to high level environments when folding
was relatively gentle. The largest changes in physical conditions
occurred between rl and ra times, and the two later fold periods
may be regarded as sub-divisions of a single magjor phase, In
restricted regions, superimposed folds have been identified,
indicating directly the time sequence of folding; this is much
more commonly observed on a ma jor scale.

Microscopic studies indicate that the rocks have undergone
polymetamorphism, and that the height of metamorphic processes

varies in different groups, This is dealt with more thoroughly

in section 3z ,
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Petrofabric Analyses

Analyses of the orientation of the cleavage directions of
mica crystals, and of the "¢' axes of quartz crystals have been
completed for 9 rocks (figs 52-55), principally with a view to
comparison of the types of fabric present in the basal njcllgtind
granite and the immediste contact metasediments, In esch of the
diagrams the schistosity or foliation plane is indicated, The
crosses represent the constructed rz linear direction, as determined
from the local direction of the appropriate region, None of the
rocks contains a visible lineation,

(2) Mica Fabrics

The mica crystals throughout, show good preferred orientafions
which lie within the macroscopic schistaesity, Maxima are commonly
around 15%, but vary from 6% to 30% in different rock;. - Few
complications exist in the spread of the maxima, probably
indicating crystallisation during a single period of deformation;
subsequent incipient S-planes have not developed. The most
pronounced maximum, of 30%, is found in a quartzite immediately
above the Bjellftind granite (fig.54, H 49), Here abundant small
muscovite eristala are evenly distributed throughout the rock, and
commonly occur as inclusions within quartz, It appears that they
crystallised prior to development of the present quartz crystals,
The two biotite dingrins of H 452 represent separate bands of a

migmatitic rock on the immediste contact of the Bjell8tind granite
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SPECIMEN LOCATION MAP OF PE TROFABRIC ANALYSES
Fig 52
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with the overlying metasediments (fig,54). The left hand disgram,
for 100 erystals, comes from a granular quartzo-felspathic band,
where the biotites are small and uncommon, The right hand diagram,
for 200 crystals, is from a biotite~rich band, where the biotites
occur as larger crystals, often arranged in clots, and showing a |
less pronounced orientation, Large nicrocu.no-cryatala are associated |
with the biotite, and quartz is elmost entirely lacking, It
appears that the reason for the less well-developed mica
orientation is due to recrystallisation of the micas at a later
date than those in the more granular fraction of the rock.
(b) Quartz Fabrics
A variety of patterns are developed in the orientation of the
¢ axes of the quartz crystals, and by comparison with the schematic
disgrams of Fairbairn (1949) they can be divided into two broad
groups.
(1) A single maximum falling in the a tectonic direction,
This is particularly pronounced in the case of the two
quartzites messured, but similar diagrams are also found
in some of the granites,
(2) a girdle around the b direction, commonly with separate
maxima within the girdle, This is particularly well
developed in one of the granites.

Certain of the rocks, notably H 21, show no obvious pattern
to the fabric produced,






Figs 53=55, Petrofabric analyses of the specimens shown in fig,52.
For H 452 (fig.54) the left hand diagram for 100 biotites is
derived from the felspathic fraction of the rock, while the right

hand disgram,for 200 biotites,

H 432
H 417
H 421
H 45
H &9
H 452
E 21
B 80
H 19

is from the more pelitic bands

Quartzite
Quartzo=felspathic schists
Granite

Granite

Quartzite

Banded granite

Granite

8ilty schist
Quartzo-felspathic schist

Crosses represent local linear directions
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100 Muscovite 150 Quartz
Contour 1,48 % </, Contour 1,2,3,7 %

100 Biotite 200Quartz
Contour 14,12,16% Contour 1,2,3°/s

100 Biotite 200Quortz
Contour 1,4,8,16 °/s Contour 1,2.34 °/.

Fig 53
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100 Biotite H [I5 150 Quartz
Contour 1,2,6,15 % Contour 1,2,3.4 %

100 Muscovite
Contour 1, 5, 20,30 %% Contour 1,2,4,12 ®is

100 Biotite H LS? 200 Quartz
Centour 14,8,12 ° 200 Biotite Contour 1,2,3,4 °h
Contour 1,2,.4,6 %

Fig 54
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Contour
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Fig 55
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Single Max Dispgrams

The most pronounced of these are found ian tke guartzites,
one of which shows a 12% maximuge H 452, a migmatitic rock on
the exact contact of the njollfttnd granite, and close to one
of the quartzites, shows a similar but less pronounced single
maximum, It has an incomplete ac girdle in association
with the single maximum, Other rocks which also possess this
form of disgram are H 421, another granite, and H 80, a silty
schist from South Lysvand, WNeither of these show as good
concentration: as the quartzites; in H 421 the scatter occurs
along a broad girdle sub=-parallel to the ab plane, while in
H 80 the scatter may possibly be related to two broad girdles,
intersecting in the maximum, and both oblique to the ab plane,
It may be significant that in all the examples ofasingle point
maximom the maximum is always situated at a small distance from
the 'a' direction, The reason for this arrangement is unknown,

Microscopic examination of this group of rocks shows thet the
quartz erystals, in general, have a vniform appearance. This is
most clearly displayed in the case of the quartsites titge—),
wharo the interlocking crystals are seen to have a form elongation
perallel to the ¢ axes, A similar, but less pronounced,
phenomenon can be observed in the other rocks, where the quartz
is usually concentrated into small veins, the component erystals

of which are again roughly elongated parallel to the ¢ axes,
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Girdle Diagrams,

The most pronounced of these is from the IjollStlnd
granite (H 45) whichhoson ae girdle with four distinct maxima
arranged symmetrically about the foliation plane, N 7, a
contact schist to the Bjollgttnd granite, shows a less well
devéloped girdle of the same general arrangement, In each case
the maxims are between 3 and 4%,

In contrast with the rocks showing point maxima, the quartsz
erystaels from these two rocks generally ocuursa; separate equi=-
granular crystals, If it is concentrated into small veins, the
component crystals show no form orientation,

One of the rocks (N 21)y a granite from the Bjellftind mass,
shows no readily distinguished pattern, although there may be a
broad girdle at an angle of about 30° to the foliation plane., The
quartz is present in the rock in small veins,

Significance of Quartz Fabrics

Single maxima diegrams, with a Concentration in 'a' are
common, from slikenside zones (Fairbairn 1949), They are regarded
by some antﬁoritiea as having developed by recrystallisation of
needles of fractured quartz that are elongated parallel to a
(Sender, Griggs and Bell, quoted in Fairbairn), Girdle diagrams
are common in many rocks from folded terrain, e,g. in many of the
fabrics from the Moine rocks (F.G. Phillips 1945)., They are often
regarded as having developed by rotational movement about b

during forward movement of the e¢rystals, There is no experimental
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evidence to suggest that either of these processes operates in
nature, and the reasons for the differences in patterns observed
is unknown,

As found in the rocks of other folded belts, the quartzites
of the Urnes region show a much more well-defined pattern than the
quartzo-felspathic schists and granites, There is no visible
difference in the two latter groups, and it appears that the
felspathic fraction of the rock prohibits orientation of the ¢ axes
of quartz to some extent, This is well displn:eﬁ in the case of
H 49 and B 452, which come from close to one another. Each show
& similar febric pattern, but that in the quartzite is much more
well-defined, There appear to be three possibilities for this
poorness of fabric development;-

(1) The felspathic fraction of the rocks partially prohibits
the formation of the fabrics. ’

(2) Later recrystalli sation, possibly en associate of the
formation of microcline, has partly destroyed the fabricy 4in the
quartzites, this phase of recrystallisation is not represented,

(3) The felspathic rocks contain the remnants of an earlier
fabric that has been entirely obliterated in the pure quartzites,
The incomplete and poorly developed girdles seen in some of the
felspathic rocks that bear no obvious rolgtlonahip to the ra folds
may represent relict rl fabrics, Due to complete lack of information
@8 to the orientation of F, axial directions, this cannot be
. determined,

Which of the three explanations is the correct one cannot be
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established on fhe information available, A late-stage to the
erystallisation of the quartz crystals in the quartzites is
suggested, by the way in which they contain inclusions of muscovite
erystals, It is probable that they crystallised during or
after rz times, although the mechenism of their orientation is
unknown, Similarly, much of the quartz in the granites and
quartzo-felspathic schists appears to be of relatively late-stage
crystallisation, Therefore, it is suggested thaf the age of
erystallisation of both quartzites and quartzo=felspathic rocks
is probably similar and the reason for their difference of quarts
fhhric is due to either (1) or (3). More comprehensive analysis,
particularly in areas where the orientation of rl folds is known,
is necessary before more light can be thrown upon the subject,

The present study does indicate that a large proportion of the
quartz material has probably recrystallised during or later than
the F, period of deformation,
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Successions and stratggrazgl

Once the ma jor structure has been established, it is possible
to consider original stratigraphic relationships, Eftocta_of
Fz and r3
easy to eliminate, but the isoclinal rl folds may be difficult or

folds upon the observed tectonis successions are relatively

impossible to recognise, Certain of the rl isoclines may be
recognised by lithological repetition even though deformation has
been so intense as to render the cores invisible, However syn-
tectonic slides may have eliminated part of the fold, and lithological
repetition will then no longer be present (eegs in the isoclinal
folds on the north of Kvittind, pe 49 )Je

The descriptions of successions with probable stratigraphic
significence that follow are therefore tentative, and although the
effects of all identified important slides and isoclinal folds
are taken into account, there may be others which have not been
discovered, As far as possible, each of the sections illustrated
has continuity of field exposure combined with a tectonic unity.
For example, although the Galtskart succession has at least two
important rl jsoclines, it was thought preferable to represent it
as 2 continuous section, with indications of the folds rather
than an overcomplicated description with a series of smaller
sections, In the field, the section is a tectonic unit, and
superficial examination suggests that it represents a unigue

stratigraphic succession.
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Fig 56

MAP SHOWING LOCATION OF STRATIGRAPHIC SECTIONS

Arrows indicate probable directions of younging ,,,-: @-':-‘— AT
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Each of the stratigraphic sections has a vertical scale
included which represents the approximate thicknesses along the
measured section: this may bear little resemblance to the original
sedimentary thickness, For example, the Suppevand section
(£ig.58) is messured across the nose of the tjétpon Fold, and
is clearly very much thicker than its equivalent on Galtskart,
Consequently all variations in thickness indicated in figs. 58-63.
nay b; caused by a combination of structural and stratigraphic
controls, and the main significance is the order in which the beds
asccur,

Exact recognition of unique successions has been of prime
importance to enable structural correlation across the large tracts
of unexposed ground, particularly in the west of the region.
Sevieral distinetive rock types were useful in this connection,
notably the Calcareous Pelitic Schist, the 8ilty Schist, the
Homblende Rock (a calcareous gneiss) and a Euhedral Garnet Kyanite
Schist., The latter is almost certainly a unique stratigraphic
band, consisting of plentiful small euhedral pink garnets and
spasmodic poorly oriented kyanite crystals set in a micaceous ground-
mass, It can be traced in a band about 5 metres thick over a
distance of 15 km, and forms part of the most distinctive
stratigraphic succession of the Urnes region, Other characteristic
rock types are also useful for correlation, notably marbles, calec-
schists and amphibolites, granites and quartzites, The more
ebundant pelitic and semi-pelitic material is only useful in
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conjunction with these distinctive bands,

On each of the stratigraphic sections the varied lithologies
have been subdivided in the same fashion as on the main geological
map, The ornament, shown in fig.57, is consistent throughout,
while certalﬁ'lixod groups, e.g. calc-schists and marbles, or
semi-pelitic and pelitic schists are also indicated,

Structural evidence suggests the Glomf jord GrnnigrzbnrgwnkJas
situsted at the base of the succession (see p.— and fig, 11),
and it is also regarded as representing the lowermost stratigraphic
unit (see Hollingworth et al 1960, Walton 1959, Nicholson 1960),.
From considerations of the major structure, correlation is made
between the Glomfjord and Bjellftind granites, and it is upon
these assumptions that the whole of the succeeding descriptions
are based. In fig.56 the directions of regional younging are
indicated on the basis of this relationship, Lecsl reversals due
to rl isoclines may be present,

Regionally, the illustrated sections cam be divided inte
several groups that from structural evidence may be correlated
directly:

(l) Three sections away from the Glomf jord Granite, three
from :ho Bjcllatind and one from the Fykan granite form one group.

(b) Three sections across the Blaatind Massif, and one from
Teksmona form another group, and probably correlate with those
of section (a),

(e¢) In the NW of the region, three widely separated sections

are described,
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In addition to these, three groups of local sections, whose
stratigraphic significance cannot be disputed,are illustrated:-

(d) Eight sections along the strike from Blaatind to Tverfjell
are correlated, Two of these are separated structurally from the
remainder, due probably to the action of rl slides; the exaotness
of correlation and the absence of any egquivalent succession elsewhere
strongly suggests the uniqueness of this group,

(e) Four sections in the metasediments immediately above the
Bjell2tind granite are included to show the details of variation
in the contact rocks. No equivalent sections could be studied
in the case of the Glomfjord granite, due to lack of exposure,

(f) Five sections giving details of part of the North Markvand
series are described, to show the pcrslatonce of thin bands over
large distances of outcrop.

(a) Sections 1-8 away from basal granites (fig.58).

The successions that have been examined in most detail are
those agovo the Bjel18tind granite, on Galtskart (sections 6 and 7)
where the rocks are excellently exposed. Section 6, from South
Galtskart is used as a standard to which the remainder are related.
Five good marker bands are present, each of which persists northwards
to S8rfjord and southwards to the Suppevand-South Lysvand region,
The recurrence of such distinctive lithologies as the silty schist
and calcareous pelitic schist suggests strongly the possibility
of major rl isoclines, the most important of which is the Galtskart
fold whose axiel plane is situated within the upper calcareous
pelite (see po 50 ), Another isoclinal fold centred sbout a
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coarse-grained mica schist has been identified on North Kvittind
by Wells and Bradshaw, Two distinect layers of homilende rock
are present, the lowermost of which is eliminated northwards and
westwards by the action of a slide., The same slide probably also
accounts for the absence of repetition beyond the homblende rock,
A further isoclinal fold also probably exists within the silty
schist of North Kvittind, to project across Lysvand and reappear
on Galtskart,

Thus, the Galtskart succession which possesses the appearance
of a simply bedded succession is probably repeated by a series of
isoclinal folds which have increased the thickness of the
original stratigraphic succession by a factor of three or
four, to the present 1100 metres,

The thick marble-quartzite band at the top of sections 6 and
7 represents the position of the Galtskart slide and separates
the Galtskart succession from that of North Markvand,

Structural considerations indicate that repetition between
the Bjellftind and Glonmf jord granites occurs about the silty
schist of North Kvittind (fig.1l), which is taken to represent
the youngest rock, stratigraphically, in the southern part of the
Ornes region. In the Steffodalen region the immediate underlying
rocks to the silty schists correlate ¢losely with those of North

Kvittind (sections 3 and 5), but succeeding these is a thick group
of banded semi-pelitic and pelitic schists not seen in the sections
over the Bjelldtind granite, Due to the lack of exposure, details
of possible repetition by isoclinal folding cannot be determined,

A —
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although certain isoclines, notably in a marble band of West
Steffodalen, have been identified. It appears that a large part
of these pelitic and semi-pelitic rocks underlie, and are
stratifraphically older than, thc.aotadodinonta on Galtskart,
their elimination northwards being caused by an rl slide.

Continuous exposure to the Glomfjord granite contact over 1000
metres is visible at Bugten (section 2). The lithologies
encountered are very similar to those in the Galtskart-Steffodalen
rezion, but detailed correlation is impossible, Indeed,
correspondence with the neighbouring island of MesWen (section 1)
is inexact excoft for the upper part of the succession, where a
staurolite-bearing schist is particularly useful for correlation.
This lack of conformity between the various successions is probably
mainly caused by isoclinal folding. Continuous exposure along the
strike is never adequate to show how the various bands are
eliminated laterally.

The Fyksn granite, regarded as the quivalent of the Glomfjord
granite, has a2 metasedimentary cover of similar lithologies
(fige 5% ). A tentative correlation with the Steffodalen rocks
is shown,

In each case & similar group of metasediments is encountered
above the presumed basal granites, Sometimes, correlation between
measured sections is good (e,z., sections 5, 6 and 7) but

elsewhere cannot be demonstrated with such certainty. Nevertheless,

the sediments are regarded as belonging to a single stratigraphic
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unit, the lower part of which is composed of the banded semi-
pelitic and pelitic schists of Steffodalen, and the upper part of
the mixed calcareous pelitic and silty schist group of Galtskart,

(b) The Blastind and Teksmons Sections (17-20, fig. 61)

Structural equivalence of the Glomf jord and Teksmona-Blaatind
granites has already been suggested (ps 837 ), The majority of
the associated metasediments consist of interbanded semi-pelitic
and pelitic schists, marbles, together with sheet granites, and
correspond closely to the rocks of MasBen. rhc‘two sheet granites
are lithologically identical s to the basal granites and show a
general increase in thickness towards the NW, One of them is
represented by a thin band on MesBen, but neither -is: seen in the
Bugten succession., The lenticular nature of the Ultrabasic mass,
only seen in section 18, is indicated, Contacts of the Ultrabasic
mass with the surrounding metasediments are always poorly exposed,
Towards the top of each of the sections, a ¢calceschist of varied
‘thickness is indicated, the probable latersl equivalent of the
Ornes Gneisses (see also pe 233); in seetion 20, the uppernost
calecareous pelitic scliist correlates with the upper calcareous pelite
of Galtskart (section 6),

The present arrangement of basal granite overlying metasediments

is due to ra inversion, and has been corrected for in sections 17-20,

(¢) North Markvand Sections 21=23 (fig.62)

The Galtskart Slide, whose position is shown on map 5, separates

the mcks of groups (a) and (b) from those of group (c¢)s For the
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most part, the North Markvand rocks consist of interbanded pelitic
snd subordinate semi-pelitic schists, with occasional marbles and
amphibolites. Calcareous pelitic schists and calc schists are
rarey except in the extreme NW, on the N of the Skjeggen granite
(map 1)s The presence of calcareous pelitic schists in

sections 22 and 23 is due to the reappearance of the uppermost
part of the Galtskart succession. Major lithological repetition
by F, isoclines in the North Markvand rocks is absent,

The most complete succession is that from Skjeggen to Markvand
(21)s The rocks are younging continually northwards, due to the
position on the upper limb of the Kjeipen fold, From Markvand to
the Skjeggen granite ere 600 metres of interbanded pelitic and
semi-pelitic schists with occasional marbles; this represents the
latergl equivalent of a series of similar rocks which eastwards,
in the Skromdslen region, are about 1000 metres thick, The
variation is probasbly due to the differing situation on the Kjeipen
fold (fig.9).

The succeeding Skjeggen Granite,which is here over 1000 metres,
is lithologically similar to the basal Glonfjord_ granite and is
regarded as its lateral equivalent, Its southern boundary with
the North Markvand pelitic schists is probably a slide of some
importance (see p, 35 ), while the metasediments to the N are
regarded as the equivalents of the Steffodalen and Galtskart
successions, It is significant that the rocks neareat the granite
consist of pelitic and semi-pelitic schists similar to the
Steffodalen rocks, while the succeeding calcareous group has the
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Same appearence as many of the members of the Galtskart group.
The order in which they occur is therefore the same as that
iaferred in the cese of the metasediments in the southern part of
the Drnes region,

At the base of section 22 is a calecareous pelitic schist that
is correlated on structursl evidence with the upper calcareous
pelitic schist of Galtékart (sections 6 and 7). Lying above it
is a series of marbles and flaggy schists, correlated with the
marble-quartzite band of West Galtskart, and succeeding this is a
group of thin sheet granites and siliceous schists, The sheet granites
are very finely banded and have 2 'sedimentary? appearance
(see £4g,505/), These represent the lowest part of the North
Markvand series; the granites are not found in an equivalent
posltion elsewhere in the region, end in the Storviken peninsula
itself are seen to be extremely impersistent, A large zone of
unexposed ground, covered by the Storviken bay is followed by a
group of flaggy schists overlaid by o further sheet granite, The
upper boundary of the latter is not exposed and the thickness of
the granite is unknown, However, it is probably a maximum of
200‘;otrcu, and as it is almost certainly the lateral equivalent
of the Skjeggen granite, it is clear that the latter thing eaatwards,
In an equivalent position east of section 22, no granite ias visible,
probaebly due to the influence of the Skjezzen slide, In the
inaccessible cliffs of West H¥gnaikken a series of sheet granites is
clearly visible, The rapid elimination of at least ocne of these
is shown in fig.15,
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The lower part of section 23 represents the uppermost rocks
of the Galtskart succession, and the calcareous pelitic schist
indicated probably correlates with that at the base of section 22,
In the succeeding group of marbles and quartzites is the probable
northerly projection of the Galtskart slide, and following this
is the North Markvend pelitic series, The latter correspondsclosely
with the equivalent rocks of section 21, Towards the top of the
section is a sheet granite, which outerops on the northern shore
of Storvikvand, This granite dies out westwards on the N face

of Degro,

(d).mugod sections Tverfjell-Blastind (Sections 9-16) (fig.60)

These can be divided into two distinet groups that are now
structurally separate, All the sections have a c-lcarooun‘politzo
schist at the top, but whereas in sections 9 and 10 it is the
West Lysvand calcareous pelité:, in sections 11-16 it is thet of
North Scetertind, Structursl considerations suggest that the two
layers are stratigraphie equivalents, now separated by the Lysvand
Slide (see ps 97 ), and the present correlations are therefore
justified, |

Very similar rock types are present in all the sections, the
most outstanding of which is the euhedral garnet kyanite schist,
The remainder of the succession beneath the calcareous pelitic schist
consists of varied cale schists, marbles, and semi~pelitic schists,

Sections 9-12 are worthy of closer examination with regard to
the nature of the calc-schists present, In section 9, taken from
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East Blsatind, they consist of massive, finely-banded green
homilendic rocks which make up the main calceschist of Blaatind

(see also ps 133 ), That of section 10 is of similar lithology,
and represents the marginal faclies of the thick Ornes Gneisses;

the latter continue southwards over a large outerop, and are at
least 4=500 metres thick. The cale schist of section 11 is again

of a similar naturej the amount of its southerly extent is unknown
due to the location of Spilderdalsvand, In both sections 10 and

11 thin marbles in equivalent positions occur within the cale
schists, When traced further to the E the calc schists are very
much thirner, and contain a higher proportion of calcareous minerals.
In many of the sections, interbanded marbles are present, It
therefore appears probable that the Ornes Gneisses are lenticular in
outerop, and are represented both eastwards and westwards by much
thinner cale schists (see also p, 285 ),

The suggested correlation of the two separate bands of
ealcareous pelitic schist has already been noted, and it is necessary
to accourt for the lack of this associated distinctive
stratigraphic section along the remainder of the southern boundary
of the West Lysvand calcareous pelitic schist, The principal
reason is probably the occurrence of the Lysvand Slide which follows
this boundary, and indeed a tectonic lens of material very similar
to the cale schist is seen in the cliffs on the southern shore of
Lysvand, Similar rocks are also present near the lower calcareous

pelitic schist of Galtskert, supporting the suggested equivalence
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of this with the upper band of calcareous pelitic sechist., In no
case is a complete atrattgraphie section comparable with that of

sections 9«16 obtained probably for tectonic ressons,

(e) B tind Granite Sections by 6a, 7a (£ig.59).

Each of these sections shows in detail the lowermost 40 to
50 metres of the metasedimentary Sequence, and are included to show
the varistion of the immediate cover to the basal granite over
three km of outerop. Each distinctive band that is more than about
20 em thick is represented, and the sections probably give an
exact representation of the original stratigraphy; the basal slide
separating the granite and its immediate cover of schists is thought
to be situated above these sections (see also p, 42 ). Gorres-
pondence between the various sections is good, and a four-fold
division can be established:=

(1) 34 metres of flaggy semi-pelitic schists in contact with
the granite, containing tourmaline-bearing pegmatites in mections
Sa and 5b, Lenticular quartz masses are also common,

(2) A varied group pf pelitic schists, predominantly garnet=
bearing, and with occasional thin quartzite or semi-pelitic schist
layerss Quartz segregations are common in all but section 7a, The
thickness of the group varies from a maximam of 30 metres in South
Galtskart, to a minimum of 10 metres in North Kvittind (5e).

(3) In every section except 6a, the pelitic group is followed
by a series of quartzites or siliceous schists, about 6 metres
thick, end forming the base to the succeeding group,

(4) A series of marbles and flaggy schists with occasional
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quartzites forms the top of the detailed sections, Those on
Galtskart consist of differentiated grey marbles and quartzites
with a few calceschists in section 7a, while those on North
Kvittind contain impure marbles snd flaggy schists,

An even more detailed section over 3 metres of the basal
netasediments in shown in fig., {( o and its petrography described
separately (p, 233 ),

(f) Skromdalsvand Sections (24-28, fig,63),

These sections, taken over a distance of about 3 km of
outerop, show details of the upper part of the North Markvand
pelitic series. Very good correlation exists of bands sometimes
less than 5 metres thick; the most distinctive of these is a
big garnet schist,

Theé Degro granite shown in sections 27 and 28 can be seen to

.dtc out abruptly westwards on the north face of Degro. In an
equivalent position on Spantind is a series of pelitic schists with
thin interbanded amphibolites; further west, in section 21,
similar rocks are much nearer the Skjeggen granite, This is due
to the action of the Skjeggen slide (p, 95 ), Northwards from
the Degro granite, in sections 27 and 28, a thick group of pelitic
and semiepelitic schists is present before the eastern continuation
of the Skjeggen granite is reached, These are not represented
further to the W, again due to the slide,

General Conclulggna and Regional Stratgg;agg;

Considerations of the Separate successions deseribed above
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allow the establishment of a brosd stratigraphy, on the assumption

that the major granites are situated at the base, A series of

distinct groups may be recognised (summarised in fig, (4 )i=
(1) Besal Granite - probably at least 1000 metres thick;

(2)

(e)

(&)

(5

(6)

the base is never seen,

Basal Succession - lowermost 40 metres of the metasedimentary
Sequence, described in detail above the Bjellftind Grenite,
Steffodalen Succession - interbanded pelitic and semi-
pelitic schists. The thickness is unknown, but is
probably several hundred metres,

Galtskart Succession « a varied group of silty schists,
calcareous pelitic schists etc., probably several hundred
metres thick,

North Merkvand Succession - principelly interbanded
pelitic and subordinate semi-pelitic schists with
occasional marbles and amphibolites, Sheet granites are
also present in the northern part of the outerop,
Thickness unknown, probably 4=500 metres,

Skjeggen Granite - the thickest of the 'sheet' granites
and very similar lithologicelly to the basal granites,

It probably represents the reappearance of the basal
granites, At least 1000 metres thick,

(7) Skjeggen Succession = lithologically very similer to groups

3 and & and probably represents their equivalent , Several
hundred metres thick,
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The basal granites are regarded as representing granitic
basements before sedimentation took place (see also pe 232 ),
Thus, the local succession represents the initial transgressive
deposits, followed by the possible flysch deposits of the Steffodalen
and Geltskart groups, The North Markvand group, which probably
constitutes the youngest rocks stratigraphically of the Ornes
region, represents continued geosynclinal conditions. The thin
layers of amphibolite which are common in this group may indicate
associated igneous activity,

Comparison of the stratigraphy of similer areas in other parts
of Norway is included:-

(2) Holtedahl (1938) gives a three-fold division to the
rocks of the Opdal Region:

(1) Besal Gneisses - fine-grained augen gneisses and

banded gneisses with evidence of recumbent folding.
Their general lithology is similar to that of the
Glomf jord granite, particularly its inner portions
(M.A. Jones: personal communicstion),

(2) Sparagmite - consists of flaggy metamorphosed
sandstone with layers of mica schist, lying conformably
on the basal gneisses, The boundsry between the two
groups is diffuse, and the sparagmite is highly
deformed, The general character of the sparagmite is
similar to that of the silty schists,

(3) Trondheim Schists = dark, often homilende-bearing rocks that
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grade upwards into cosrse mice schists, The hornblende-bearing
rocks are regarded as voleanics,

(b) In Sguthern Norwsy Holtedahl has described the charscter
of the unmetamorphosed sparagmites which comprise the Eo-Cembrian
sediments lying above the basement pre=Cambrian, but beneath the
lower Cambrian Holmia shales (A.J.S. /922 )e Here, they
consist of alternating grey or red arkosic sandstones with
8ssociated thick limestones (the Biri Limestone) and thin shales,
A good horizon of tillite has been identified.

(¢) The Palaeozoic formations of Finnmark (Holtedahl 1919) show
a complete section of unmetamorphosed rocks overlying the basal
pre=Cambrian, which briefly consist ofi-

(1) Lower Cambrian - alternating shales and sandstones,

(2) Dolomite-bearing sandstone and shales (bassl
Ordovician) followed by a varied group of sandstones,

(3) Tillite-bearing sandstone of Middle Ordovician age,

(d) The Sulitelma District (Kautsky 1952) has been divided
into two major units, vis;

(1) Archean rocks of eastern kratogenic block,
mainly granitic in character,are overlain by
unmetamorphosed Palaeozoic sediments,

(2) Thrust on top of these is a large nappe, the
Seve Nappe, consisting of highly metamorphosed
sediments, Cembroe-Silurisn in age, with

complicated internal disturbances, Several good
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marker horizons can be identified, such as the Juron

Quartzite, and the Pieske Limestone, Volcanic rocks

are common, A comprehensive stratigraphy is difficult

to evaluate, because of the subdivision of the main

nappe ﬁto four smaller units, but the following is

suggested:=

(1) Juron Quartzite - Eo-Cambrian to Cambrian

(2) Pieske Limestone, volcanics towards base - Lower
Ordovician.

(3) Conglomerate~-sandstone series - Upper Ordovician,

(e) S8kjeseth and Sorensen (1952) have described the rocks in
a region south of Holandsfjord, some 20 km south of Brnes, The
rocks involved are granites and metasediments of very similar type
to those of the Urnes region, and they regerd the granites as
representing large thrust sheets, tectonically overlying the schists,
The whole mess was then folded together, This view of the origin
of the granites is fundamentally different from that suggested in
the eabo of the granites of the Urnes region,

(£) walton (1959) has mapped an area some 15 km to the east
of the Urnes region (fig, 2 ). The stratigraphic succession,
which he tentatively correlates with that of the Opdal region isie

(1) Glomfjord Granite = pertly Pre-Cambrian
(2) Psammitic Schists - comparable with the Sparagmite, and
equivalents of the Silty Schist group - Eo-Cambrian.

(3) Pelitic snd Calcareous Pelitic Schists « Cambrian
(4) Sokumfjell Marbles - Lower Ordovician
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(g) Nicholson (1960) in an area to the south of that mapp ed
by Walton recognises a four-fold division to the series i
(1) Besal Granite
(2) Holmvand Group - varied pelitics and marbles, with a
siliceous schist directly above the basal granite.
(3) Sokumfjell Marbles - Ordovician.
(4) Vegdal Group - - very micaceous pelitic schists =
Middle Ordovician,

Comparison of the stratigraphy developed in the Drnes region
with that seen in the near-by areas mapped by Walton and
Nicholson, sliows that important differences exist, Basal
psammitic rocks above the basal granite in the Ornes region
are only very thin, and rocks of equivalent lithology, the silty
schist group, are found some distance from the granite boundary
(see mapgiondl ), 1In parts of the area mapped by Nicholson,
however, the basal psammitic group is very reduced in thickness.
Elsewhere in the Caledonides of Norway, a basal Eo-Cambrian
sparagmite is almost ubiquitous, and the absence of such a zmone
in parts of the Glomfjord region appears to be worthy of mention,

The remainder of the metesedimentary sequence in the Urnes
region is similar in generalities to that of the rest of the
Glomf jord region, excépt in the case of the North Markvand series,
This group of pelites which are predominantly coarse-grained
garnetiferous rocks, do not appear to have an analogue elsewhere
in the Glomfjord region. A possible correlation with the Vegdal
group apﬁoara to be unlikely, as a series of typical thin sections
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of the latter, kindly supplied by Dr, Nicholson, and examined

by the writer, are quite unlike the North Markvand rocks, The
occurrence of well differentiated sheet granites appears to be
restricted to the northerly outcrops of the North Markvand group,
and extend NE into the region mapped by Wells,

Whether or not the Sokumfjell Marble Group is the
stratigraphic equivalent of the marbles around SSrfinnset, which
presumably lie between the North Markvand and Galtskart successions,
is unknown at the present stage of the research project, Not
until the area further to the N has been mapped, when subsequent
corerelations may prove possible, can this be determined.
Consequently, the place of the North Markvand succession within
the regional itﬂtigraph is unknown. Its age can range from
Upper Cambrian to Middle or even Upper Ordovician, although

the writer fayours a restricted time-span to the group.



Opdal Finnmark Sulitelma Navervand Storglomvand Ornes Age
Region Region Region Region Region Region
Upper
Ordovician
Tillite~- Conglomerate Vegdal Group Middle
bearing sandstone Ordovician
sandstone
Varied
sandstones
o I Pieske Sokumf jell Sokumf jell Lower
: limestone Marbles Marbles Ordovician
bearing s
sandstones
and shales
N.Markvand
Pelitic and SRDReREESS. | epey
Trond= calcaresous Holmvand Galtskart Cambrian
heim pelitic Group Succession
schists | __schists
Steffodalen]| Lower
Bares Succession Cambrian
Quartzite 3
Sparag- Shales and ; Pasammitic Psammitie Basal
mite sandstones schists schists Succession Bo-Casbrias
Basal Granitic Glonmf jord Glomf jord Basal Pre=Cambrian
Gneisses Basement Granite Granite Granites
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Field Characters of Quartz Veins and Segregations

Im most of the rocks of the Ornes region, gquartz veins and

segregations both parallel to and cross-cutting the lithological
banding - are present. The percentage of gquartz in the meta-
sediments is very variable; in places where there is abundant
quartz, it may be related to the proximity of a granitic body but
elsewhereiis less common and appears to be due to segregation
during metamorphism, By the variation in mode of occurrence of
the quartz veins, and relationships to the rocks in which they
occur, it is possible in a general way to correlate their age

of formation with the main periods of deformation.

The generally accepted view as to the formation of quartz
veins and rocks is that they are secreted from the country rock
during metamorphism, and, depending upon the relationships 6!
the processes of secretion to the regional folding, will depend
the form adopted by the veins (e.g. G, Wilson 1953), Wilson,
working on the Sutherland rocks, recognises segregation into three
varieties of planes of weakness:

(1) along secondary cleavage or foliation

(2) along original bedding

(3) along fissures obligue to these,

Examples of all these varieties can be s;cn in the Drnes region, and
close conparison.exiuta between many of the illustrations he gives,

Certain of the quartz veins follow theregional bedding or

schistosity, and are shown in figs 67, 70. Occasional zones of
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Fig.65. Semi-pelitic schists overlying the ajelltind granite,
North Kvittind.

_§£11coous mics schist with
quartz and tourmaline
H 25, H 31

Lenticular pegmatite H 29,
H 30

Jenticulsr pegmatite H 28

Flaggy semi-pelitic schist
H 27

Pegmatite H 26

rig.is. The lowermost 3 metres of the metasediments above the
Bjellatind granite on North Kvittind
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extreme sinuosity of the vein systems (as at point A in £fig.67 A-B)
suggest that the apparently simply-bedded succession may be highly
deformed,

Good examples of secretion during the fold periods are shown
in figs 68 A and D, Both syn-F, and syn-F, quartz veins are
represented, In the majority of cases, due to lack of three-
dimensional exposure, it cannot be determined whether or not the
veins are rodded in 'b' in the manner indicated by Wilson,.

Occasional examples show the effects of folding upon pre-
existing quartz material (fig,68, C and E) and indicate the fracture
and detachment of once continuous veins, This occurs in association
with both F, and F, structures.,

Secretion of quartz into oblique fissures is indicated in
fige (9 , and once again gho age of the processes of secretion
is probably variable, Solntincs.‘the quartsz fills late-stage and
undeformed gashes and joints (figs 69, 71) but elsewhere occurs in
deformed tension fractures (fig,.69C),

Examples from the Urnes Region therefore indicate that the
secretion of quartz material spans a large !;uo period of the
metamorphic history of the rocks, Separate varieties of veins do
not appear to be restricted to any one particular rock type §r to
any one area, but the profuse quartz veins in the immediate contact
sediments of the Bjollatind granite, which are probably derived

from the granite itself, are all of presumed rz age,






Fig.67. z vein syst the me t

A=B.

Fe

Juarts veins in amphibolites, West Lysvand. They are
generally parallel to the schistosity, but occasionally,
as in the regiomsmarked 'A', are transcurrent,

Irregular development of quartz in pelitic schists,
South Scetertind., There is a general control on the
alignment of the veins by the !i schistosity.

An enlargement of part of one of the veins shown in C,

illustrating the form of the quartz-schist junction.

Fractured quartz veins in pelitic schists, North
Galtskart.

An ri overfold preserved in the pattern of a fractured
quarts vein, South Galtskart
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Fig.68. n_sys n t nd.s itic schists

A. Segregeted quartz occurring in !'1 isoclinal folds, within
pelitic schists, Suppevand

B. Quertz veins in pelitic schists, Bugten, Their align-
ment is largely controlled by 1'1 schistosity

Ce Quartz veins in pelitic schist, North BYren, showing !‘2
minor folds

D. Segregation of quartz into an F, minor fold in pelitic
schists, Breitind

Es Irregulerly folded quartz veins in semie-pelitic schist,
West S8rfjord
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Fig.69.

A

Ce.

Segregation of quartz into the nose of an isoclinal
fold in pelitic schists, Suppevand

Irregular transcurrent quartz pstches in pelitic schists,
West SBrfjorad

Quartz filling deformed tension gashes in pelitic
schist, Bbren (see G, Wilson 1952)

An irregular development of quartz in amphibolites,
North Skjeggen
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Fig.70. Quartz veins in amphibolites, West Lysvand

Fige7le Lenticular pegmatites and cross-cutting quart
veine in the metasediments immediately above the Bjoll!tlnd
granite, North Kvittind

197
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Fielld Characters of Felspathic Pegmatites

Pegmatites varying from sharply-defined cress-cutting bodies
to diffuse irfegular lenses are seen spesmodically throughout the
Ornes region, The largest concentration occurs within the basal
granites and in the neardy ntasod.l.lenta. while elsewhere they
oscur only occasionally, and are generally well-differentiated and
cross-cutting,

Certain of the pegmatites occupy complexly folded veins,
analogous toptygmatic structures, This term was first used by
Sederholm (1926) to describe contorted quartzo-felspathic veins in
migmatites or gneisses, He regarded them as originally planar
layers that were made mobile by partial fusion, and dororpd in an
irregular menner by flexional movements, Read (1927), from a study
of ptygmatic folding in the Sutherland granite complex, concludes
that the veins were never planar, and that they are trae igneous
injections, Their tortuous form is caused by the resistance of
the country rock to planar deformation, G. Wilson (1952) explains
the highly folded nature of the veins by likening the host rock to
a mass of jelly, and the pegmatite to a mass of putty intruded by
migmatic sources, de Sitter (1956) regards the structuru‘as
being due to the different way in which the vein and host rock
react under the same external stress field, Many of the veins he
envisages as forming by segregation from the host rock during
migmatisation or granitisation, Such segregation, according to

de Sitter, need not necessarily occur along planar directions in the
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rock, and therefore may not represent the total amount of deformation

the rock has undergone,

Forcible injection of externally doriv’cd material appears to
have occurred in some of the examples (figs 72, 73) and these
are closely comparable with illustrations given by Read for the
Sutherland veins, None of the examples from the Drnes region
occur within migmatitic rocks, and no exact analogues to the
illustrations of G, Wilson have been found. The highly contorted
pegmatites of the gneissic region around ®rnes (£12.79) were
probably derived from the host rock by secretion during the height
of metamorphic processes. The mechanism for their formation is
therefore similar to that described by de Sitter, However, the
pegmatites are controlled by the planar arrangement of the
gneisses and have the appearance of being caused by tectonic forces,
They therefore probably reflect the total amount of deformation of
the host rock, .

In merked distinction to this is the arrangement shown in

fige72 of & complicated vein system, of more than one age,

L]
occurring in amphibolites, A well-defined straight pegmatite that .

slightly transgresses the banding of the amphibolite, is in places
cut, but not displaced, by a quartz vein, while elsewhere it
intefruptn the course of a second quartz vein, Both the quartsz
veins are highly folded, sometimes ptygmatically, and are
occasionally frasctured, They have the appearance of being of the

Same age or possibly later than the felspathie pegmatite, which
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Fige72. Quartz veins and pegmatite in amphibolites,
North Skjeggen
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demonstrates that the folds they occupy csnnot be tectonic, This
suggests forcible injection of materisl from an external source.

Occasional examples (fig 72 A and D) also indicate forcible
injection, by the way in which distinctive marker bands in the
country rock are offset, Other instances of straight-sided,
croés-outtlng peguatites whose detailed field relationships are
obscured by unexposed ground, probably have similar ehanctu-httea'.

Two remarkably pcfaintent and straight pegmatite dykes cut
the rocks of the Steffodalen region. They are each from one to
two metres wide, and can be trsced over several km, Their orien-
tation is probably controlled by a master joint direction which,
as determined from serial photographs, is most strongly defined
in this direction, An origin from the Glomf jord granite is
suggested, to which the dykes converge, while the undeformed
nature of the pegmatites indicates them to have formed subsequent
to the r3 deformation,

Other less persist;nt cross-cutting pegmatites occur
spasmodically in the Galtskart succession, and again appear to
represent material derived from the Bjollxtlnd granite, In this
succession, also, the largest granitic pegmatite from the whole
of the Urnes region is encountered (fig.304), It is only seen
on the south side of Galtskart where it is a band about 15 metres
thick, conformable within the bedded succession; the pegmatite
is terminated abruptly northwards. The reasons for this

termination are not ¢lear, but it is possible that the pegmatite
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follows the trace of an rl slide, and was introduced at a
relatively late stage; the coarseness of grain size and lack
of mineral cataclosis supports this postulate, Details of the
character of the northerly termination of the pegmatite are
obscured by unexposed ground,

The isolated example of fig, 73 F shows thin felspathic
pegmatites that have undergone deformstion, together with the rocks
in which they occur, Another example from the same region (fig.73)
illustrates lenticular coarse-grained felspathic schlieren that
«Showr no internal evidence of shearing. They may have formed by
disintegration of pre-existing continuous veins, with subsequent
recrystallisetion,

Less regilar sinuous pegmstites occur occasionally (fige.73 B and
C) and generally show an overall clonsatloﬁ parallel or subeparsllel
to some well-defined S-surface., They are comparable with some
of the ptygmatic folds illustrated by Read.

Further isolated examples show pegmatites thst are probably
associated with one of the phases of deformation (fig.74%). One
of these shows net-like veining of  highly deformed marbles and
cale-schists (fig,74 4) and occurs just above the thick layered
granitic pegmatite of South Galtskart., It is suggested that the
velning took place subsequent to the deformstion of the sediments,
and is connected with the development of the underlying layered
pegmatite, Fig,7% B shows a pegmatite that occupies the core of

an isoclinal fold, with margins ever&-horc parallel to the
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Ae Cross-cutting pegmetite in calc schists and flaggy
pelitic schists, South Scetertind

B. Neteveining of pelitic schists by thin pegmatites,
Bugten

Ce. Irregular pegmatites in hornblende schists, South
Breitind

De Cross-cutting pegmatites in calcareous pelitic schists,
West Skjeggen, The pegmatites offset distinctive
marker beds in the schists

Ee Lenticular microcline-rich pegmatites in massive
pelitic schists, Storvik

F. layered pegmatites showing r minor folds in massive
pelitic schists, Storvik
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Flaggy Mica Schist

Pegmatite

Calc Schist

1M

e

G

Fig.7h Ao Net veining of mica schists, calc schists and ;
marbles by pegmatites, South Galtskart

B, Pegmatite occupying the core of an ¥y isoclinal
fold in pelitic schists, Bugten

C. Cross=cutting pegmatite in pelitic schists,
Torsvik
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schistosity of the rocks in which it occurs. Contemporaneous
development of the pegmatite with folding is suggested,

An extremely unususl pegmatite complex occurs in the ultra-
basic mass of Torsvik (fig.75). Three distinct layered units can
be identified, namely (i) a thin, cosrse-grained quartz vein,
(i1) a dark-green micaceous pegmatite with diffuse coarse-grained
elongated felspathic patches srranged normal to the dyke wall,
(1ii) a coarse-grained quartzo-felspathic peguatite, The whole
is about 6 metres thick, and no merginal facies to the ultrabasic
mass are developeds The origin of this composite dyke is unknown,
and no connection with the surrounding schists can be seen. A
discussion of the petrography of the dyke is given in section 3

Diffuse and lenticular pegmatites are concentrated in the
contsct rocks of the Bjelldtind granite. Their origin is clearly
related to the granite, and the lenticular form they possess is
probably due to F, deformation,

In addition to the irregular and late-stage pegmatites in the
Ornes Gneisses (fig.78) are the layered pegmatites that show isoclinal
foldsy that have already been described (p, |99 ),

The diversity of mode of occurrence of the pegmatite bodies
indicates various modes and ages of formation, They span a time
range from syn—?l to post-rj. and as a general rule, it appears that
the early pegmstites were formed by secretion from the hoat'rock.
while the later pegmatites were derived from external eources and

were forcibly injected,
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Quartz Vein

Mica Pegmctite with Felspathic Patches

Cearse Grained Felspar Pegmatrte
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FPig.76., An axial plane pegmatite in folded calcareous pelitic

schists, North Skjeggen, The fold is of T, age

Fiz.77. An overfold in quartzites, North Skjeggen, One
1imb of the fold is completely granitised
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A

Fig.78.A Cross-cutting and hto—ihgo quartz veins and pegmatites
in the gneissic rocks, East Ornes

Pig.70.6 F, pegmatites occupying isoclinal folds in gneissic

rocks, East Ornes
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Petrographic Descriptions

For purposes of convenience, the descriptions are divided

into the stratigraphic groups established in Chapter 2 , Within
each group, further subdivision into the various rock types is

made,

(1) Bassl Granite

Stratigrephic correlation is made between the Glomf jord,

Bjellftind. Skjeggen and Blaatind grani;oy (see p. Jé!)-'hieh are
regarded as the oldest rocks seen in the Ornes region., The Glonfjord
granite is being studied by Mr, M,A, Jones, and is not dealt with
here, Each of the remsining granites is described loparatoiy below,.

(a) Bjell2tind Granite

That part of the Bjellftind granite exposed in the Urnes region,
and examined in some detail by the writer, occurs to the E of
Lysvand, Only the uppermost 20 or 30 metres of the mass are
exposed in this area, and the deeper parts of the granite have been
examined further to the E by Wells, In the E.Lysvand region, the
rock is a2 uniform pink gneissose grenite, with thin irregular
felspathic schlieren separated by impersistent laminae of biotite
and occasional hormblende erystals., The latter give the rock a
well-defined folistion, Spasmodic magnetite erystals, up to 2 mm,
in diameter, are unevenly distributed, and occasionally are
concentrated in coarse-grained lenticular felspathic pegmatites.
Other pegmatites, of variable characteristics, are also found within
the granite.
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Zable L. The Bjelldtind Granite
(1) Mineral Assesblages

Quartz Micro- Plagio- Bio- Horn- Sphene Orth- Magne- Apa=-

cline clase tite blende ite ttite tite

H 21 X X K i X X X X
H 22 X X X X X X X X
H 33 X X X X X X X

H 45 X X X X X X X X
H 47 X X X X X X X X X
B 421 X X X e X X X
H 423 X X X X X X X X X
(2) Plagioclase Compositions

H21 An 6 (7 determinations) H4 An 5 (5 determinations)
H22 an 8 (7 determinations) H4 an 9 (5 determinations)
H33 An 11 (5 determinations) H 521 An 10 (3 determinations)

Average from whole of grenite 4n 8

(3) Modsl Anslyses
Quartz Micro- Plagio- Bio- Horma- Sphene Orth- Magne- Total
cline clase tite blende ite tite
B33 17.7 35.9 39.8 3.8 2,1 o2 o5 100,0
HA7 16,2 29,3 46,2 3.2 3.4 1,0 .1 ol 99.5
- () Ghemicsl Composition
(a) from wmodal enalysis (b) by repid analytical methods
H 33 810, 68,7 810, 68,72
41,0, 15.6 A1,0, 16,19
"203 o1 l'¢203 1.39
FeO 5 Fed 136
Mg0 1.1 Mgo 19
Cal 1,6 Ca0 1.17
Na, 0 he2 Na,0 4,60
K,0 6.2 K;0 6.20
Ti0, 1,6 Ti0, 62
P205 - Pao, «07
¥nO - Mno «08

Total 100,59
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The rock type on the NE face of Galtskart, some 30 metres
below the contact metasediments, is a more coarsely crystalline
variety then on the E of Lysvand, with a patchy distribution of the
biotite crystals, Further varieties doubtless exist, as indicated
by the bands of 7 mica schist in the granite, seen in the inaccessible
north face of Bjollftind.

The granites consist principally of quartz and felspar, with
variable amounts of biotite and occasional hornblende., A varied
suite of accessory minerals may be present, including sphene, orthite,
magnetite and aspatite. Modal analyses for two of the granites are
shown in Table I, indicating that the total felspar comprises about
75% of the rocks, with plagioclase dominant; quartz makes up about
20%, and the remaining 5% is biotite, or biotite and hormblende,.

In other thin sections, for which modal analyses sre not available,
microcline exceeds plagioclase. Plagioclase determinations™ of

six of the rocks (Table I) show on average a composition of 4n 8,
Thus, the rocks have a mineral content equivalent to alkali granites,
while both sodic and potassic types are represented, The ehoiicnl
analysis of part of the BJollgtind granite is shown in Table I,

It corresponds most closely to an adamellite, as is indicated in a
modal analysis of the same rock. The composition of the plagioclase
is sodic andesine, This analysis may not be representative of the
remg inder of the Bjellgtind granite,

# A review of the various methods used, and their suitability, appears
in Section 3.3i4
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The appearance of a typical granite in thin section is shown
in Fig.79. A green-brown variety of biotite occurs in small ragged :
unbent crystals, showing strong preferred orientation and often
concentrated into irregular layers, Associated with the biotite
are small crystals of sphene, which are often concentrsted into
clots, The amphibole is a highly-coloured variety with extreme
pleochroism from deep olive-green to light grass-green, Due to
the marked body-colour, detailed optical measurements cannot be
made, but it is possible that the amphibole is a soda-rich hornblende.
In mode of occurrence, the amphibole varies from small ragged
fragments, in association with biotite and sphene, to large discrete
crystals. Some degree of corrosion is slways visible, and inclusions
of biotite, iron ore and quartz are common,

Felspars make up 75% of the rock, and plagioclase is
considerably more com:mon than microcline., Some of the felspar
interrelations are discussed on p, 215 Both felspars form irregular
crystals of varied size, but the microcline tend to be the larger;
inclusions of dark minerals and quartz are common in plagioclase,
and of quartz and plagioclase in microcline, The plagioclase is
finely twinned on the albite law, and often shows strain and
fracture of the twin lamellae, Separate patches of plagioclase in
optic continuity are sometimes seen, surrounded by microcline.

The latter are also found in larger porphyroblastic crystals,
Occasionally, the plagioclase shows progressive zoning, a phenomenon

which appears to be due to local reaction between the plagioclase and



Figs79« Typical texture of the dark minerals in a hornblende-bearing
variety of the Bjellatind granite. Small sphene ¢ryatals are
associated with the horablende, and are also found in thin

irregular lenticles. x 40.

rig.80. Pexture of the felspathic part of the Bjellgtind granite.
The large dark orystal at the top left is microcline and when in
conjunction with a slightly fractured plagioclase erystal,

towards the right, the latter shows the development of a sodic rim.
Variability of microcline twinuning is well displayed. x 4O,
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neighbouring amphibole, Both felspars show faint dustelike
inclusions, probably of iron-orejy this is more common in microcline
where it is probably related to s erystallographic direction.

Two generations of quartz are present, the earlier as
inclusions in the felspars and in small granular clots, and the
later: as larger erystals in irregular elongated patches arranged
parallel to the foliation, Both varieties show some degree of strain.

"Oile svitsend of other specimens of the BjellStind granite
show similar characteristics, A few of the rocks contain large
sub=hedral iron-ore erystals, up to 3 mm, in diameter. Occasionally,
these are rimmed by small amounts of sphene, indicating that the
ore may contain !102. Sphene is sometimes also present in much
larger crystals, up to 3 mm, across, Certain of the rocks contain
small grains of yellow orthite, normally associated with the
derk minerals, and sometimes causing zones of discolouration with
adjacent biotite erystals, Minute orthite grains are enclosed in
some of the micas,

Charscteristics and ;Itogrolntgonlhlgl of the Felspars

The potash felspar present is microcline, but the degree of
twinning developed is very variable; some crystals show very fine
cross-hatching, while others show only a rudimentary or patchy
development of twinning, In the latter, the only visible
lamellae are twinned on the albite law, Both kinds of twinning may
be present in a single rock, and there appears to be no correlation

between size or mode of occurrence of the microcline erystals, and
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the twin lawsdeveloped., Absence of twinning or the development of

a single set of twin lamellae in microcline has been regarded as
indicetive of erystallisation st low temperatures, with an absence of
soda in the microcline atomic structure (Eskola 1951, Rutland 1958).
Mo analyses of the distinct types of microcline are available for
the rocks of the Ornes region, but petrographic evidence suggests
that the vaorisbility of twinning is not controlled by composition
(see po 117 ).

Examination of the plagioclase crystals from a series ;t
specimens of the granite shows that crystals finely twinned on the
' albite law are dominant (e.g. fig.80, 81). This contrasts
markedly with those from the metasediments, where combined albite-
pericline twins are common, Deformation of the plagioclase
erystals is indicated by fracturing and bending of the twin
lamellae, Sometimes separate fragments of a fractured plagioclase
erystal that were clearly at one time in optical continuity are
surrounded by poikiloblastic and undeformed microcline, suggesting
the latter to be the later felspar, The converse texture is never
seen, indicating the unlikelihood of the phenomenon being a
three-dimensional effect of simple intergrowth,

Occasionally clear albitic rims occur on those lnrgigc of
plagioclase crystals that are in contact with microcline (£ig.80).
Here, it is evident that the rim-albite is in equilibrium with the
microcline, and the sodic rims are probably caused by ex-solution

of albite from the structure of the microcline and subsequent
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Fig.81. Irregular development of myrmekite in part of the Bjallgtind
granite. That in the twinned plagioclase is probably true
myrmekite, while that in the black untwinned erystal at the centre

of the' photograph may be para-myrnekite. x 4O.

Fig.82. Combined albite-pericline twin in plagioclase from a
mnigmatite, Hlaatind, The twin lamellae are impersistent and spindle-
shaped; partial fracture of the erystal is visible on the left hand
side of the photegraph. x 30.
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erystallisation upen t%e,pro—oxtatlng plagioclase (Tuttle 1952).
Those microcline erystals that have yielded soda to adjecent
plaglioclase should contain less soda than those which have mot. It
may be expected, therefore, that differences in twinning of microcline
coeur, due to variability of soda content. Such varistion is
observed, but appears to be independent of the distribution of sodic
rims to plagioclase crystals; this may indicate the inability

of the microcline to recrystallise subsequent to ex-solution of the
soda, Chemical analyses may yleld an answer to the problem,

Emmons (1953) describes similar albitic rims to plagioclase,
without the associated microcline. He regards them as being due to
internal redistribution of albite, consequent upen the twinning of
the plagioclase,

Vermicular quartz in plagioclase on the Junction with microcline
is occasionally seen (fig.81, 83) and indicates instability
between the two felspars. As in the rocks of the Sokunf jell
district, described by Rutland (1958),there appear to be two types
of myrmekite present (a) in plagioclase that is earlier than the
microcline, and has a similar appearance to. the bulk of the
plagioclame of the rock, This is termed para-myrmekite,

(b) in plagioclase that is later and lobes
into the microcline, termed true myrmekite,

(s) Paras-myrmekite

Edelman (1949) has described similar structures, and regards

the quartz as releassed from the plagioclase by basification



219

Fig.83. Development of true myrmekite lobing into microclinme,
granite gneiss Hlaatind.
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consequent upon replacement by microcline., Lime is released during
replacement, as the microcline structure can more readily accept
soday and this lime causes the basification, Rutland (1958, p.262)
outlines objections to the postulates of Edelmsn, principally on
the evidence that the plagioclase containing para-myrmekite is,
in the Sokumfjell rocks, of equivalent composition to the remainder
of the plagioclase, and not more basic as is required, He
concludes that if the microcline originally contained more soda than
at present, later ex-solution may have reverted the plagioclase
back to its original composition. In the rocks of the Ornes region,
there is no evidence that this has occurred, as the demonstrable
exesolution of soda from microcline produces thin albitic rims
to the plagioclase crystals, not wholesale albitisation, Moreover,
it appears fortuitous that the plagioclase should revert to its
exact original composition, and that the vermicular quartz should
not be utilised in the reversion, Detailed determinations of the
composition of para-myrmekite plagioclase crystals are not
availsble for these granites, and it is not known if their
composition is different from the surrounding crystals, The
postulates of Edelman are therefore accepted by the writer in the
case of the Bjellftind granite,

(b) True Myrmekite

These compare closely with the true myrmekites of Sederholm
(1916) which he regarded as being caused by the replacement of

potash felspar by plagioclase with the consequent ex-solution of
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silica. The plagioclase in which this type of myrmekite is seen

in the Urnes rocks is untwinned, and lobes into microcline crystals,
Two possibilities exist for the derivation of this late=stage
plagioclase: (1) from external sources, as a metasomatic product
subsequent to the formation of microcline,

(2) from redistribution 6f soda, that was originally
present, in more sodic microcline, Evidence for widespread late=-
stage metasomatism is not seen in these rocks, but secondary
redistribution of soda from microcline, with the development of
sodic rims to plagioclase crystals is commonly observed., The
writer therefore favours the second interpretation, and regards
the development of true myrmekite as 2 localised concentration of
soda exsolved from microcline,

From these general deductions as to the course of crystallisation
of the felspars, several conclusions may be drawn regarding the
petrogenesis of the granites:

(1) Polysynthetic twinning of plagioclase on the albite law is
common, and is regerded by Emmons (1953) as a consequence
of strain on originally untwinned or zoned felspars.

Later bending and fracturing of the erystals is clearly
indicated in most of the rocks snd is probably to be
' correlated with the 13 phase of deformation,

(2) The erystallisetion of microcline is later than that of
plagioclase, although reasons are given elsewhere (p. 33 )
for regerding the ma jority of the potash felspar, at

leost, as having been present in the original rock,
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(3) The formation of sodic rims to some of the pre-existing
plagioclase crystals depended upon inter-action between
the two felspars, and is probably of a later age than the
microcline, The occasional pstches of true myrmekite
are probably of a similar age,

(b) Skjeggen Granite

The granite is more variable than the upper parts of the
njollftind granite, Again the rocks are predominantly pink in
colour, but many do not show the pronounced felspathic bending
characteristic of the Bjellftind mass, In addition, the degree
of layering of the dark minersls is less pronounced, On the N of
Bolden banded pink and grey granites are prominent, with occasional
lenticular masses of biotite schist. A similar arrangement is
observed on the outer margins of the Glomfjord Granite (M.A.Jones,
personal comsmunication).

Mineral assemblages are similar to those from the ljcllgtiad
granite, except for the occurrence of muscovite in two of the rocks
(B 431, B 435),the unique occurrence of almandine in H 435, and the
total absence of hormblende, Modal analyses of two of the rocks
are shown in Table 2, and indicate extreme variations in the
percentages of all the major minerals. One of them (H 435)
corresponds approximately to a potassiec leucogranite, except for its
rather basic plagioclase (An 12) while the other lies closer to a
quartz monzonite except for the low An content of the plagioclase

(10%)s Whether or not this is representative of the range of
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Zsble 2. The Skjeggen Granite

(1) Mineral Assemblages
Quartes Mi- Pla- Bio- ChluwMus- Sphee Oth-Mag- Apa- Gare Tour-

@o= pgio- tite ite co- ite ne~ tite net ma-
¢line clase vite tite line
H276 X X X X X X X
H 286 X X X X b 4 X X X X
H431 X X X X X X X X
HA435 X X X X X - PRt X

H 434 (Biobite schist) Quertsz, Plagioclase, Biotite, Chlorite,
Hornblende, Sphene, Magnetite, Apatite, Epidote,

(2) Plagioclsse Compositions

H 276 An 10 (from 3 determinations, only approximate)
H 435 An 12 (from 2 determinations, only approximate)

(3) Modal Anslyses

Quartz Micro- Plagio- Bio- Musco- Orthe Apa~ Gar- Magne- Total
cline clase tite vite ite tite net tite

R276 7,4 33.8 47,0 1.2 o6 10040
B 435 29,7 49.8 13.3 8 .8 6 100.0
Chemical Analysis (by repid analytical methods)
K 433 810, 75432

1,0, 12,72

Fe 04 0.48

Fe0 0484

Mg0 0.28

Ca0 0.48

Na 0 3454

tzo 5«75

Ti0, 0.25

9205 - 0,02

Wad D03

Total 99, 69
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variation of the whole granite is unknown,

Certain petrographic differences from the Bjollgtznd granite
can be shown to exist, particularly in the non guartzo-felspsthic
~ fraction of the rocks, Biotite crystals are gemerally small and
ragged, greean in colour, and often poorly oriented; partial
chloritisation is common, Other dark minerals are rare, and consist
mainly of small sphene and magnetite crystals, The latter are
occasionally much larger, up to 2 or 3 mm, in diameter, as in
the Bjelldtind granite,

The textures and relationships of the quartzo-felspathic
part of the rocks are generally similar to that seen in tho‘
Bjollxtind mass, Occasionally, patches of remarkably coarsee
srained and undeformed plagioclase erystals occur, Other:  of
the rocks are more finely granular than any seen in the Bjollattnd
granite, even though the mineral inter-relationships are still the
same. A small amount of muscovite is sometimes present, generally
in small crystals and probably developed from the felspars, This
is a noteworthy difference from the BJollgtind granite,

A single specimen of a biotite schist from the N of Bolden
shows very distinctive features (fig,83), Biotite and hornblende
in roughly equal proportions constitute sbout 50% of the rock, the
former being greenish-brown and sometimes slightly bent, while
the latter is highly pleochroic from light grass-green to deep
blue=green. Both form large and ragged erystals, A large part

of the remainder of the rock is composed of variably trinnod'ind



PMig.84. DBiotite schist from within the ikjeggen Granite at Bolden.
The biotite cerystals are slightly bent, while the plaglioclase shows
soning dependent possibly upon interaction with horanblende. x 0.

W
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zoned plagioclase of later crystallisation than the hornblende and
biotite. Zoning is more pronounced when the plagioclase is adjacent
to hornblende, and appears to be due to inter-actfon between the
two minerals. A variation of 6% An was recorded from one crystal,
with the outside more calcic than the inside; suggesting
basification of the plagloclase by hornblende. A small amount of
quartz is present, while accessory minerals include sphene,epidote,
magnetite and apatite, all as small crystals., Their early origin is
indicated by their occurrence as inclusions in biotite and hornblende,
Occasional crystals of orthite, surrounded by pistacito,-ro seen,

The mineral assemblage is indicative of an amphibolite, within
the staurolite-kyanite sub-facies (cf, Turner and Verhoogen 1951).
It is impossible to be certain whether the schist &8 of igneous or
sedimentary origin, as the mineral assemblage is not diagnostic,
The absence of microcline, which is abundant in the surrounding
granite, indicates low xzo. which is suggestive of an igneous
amphibolite, In similar rocks from the Glomfjord granite,
equivalent assemblages are found, except for the rare occurrence of
epidote, and the presence of occasional grains of microcline
(M,A, Jones, personal communication).

(¢) Blaatind Granites

The specimens of the Blaatind granites examined are similar
to the other presumed basal granites, Those that occur as sheets
within the metasedimentary cover in E., Blaatind are therefore
regarded as representing parts of the basal granites, detatched
in F, ‘times,
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Table 3, The Blsatind Grenites
Mineral Assemblages
Quartz Plagio- Microe Bio- Mus- Horn- Mag=- Apa- Sphene Epi- Chlor-
clase cline tite co=- blende ne- tite dote ite
vite tite
H 187 X b 4 X X X X
H19% X X X X b4 X ) 4 X X
H 196 X X X X X X
H 366 X X X X X X X
H 426 X X X X X X X X
H 427 X X X X X X
Se wit
H 45 X X X X X X
sit
H 187 An 13 from 4 determinations
H 19 An 14 from 3 determinations
B 196 An 10 from &4 determinations
H 366 An 14 from 3 determinations
M 1 8 ‘
Quartz Micro~ Plagio- Bio= Musco- Apa= Magnee Total

cline clase tite vite tite  tite

0 366 41,6 31,1 21,2 5.6 'y P ol 100,0
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In general, the minerals present and their inter-relationships
are similar to those in the other basal granites. A migmatitic
variety is seen in the easternmost sheet granite, and contains a
high percentage of primary muscovite, A coarse-grained variety
of the middle sheet granite shows interesting felspar relations
(fig.82). The plagioclase crystals often possess discontinuous
and spindle-shaped twin lamellae, Small inclusions of microcline
appear to be of later dcvclopnent, since the microcline may seal the
fractures in broken plagioclase,crystals, The latter are
.froqnonu.y bent and fractured,

Mineral assemblages in the basal granites

Stable assemblages of quartz, plagioclase, microcline,
biotite and occasional horablende, or quartz, plagioclase,
microcline, biotite and occasional muscovite are indicative of the
staurolite-kyanite subefacies of the amphibolite facies (cf.

Turner and Verhoogen 1951), The biotite schists within the
granites can be assigned to a similar subefacies, No relicts of a
higher grade of metamorphism have been found in either granites or
metesediments, and it is probable that this is the highest grade of
regional metamorphism that the roocks of the area attained, In the
case of the basal granites, the peak of regional metamorphism was
reached during, or just after, the !'2 phase of deformation,

Later diaphthoresis is occasionally seen in the Skjeggen
granite, where there is partial chloritisation of biotitej this is
never present in the Bjellitind granite, Slight clouding of the
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felspars, particularly the plagioclase, by secondary mica, ococurs
in all the basal granites, Both these effects are slight and
localised, and do not affect the main fabric of the rocks,

During the height of metamorphism, the granites occupied their
present tectonic pocitions, which may account for some of the
differences between them, Thus, the lack of development of
microcline in the contact metasediments of the Skjeggen granite
compared with those above in the .Bjollgti.nd granite, may be due

to the differences in thickness between the two after rl deformation,

Metamorphic History and Age of the basal granites

‘Two felspar: gran;ton to which the granites belong are grouped
with the low-temperature sub-solvus variety of Tuttle and Bowen
(1958)s The felspars are normally regarded as having formed by
unmixing from a homogeneous high-temperature phase, a process
that has been shown, experimentally, to be greatly accelerated by
the presence of water vapour, In these conditions micas are stable and
amphiboles unstable « the l;tter are only associated with hyversolvus
granites, The marked water vapour content of the granite, associated
with unmixing of the felspars, should cause extensive granitisation
of the surrounding metasediments, The immediate contact rocks do
contn;n a higher percentage of microcline than those some distance
from the granite, but the contact is always sharp (figs 28, 65)
and the overlying rocks are still recognisably sedimentary even though
they may approach & granite in composition. This lasck of

granitisation may suggest that the granites possessed their
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present mineralogy before subsequent sedimentation (¢f. Nicholson
1960).

It is suggested, from the size and lack of extensive cataclasis
of the constituent minerals of the basal granites, that the
crystallisation is syne or post-ra. Structural evidence indicates
the probability of the granites and schists having been in contact
during or before the F, deformation (ps 2/ )« Thus, the lack of
extensive granitisation of the metasediments is either indicative
of the previous existence of & two-felspar granite in r1 times,
or the formation of the felspars by a different mechanism from
that indicated by Tuttle and Bowens The presence of hornblende,

@ mineral theoretically only found in hypersolvus granites, suggests
that the granites of this region did not form in the same manner
as those described by Tuttle and Bowen.,

Other lihes of evidence may be used to suggest thet the granites
are fundesmentally different from the schists, and owe their present
appearance to original compositional characteristies, not to
extensive metasomatismi:-

(1) Comparison of the compositions of plagioclase in schists
and granites indicates a persisteant difference (see also pe 241 ),
Those in the granites are usually albitic, with between 6-10% An.
Those in the schists are very variable, and dependent on the
chemical compositiom of the rock. Even in the quartzo-felspathie
schista, however, with a mineralogy similar to some of the granites,

the plagioclase always has a composition of around An 15 to An 20,
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This difference indicates the probability that the plagloclase is
original in both granites aéa schists, and has not been introduced
metasomatically.

(2) In the metasediments, the plagioclase is evenly
distributed and granular. It has every nppoafanco of having
developed by the normal processes of metamorphism,

(3) Microcline in both granites and schists is later than
plagioclase, and in the schists occurs in more or less well-defined
layers, that often appear to owe their existence to me tasomatic
introduction from external sources. As microcline shows a
seneral increase in the metasediments towards the granite, it
appears that the latter 1s_tho source of at least some of the
potash felspar. The association of abundant microcline with
albitic plagioclase in the basal granites lnﬁicatlu the
probability of the former having been in existence before the phase
of erystallisation now represented, Thus, the microcline
probably recrystallised from pre-existing material, and loecalised
migration during this phase may have produced the restricted
microclinisation of the metasediments,

(4) The persistence of bands of biotite schist and amphibolite
within the basal granite, with little or no microcline, indicates
either that there has been little migration of potash felspar, or
that the rocks are resistors to granitisation (e.gz. Reynolds 1946,
Pitcher 1952).

All the evidence points to the conclusion that the basal

granites possessed a compoasition closely similar to that now seen,
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from the earliest times onwards. Except for localised metasomatic

introduction of microcline into the contact metasediments, there
has been little migration of felspathic material, These
conclusions, together with the stratigraphic and structural
evidence (p.!¢1), indicate the probability that the granites are
at the bese of the succession, and are logically regarded as
having been in existence before subsequent sedimentation, They
are tentatively assigned to the Pre-Canmbrian basement, although
their history prior to formation of the overlying sediments, is
now entirely masked by later metamorphism.

The highly banded nature of parts of the basal granites may
be due to one of three factorsi-

(1) Original sedimentary differences that have survived a

pre-Cambrian granitisation,

(2) Flow banding of a pre-Cambrian igneous granite.

(3) Differentiation of an originally homogeneous granite

during metamorphism,

At the present stage of research it is impossible to be
certain which of these explanations is the correct one,
Comprehensive chemical analyses of all tio varieties of granites
may help in the problem, However, the banding is remarkably
persistent over large outerops, and is exactly analogous to the
sedimentary banding of some of the siliceous schists, Pending
future research, therefore, it is suggested that the banding is

due to the first of the factors stated above,.
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(2) Schists adjoining the basal BjellRtind granite (Basal

sggoonaing)

Descriptions of the successions shown in fig.59 are ineluded

to indicate the petrographic variation of the sediments in
immediate contact with the basal Bjellftind granite,

(a) Details of the lowermost three metres of the North Kvittind
succession are shown in fig.66, and it consists of alternating
foliated semi-pelitic schists and thin lenticulsr and layered
tourmaline-bearing pegmatites., The schists are rusty weathering, wltp
& planar schistosity devoid of puckering and undisturbed by
projecting porphyroblasts, Thin laminae of microcline are common,
These rocks are closely comparable with the contact rocks of the
Glomf jord granite (M.A. Jones, personal communication), In addition
to the three prominent layers of tourmaline-bearing pegmatites
indicated in fig.66, the schists above H 29 have a common development
of thin felspathic tourmaline-bearing schlieren, It is noteworthy
that these are absent in the 2 metres of metasediments below this,

The mineralogy of the schists is similar to the underlying
granite except for the spasmodic development of muscovite. However,
a modal analysis of the lowest of the schists (H 27) indicates
significant differences from the basal granite (Table 4), The micas
are arranged in leminae, with muscovite subordinate to biotite,

In contraest to the common development of green-brown biotites in the
basal granite, those from the schists are always. brown, Granular

quartz and felspar constitute the remainder of the rocks, the



(a) North Kvittind
Minersl Assemblages

B 27
H 29
H 3
H 457
H 459

H 26
R 28
H 29
H 30
i3

(1) schists

Table 4,  Basal Succession

Quartz Micro- Plagio- Biotite Musco~ Magne- Tourmas- Apatite

(2)

cline clase

b 4 X X X
X X X X
X X X X
X X X X
X b 4 X X
peguatites

X X X X
X X X X
X £ X X
X X X

X X X

Plagioclase Compositions

(1) schists
H27 An 24 from 5 determinations
H29 An 26 from 3 determinations
HE31 4An 30 from 4 determinations
H 457 An 26 from 3 determinations
Model Anslysis

H 27

48,2

Quartz Microcline Plagioclase

24,0 16.6

vite tite line
X X
X X
X
X X X X
X X
X X
X
X X X X
X X X
X X
(2) pezmatites
H26 An 5 from 6 determinations
H28 An 17 from 6 determinations
H29 An 3 from 4 determinations
H 31 An 23 from 3 determinstions

(approx.)

Biotite Magnetite Total

10,6

0.6 10\3.0
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(b) North Galtskart
ne 3eumd
(1) guartzo-felspsthic schists

Quartz Pla= Micro- Bio= Mus<Chlor- Mag- Toure Apa= Sphene Garnet
gio= cline tite co- ite ne= ma- tite

clase vite tite line
H b1 X X X X X X X X
H 404 X X X X X X X
H405 X X X X X X
Hb13 X X X X X Bpie X
dote
H 1% X X X X 4 X X
H 415 X X X b 4 X X
H 46 X X X X X X X X
H 417 X p 4 X X X X
H419 X X X X X X X X
(2) pegmatite
H 403 X X X
(3) Marble
H 400 X X X X X Chlor= X X Calecite
ite
(4) Amphibolite
B 402 X X Horne X Diop= X Epie X
blende side dote

Plagioclase Compositions
(1) gusrtzo-felspathic schists

H 401 4An 27 from 3 determinations H 414 An 12 from 3 determinations

H 404 An 5 (inside of crystal) H 415 An 32 from 4 determinations
An 20 (outside of erystal) H 417 An 16 from 2 determinations

HA405 An O from 3 determinations N 419 an 13 from 4 determinations
H 413 An 16 from 3 determinations

(2)_Marble
H 400 An 33 from 3 determinations

(3) Amphivolite

H 402 An 34 from 3 determinations
An 34 (outside of crystal)
An 24 (inside of crystal)
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(e) South Geltskart

Mineral Assemblages
Quartz Micro- Pla= Bio- Chlor- Husco- Garnet Apa- Sphene Hlnlo-

cline glo- tite ite vite tite
clase
HA452 X 4 X X X X X X
HA&53% X X X X X X
H 454 X X X X X X
HA45 X X X X X X
Plagioelase Composition

H 452 An 20 from 2 determinations
An 17 (inside of crystal)
An 21 (outside of crystal)

H 454 An 36 from 3 determinations
An 31 (inside of crystal)
An 36 (outside of crystal)
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latter also occurring as larger crystals in irregular laminae
2«3 mm, wide, Occasional lenticular guartsz .aogrognuou, composed
of large cryata].l' are also pro.aont.

Felspar relations are similar to those in the underlying
granite. Fractured plagioclases commonly show combined albite=-
pericline twins, sometimes patchy in development, Their average
composition of An 28 (Table 4) is considerably more basic than
the ma jority of the associated pegmatite plagioclases and all
of those from the underlying granite, Microcline, which often
occurs in thin laminse, is both finely and coarsely twinned, and
is less deformed and fractured then plagioclase. Interaction
between the felspars with the development of sodic rims to plagio=-
clase when in contact with microcline is clearly displayed .

The three pegmatite layers shown in fig.66 are each distinctive,

(1) H 26, a grey granitic and foliated pegmatite similar in
appearance to the basal granite, is probably situsted only a few
cms above the latter, Granular patches of quartz and felspar
are separated by porphyroblasts of vaeriable size of microcline,
plagioclase and quartz, Small muscovite crystals, probably formed
from the felspars, are widespread, Microcline shows a patehy
development of twinning and is more abundant than plagioclase; the
latter is often fractured, Secondary alteration of the felspars

is much more widespread than either the underlying granite or the
; overlying metasediments,
(i1) H 28 is a coarse-grained tourmaline~bearing pegmatite

sbout 1 metre above H 26, The coarseness of texture (grain size
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of 3«4 mm) and the complicated inter-relationships of the
constituent minerals are distinctive (fig.85). Large unstrained
quartz crystals are poikiloblastic towards the felspars,
Plagioclase, finely twinned on the albite law, commonly shows

a small amount of fracturing, and is clouded by secoandary mica,
Coarsely twinned microcline is unfractured and generally free of
secondary alteration, Muscovite and biotite, the former in large
erystals and the latter in less abundant and smaller crystals,
have ragged terminations, and do not appear to be in equilibrium
with the felspars. The lack of widespread cataclasis and the
largenesa of the average grain size indicates the probability of
post—ls crystallisation, However, the lenticular nature of the
body suggests that it has probably undergone some previous
deformation,

(1i1) H 29, H 30, These tourmaline-besring pegmatites occur
some 2 metres above the granite contact, and are the lowermost rocks
in the metasediments which contain tourmsline, Tourmaline occurs
. as large disoriented end zoned crystals, pleochroic in yellows and
brownsj it is probably schorlite. Quartz is abundant as
interlocking crystels of varied size. Felspars occur in patches
which show extreme secondary alteration, with only occasional
faint twinning of plagioclase visible, One of the rocks shows a
contact with schist, and the felspars of the latter are completely
free of alteration,

Thin pegmatitic schlieren in the schists above H 29 and H 30
show similar characteristics, except for the occurrence of large
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Fig.85. Interrelationships of the felspars from a pegmatite of

the basal series, North Kvittind. The plagioclase is finely twinned
and partially fractured, and shows a high degree of secondary
alteration. The microcline, on the other hand, is free of alteration
and unfractured; 4t appears that microcline is in the process of
replacing plagioclase, x 30.
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microcline porphyroblasts and rutile crystals up to 1 mm across rimmed
by ilmenite, This association of rutile, tourmaline and ilmenite

is uncommon in the Glomf jord region, and the only occurrence recorded
from near ®rnes, i

Remainder of the North Kyittind succession (fig.59, sections
Sa and 5b).

Immediately overlying the rocks described above is a group of
coarse well-folisted schists with abundent muscovite and subordinate
biotite wrapped around occasional garnet porphyroblasts up to 1 cm
in diameter, Fragmented quartz laminae separate micaceous layers, and
there is an occasional development of irregular quartz veins,
Localised chloritisation of biotite is developed,

Higher up in the succesiéion, about 20 metres above the basal
granite, is a group of quartzo-felspathic schists similar to the
Galtskart silty-schists, They are fine-grained and granular, with
a high proportion of microcline, Inclusions of orthite in biotite
cause zones of discaolouration; separate crystals of orthite are
also present, Muscovite is of late-stage crystallisation, and cuts
scross the earlier fabric.

Summary and Conclusions, Altﬁongh there is no systematic varis.
tion in the proportion of microcline in the metasediments above the
basal granite, there is a general decrease away from the granite,

Thus the semi-pelitic schists in immediate contact contain abundant
microcline-rich laminae, while in the silty schists some 20 metres
above, microcline is more granular and less common, The reason for

the absence of microcline in the intervening garnet-bearing rocks
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is either due to incompatibility of microcline with garnet, or
more likely, preferential introduction of the mineral into schists
of particular composition. In both metasediments and basal
granite, the microcline is of snalogous appearance, and in each
case its relationships with plagioclase, probably of earlier
crystallisation, are similar, Thus, the microcline in the
metasediments was probably derived from the basal granite where
abundant microcline is encounternd.. This suggeste localised
granitisation of the metasediments (see also p,23/),

Plagioclases in the schists have a veriable composition
(Table 4) but one that is consistently more basic than those from
the basal granites., In addition, the plagioclases from the schists
are granular and often slightly fractured, and do not show evidence
of a metasomatic origin, This evidence is used to suggest a
primary difference between the metasediments and the granites
(see also p, 231), ‘!ho composition of the plagioclase crystals
tends to become more basic away from the granite, The reasons
for the extreme variation of plagioclase compositions in the
pegmatites are unknown, The twin laws of the schist and pegmatite
plagioclases are different, Whereas those from the pegmatites are
invariably twinned on the albite law, combined albite-pericline
twins are common in the schists,

A consistent difference in the biotites of the basal granites,
compared with the overlying netasediments, is the green-brown colour
of the former and the brown or red-brown colour of the latter.

This may be due to variation in content of iron in the biotites.
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Muscovite, present throughout the schist succession, is never
seen in the basal granite, probably becsuse of original variations
in composition, Tourmaline is concentrated in the schists some
distance from the granite, but even so it is clearly related to
the late-stage pegmatites derived from the latter,

(b) The detailed part of the North Galtskart succession
(figs59, section 7a) consists of about 40 metres of flaggy
micaceous schists, with marbles and calc schists towards thortcp.
Two types of mica schists are present, each of which is interbanded
with the other, and each occurring in roughly equal proportions
(see fig.59):=~

(a) The pelitic schists consist of well-foliated
micaceous rocks, with muscovite occurring in thin laminae together
with subordinate biotite, Slight bending of the muscovite is
probably due to r3 deformstion, Green-brown or brown biotite is
found in different rocks, Granular quartz and felspar separates
the micaceous layers, while occasional quartz veins are present,
Superficial alteration of plagioclase is common, and the felspar
relationships are the same as are seen in the basal granites,

(b) Flaggy semi-pelitic schists are similar to
equivalent rocks from the North Kvittind succession, described
above (ps 233), Again microcline tends to occur in thin laminae,
and there is an overall general decrease of the mineral away from
the granite, Plagioclase is patchily sericitised and often shows
combined albite-pericline twins, associated with zoning, The
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latter is sometimes well picked out by sericitised cores and
¢lear rims to the crystals and is a separate phenomenon from sodiec
rims along microcline junctions, which are alse developed, Both
the types of myrmekite described on Pe are seen, In one of
the rocks muscovite is abundant, while microcline is subordinate;
this may be due to reaction of the potash felspar with garnet,
small erystals of which are present,

A coarse-grained pegmatite cutting the schists consists
principally of large sericitised microcline erystals several cms
across, which contain irregular veins of both highly altered and

unaltered, untwinned felspar, These veins may represent

perthitic albite., lack of cataclasis indicates post-F, erystallisation,

>
Towards the top of the succession an unusual quartzo=felspathic

schist occurs, associated with marbles, It contains a considerable
proportion of phlogopitic biotite, and large , irregularly
distributed calcite crystals, A thin band of amphibolite within
the marbles is composed principally of dark green hornblende,
Diopside occurs in occasional large crystals, partially replaced
by pale green, probably actinolitic, amphibole, A similar variety
of amphibole is found along the margins of a quartz vein, Plagio-
clase is present as small, strained, and sometimes zoned, crystals,
of an earlier age of crystallisation than the hornblende,

(¢) The South Geltskart succession (fig. 59, section 6a)
contains rocks that are more uniformly pelitic than those on the N

of Galtskart, with the spasmodic development of large garnets and



244

2 general lack of felspathisation. The rocks are generally well
foliated with mices arranged in distinct layers which are wrapped
around the occasional garnet porphyroblasts, S-shaped trains of
inclusions of granular quartz within the latter are sometimes
arranged almost at right angles to the present schistosity
indicating rotation of the garnets, probably during rz times,

The preservstion of an early schistosity of this nature is common
elsewhere in the Galtskart pelitic schists, and has also been
described from other parts of the Glomfjord region (e.g. Ackermsnn
1960, Ackermean et al 1960), In the *tails' of the garnet
porphyroblasts the biotite crystals are considerably larger

than elsewhere, and are partially chloritised. Zoned plagioclase,
with comparable properties to that elsewhere in the basal
successions, is present, Determinations show that the central
portions of the zoned crystals are more scid than the rims

(Am 31 and An 37 respectively in one case),

Summary snd Conclusions. The successions of North and South
Galtskart are broadly similar to that on the N of Kvittind, In
the quartzo-felspathic schists there is a trend towards more
basic plagioclases away from the granites, The percentage of
combined albite-pericline twins tend to increase away from the
granite, and are very rarely seen in the granite itself,

Irregular zoning of the plagioclase crystals commonly seen in this
succession is of unknown significance, It may be a consequence

of strain, associated with the complicated twins commonly
developed,
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Mineral assemblages are in accordance with those present in
the kyanite-staurolite sub-facies, the main difference from the
basal granite being the occurrence of muscovite, The reasons for
the absence of calc-silicate minerals, such as grossularite or
diopside, in the celcite-bearing quartzo-felspathic schist in the
N, Galtskart succession are not clear, although the calecic naturg
of the plagioclase (An 33) and the presence of phlogopite is
presumably a consequence of the calcareous affinities of the rock.

Rocks of comparable lithologies throughout the remainder of
the Brnes region contain similar assemblages, and there is no

inerease in metamorphic grade towards the basal granites.

(3) Steffodalen and Galtskart Successions

From structural coasiderations, the large group of interbedded
pelitic and semi-pelitic schists of Steffodalen are regarded as
being older than the metasediments overlying the Bjcllgtind granite,
and constituting the mountain of Galtskart (p.(3). However, it
is difficult to trace the Steffodalen rocks westwards due to lack
of exposure, Within the Steffodalen group are thin bands of
ecalcareous pelitic schists, marbles etc., rocks which are prominent
in the Galtskart succession, and conversely in the Galtskart
succession are rocks of similar composition to the main mass of the
Steffodalen groups For this reason the two successions are described

together, while the pelitic rocks of the Steffodalen group are

dealt with separately below.
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Pelitic Schists

Most of the rocks belonging to this group ere well foliated and
show rusty weathering with prominent micaceous laminae, Porphyro-
blastic gernets sre commonly distinctive, A charscteristic
series of flncly interbedded pelitic and semi-pelitic schists forms
part of the Steffodalen group, The individual bands are from % cm,
to several ems across, and consist of alternate layers of quartzo=
felspathic and micaceous material; the latter contain garnet,

A sedimentary origin is probable, as the bands are remarkably
continuous, and show the pattern of even the earliest folds
(figs 36, ho),

(1) Steffodalen Pelitic Schists

The easterly outerop of the schists in Steffodalen itself is
separated from the probable westerly equivalents in the
l;ggtggq-Sonth Brnes region,

In Steffodalen the rocks are predominantly biotite-rich and
well foliated, with occasional ragged garnets, The latter contain
abundant inclusions of quartz, and sometimes rotation of the
porphyroblasts is indicated by the orientation of the trails of
inclusions (fig.86E), Biotite forms crystals of varisble size which
wrap eround the garnet porphyroblasts, Gentle rz or r, microfolds
are sometimes, visible, but in general biotite has recrystallised
subsequently and is unbent, Equigranular quartz and plagioclase
separates the micaceous laminae, and the felspar is usually

slightly beat and fractured, Occasional quartz veins are also

. present,
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Tab t 78 sts of the Steffodalen Gr

(a) In Steffodelen itself, 10 specimens examined,

The predominant assemblage is quartz, plagioclase, biotite,
muscovite, garnet, Microcline is preseat in only two of the rocks,
Apatite and magnetité are present with occasional tourmaline and
epidote (pistacite),

Plagioclase composition

H 245 An 47 from 3 determinations

Mineral properties

H 121 Biotite Ny = 1,620 Pleochroism: X = very pale brown
Y= 2 = red=brown

Corresponds to iron-rich variety, probably siderophyllite

H 249 Biotite Ny = 1,625 Pleochroism: X = very pale yellow-brown
Y= % = very dark brown

probably sidercphyllite
(b) In Blsatind-South Drnes, 9 specimens examined

The predominant assemblage is quartz-plagioclase-biotite-garnet,
Ocdasionel rocks contain muscovite or one or more of kysnite, stauro=
lite and sillimenite, Apatite and magnetite are common with
occesional sphene and pistacite, Chlorite is sometimes present,

Pl lase
H 146 An 37 from 3 determinations H 265 An 15 from 3 determinations ‘

H 148 An 22 from 3 determinations H 463 An 33 from 4 determinstions
An 25 (inside of erystal) ‘.
An 20 (outside of crystal)

Mineral properties
H 146 Sillimsnite 2V = 16° Nx = 1,653 Nz = 1,667
Modal analysis
Quartz Pi:gi.o— Biotite Garnet Magnetite Apatite Total
clase

H 142 19,7 56.8 2244 3 3 o5 100



Fig.86. The form of garmet and kyanite porphyroblasts in
pelitic schists, from the Steffodalen and Galtskart successions.

A+« Inclusions of magnetite that have been incorporated in a
garnet crystal of later development, Bugten.

Be Granular quarts of rl age within a garaet porphyroblast.
The texture outside the garnet is considerably coarser tham that
insides Barfjell.

Ce A garnet porphyroblast growing across isoclinal mierofolds
preserved in biotite erystals. South Galtskart.

De Fine-grained magnetite and quarts inclusions within a garnet
erystal. Sphene, which is stippled, is concentrated in the talls
of the porphyroblast. Lath-like hornblende erystals are of a
later stage of crystallisation than thegarnet. Spilderdalen.

Ee Seshaped inclusions in garmet, indicating F, rotation of the
erystal during growth, Steffodalen. Later ¢rystallisation may
be indicated by the clear rim to the erystal,

Fo Disoriented late-stage kyanite orystals, probably plt'-rz in

age, growing across earlier biotite corystals, South Galtskart.






.50

The pelitic schists of the Blaatind-South Ornes region are
interbanded with other rocks of variable character, and constitute
only a small part of the total succession. Abundant brown and
ragged biotite define a schistosity that is often interrupted by
garnet porphyroblasts. Discolouration around minute inclusions of
unknown composition is a common feature in the biotite, The
variation im euhedrism and outline of the garnet porphyroblasts is
shown in fig.86 (A, B). Preservation of an early schistosity
and the subsequent rotation of the garnets is clearly demonstrated
by the orientation of granular quartz inclusions, Subsequent
reaewed crystallisation may be indicated by the occasional
occurrence of inclusion~free rims., Partisl chloritisation of
biotite appears to be concentrated near garnet crystals, The small
amount of kyanite present in some of the rocks is poikiloblastic
and probably crystallised relatively late, Much of the plagioclase
shows albite and pericline twinning and is often fractured, Local
zoning around inclusions of quartz and other minerals is sometimes
observed,

A distinctive sillimsnite and occasionally staurolite-bearing
schist has been identified in a thin stratigraphic band between
Bugten and MesBen., At Bugten the rock consists of large
plaglioclase crystals, separated by zones of granular quartz and
cordierite; associated sillimanite occurs in large, roughly

oriented needles (fig.87). Trails of magnetite grains are present
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Fig.87. A large plagioclase orystal, showing irregular twin
lamellae, and containing inclusions of magnetite, in staurolite
schist, Mcoben. The light-coloured material with high relief in the
bottonm right hand corner is a single, large, sieve-like porphyro-
blast of staurolite, with common inclusions of magnetite plagioclase
etce x 350,
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throughout the rocks; their average size is smaller inside the
plagioclase than elsewhere. Clinozoizite is found as small
grains in thin bands within some of the plagioclase crystals. A
few ragged crystals of biotite occur, Very occasionally small
enhedral staurolite crystals are present, The stratigraphiec
equivalent on Mes%en has a somewhat different petrography.
Plagioclase forms large crystals often twinned on the albite-
pericline law, and commonly zoned around inclusions of lagntt}to.
quartz and biotite, The twin lamellae of the plagioclases are 7
usually spindle-shaped, and the crystals are sometimes frae¢tured,
Large green=brown biotites are characteristic, as are the
occasional sieve-like poikiloblastic crystals of staurolite up
to 3 or 4 mm in c'llamotu-. No sillimanite or cordierite has been
identified,

The mineral assemblages in the pelitic schists of the
Steffodalen group are generally indicative of the kysnite-
staurolite sub-facies. However, unusual assemblages occur
in the staurolite-bearing schists, and are worthy of further
comment, Staurolite appears to be stable ov;r a narrow temperature
range and is comconly substituted for by kyanite and almandine
(Turner and Verhoogen 1951), Associations of kysnite and
almandine are common in the Urnes region, but staurelite is rare.
The absence in the MesWen staurolite schist of any potash-bearing
minerals except biotite is probably due to the high percentage of

iron and magnesiumj all the available potash may then have been
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used in the formation of biotite, In the other assemblage,
where sillimanite, staurolite and cordierite co-exist in
appareant equilibrium, type minersls from three subdivisions of the
smphibolite facies are preseat in a single rock (ef, Turner and
Verhoogen 1951). Cordierite may have developed prefereatially to
biotite due to lack of avelilable water - in this case, there would

be no other minersl capable of accommwodating MgO. The general
anhydrous nature of the rock supports this view,

Galtskart Pelitic Schists

Both well-foliated, finely-banded micaceous schists, aad
coarsely crystalline garnet- or kysnite-schists ocour, In the
garnet-free rocks, biotite is the dominsat mics, is always brown
in colour, and often arrenged in closely-spsced leminae.

Semi-Pelitic Schists (Quartzo-Felspathic Schists)

Distinction wes mede in the field between 'silty' schists -
massive grey and variably banded rocks, and flaggy semi-pelitic
schists (see p. 14 ),

S8ilty Schists

Quartz, plagioclase and biotite sre always preseant, while
muscovite is found in all but two of the rocks sectioned, Microcline,
in variable amount, is common, but not ubiquitous (Teble 7). Garnet
is widespread, but only preseant in small amounts,

Biotite is normslly found ss small brown or green-brown
erystals, generally well oriented, and sometimes bent by slight ¥

3
micro-folds. Occasional clots of larger crystals are also
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Table 6 tic Schists fr he Galtskart Success

20 specimens examined,

The predominant assemblage is quartz, plegioclsse and biotite.
Muscovite is present in 11 of the rocks and garnet in 14, Microcline L
occurs in two of the rocks, and is incompatible with garnet, Kyanite
is found in 5 of the rocks and staurolite in 1, Apatite and
magnetite are present with occasional tourmaline, Secondary chlorite

is quite common,

ngighnt composition

H 61 An 30 from 3 determinations H 117 4An 28 from 2 determinations
H70 An 25 from 1 determination H 213 An 37 from 3 determinations
E 7% An 35 from 4 determinations H 313 4in 28 from 2 determinations
E 38 an 33 from 5 determinations H 363 An 39 from 3 determinstions

Mineral properties

H 70 [Kyenite Ny = 1,719 Nz = 1,725

Yodal Anslysis

Quartz Pla- Bio- Musco= Kya= Gare Apa=- Magne- Toure Sphene Chlore Toe

glo= tite vite nite net tite tite mae- ite tal
clase line

R61L 4.9 8.7 131 8.9 1.1 2.2 .5 1.1 ‘ IR

E70 61,8 8,1 19,8 .2 9.8 o2 ol 100,

H 207 34,8 19,1 27.2 3.5 14,3 o b 2 o4 100.4

H 563 20.5 : 3305 2509 1.2 17o8 o" o“‘ c“ 100.1
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Fige88, A coarse-grained pelitic schist from Hlaatind, showing
inclusions in plagioelase crystals, and a slight irregularity of
some of the twin lamellae. x 30.
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Table 7, gomg;tg Schists of the Galtskart Sncculm
(a) Silty Schists, 12 specimens examined,

The predninant assemblage is quartz, plagioclase, microcline
(in 9 rocks), biotite, muscovite. Garnet is present in 5 rocks, and
secondary chlorite in 6, The most important accessory mineral is
apatite, but sphene, magnetite, epidote (pistacite and clinozoizite)
and tourmaline occasionally occur,

Plagioclase Composition

H 62 An 19 from 5 determinstions H 90 An 24 from 5 determinations
H 72 An 26 from 5 determinations H 217 in 32 from & determinations
H75 4An 12 from 2 determinations XN 245 An 47 from 3 determinations
H 30 An 28 from 3 determinations

Modal Anslysis
Quartz Plagioe Micro- Bioe~ Muscoe Garnet Apa= Total
¢lase cline tite vite tite

B 62 56,2 4,9 6.9 17.4 14,0 o2 b 100,0
H 73 32.3 35.8 6.7 22,0 2.0 o7 o5 100,0

(b) Flaggy Semi-pelitic Schists, 13 specimens examined.

The predominsnt assemblage is quartz, plagioclase, microcline
(7 rocks), biotite and muscovite, Garnet is present in 4 of the rocks,
Secondary chlorite is present in 6 of the rocks., Spasmodic apatite,
sphene, magnetite, tourmaline and pistacite occur,

P e
H 25% An 18 from > determinations

Modal gnelysis

Quarts Plagioe Musco- Bio- Garnet Apa= Magnee Total
clase vite tite tite tite

H 310 45,0 25,2 15.6 13,3 .5 2 o2 100.0
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present, Discolouration around small inclusions of orthite, and
rarely pistacite, are seen, and the biotite crystals are commonly
partially altered to pale green chlorite. Muscovite is usually
subordinate to biotite, forming late cross-cutting crystals, but
when it is abundsnt it has the same type of occurrence as biotite,

The quartszo-felspathic material is granular, Plegioclase is
usually the dominant felspar and often exhibits slight bending and
fracturing, Superficisl sericitisation is commonly observed.
Microcline, present both in compact and small poikoloblastic
erystals, is probably of a later age than plagioclase. Myrmekite
is developed along some of the plagioclase-microcline boundaries,

Apatite is the most widespread accessory minerasl, generally
#s small grains but in one of the rocks (H 395) in rounded crystals
up to 2 mn in diameter. The rcnaining accessories (Table 7) are
only found in very small amount,

Mineral assemblages belong to the potash-excess field of the
staurolite-kyanite sub-facies (Turner and Verhoogen, 1951). The
occurrence of garnet, micas and microcline in the same rock is
indicative of disequilibrium conditions, as normally reaction would
take place between the potash, felspar and garnet to form mica.
The lateness of development of microcline is probably the reason
for this association, while the small and ragged garnets may be
of a relict nature.

Some of the silty schists approach a granitic composition,

& fact which mey be apparent from their field charscters, However,
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microcline is never as abundsnt as in the basal granites, and
generally occurs in smaller grannl‘r crystals, The common
occurrence of green-brown biotite crystals, which sre found in the
basal granites, but in few others among the metasediments also
links the two rock types. In other neighbouring regions (Walton
1959) it has been suggested that the basal granites may have been
derived by felspathisation of a rock type closely similsar to the
'silty' schist, s view that is supported by the present study
(see also p, 313),

Flaggy Semi-Pelitic Schists

The assemblages present in this group are similsr to tho-‘ of
the silty schists, with microcline present in a high percentage of
the rocks, Gernet is again only a subordinate mineral, occcurring
always in small crystals., Close Gomparison exists petrographically
with the silty schist group, the principsl difference being the
ubiquitous occurrence of brown biotite, end the smaller percentage
of felspathic material in the flaggy semi-pelites. The garnets are usually
more obviously skeletel,

Calcareous Pelitic Schists

A characteristic of this group is the sbundance of the mineral
species preasent, often up to ten or twelve in & single thin
section. Constancy of assemblege from rock t» rock is alse
noteworthy, even to the sccessories., The most important minerals
are guartz, plagioclase, scapolite, biotite, hornblende, diopside

and calcite, all of which, with rare exceptions,occur in every
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ble 8 areo Schists lts 8 s
14 specimens examined,

The predominant assemblage, which is resarkably persistent, is
quartz, plagioclase, biotite, diopside, hornblende, caleite, scapolite
(12 rocks), garnet (8 rocks), Muscovite is found in 3 of the rocks,
Sphene and megnetite are common, with occasional epidote (pistacite
or c¢linozoizite) and apatite., Chlorite occurs in 2 of the rocks,
Plagioclase Composition
H 15 An 36 from 3 determinations

H 39 An 34 from 1 determination
H 55 An 38 from &4 determinstions

Minersl Properties
Amphibole 2V = 68} optically negative
Pleochroism X = very pale yellowegreen
Y = green
Z = dark green
Yodal anolyeis
Quartz Pla= Bio- Scape Diope Horne Cale Mage Gare Sphene Total

glo- tite olite side blende cite ne« net
clase : tite

H 39 5605 4.0 12,0 15,6 4,9 3,0 3,7 o2 100,0
H 56 39,9 1.9 19,0 24,4 7,2 2el 2,7 43 243 o2 100,0
H 64 30,1 17.0 19,0 12,9 10,0 6.5 3.4 1,1 100,0
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Fizr.89. An undeformed porphyrodlastic dlopside crystal ia a
mmmuum.mw. The crystal
after the gentle microfolds is visible in ragged

doveloped
biotites. x 0.
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rock (Table 8).

Petrographically, the rocks consist of pelitic schists with a
variable percentage of celcareous minersls added (normslly about
30%)e. Small ragged brown biotites occur in rough layers, snd are
sometimes slightly bent. Pleochroic halves around minute
inclusions are sometimes common, Quartz’is preseat in granuler
crystals and occesional late veins, Small porphyroblastic plagioclases,
often showing combined albite-pericline twins, are commonly
fractured; the intricate twinning may be & consequence of this
deformation., Some of the crystals are zoned.

The mode of occurrence of the calcareous minerals is variable,
and some of the complex interrelationships are shown in Fig.90.
Diopside is found commonly in sieve-like porphyroblasts up to 2 mm
in di.-utcr. Lateness of development is indicated by lack of
deformation, .and the way the crystals grow across the earlier fabric.
Hornblende is often associated with the diopside, as an alteration
product, but discrete crystals of the minersl are also seen,
Rounded and granular scapolite crystals sre commonly associated
with diopside and hornblende, to form distinct bands a few mm
thick, Scapolite occurs ;a some of the quartz veins, Smsll amounts
of .caleite are also of late origin.

Ragged gernets, with meny inclusions, sometimes form small
irregular porphyroblasts, Associated biotite, hornblende, and
msgnetite sre possibly alteration products of the garnet,

Magnetite is associated with biotite, and sometimes enclosed by

the latter. The epidote, which occurs as occassionsl small grains



Fig.90. Textures in calcareous pelitic schista of the
Galtskart succession.

Pys = pyroxene (probably diopside)
BM. = biotite

Cal. = caleite

Qte. = quarts

Ho. = hornblende

Plag. = plagioclase

Seap. = acapolite

Ga. = garnet

In each of the diegrams, the fragments of hornblende
or diopside that are coloured similarly are in eptical
continuity.






264

can be either clinozoizite or pistacite,

A thin bend within the West Lysvand calcareous pelitic schist,
is composed prlncipalf&'ot large porphyroblastic garnets 3-4 mm
in dismeter with a normal pelitic matrix which also contains
granular crystals of Scapolite and a few small ragged horanblendes,

As the mineral assemblages observed are so distinctive, their
significance in relation to wetamorphic facies is worthy of
discussion, The stable assemblage, aln-ndino-diopotdo-hornblondo.
is only developed in the sub-facies of thet name (Turner and
Verhoogen, 1951) a different Sub~facies from that to which the
remainder of the rocks of the Ornes region beloag. It is clear
that there is & lithological control to the assemblage, and the
lack of equilibrium is indicated by the relict nature of the garnet,
and the lateness of development of diopside and hornblende. Thus,
the assemblages probably conform to the potasheexcess field of the
kysnite-staurolite sub=facies, although the Go-existence of diopside
and biotite is anomslous. The presence of calcite is compatible
with excess silics due to the inability of wollastonite to form
under these conditioans, Absence of microcline snd the rarity of
muscovite is probably due to original Composition,

The occurrence of abundant Scapolite requires further
explanation. D.M.Shaw (1960), in dealing with the geochemistry of
scapolite, reviews the éxisting litersture on the petrography of
@1l forms of the minersl, For regionally developed Scapolite, of

similar mode of occurrence to that in the Qihoa region, a vaeriety
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of explanations have been proposed. In some cases, it cen be
related directly to igneous sources (e.g. Barlow, 1910, Carlson
1957, Barth, 19350), but elsewhere its origin is less clear, Thus
Sundius (1915), in describing the development of scepolite from
the Kiruna district, where it is associated with iron, invokes
two causes (a) contact pneumatolysis (metasomatism), (b) remobilisation
of pre-existing material. He believes the latter to be less
important, as there are no impure marbles for the production of
the necessary 002. and there is inadequate Cl in the associated
sediments., Von Eckerman (1922) describes the development of
scapolite in calcareous rocks with associated skarn minerals under
conditions of deep-seated metamorphism., A similar mode of
development is suggested by White (1959) for a group of scapolite-
pyroxene rocks in South Australis. Edwards and Baker (1953), in
describing scapolite~besring Pre-Cambrian rocks of Queensland,
Australia, regard its formstion as due to Ne-metasomastism, Under
normal conditions, soda metasomatism leads to the production of
albite, but here, due to the existence of calcareous shales, scapolite
forms preferentially, due to the'abundsncc of co2 and C1,

Somewhat similar conditions to those described by Edwerds
and Baker appear to be applicable to the Drnes region, although
evidence of Na-metasomatism is slight in the calcareous pelitic
schists, Here the scapolite is of late development, If scapolite
were formed by metasomatism there should be a close correlation

between its occurrence in the calcareous rocks with that of
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plagioclase in pelitic and semi-pelitic rocks, Within the
¢slcareous pelitic schists bent and fractured plagioclase
(presumably of relatively early formation) occurs in the same rock
@s scapolite, Interaction between the two minerals is rarely
seen due to the restriction of the scapolite to the late quarts
veinsj; but when the two minerals are seen in contact, there is
no evidence of scapolitisation of the plagioclase. Moreover,
there is no evidence of extensive metasomatic development of
plagioclase as a late product in the remeining metasediments,
and the composition of the plagioclase varies according to the
schista in which they sre found, Because of these factors, the
writer considers that the scapolite developed by intornal
redistribution of pre-existing uutirlal (002. Cl ete), This
process was probably auto-metasomatic, developed at the end of
reglonal metamorphism and probably coeval with t!u quartz veins,

| The composition of the scapolite in the calcareous pelitiec
schists is unknown, but as the birefringence is generally high, it
probably contains a considerable proportion of the Ca end-member
meionite, This is compatible with its occurrence in calcareous
sediments,

Calc Schists ;
Thin layers of banded or unbandeddark green calc-schists oeccur

in sssociation with, or separate from, marble bands, Both diopside
and hornblende asre normelly present, snd often make up a considerable

proportion of the rock, Quartz and plagioclase are present with

rare exceptions, while microcline is also common. Calcite is
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le Gau” hibolites and Calc 8 te Rocks
Geltskart Succession
(a) Galc Schists, 7 specimens examined,

The group is very variable, particularly in the relative
proportions of the verious minerals, and generalisations are difficult,
However, the predominant mineral assemblage is quartz, plagioclase,
mierocline, hornblende, diopside, calecite (5 rocks), scapolite. Sphene,
biotite, epidote (pistacite or clinozoizite) and occasional magnetite,
fourmsline and apatite are also present,

se ¢ t

(1) (i1)
H 444 an 55 60 4inside of crystals
An 4O 40 outside of crystels

(1) (44) (141)
H 447 aAn %0 37 29 inside of crystals
An 35 39 40 outside of crystals

(b) Amphibolites
(1) Sedimentary amphibolites - 8 specimens exsmined,

The predoninant assemblage is quartz, plagioclase, hornblende,
biotite (6 rocks), diopside (3 rocks), calcite (3 rocks), secspolite
{3 rocks), garnet (3 rocks), microcline (2 rocks), Sphene is widespread,
with epidote (pistacite or clinozoizite), magnetite and spatite less
commonly developed,

|

E6 An 4% from 6 determinations H 135 An
H 84 an 31 from 3 dsterminations H 216 An

Minersl Properties

H 135 Amphibole 2V = 80° optically negative 2z ¢ = 12°

Pleochroism X = very light yellow-green
¥ = dark grass-green
Z = dark blue-green

35 from 3 determinations
37 from 4 determinations
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Table 9 (cont,)
(2) Igneous Amphibolites, 9 specimens examined,

The predominant assemblage is quartz, plagioclase, horablende,
biotite (4 rocks), Garnet is present in 3 of the rocks, Magnetite and
sphene are widespread, with occasional epidote (pistacite or elinozoie
zite) and apatite. Chlorite is sometimes present,

Elagioclase composition

H 16 An 28 from 3 determinations H 9% An 26 from 2 determinations
H 4% An 26 from 6 determinations H 205 4An 50 from 1 determination
E 52 An 335 from 3 determinations

Mineral Properties

H6 Amphibole 2v = 78°, 7°, optically negative
Pleochroism: X = nearly colourless
Y = grass-green
Z = very dark green
H 16 Asphibole 2v = 84°, 81°, opticelly negative. 2zc = 17°, 20°
Pleochroism: X = colourless
Y = yellow=green
Z = dark green
" = 1.6”. Ng = 1.6“

H 205 Amphibole 2V = 55°, optically negative Ze = 12%°
lehro!..m X = Very pale green

Y= 2 = dark green
(¢) Gale=Silicate Rocks

In this group an amphibole or diopside makes up more than 70% of
the total, Most of the calcesilicate rocks have sedimentary affinities,
end therefore contain small amounts of minerals characteristic of that

group,

Minerol Properties

B 118 Golourless to pele green amphibole 2V = 88° optically megative
ée = 59

Ng = 1.6’. 1.62“
Component of Nx and Ny = , 1,618, 1,617

Probably Irenolite=ictinolite
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often seen, sometimes in sasocistion with microcline. Scapolite

and 2 number of sccessory minerals, the most important of which

are sphene and epidote, also occur, Garnet is present in only three

of the rocks examined, Two broad groups of calc schist may be
recognised: (a) fine-grained rﬁeka showing minersl banding, (b) coarse-
grained unbanded types with diopside and biotite forming large
porphyroblasts,

(a) Fine-grained verieties. Rasgged hornblende and diopside
crystals, often with inclusions of quartz and microcline cceur
together, The hornblende is usually highly coloured, although in
a few instances it may be accoupanied by a very pale hornblende,
Diopside is usually merkedly green, and probasbly Fe-rich, Biotite,
when present, slways forms ragged, often slightly bent, flakes,
commonly partially chloritised, Discolouration around small
allanite crystals is sometimes seen in both hornblende and biotite,

Plagioclase and quertz usually form fairly small granular
crystals, with the occasional developument of late quartz veins
composed of crystals several mm in diameter. The plagioclase,
.commonly twinned on the albite-pericline law, is often zoned and
somet imes shows bent twin lamellae,

Late agapolito in rounded crystals of varied size is often
conconércted near quartz veins, No interaction with plagioclase
was observed,but common boundaries between the two minerals
are rare,

Microcline occurs as small irregular crystals in varisble
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amounts. Some rocks comtain larger porphyroblasts clesrly of late
development, Calcite is uncommon, esnd ususlly forms late erystals
of small size., The epidote present is normally ¢linozoizite,
occurring @s irregular grains; in one of the rocks it is associasted
with a quartz vein of late development,

() Soarse-grained veriety, Large diopside porphyroblests,
several mm across and commonly enclosing many small crystals of
quartz, biotite etc., are Characteristic of this group, which is
less abundent than (a), Small pale-green horablende erystals
éppear to have formed from diopside, Bends of disoriented biotites
occur in one of the rocks, the erystals showing discolouration
around ellienite inclusions,

The remaining minerals have & similar mode of occurrence as
in group (a) except for a general inerease of grein size, Inter-
action between the two felspars with the production of true
myrmekite is well displayed in one of the rocks (Fig,91).

Mineral assemblages developed in the cale schist group conform
to the staurolite-kyanite anb-faol_oa. The absence of grossularite
is probably due to the ubiquitous occurrence of diopside and
hornblende, in place of grossularite-diopside, In one of the
- rocks (H 444) it sppears that microcline is lster than scapolite,
but whether this is » generalisation that can be applied to the
remainder is unknown, The genesis of scapolite is regarded as
being governed by the same factors as in the case of the calcareous

pelitic schists (p, 265), while the microcline is thought to have
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Fig.9l. Development of true myrmekite in a microcline-rich
zone of a cale-schist, North Steffodalen. x 40.

A0
o Bi

Fig.92. Relationships between hornblende, biotite and plagioclase
from a calc schist, South Galtskart. The coloured hornblende is
all in optiec continuity. Plagioclase appears to be later in
development than hornblende and biotite.



Fige93. Textures in cale-schists and impure marbles
from the Galtskart Succession.

Ae Textures of calcareous minerals surrounded by
quarts in a coarse~grained calc-schist. Complicated
interrelations exist between hornblende and pyroxens
(probably diopside). Fragments of individual erystals
are coloured similarly, while the cleavage indicates
either pyroxene or amphibele. Caleite is probably of
later erystallisation than both prroxene and amphibele.

Be Two generations of tremolite in impure marble.
Fragnents of Tr 1 are coloured similarly.
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x 30
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Fige94. Large plagloclase crystals, showing spindle-shaped twin

lamellae and inclusions of epidote, diopeside and garnet from am
amphibolite, South Galtakart. x 30.

Fig.95. General appearance of coarse-grained amphibolite, North
Spildervand., The hornblende erystals are ragged and poorly oriented.
Plagioclase sometimes shows zoning, as exhibited by the small

erystal almost in the centre of the photograph. x 50.
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been introduced metasomstically.

An unusual granulsr epidote-diopside-quartz rock, with an
average and remarkably constant grain size of 1/% mm, occurs as a
thin band within a pelitic schist lens in the Urnes gneisses,

The epidote is pistacite (Table 9) and is equal in amount to
diopside., Together, they form 50% of the rock, the remainder boing'
principally quarts, with very occasional ﬁrystnla of sphene, The
association diopside-epidote-gquartz, with no accompenying felspar
or grossularite, is unusual, It eppears unlikely that the rock

is a product of metamorphic differentiation, as its fabric is
fine-grained, homogeneous and grenular, In the field it has every
‘appearance of ropreoo;ttng an original band, .

Amphibolites

Two subdivisions are recognised according to whether the
parent rock is of presumed igneous or sedimentary origin.

(1) Igneous amphibolites. This group is composed principally
of hormblende, plagioclase and quartz, with occasional small and
ragged blotites, Magnetite and sphene are prominent accessory
minerals, and in some of the rocks make up as much es 10% of the
tﬁtal. Lerge, irregularly shaped garnets, several mm in diameter,
are sbundent in some of the rocks,

In the garnet-free amphibolites, the most common mineral is
highly-coloured hornblende, contresting with the paler varieties
in the calec-schist group, and constituting more than 50% of the

total, They are very vari;ble in size in different rocks, from
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large disoriented poikiloblastic erystals several mm long to
small and wlll-ortcﬁttd crystals, Biotite is uncommon, and occurs
sometimes as ragged crystals, and elsewhere as extensive flakes
which penetrate the hornblende,

Plagioclase often shows complex twinning and some degree
of frecturing (Fig.94). Zoning sround inclusions of hornblende
indicates local interaction between the two minerals. Quartz
occurs both in granulsr crystals and in late veins,

Sphene and magnetite are usually associated, the former
generally in clots composed of a multitude of individual grains,
and the latter as granular crystals, In the rock where sphene is
most abundant (H 87) the hornblende is blue-green,

In the garnet-bearing amphibolites, the garnets are porphyro-
blastic with sbundent inclusions, some of which indicate rotation
during growth, Hornblende is usually ragged end poikiloblastic,
and in most ceses has formed subs;quont to the garnet. All
the garnets of this group are warkedly pink and are probably
grossularite,

(ii) Sedidentary amphibolites. Distinction from the
presumed igneous amphibolites is msde on the occurrence of biotite
or diopside as an important constituent, together with a higher
percentage of quartz,

Hornblende is generally of a similar appearance to that in
the igneous amphibolites, and always forms very ragged cerystals,
The biotites are red-brown, and sometimes indicate a relict

schistosity, largely masked by later development of hornblende.
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Diopside is usuelly subordinate in amount to hornblende, and may
be missing sltogether, It usually forms granulsr crystals. One
of the rocks (H 6) contains sbundant euhedral pistacite and
c¢linozoizite, up to 3 mm long, concentrated in & quartz vein,
Garnet is very rare, having been found in only one of the rocks, as
small, rounded céyatola surrounded by bent biotites (H 134),

The minersl assemblages in both igneous and sedimentary
amphibolites conform to the staurolite-kysnite sub-facies,
Contrasting markedly with the cale-schists is the absence of
scapolite and microcline. In the case of scapolite this is
probably due to differences in original composition, while for
microcline, regsrded as being derived ntauntioany' the
aiphtbolttnn may have been chemically resistant to the invasion
of microcline-bearing solutions,

Calc Silicate Rocks

These rocks, composed of 80% or more of calc-silicate minerals,
have affinities with both amphibolites and calc=-schists, The
ma jority are obviously »f sedimentery origin, and consist
principally of diopside and amphibole in very variable proportions,
Small amounts of calcite, scapolite, sphene etc, are commonly
present, Diopside may form lerge crystals, probably several cms
in diameter, and often partially altered to colourless amphibole,
Association with pale-green hornblende is shown in Fig.95A, The
relationship between tremolite and calcite is shown in Fig.938,

It is this group of rocks which shows the most complicated textures
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while the lack of deformation throughout indicates late, probably
poat-rs. erystallisation. Only one rock in this group is believed
to have affinities with igneous smphibolites: it is made up
largely of smsll well-oriented and highly-coloured hornblende
crystals,

Minerel assemblages of the calc-silicate rocks are similar to
those of the calc-schists and amphibolites: only the proportions
of the minerals differ, The original rocks may, in most cases,
have been very impure dolomitic rocks, The association diopside-
tremolite-calcite corresponds to one of the products of resction
in Bowen's series for the progressive metamorphism of silica=
deficient merbles, This falls in the cordierite-anthophyllite
jub=-facies, and equivalent assemblages in the staurolite-kyanite
subefacies should contain grossularite or forsterite. It is
possible, therefore, that the composition of these rocks favoured
more complete reaction to the late retrogressive metamorphism
thsn was the case for rocks of other kinds described above,
Celcareous assemblages are anyway notoriously unreliable facies
indicstors,

Hornblende Gneisses and Related Rocks (Table 10).

In the immediste hinterland of ®rnes a group of white or grey
gneissic rocks, with bands of quartso-felspathic material
Separated by thin layers of dark lustrous biotite and hornblende
crystels, covers a wide outcrop., The layering of the dark

minerals is very variable, and sometimes biotites and hornblendes
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b en es and Related Rocks from the Ga rt
17 specimens examined,

The predominant minersl assemblage is gquartz, plagioclase,
microcline, biotite snd hornblende, Calecite is present in 3 of the
rocks, scapolite in 3, and diopside in 4, Small amounts of sphene,
epidote (pistacite, clinozoizite or orthite) and apatite are widespread,
while magnetite is sometimes present., Chlorite occurs in a few of

the rocks,

Plagioclase Composition

H 67 An 41 from 6 determinations N 102 An 38 from 8 determinations

| g; An 37 from 4 determinations Ng = o’”) Corresponds to

8 An 45 from 5 determinations Ny = 9) An 36

H 101 An 37 from 4 determinations K 103 An 56 om 7 determinations
H 317 An 36 !rou 2 determinations

Mineral Froperties

B 98 Amphibole 2V = 78° optically negetive Z ¢ = 20°
Fleochroism X = light green
Y = dark yellowegreen
Z = dark green

Blotite Ny = 1.639
Fleochroism X = very pale yellow

Y = 2 = very dark brown

H 249 Biotite Ny = 1,625
Pleochroism X = very pale yellow=brown
Y =2 = very derk brown

E 317 Amphibole 2V = 80° optically negstive, 2 ¢ = 11°
Pleochroism X = light ym;u-pm
Y = Z = dark gressegreen
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ZIgble 10 (cont,)
Modal Analysis
Quartz Pla= Mie Bio= Muse Hane Diop= jime Epi- Mag- Apse Cale Scape

glo= cro= tite co= ek side dote ne- tite cite olite
¢lase cline vite tite .

H 98 24,1 53,0 12,0 8.7 o6 1.6

H1OL 31.0 50,8 1.4 5.6 ob o6

H102 19,5 57.8 21,5 .8 o3 o2

HI47 28,2 6.2 4,7 o2 11,9 19,0 1.4 76 20.8

H281 20,8 25,2 10,0 .6 374 1.7 .6 o 2,7
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are found in small clots., When traced westwards the gneisses
disappear into unexposed ground, and their projected oqutva;ents
along the "line of outcrop; consist of finely-banded green rocks,
very similar to meny of the calc-schists of the resainder of the
region, Esstwards, the gneisses can be traced to Spildervand, but
from then on occur merely as thin bends of calc-schists within
pelitic schists (see also p, (715 ).

Thin bands of hornblende-rich gneiss (horablende rock) are
found spasmodically throughout the Galtsksrt succession,

(2) Main group of Ornes Gneisses. Biotite, plagioclase and
quartz make up the mejority of the rocks, while dark-green
hornblende is often present in small amounts. Ragged brown or
green=brown blotitos, either in layers or di.soétcntod clots
(Fige96), are from less thsn 1 mm to 3 or 4 mm in leagthj
associated crystals of pistacite occur as inclusions or as separate
grains, Sometimes, the pistacite crystals contain a core of

albanite.

Highly-coloured hornblendes are generally a#oociatod with
biotite, and commonly contain inclusions of quartz and allanite,
Discolouration around erystals of the latter is often observed,
Optical measurements suggest that the hornblende crystals are
rich in Ca=Mg rather than Na (Table 10),

Large crystals of plagioclase show combined twins, often
with spindle-shaped lamellae, and showing evidence of deformstion,

Irregular zoning around inclusions, particularly of epidote, is
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commone In some of the rocks petches of microcline within
plagioclase occur, aspparently quite independent from the crystalloe-
graphic orientation of the latter, In other cases, however, the
microcline twin lamellae are parallel to the albite lamellae of
the enclosing plagioclase. Separate crystals of microcline are
also present, Sometimes development of true myrmekite is visible.

In some of the hornblende-free gneisses, late muscovite is
present, Small granular crystals of pink garnet occur in some of
the rocks, but only in very subordinate amount,

(b) Marginal Facies of the Uneisses and their Westerm Equivalents,
These rocks are banded cale-schists which show exactly analagous
relationships to the main group of celc-schists already desoribed
(pe 2¢¢)s The hornblende is highly-coloured, while diopside is
markedly green and probably iron-rich, Both microcline and
scapolite are relatively later minerals,

(¢) Essterly Equivalents of Gneisses, The principal difference
from the main group of gneisses is the more granular nature of the
quartz, which tends to occur in aggregstes, separated by ;nr;o
erystals of plagloclsse.

A thin layer of banded calc-schists occurs in the northern
part of the Bugten succession, and close to the unexposed southern
boundary of the main group of gneisses. The maein difference from
the calc-schists of group (b) described above is the greater
abundance of cslcite and scapolite, and the presence of large
diopside porphyroblasts,

It appears, therefore, that the maingroup of gneissic rocks
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has & lenticular outerop, with a skin of cslc schists, Whether

or not there is gradustion between the centrsl portions and the
skin is unknown, Both to the E and W the gneisses are represented
by banded celc schists of similar appesrance (Fig.97).

Minersl assenblagea in the main group of gneisses: are
equivalent to meny of those present in the besal granites, and
correspond to the kysnite-staurolite sub-fscies, Agasin muscovite
and hornblende sre mutually exclusive, The average composition of
the plagioclase is An 37, i.e. intermediate asndesine, and together
with the svailable modsl analyses (Table 10) indicate approximstion
of the rocks to quartz diorites,

The origin of the gneisses is difficult to determine, as
evidence of their original ¢haracter is lergely obscured by later
metamorphism, However, thin lenticles of pelitic schists snd
marbles are present well within the gneisses, and in places are
separated from the latter by gredational lithologies similar to
those which separate the main gneissic outcrop from the surrounding
schists, It is suggested that these gradational facies are due
to sedimentary ceuses and that the gneisses have slways been
fundamentally different from the schists.

In the remainder of the Glomf jord region, the rocks most
closely comparable to the ODrnes gneisses are in the Sokumvata
district (Rutland 1958). They comsist of dioritic and monzonitic
rocks with occasional metasedimentary intercalstions. Rutland
regards them as being meta-volcanics and has recognised occasional

relict igneous textures in the plagioclases.
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The crystallisation of the felspathic fraction of the Urnes
gneisses is demonstrasbly po-t~ra. as indicated by the coarseness
of grain size and the general lack of mineral cataclasis, However,
the presence of early pegmatites within the gnelsses, occupying
isoclinal folds (Fig.78) indicates that the rocks were in existence
before F, times. Their present composition is different from the
surrounding metasediments, principslly in the abundance of
intermediate plegioclsse., Moreover, the plagioclsse in the
m;ta-odlnouta is almost certainly of an earlier generation than
thet in the gneisses, This indicates the unlikelihood of the
gneisses having developed by metasomatic introduction of felspathic
material, end supports the view that they were originally distinct
from the associsted metssediments. Their present composition
approximates to quartz diorites, and their field relationships
suggest that they may represent a volcanic sequence, with
occesional sedimentary intercalations.

Marbles

Most of the marble baﬁds in the Galtskert succession conaist
of large interlocking crystals of caleite, often 4-5 mm in diameter,
Occasional slight deformstion of the twin lamellse is visible, and
some recrystallisation is indicated by rims of untwinned material
around crystals possessing bent twin lamellse. In general, the

crystallisation of the marbles is late, probably posteF Tests

3.
on_oeo-sioanl specimens using Lemberg's solution indicated that

they were pure celcite marbles, and no examples of dolomitic rocks
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Zable 11, Marbles from the Galtskart Succession
5 specimens examined,

Some of the specimens are almost pure calcite marbles, with
occasional crystals of quartz, phlogopite, tremolite, diopside or
magnetite, but others contain considerable propertions of ﬁhgtochu.
muscovite etc, and are very impure marbles,

Elagioclase composition

E 63 An 40 from 7 determinations
H 66 An 30 from 3 determinations

egmatit t t
17 specimens examined,

Juartz and plagioclase are ubiquitous, while microcline is
preseant in 10 of the rocks, muscovite in 13 and biotite in 9¢ Garnet
is found in 3 of the rocks examined, Small amounts of magnetite,
apatite and epldote are occasionally found, Tourmaline is sbundant in
one particular group of pegmatites,

Plagioclase composition

H 37 An 6 from 6 determinstions K 216 An 27 from 1 determination
H 52 An 32 from 3 determinations N 268 An 35 from 2 determinations
H 154 An 2 from 5 determinations
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have been recorded., Occesional erystals of phlogopite, tremolite,
muscovite and iron ore form a small percentage of some of the rocks,

One of the rocks contains only 70% caleite, the remainder
being composed mainly of quarts, plagioclase and muscovite, The
reason for the absence of celcareous minerals such as diopside or
grossularite is uncertain, but evidence that the assemblage is not
one of equilibrium is afforded by the irregularity of extinction
of plagioclsse and the lsteness of formation of muscovite,

Pegmatites

The varisble modes of occurrence of pegmatites have alreedy
been discussed (p, 19% ): this is coupled with variation in minersl
interrelationships, The pegmatites are generslly of & relatively
simple mineralogy.

A straightesided cross-cutting pegmatite, from 8, Suppevand,
is composed mainly of large microcline porphyroblasts which are
occaslionally perthitic, with less common and sunllorrrractnrod and
sericitised plagioclsse crystals., A few myrmekitic patches are
developed, and late muscovite is common, Poikiloblastic zoned
tourmaline crystals up to 3 mm in dismeter are present, and
occasional ragged rgarneks also oceur,

The thick layered pegmatite of S, Galtskart (Fig.304) consists
of large miorocline, quartz and garnet porphyroblasts, separated
by finely-twinned and slightly fractured plagioclase, Sericitisation
of the plegioclase is intense and patches of the rock appear to
have undergone granulation, A little late muscovite is present,

A series of cross-cutting pegmstites from the Ornes gneisses
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consist principally of large erystals of felspar. Plagioclase
is commonly slightly strained and in one of the rocks is perthitiec
(pateh perthite). The twinning of the mierocline is often poorly
developed, and interaction between the two felspars is indicated
by the development of myrmekite and th presence of sodic rims

to some of the plagioclase erystals (Fig.98). Occasional clots
of large, slightly bent, biotite flakes are present, while small
amounts of late muscovite are common,

Several examples of pegmatite-schist contacts have been studied
in thin section. In some, the contact is normal to the schistosity
of the rock, and the pegmatite consists of granular quartz and
felspar. In others, the pegmatite consists of large porphyro=-
blastic microcline crystals 3«4 mm in diameter, separated by zones
of granular quarts, microcline and clouded plagioclase. Sometimes,
plagioclase forms larger, finely twinned, porphyroblasts, that are
occasionally perthitic. Junctions with microcline often exhibit
the development of myrmekite. Within ccrtnig of the granulated
zones biotite of similar appearance to that in the schist is
present, suggesting permeation and development by metasematic
processes. Late muscovites of small size are common. Junctions
with the schists may be conformable or cross-cutting and are always
sharp,

On the eastern margin of the Torsvik ultrabasic mass a
felspathic pegmatite, cutting both the ultrabasic mass and the
neighbouring schists is present. Large quarts erystals show an
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Fig.98. Large finely-twinned plagioclase crystals with microcline
inclusions, in a pegmatite, South Galtskart. The margins of the
largest plagioclase crystal shows a good development of myrmekite
(probably paramyrmekite ). x LO.

Fig.99. Development of parallel-sided fractures in a large,
partially strained quartz crystal, from a pegmatite, North Torsvik,
x LO.
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unusual development of parallel-sided strain lamellae (Fig.99) and
are separated by highly altered plagioclase crystals and large
late muscovite crystals.

Certain generalisations as to the mineral parageneses may
be made., Plagioclase is generally more highly altered and
fractured than the microcline and is probably the earlier of the
two felspars; 1ltorant§on between the felspars, of a similar form
to that seen in the basal granites, is spasmodically developed.
Examples of both perthite and antiperthite are seen, and from the
patech-like nature of the former it may be tentatively concluded
that the felspars erystallised at a lower temperature than that
prevalent in the -tnurqlitc-tylntt. sub-facies. According te
Rosenquist (1952) a series of separate types of perthite may be
recognised according to the temperatures prevailing. Patch
perthite corresponds to the greem schist facies.

In most of the rocks the late muscovite has probably been
derived from the felspars. The occurrence of coloured silicates
and ore minerals is rare.

It is significant that in most of the pegmatites examined,
the incidence of deformation is slight and often .ntirolf lacking,
indicating a general late, po-t-lé or po-t-rs erystallisation.
This is borme out by the field relations in most cases.

Ultrabasic Rocks (Table 13)
A single section through the Torsvik ultrabasic mass is
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Zable 13, Uitrabssic Rocks
Minersl Assesblages

Amphi= Py~ 0Qlie Phlogo= Chlore Carbon- Muscoe Epi- Magne-
bole rox- vine pite ite dte vite dote tite

ene
H 104 X X X
H 105 X X X X X
H 106 X X X X X X A
H1l0 X X £ £ £ X £ X
B 182 x X b 4
E 269 X - X X X

Pe tite from Ult [

Quartz Plagioclase Microcline Biotite

H 107 X X X X
H 108 X X X
'a r t
H 104 Colourless v = 69, 4° optically negative Z ¢ = 15,18°
"5§§ES==EEA§¥E§E'E§h Ny = 1,630
Nz = 1,637
Probably actinglite
Pyroxene 2V = 62° optically negative
Possibly hypersthene

H 105 Amphiboles (a) colourless to very pale green 2V = 61°, 63°
° optically negative
Ze=12

Possibly ferroedenit
(b) colourless 2v = 87, optica negative. % c=18'
tremolite

Pyroxene 2V = 44° optically positive, Disllagic augite

Chlorite Colourless to very pale green 2V = 24°, opticelly
positive. Possibly penninite

H 106 Amphibole (fibrous) 2v = 79, 81° optically positive, 2 ¢ = 0°
Probab antho 1

Qlivine 2V = 84° optically positive

_ Probably forsterite
H 110 Amphibole 2v = 89° optically positive Z ¢ = 0

Probably gmg‘togu
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accessible for examination along the coastal road NW of Ornes.

The marginal rocks consist of a light green schistose facies,while
the main part of the mass consists of green or brown massive rocks,
with no preferred schistosity. Large rosettes of amphiboles are
often present, while in most of the rocks there is also relict
olivine and pyroxene. Many variable secondary minerals also
eeccur, notably chlorites and carbonate minerals.

The marginal facies is made up primecipally of small erystals
of tremolite-actinolite (Fig.102, H 104) that show a good
orientation. Occasional crystals of the sm material are late
and cut across the schistosity. A few large orystals of hyperstheme
appear to be in process of replacement by amphibele, but do n?t
show evidence of deformation. Disseminated magnetite grains are
common.

Within the ultrabasic mass three distinctive rock types are
found, the relative abundance and interrelationships of which are
unknown

(a) H 105. Large equidimensional crystals of diallagic
augite are partially replaced by tremolite-actinolite crystals
of varied size (Fig.100)., Patches of chlorite (probably
penninite) appear to be later than the amphibole., Magnetite is
concentrated in the regions away from the relict pyroxens,
m;gmtm that it is a by-product of the conversion to amphibole.

(b) A dark green rock containing prominent amphibole rosettes
is composed largely of rounded,irregular and udotoﬁod olivine
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Figs100s Textures in part of Torsvik ultrabasic mass. The pyroxene
is probably diallagic augite, and contains trains of inclusions of
magnetite arranged along the cleavage. These are preserved in the
erystals of amphibole (tremolite-actinolite) which are clearly of

later development. Py = pyroxene, Am = amphibole, Cl = Chlorite.

'X30

Fige.10l, large crystals of olivine veined by light green secondary
serpentine, and replaced by amphibele. The caleite is probably of
still later development., 01 = olivine, Am = amphibele, Cale = caleite.
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Fig.102. A single large relict pyroxene erystal in a tremolite
schist, the marginal facies to the ultrabasic mass of Torsvik.

x 30.
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erystals (forsterite) traversed by cracks filled with secondary
carbonates, and partially replaced by amphibole (probably antho-
phyllite) (H 106)s The carbonate is reerystallised into large
erystals in association with the amphibole (Fig.10l)s Small amounts
of pyroxene on the margins of the olivine erystals probably developed
before the anthophyllite, Colourless chlorite, again a probable
alteration produet of olivine, occurs as inclusions within the
lattor-and is associated with amphibole, Granular erystals of ironm
ore in olivine are widespread.

(c) This is -1-1;ar in appearance to (b) and probably represents
a more complete alteration product of the latter. Rounded and
corroded crystals of olivine (forsterite), pyroxene, amphibole
(cummingtonite ), phlogopite and carbonate occur in a fine-grained
groundmass, a large proportion of which consists of poikileblastie
carbonate crystale (H 107). Near the single large olivine erystal,
which is about 4 mm in diameter, the matrix is more coarsely
erystalline, consisting principally of carbonate and amphibole.

Some of the phlogopites are slightly bent.

Towards the NW margin of the ultrabasic body is a dark green
layer of amphibolite, consisting of small crystals of highly
coloured hornblende and pdstacite, with a little iron ore and
plagioclase. Concentration of hornblende in one part of the
slide (H 182 A) causes layering of the rock., Plagioclase is rare
and forms small poikiloblastic erystals.
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Cutting the ultrabasic mass is a composite dyke whose field
relations are described elsewhere (pe 29¢ )i A section of the
fine-grained part of the complex consists of granular quartz and
plagioclase crystals with abundant small green biotites, which show
ne preferred orientation. The occasional felspathic patches, visible
in the field, are composed of plagioclase, while their margins
contain small erystals of microcline. Myrmekite patches on the
boundaries of the two felspars are common, The coarse-grained
felspathic pegmatite is made of large e¢rystals of finely twinned
plagioclase, and strained quartz, with subordinate small microcline
cerystals. Interaction between the two felspars, with the develop~
ment of sodic rims to the plagioclase,is well displayed , and it
appears that microcline is the later felspar. A little late
muscovite is developed within the plagioclase. Lack of cataclasis
in the pegmatites indicates a late = probably ;o-t-r, - formation.
Reasons for the existence of such an acidic pegmatite dyke within
an ultrabasie body are unknown, although an external source is
¢learly indicateds The pronounced differentiation (see Fig.75)
is also due to unknown causes.

Lack of cataclasis of minerals throughout the ultrabasie
mass, with the preservation of primary undeformed olivine erystals
up to 1 em in diameter suggest that the emplacement of the mass
occurred late in the tectonic history of the area (probably
post~F, Je This correlates with the incompleteness of the
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metamorphism and the survival of primary minerals, indicating the
probability that regional metamorphism of the surrounding rocks,
which reached a peak during or immediately after, !é times,

ocourred before the injection of the ultrabagic rocks. The develop~-
ment of the nom-aluminous amphiboles and chlorite, minerals of
general lower grade, and common in the epidote~amphibolite facies,
may then be correlated with the later stages of metamorphism of

the surrounding rocks., Explanations for the occurrence of aluminous
hornblendes in the thin layer of amphibolite deseribed above,n

rock which has ¢learly undergone complete metamorphism to the
kyanite-staurolite sub-facies, are not clear. It may represent

a band that was already in existence before emplacement of the
ultrabasic mass. The marginal facies, composed principally of
tremolite schists, appear to have undergome more complete metamorphism
than the interwmal pw= Cilons of the mass.

Developed along many of the joint faces of the ultrabasiec
mass are large and disorieanted atyatalu of tale, which represent
a hydrothermal ultcr;tiol product of the amphiboles.

The mineral assemblage present in the ultrabasic mass indicates
that originally it consisted almost entirely of augite and olivine,
with probably a little iron ore, but with no plagioclase. It
was therefore composed of pyroxenites and peridotites in its
unmetamorphosed form. These bodies are known to be intruded
at relatively low temperatures, which would account for the lack

of contact metamorphism in the surrounding schists., Their
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association with orogenic belts is widespread, and Hess (1938)
envisages formation of a peridotite magma by the localised impact
of a thickened granitie layer on a peridotite layer within orogenic
belts. Experimental evidence (Bowen and Tuttle, 1949 ) indicates
the impossibility of generation of a magma of this type at less
than 1000%C. Bowen (1928) suggests intrusion of olivine
erystals which originally separated from s basaltie magna, the
intrusion aided by magmatic liquid or even water vapour. The
associated basic magmas, so commonly seen with peridotites elsewhere
(esg. Otago, New Zealand) may be represented by amphibolites in the
Ornes regiom. It is noteworthy that the emplacement of the ultrae
basic mass of the Ornes rogion probably occurred at a late stage
in the orogenic history, while the production of basic lavas and
peridotites is usually associated with the earliest stages of
folding,

Chlorite-bearing Schists

A slight amount of chloritisation of biotites is commonly
seen in the rocks of the whole rogion, but occasionally complete
chloritisation is observed. These chlorite~bearing schists are
reatricted t; an indefinite band that follows the southern
boundary of the S. Scetertind calcareous pelitic schist. Only
a few of the rocks in this zone show this marked development of
chlorite, but such a restriction is significant and may be
structurally controlled. The nearest large~scale structure is the

Lysvand slide, believed to be some 500 metres N of the band,
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The affected rocks cover a range of lithologies, including
semi-pelitic and pelitic schists and amphibolites. In some,
original biotite is still presemt, but in others complete
chloritisation has occurred, and the chlorite is sometimes present
in late fibrous masses. The remainder of the rocks are normally
equivalent to their non shlorite~bearing counterparts. However,
in three of the rocks, a large amount of granulation has been
operative, and a very high percentage of magnetite is alseo
present., The latter does not appear to be a consequence of
chloritisation.

It therefore appears that there is a regional contrel, possibdly
caused by localised retrogression associated with late movements
within the slide zone.

4o North Markvand Growp

Petrographically, this group consists of interbanded pelitic
and semi-pelitic schists, with occasional thin bands of marbles and

amphibolites. An important difference from the Galtskart group is the -

virtual absence of calcareous pelitic schists and cale-schists, and
the presence of sheet granites in the northern parts of the outerop.

Pelitic Schists

The petrographic relationships that are seen in the Galtskart
pelitic schists are also present in these rocks, Both garnetiferous
and non-garnetiferous pelitic schists are present, and the forms
adopted by the garnet porphyroblasts are similar to those in the
Galtskart and Steffodalen successions (of. Pig.86). Kyanite,
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ble 1 North Ma d Gr
(1) Pelitic Schists. 15 specimens exsmined
The predominant mineral assemblage 1.. quartz, plagioclase, biotite,
muscovite, garnet (12 rocks) and kyanite (7 rocks)., Sillimenite is
present in three of the rocks, and chlorite in 4, Small amounts of
magnetite and apatite are common and occasional rocks coantain tourmaline,

Plegioclase ¢ omposition

H 335 An 30 from 2 determinations
H 357 An 27 from 2 determinations
H 358 An 24 from 3 determinations

(2) Semi-pelitic Schists. 10 specimens exomined

The predominent assemblage is quartz, plsgioclase, biotite nnd‘
muscovite, Microcline is present in 4 of the rocks, and does mot occur
in those rocks that contain garnet (5 rocks), Magnetite ond apatite are
ubiquitous in small amount, and & little chlorite and sphene are some=-
times present,

Plagioclase ¢ ggggtg_o_g

H 288 An 28 from 3 determinations
H 299 An 30 from 3 determinations
H 328 An 32 from 2 determinations

Modal Anslysis

Quartz Plagioe~ Micro- Bio- Musco- Apa= HMagne- Total
clase cline tite vite tite tite

E 299 47,7 26.3 2.5 23,2 3 100.0
H 300 43,7 30.5 9.6 13.7 2.3 o 100.0

(3) Calcareous pelitic schists. 2 specimens examined

The assemblages present are the same as in equivalent rocks

from the Galtskart succession (Tsble 8, Pe 159 )s



Table 1/ (cont.)
Plagioclase Composition

H 369 An 37 from 5 determinations

¥odsl Analysis

Quartz Plagio- Bio- Diope Horne- Scap- Magne-
clase tite side blende olite tite

H 369 40,5 24,5 20.8 7.4 o9 346 N
(4) Calc Schists., 2 specimens examined

Total

100.,0

30a

Mineral assemblages are the seme as in equivalent rocks of the

Galtskart succession (Table 9, p. (7 ),
Mineral properties

H 199 Amphibole 2V = 62°, optically negative % ¢ = 21°

Pleochroism: X = very pale green
Y = patchy yellow-green
Z = grass green

(5) Amphibolites
(a) Sedimentery amphibolites. 2 specimens examined

The minersl assemblages are the same as in equivalent rocks of

the Galtskart succession (Table 9, pe 2¢1 ),

1 lase osit
H 284 4n 38 from 3 determinations
(v) Igneous amphibolites. 5 specimens examined.

The mineral assemblages are the same ss in equivaleat rocks of

the Galtskart succession (Table 9, p. 269 ),
Minersl properties

H 278 Amphibole 2V = 71, 67° optically negetive 2 ¢ = 12°

Pleochroism X = very light green
Y = yellow green
Z = dark green
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predominantly as small, ragged erystals, but occesionally as late-formed
cross-cutting erystals of larger size, is widely but sparsely
developeds The mineral appears to be more common than in the
Galtskart rocks, 4 few of the rocks show a variable but ususlly
slight development of late fibrolite from biotite, In one example
the fibrolite now occupies an rz microfold that was originally defined
by a blotite crystal. |

The main interest of the group is the widespread development of
micro-folding: (see also ps I3/ )s Unfortunately, only a few examples of
these highly contorted schists have been studied, In some examples
(eege H 298) thin micaceous bands, in which the ma jority of the
crystals are unbent, are separated by zones of granular quartz, the whole
being deformed into a series of symmetrical similar folds, The
folds are regerded as being of rz age, indicating 2 considerable
amount of post-F, crystallisation. Another type contains
poikiloblsstic kysnite crystals growing escross the micro-folds,
indicating a po-t-ré stage of cr;liallisatloa.

Se tic Schists

These are considerably less abundant than the pollilo schists,
and generally occur as indistinct bands within the latter, Either
biotite or muscovite may predominate, and the micas are usually
arranged in bands or clots, Microcline, present as small granular
crystals, is found only in those rocks where biastite predonminates,
The quartzeplagioclasse fraction of the rocks shows similar

relationships to their equivalents in the Galtskart
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4s & shear structurs and anslogous to the frasture-sleavage fold
seen throughout the North Markvand pelitic series. Ia gemeral,
the micas are umbent, x 5.
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succession. A few rocks, mainly in the biotite-rich group, contain
small and ragged garnets, and there is mutual exelusion of garnet
and microcline. It is evident that the bilotite~rich group is allied
to the pelitic schists,and indeed in certain circumstances it is
difficult to differentiate specimens from garnet-free pelitic schists.
The group in which muscovite is dominant has a lower content of
total mica, and more nearly approaches pure sandstone in composition.

In all important respects the group is similar to its counterpart
in the Galtskart succession.

Cale us o t

Thin impersistent bands of calcareous pelitic schists are found,
particularly in the rocks to the NW of Markvand. They are somewhat
more flaggy than their equivalents in the Galtskart succession, but
the mineral relationships are identical, Small biotites, sometimes
affected by rz microfolds, define an approximate schistesity, across
which pyroxene erystals up to 2 or 3 mm in diameter have developed.
Seeondary hormblende is present in small amount, as an alteratiom
product of diopside, while late scapelite and calecite is alse found.
Granular quarts and plagioclase, the latter showing a variable
amount of fracturing,oceur, and occasional coarsely erystalline
quarts veins traverse the rocks.

¢ Schist

These are uncommon in the N.Markvand group, and only two rocks,

both associated with marbles, were identified. One of these (H 199)
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consists of large pale green diopside erystals up to 2 mm in diameter,
partially replaced by caleite, scapolite and hornblende. Late quarts
and scapolite occur im irregular veins, and a little biotite, in
suall bent crystals, is also present. The other rock (H 294) conaists
of patches of diopside, hornblende and diotite, separated by
quartzo-felspathic material., Diopside and hornblende form siesve-like
porphyroblasts up to 4 mm long, and sometimes the dicpside erystals
are partially altered to horablende along their cleavage directions.
Biotite forms irregular, corroded crystals of an earlier age tham

the diopside and hornblende, Microcline is the dominant felspar,
and there is an abundant development of true myrmekite, often

forming complete crystals, on almost every plagioclase junctiom.

The earlier plagioclass occurs as deformed ecrystals, sometimes
possessing spindle-shaped twin lasellae.

Amphibolites

Thin bands of amphibolite within the pelitic schists are a
common feature of the N.Markvand rocks., Those of presumed igneous
origin are the most common.

(1) Igneous Amphibolites. Highly-coloured hornblende forms
between 50% and 90% of the rocks, and varies from small, ragged,
roughly oriented cerystals to large poikileblastic erystals up to
2 mm across. Inclusions of the other minerals are common, Bilotite
is very variable in quantity, and forms small, red-brown, bent flakes.
Both biotites and hormblende are sometimes chloritised. Plagioclase
often shows complicated twinming (Fig.104) with spindle-shaped



FigelO4. Irregular albite=pincline twinning of plagioclase
erystals from an amphibelite, S.W. Breitind, showing a good
development of spindle-shaped twin-lamellae., x 40,
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lamellae, and zoning which is dependent upon proximity of other
ealeareous minerals, Quartz is always subordinate in amount, in
small granular erystals. A little late calcite is present in
some of the rocks,

The mineral assemblages, and their relative proportions su:gest
that the rocks have an igneous parentage, and they are similar to
the equivalent rocks in the Galtskart succession,

(11) Sedimentary amphibolites. The two presumed sedimentary
amphibolites identified are both closely associated with marble
bands. One of them (H 284 ) consists of ragged blotites and
horablendes, with occasional large poikileblastic diopside
erystals. Oranular quartz and plagioclase is alse present. In
the other rock (E 330) hornblende is dominant, with subordinate small,
rounded diopside crystals. Relict F, folds are shown by the
arrangezent of bent and fractured biotites.

Marbles

In contrast with the pure calcite marbles of the Galtskart
succession, those in the N. Markvand group generally contain a
high proportion of phlogopite, tremolite etc., and are usually
markedly brown in colour, Nome of the rocks has been studied in
detail.

Pegmatites

Felspathic pegmatites are entirely lacking from the
N. Markvand rocks, probably due to the distance from the baszl
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Glomfjord and Bjell2tind granites.

Sheet Gronites

These bodies, present in the northerly parts of the outerop of
the group, are highly banded with a 'sedimentary' sppearance
(Figs 50, 51). A series of specimens taken across the granite of
N.E. Storvikvand (a seetion no lomger exposed, due to recent
roadworks ) shows that two varieties can be distinguished, within
which considerable varistion existst™ (a) grey, well-foliated
granites, often with thin pink felspathie layers, (b) pink, mere
homogeneous and less well-banded granites, Modal analyses of the
granites, together with the chemical composition of one of the rocks,
are shown in Table 5.

(a) Grey granites: small, green-brown biotites are gemerally
evenly scattered, and are sometimes partially chloritised. Late
muscovite is oaly occasionally present. The quartzo-felspathic
fraction of the rocks is similar to that in the basal granites
(pe ) except for the generally more granular nature in the sheet
granites. Occasional large microcline erystals up to 3 mm in diameter
are sean., No myrmekite has been recorded. (Clouding of the felspars
ia restricted to the rocks in which muscovite is found,

(b) Pink granites: the principal difference from the grey
vardiety is the occurrence of bhiotite, with associanted spheme and
magnetite in irregular clots or layers. In addition,the quartszo-
felspathic content tends to be more coarse-grained. The 'gourd
appearance of thia group of rocks is closer to the Bjolﬂtul granite
than the grey varieties.



Table(5. Granites from the North Msrkvand Group

Minersl Assemblages,
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Quartz Plagio= Micro=- Bio= Chlor- Musco- Magne- Epi- Apa= Sphaie Toure

clase cline tite ite vite tite dote tite na=
line
H 343 X X X X X X X X
H 344 X X X X X X X X
1 345 X X X X X y X X
H 346 X X X X X X X X
H 347 X X X X X X X X
H 348 X X X X b 4 X X X
H 354 X X X X X X X X
R 408 X X X X X X X X
H 411 X X X X X X X X
Biotite schist withig Finneskus granite
H 409 X X X X X X X
eter at
H 343 an 7 from 3 determinations H 347 aAn 5 from 3 deterninations
H 34 An 5 from 3 determinations H 348 An 10 from 3 determinations
HE 35 An 5 from 3 determinations H 409 An 16 from 3 determinations
H 346 An 10 from 3 determinations
Modal Anslysis
Quartz Plagio- Micro= Bio- Musco- Chlor= Sphene Apa~- Mage Epi- Total
clase cline tite vite ite tite ne- dote
tite
B 343 23,4 40,5 26,8 4,8 3.7 .3 o3 100.0
R 344 27,6 28,3 35.6 7.2 1,0 3 100,0
H 345 18,3 35,0 39.8 5.3 o7 «9 100.0
H36 8.6 32.5 48,0 9.9 2 o5 3 100.,0
B 347 35,1 31,8 28,9 3.6 o5 o3 100.0
H 348 27.8 32.0 35.8 3.7 o2 5 100,0
H }," 2.7 5803 502 1.9 T 9 100.0
B 408 25.5 24.8 43,7 bL.6 o7 o7 100,0
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Zablel5 (conte)

Chemical Composition (determined from modal analysis)

2 Alzo, fl203 FeO MNg0 Cal 'lzﬂ lho lzo
343 71,6 16,0 ol 2 1l&5 9 B2 5.6 o3
34b 75,6 13,7 ol o2 241 6 3,0 6,5 ol
345 68,5 15.6 1.1 ¢ 489 of 37 70 2
346 65,1 17.4 9 6 2.8 .7 3.4 8.9 .2

3“7 7508 12.7 01 01 1.0 06 3.3 501 01
5“8 ?303 1"00 .8 c“ 1.0 07 3.~ 6.9 ol

Ver=
age 71.6 1“.9 5 oh' 1,6 o7 35 60? ol

Chemical Composition (by rapid analytical methods)
11203 14,89
1'0203 1-33
Fed 0.96
Mgo 0.33
Ca0 0434
Na,0 3.66
K,0 6.95
710, 0638
Mn0 0,02

Total 99. }8
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The projected equivalent of the Storvikvand granite on Degro
is comparable with the pink variety of the Storvikvand granite,

Fine-greined and highly b-n&od pink granites foom the majority
of the sheets on the Finneskus peninsula. The noteworthy differences
from the Storvikvand granite are the highly banded nature and the
common occurrence of muscovite, Small green~brown biotites are
generally arranged in bands,

A biotite schist within one of the Finneskua sheet granites is
different from those of the basal grenites in the absence of
horablende. It consists of clots of green-brown biotite flakes
several mm long, sepsrated by plagioclase snd quartz, A little late
muscovite is also present, All the minerals except muscovite
show some evidence of fracturing,

The principal differences of the sheet grenites compared with
the basal granites are the smaller size of all the component minerals
of the former, the common occurrence of biotite as evenly scattered
erystals, and the highly banded charscter and remarkably persistent
nature of the layering, The rocks are regerded as represeanting part
of the sedimentsry sequence and were probably arkosic sediments
before metamorphism, An increase in felspathic content would lead
to convergence towards the basal granites, and it is suggested that
the perent material to the latter was similer to the sheet granites
in composition,

The positions on the ternary diagram quartz-orthoclase-albite
of the three analysed grsnites from the ®rnes region are shown in

Fig.107. Also included as a contoured zone are analyses of granitic
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rocks from all perts of the world (quoted from Tuttle snd Bowen,
1958), Although the snalysis of the Skjeggen granite falls in the
centre of this zone, those from the Bjollzttnd and Finneskua
granites are some distance away, indicating the probability of
considersble chemical varistion of the granites as a whole. This
is confirmatory evidence for regerding the granites as representing
a heterogeneous felspathised sedimentary sequence. Analyses of
some of the typicel 'silty' schists, the possible unfelspathised
equivelents of the gresaites, will be availsble in the near future,
and it will be interesting to determine the relationships on the

ternary disgram between them and the various granitic bodies,

S« MNorth Skjeggen Group (Table 16)
Due to the rapidity uith‘uhioh the srea had to be mapped, few

specimens were collected. The principal aim was comparison with
equivalent rocks from the Galtskart Group, the probable stratigraphic
equivalents. In every case, such a comperison was found to exist,
and the rocks appear to have undergone an identical metamorphic

history.
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Table ;ﬁ, North Skjeggen Group

Only very occasional specimens were collected and sectioned
from this group, but throughout they show analogous characteristics

to their counterparts in the Galtskart succeasston,

Amphibolites
Plagioclase composition

H 273 An 56 from 3 determinations

H 430 An 65 from 3 determinations

Mineral properties
H 273 Amphibole 2V = 66, 69° optically negative z ¢ = 18°%, 14°
Pleochroism: X = nearly colourless
Y = yellow=green

Z = grass green
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Felspar Determination and cgagacteriatggg

A considerable number of determinations of plagioclase
compositions have been completed for most of the rock groups
present in the Urnes region (tables 1-15), Universal stage
methods deseribed by Rittmann, Turner (1947) and Smith (1958)

have been used with varying degrees of success, In each of the
methods, the accuracy of determination of An content appears to
be between 5 and 10%,

(1) Rittmann Methods The main advantage of this method
is the rapidity with which measurements may be medé, Albite or
pericline twins must be identified, and the individusl erystals
must show cleavage., Most of the twins present in the rocks of
the aénc- Reglion are albite or pericline, or combinations of the
two, but frequently a olonv-g; direction cannot be identified,
The method is particularly useful in erystals from the granitic
rocks, where the separate lamellae are often very narrow, and
prohibit measurement by Turner's method., Rutland (1958) remarks that
the presence of vicinsl composition faces in albite twins causes a
complex twin reaction on identification of the twin law and, like
Barber (1936), prefers the use of Turner's method, Experience from
the Oranes region, however, shows that for thgcc rocks at least,
even if the twinned crystal does yield a complex twin law, the
composition, as determined by the Rittmann method,corresponds ' |
c¢losely to that given by Turner's method, The graph of extinction |
angle with composition is linear, provided the inclination of the [
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composition plane to the cleavage can be recognised. The greatest
disadvantage of the method is that it does not provide any relighle
information on twins other than albite or pericline,

(2) Turner's Method. This, theoretically, is the best
method available for the determination of the properties of
plagioclase by Universal stage measurement, Not enly is the
composition of the crystal determined but in addition the twin law
can be identified with certainty, In me tamorphic plagioclases,
however, there are many practical difficulties to be overcome,
Commonly, the crystals are small, and the flin lamellae so fine as
to make measurements on them difficult or impossible, Sometimes,
the triangle of error, produced by the intersection of XX¢ ete,
is so large that it is impossible to be certain where it is in
relation to the composition plane, 1In such cases, it is clear
that identification of the twin law cannot be made with certainty,
On one occasion, two separate determinations were performed on the
Same crystal, and although individual messurements Were not displaced
by more than 2-30, one of the determinations indicated a complex
twin, and the other a simple twin., An added disadvantage is that
in acid plagioclases, X and X! fall extremely close to one another,
making an exact.dctornination of the great eirele joining them
impossible,

In addition to this difficulty of correct identification of
the twin law, is the fact that the curves giving content of an of

the plagioclase crystals, are not always linear, and over the
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range An O to An 30 there may be two possible results, However,
for basic plagioclases, with wide lamellae, the method is admirable,
and has been used with high degrees of agcuracy on plagioclase
erystals from amphibolites and ealecareous gneisses, In no case
have twins other than albite or pericline or combinations of the
two been identified in the Urnes Region. Occasional dubious
complex twins have been found, but in no case were the messurements
of the required degree of accuracy to be entirely certain,

(3) Smith's Method (1958)., The method is only applicable
to pericline twins, and yields the composition of the plagioclase
by relating X, Y and Z to the inclination of the pericline
composition plane., Slight differences exist in the curves for
high and low temperature forms, and although the ma jority of
determinations from rocks of the Ornes region fell near the low
temperature curve, the scatter was too great to permit any
conclusions being drawn. The main advantage of the method is the

linear nature of the curves giving composition,

Pllggocluso characteristics

Certain generalities about the twinning of the plagioclase
erystals can be made. In the granites there is a large
preponderance of albite twins, and indeed in the sections available
of the Bjell8tind granite at the E of Lysvand, pericline twins are
entirely absent, As in the plagioclase crystals from many other
areas, those from the Ornes region show a goniral increase in

¢oarseness of the twin lamellae with inerease in An content,
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Combined slbite-pericline twins and pericline twins are common
throughout the metasediments. The view of KShler (1941) that such
combined twins develop by adjustment of the erystal lattice on
inversion from high to low temperature form, cannot be
demonstrated from these rocks., It is clear that the plagioclase
crystals in the metasediments have developed by normal metamorphic
processes, Rufland (1958) notes that the plagioclase crystals
from the gneissic rocks of the Sokumvand region show alternate
broad and narrow twin lamellae, while those from the schists have
twin lamellae of equal width, He correlates the difference as
being due to variation in mode of development, The gneissic
plagioclase crystals he regards as forming by iaversion from en
originally high temperature structural state, while those from
the schists must have developed by progressive strain under
regional metamorphism., A similar relationship exists in the
Ornes region where the plagioclase crystals from the hornblendic
gneisses of Ornes, and from the presumed igneous amphibolites show
alternate broad and narrow lamellae (fig.96) in marked contrast
to the schists, In the case of the Ornes gneisses there is no
further direct evidence for regarding the rocks as having been
volcanic (but see also p, 234 ),

Plagioclase-microcline intererelationships are described in
the section on basal granites (p, 2i5), and are not dealt with

here,



Fig.106. Felspar characteristics.

As Deformation of plagioclase twin lamellae by
? !'3 movements, in a tourmaline pegmatite, South

Suppevand.
B. Perthite in Bjellftind granite.

Ce Complicated albite-pericline twin showing
extreme irregularity of twin lamellae.

De Combined albite pericline twin in silty schist,

. South Lysvand, showing deformed wedge-shaped
twin lamellae.

E«. Plagioclase-microcline relationships in a sheet
granite from N.W. Storvikvand. The plagioclase

shows deformed twin lamellae, while the microcline is
undeformed and probably of later erystallisation., A
little myrmekite is present.

Fe A single fractured erystal of plagioclase replaced
by undeformed microcline in a biotite schist within a
sheet granite, North Blaatind.
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Quartz

H 33 := Bjelidatind granite
H 408:= Finneskua granite
H 433:= Skjeggen granite

Albite / A L

1 Orthoclase

Fig. 107 Ternary dia gram for quartz-orthoclase-albite

showing analyses of three of the granites of the Ornes

region Contoured zone represents analysed plutenic

granites quoted In Washington's tables (Tuttle & Bowen 1958)
Contours at 286%
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Diagrams and photographs showing some of the more interesting
plagioclase characteristics are shown in fig,106, Deformation
of the twinned crystals is observed in almost every rock. Emmons
.(1953) regards twinning to be a consequence of strain, Wedge-shaped
twin lamellae are sometimes visible (e.g. figs 9%, 104), and in
certain circumstances appear to be related to zones of deformation
within the crystal, The presence of such wedge~shaped lamellae
clearly demands the occurrence of vicinal faces, and although
Barber (1936) regards vicinal feces as being indicative of
primary twins, it appears that in some of the rocks from the Brnes

region, fhoy are to be regarded as secondary, and a consequence of

strain,
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