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Sammendrag
UndersOkelser med tanke pû û bevise Kautsky 's skyvedekketeori Sulitjelmafellet. Alt arbeide utfUrt i
Nordgruvefeltet og viser at de to nederste enhetene - Furulund skifrene og Stdiljelma amfibolittene - ikke
er skilt med et skyveplan. lle best fir av en kontinuerlig serie av metasedimenter og -vulkanitter.
Breksjering i amfibolittene er ikke entydig relatert til overskyving. Viktigste bevis for
skyvedekketeorien er melamorfe skilnader mellom enhetene. Inverterte metamorfe isograder i de lavere
enhetene kan forklares ved overskyving av varme bergarter. Geologi. Kartlegging.
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ABSTRACT

Since the work of T8rnebohm in the 1880s it has generally been

accepted that thrusting has played a major part in the structural development of

the Scandinavian Caledonides. In 1953 Kautsky correlated the succession in


Sulitjelma (Nordland, North Norway ) with three major nappes mapped by him

in adjacent parts ot Sweden. In this thesis the evidence concerning the


possibility of thrusting in part of Sulitjelma k examined.

An area ot 40 sq.Km. has been mapped in detai I noting the

chmacteristics of the two horizons which Kautsky postulated to be thrusts

and comparing the structural history of the adjacent units.The work has

confirmed Ivkison's observation that the lower two units are not separated

by a thrust but consist of one se!ies of rneta-sediments and meta-volcanics.

Study of the second postulated thrust horizon has not revealed any special

features such as mylonites or strong lineation fabrics as might be found in a

thrust zone. There is unusual brecciation in one unit, but it is not readily

related to thrusting. Investigation of the structural history of each unit

relating different phases of deformation to mineral growth and igneous

intrusion has suggested that one unit has had a longer history than the others,

though this is not necessarily proof of thrusting. The st rongest arguments in

favour of thrusting concern metamorphic differences between the units. The

metamorphic isograds within the lower units are apparently inverted, a fact which

can be explained by over-thrusting of relatively hot rock. East of the thesis area

high-grade rocks overly low grade rocks.

While thrusting has not been proved, several features are best

explained by a thrust hypothesis.
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CHAPTER I

GENERAL INTRODUCTION

1.1 The project

The project is entirely haed on field-work,being the description of

the structural geology ot a 40 sq.1<rn. area of metamorphic rocks in the

Norwegian Caledonides. The work is part of a larger project in the Sulitjelma


area in which the senior investigator is Dr. R.Nicholson. This has grown from

the ploject initiated by Professor S_E.Hollingworth in 1953 in the Glomfjord

region, some 75 km. west of Sulitjelma, an earlier extension of which was

described by RutIond ond Nicholson ( 1965 ).

Sulitjelma is syd I known for its important copper mines, and the

mine concession area was initially mapped by Hjalmar Sj8gren at the turn

o f the century. The aren is the subject of the classic N.G.U. memoir

"Sulitelmateltets Geologi og Petrografi ", 1927, by Thorolf Vogt. The


structural importance of the Sulitjelma area lies in its critical position near

she eastern edge of the Caledonian orogenic belt where metamorphic and

structural characteristics chonge rapidly from Norway towards the eastern

troct in Sweden. Thus rocks in the village of Sulitjelma are of high metamorphic

arade and contain kyanite, while some 15 km. east rocks at the same

-,rccural and stratigraphic level cortain fossils, and cre of low arade- To

He east cide of Sulitjelma and in Sweden, Gunnar Kautsky (1953) has

described a sequence of post-metamorphic nappes which have been thrust

eastwards, and bas correlated three of them with lithological units in the

Sulitjelma area. Until recently the nappe hypothesis was rejected by Norwegian

workers, but now it has some broad acceptance, although for the most part

the region is poorly known.

Modern work on the area, apart from studies of the copper deposits
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ponsored hy the Sulitjelma mining company, has been by Dr Robin Nicholson,

Mr Keith Henley, and Dr Roger Moson. Henley has investigated an area

mainly couth of the lake Tangvann, describing the structures and, particularly,

the chernistly and rnineralogy of the metamorphic rocks. Mason has described

the Sulitjelma gobbro cornplex, which lies immediately east of the thesis area

ond bis work there continues. Nicholson has provided a correlation with the


known succession to the west and is now working to the north of the area.

Nicholson 's work has demonstrated extreme thinning of the Sulitjelma

rock,, to the west. Neither the nappes, nor the supposed thrusts between them

con he troced as tar west as previously thought.

The present study, designed to complement the ahov e work has

concentrated on a small area contcining the two horizons which Kautsky

describel as tectonic contacts betweennappes. The detailed nature of

these levels has been examined, and the structural history of the adjacent

rock units compared, as on examination of Kautsky's noppe hypothesis.

• 2 Position of the Area

The Sulitjelma area lies astride the Norwegion-Swedish border

within the Arctic Circle, (fig.2 ,1 ). 1f is known for the Sulitjelma

mauntains, the bighest of which, Suliskongen (19I4m.), is the highest

141111	
mntain in mainland Norway north of Trondheim, b3t t he area is


particularly famed for the copper mines, centrea around the loke Langvann

(6: 10' N., 16 E.). The orea described in this thesis lies north of this laLze


anci the Norwegion topographic maps at 1:100,000 of Saltdal ( 113) and

Sulitjelma (M13) cover parts of iL

1.3 Topography

Fig. 1.1 is a topographic map of part of Sulitjelma, with the thesis



-- - -- . —
-

..eir
----

tr - :: • _ '..-

	

N.N. - ' -. -,:'•-‘-‘, `` ,
.-

......— ai- <:-..,4....ae   -•"--"-" ' c-n-4. - 


, tr, , _ ---•• • •,;(#.111,."-; «s5-...--.- -- •-•- .4",:.."".. - ' - -..
-",

;rs„, ,al .7.-̂ L-4‘t - Sirtta. -2- 4.-:_t, ,..

—3" --.7•111r-- ';';',11 --1' ..:: --‘4-• c tt ---.h.,:::''',_.
-

• ::: •

FIG. 1.2 VIEW WEST FROM SULITJELMA TO BODå

Svartisen Glorntjord Bo,f18
region

	

I Rautind ... Blaamandsisen
Kobbertoppen Irt Sma Sorj

 \us
t I

\ii
Waterfall zone Duolda dakes \ Kokedaltind 111.

part of the Sulitjelma glacier
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rabier indicated. The northern part of the area covered by the map comprises

twa basins at about 800m. keiglit, diaining south-west, separated by ei north-




--.•111 ridge leacbing 1160m. (ri, 1.2). At tbe cauthern end of this ridge is an

t-wmt ridge, rbe iriglrrt p-brit at 5bii1 , krbiLr r tappen, rericlie; 1012m.

Tra• voisterly 1nasin, drained by PU;)',1 Liv i baurlded ta the west Rautind,

ta tbe narrh by tbra lame rvap BloarnandsiHen. The easterly basin, Dualdagop,


is drained by Giken Ely and i bauncled to the east arH north-east by the

Sulitielrna mountains,particulm I>, Vmdetappen (I722m) and Soriustcakka

(1702m.). To the north lies a series cnf Inkes at near 1,000m. known as

nr;ar Jun. The centre ot Duoldacap codtains two large Iakes.

SautC ot there basins fire dominant feature is a long narrow steep-

rided valley tunnina V.if\J\V-ESE , in the batterm ot whick fl the lake Lanavann,

1111m.),1id. 1.3 . fieIative to this 11re westerIy basin is a hanging valley,

end Pupri Flv csa-cades down the steep valley side in a series of spectacular

watellialls,(Fin. 1.3 ). Giken kly does nat flow directly into Langvann on

leaving Duoldagap, but first diaps into a shor t secondary valley at about

550m. beight running E1\112-WSW, kin 1.5 . The head ot the vnlley i very

sterip and there is a large watm hill which bas cut back along a fault to form

garge. The area around the head of tlds wateitall is reterred to in this

thoir as the " Watertall zone ", (Map 4 ). This secondary valley is a hanging

valley relative ta tho main valley,Gil en descends rapidly to Langvann over a

on watertalls,as skown in lig.I.6,o view nor th across Langvann from rialmi E1v.

A second laka, Larnivann (19m.), larger than Lannvann lie, to the east

ct the thmis area. If is joined to Laagyaria Land EL , whicb forms rhe

•mkein baundary to tke eastern part at fire tinenin mea.

Sauth-west ot Tonavann lies ci plateau at 800m.-900rn.knownas

Babicraive. To tke south ot the mytcrn end of Langvann is a relatively broad

valley Wained by Balmi Elv, Fbr. 1.6. lik river does nat drop quite ';C)

tic ply inta Langvacm an do t• • :iver . on the narth side,
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It is quite clear that glaciation hos had a considerable effect on the

area. The cross section of Langvann, and the hanging valleys are all glacial

erosion features. Large surfaces of rock are glacially smoothed and scratched;

same cf the surfaces of tke Furulund Granite still bear o very fine polish.

Deposits of moraine and other glacial ansi fl uvic, I materials are common.

1.4 Settlements and Communications.

Sulitjelma is a village some 6km. long and less than 100m. wide

strung along the road and railway which run by the shore ( fig. 1.3 ). The

total population is about 2,500 and is entirely dependant on the copper mines

for employment. The copper is mined from a number ot localities north and

sotfth of the lake and settlernents originally grew up at each mine. 1n recent


years it has been the policy of the mine compan y to concentrate housing and

focilities along the north shore of Langvann, the oullying mines being

connected to the main settlement by tunnels.

The railway connects Sulitjelma to Fauske, which is on the main

line to Trondheim. The road in Sulitjelma is at present only a local one

within the village, and linking it with the outlying mines.

Two particular settlements no!th of the village are Giken ( fl g. 1.4)

part-way up the hill behind Sulitielma, and Ny Sulitjelma ( fig. 1.5)

which lies on one side of the small valley containing Giken Elv. Ny Sulitjelma

was obandoned in 1965 but has been used for accomodation during the field-

work. It is linked by footpath to Giken, from where there is a road to the


villoge. From Ny Sulitjelma a cairrecl path leads into Duoldagop, where

it divides, one path crossing Duoldagop between the lakes, the other skirting

its eastern limit. These both cross into Sweden and are much used. A third path

leoves the Giken.- Ny Sulitjelma path leading to Lomivann and on to Sweden.
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1.5 Vegetation and Standard of Exposure.

Up to 500m. the ground is usually covered with small birch trees etc.

the larger trees having heen used in the old smelter. 1n the west of the region

‘iegetation is thick enough to hinder work considerably but in the east the

suIp_rous smoke tro toNn copper smelter has killed off al I but the hardiest

plants. Between 500 and  ,000m. the sau is covered with typical upland


plents - grass and heothers, and above 1,000m. there is virtually no vegetation

at all except mosses.

Exposure in the lower ground where it is not covered by birch

scrub is good, but far from continuous (Fig. 1.3). In the central part of the area


above the Church and the mine office the combination of steep hillside

and heavy vegetation rnakes mapping extremely difficult.

Fig. 1.4 illustrates the typical standard of exposure around Giken

and Fig. 1.5 the same for Ny Sulitjelma. Large patches of morcine can be


present on hiaher ground and in Douldagop much of the central area is

ex:remely badly exnosed. On the highest grounci, on the other hand, it is


possiCle to folkw rochs without a break for considerable distances.

In the early part of the season snow cover hindered work on the

highest ground, but by August Douldagop was fairly clear of snow. Fig. 1.2

was taken in mid August 1965, a bad year for snow. The climate allows a


good three months in the field.

1.6 Method of Work.

Three field seasons totalling 23 weeks were spent in Hne field. The

area was rnapped using Kodotrace overlays on aerial photographs, the

 

photographs being supplied by Wider/es Flyveselskap A/s., Oslo. During the


"irst season photographs at 1:15,000 were used, this being the standard scale for

h!ot run, but more space was needed to plot data onto the photographs directly so

for the subseauent work enlargements of the photographs at 1:7,000 were obtained

from Viiderres. The central and northern parts of Douldagop were mapped using


1:15,000 scale photographs.
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The map of Sj8gren (1900) indicates very well the broad distribution of

andlithologies over the area the map of Carlscn at 1:5,000 , a private map

helenging to the mine company gives details in the zone of copper

mineralisation, an imporlunt areci in this study. Si8gren'5 and Carlson's

mcps, however, contain no structural information , not even dips and

strikes, and a com plete structural• mapping was necessary. The method

employed was first to examine traverses across all the lithological units

and then to map the contacts between them. Three particularly critical

areas were then selected and mapped thoroughly, every outcrop being

visited. Finally the remaining areas were covered to investigate the

structures of the rock units as a wira ie The main par)( of Duoldagop was

enly examined in same detail in the last field season, since it had until then

beba reserved for a Norwegian studento

Topoarophi c mops at 1:10,000 ( parts at 1:5,000) were constructed

fram the cerial phatgraphs using the slotted template method on equipment

at Salford University. The ground control for this was taken from the

1,100,000 Norwegian tepographic map. These topographic rnaps are the

basis for the geological rnaps accompanying this thesis.

On the 1:10,000 geological map — Map I ,are marked all the

schistosity and lineation measurements, except where the density of

abservation was too high. Representative fold exes are also marked. The

coleur patches approxirnate to the areas examined in detail, the size of the

autcrops being slightly exaggerated. The colour does not indicate all outcraps.

Where contacts were seen , or there was very good evidence for their location

thoy are marked with a solid line, and where inferred with a dashed line.


7.ntnin the Furulund Schist, occasional dashed lines indicate particular levels

whbch could be followed tor short Jistances. The finished map indicates the

..emuy ot observations and the reliability of contacts.



CHAPTER 2

THE REGIONAL CONTEXT

2.1 Origin of the nappe hypothesis in Scandinavia.

The dominant feature of the eastern margin of the Scandinavian

Caledonides is the presence of metamorphic rocks overlying fossiliferous


Cambro-Silurian sediments. This feature has become known as the

Scandinavian " mountain problem ". A.E.T8rnebohm in 1888 and more fully

in 1896 suggested that the overlying metamorphics were of Pre-Cambrian age

and had been thrust into their present position. This was not accepted

without opposition as is summarised by Holtedahl (1920). Firstly there were

workers such as Brdgger (1893) who supposed the metamorphism of the over-

lying rocks to bo contact metamorphism, no tectonic contact being present,

and secondly there was rnuch discussion as to the actual age of the overthrust

-cycks. Clemly sorre of the lower nappes could be correlated with the


'TaragmitesI,a thick smies of feldspathic sancIstones of Eocambrian age. Many

early workers were on the other hand convincecl that some if not all the meta-

sediments were of CamNo-Silurian aga. It is now known thar both Eocambrian

and Cambro-Silurian sediments are present, but the problem of the age of

sedimentation and deformation is stilldebated, as in the discussion following the

IIP account of Rutland and Nicholson(1965, page 106 ), and as in Slurt et. al.(1967).

2.2 The adjacent regions of Sweden.

The Swedish part of the Sulitjelma region lies within the county

cr "Idn " of Norrbotten, Fig. 2.1 . Kautsky, working between 1945 and 1947,


mapped the part of Norrbotten which lies adjacent to the frontier between

Swedish Sulitjelma and the lake Akkajaure, an area some 80Km by 30 Km.
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The whole of Norrhotten is at present being mapped by Kulling, who has

clready mapped Vdsterbotten, the county south of Norbotten, (Fig. 2.1).

Accounts for Vdsterhotten and North Norrbotten are already published,

(1(-:':5 and 1964, (cHoectively), and there is in adilticn an introductory


account of the two counties, (1960).

Kulling (1964) divides the Caledonides of V5sterbotten and

Norbotten into four tectonic units which overlie the Archccan basement and

is autochthonow ("hyolithus zone") sediments, (Fig. 2.2). These four


tectonic units he terms the Lower, Middle, Uppei and Uppermost thrust

rocks. The Lower and Middle units are exposed as narrow zones some 50Km.

:he east of the Norwegian-Swedish border. They me sparagmitic in


b-cfacter and the Middle unit, the Stalon noppe complex, is of higher

re-amorphic grmm than fhe Lower unit, the Blaik complex. The Upper


thrust rocks form the Seve-koll complex and occupy a vAde area in Sweden

ard Norway. The Seve-koll complex and the Stalon complex together form the

Lorge Seve nappe of Tornebohm. On top of the Seve-koli rocks in Vasterbotten

Nes the Uppermast thrust unit, the ROdingsfjoll nappe. 1n 1955 Kulling


suagested that the "P3dingsfi6H nappe has its main extension in Norway

arHl comprises there most probaby the coost Grea with its ahundant salic

Caledonion intrusive rocks extending from Nord Trondelag in the south to

Yes-fiorden in the north" (pg. 290). A will be mentioned below, recent


work between Bolo and Sulitielma shows that the probable structural equivalents

of rocks of the P.Sdingsfidll nappe thin to nothing when traced to the west,

c-d lie very close to the basement granites of Rishaugfjoll and Nosafiall

(Eig. 2.5).

2.3 Kautsky's work in Swedish Sulitielma.

Kautsky published a full account of his work in 1953, but several
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surnrnaries were published earlier, in 1946, 1947 and 1949. Kautsky described

jJis area ( referred to in Fig, 2.1), as being composed of two major tectonic

mits, the lower one being known as the Akkajaure complex ancl the upper one as

the Large Seve nappe. He clescribes the Akkajoure complex as being

allochthonous, comprising several thrust slices of Archcean basement with


cverlying "hyolithus zone " sedirrents, 1n the west the Akkalaure complex

overlies the Tysfjord aranite, which Kautsky describes as Archaean

Lasement. The Large Seve nappe Kautsky divides into four smal ler nappes,

named from the bottom, the Pieske nappe, the Vasten nappe, the Salo nappe

and the Gasak nappe, ( Fig, 2.3 ), 1n the Sulitjelma orea the Solo nappe is

rdscing.

Kautsky's reasons for suppasing the presence of nappes are

firstly the metamarphic differences between the high-orade rocks of the

Gasak nappe ond the low-grade rocks of the Pieske and Vasten nappes,

secondly ,the supposed stratigraphic equivalence of the different structural

levels and thirdly the discordances between stratigraphic units . Kautsky

dce: not have much evidence for his stratigrephic correlations between nappes.

1n the Pieske nappe a quartzite conglomerate is correlated with a simi lar

conglamerate widespread in the Caledonides which is of Upper Ordovician

age. Yet fossi Is in the Pieske nappe at SuIitjeIma are thought to be of Middle

cr Lower Ordovicion age (Vogt, 1927 , Nicholson 1966), Serpentine bodies

in the Vasten nappe are overIcin by serpentine conglomerates which are

cersicjeres: to be of Lower Ordovician age. The agc;of the various

conglomerates and distinctive lithologies are discussed in Kautsky(1949).

Kautsky(1953) correlates the marbles of the Vasten and Salo nappes with the

Pierke marbles in the Pieske nappe, and considers that there is sufficient

similarity between the litholoaies of the Gasok nappe and the Pieske nappe

to place the Gasak nappe in the Upper Ordovician. These are very tenuous
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correlations. There is more discussion of this in Chapter 3,7 and 3,8 ,

It is not yet clear how Kautsky's nappes fTt in with Kulling's

divisions for Norrbotten and Vasterbotten, as is shown in Fig, 2,4 . 1n


1955 Kulling considered that the Gasek nappe was part of the ROdingsfjq11

nappe. 1n 1960 Kulling makes the same correlation in the mcp which forms

Fig. I of that paper, and in addition marks on that map the Akkajoure


complex as being slices of Archcean in the Middle thrust unit, analogous

to the Stalon nappe, though Kautsky implied that the Akkajaure complex

was structurally equivalent to the underlying Blaik nappe. Kulling's

rnap also marks Kautsky's Pieske,Vasten and Sala noppes as representatives

of the Seve-k8li noppe. Kulling's rnap divides the Seve-kouli nappe

inta an underlying unit of hich-arode rocks ( the Seve schists) and an

upper unit of low-grade rocks ( the Konli schists), though Kulling does

net use these terms. This division on Kulling's mop lies within the

Pieske nappe of Kautsky, coming below the Pieske marble, so all the

SuliNelmo rocks Ne within or above the low—grade Keli schists„ ln 1960

ani 1964 , Kulling expresses doubts about Kautsky's tectonic interpretation,

arJ in 1964 (Pg. 138) he includes the Gasak, Salo and Vasten nappes in the

Uppermost thrust rocks, equivalent to the gdingsfj311 nappe, only the


Pietke noppe lyina within the Seve-k8li nappe cornplex. Kulling stotes that

he intends to give the evidence for this correlation in o later publication.

oppotite, is a toble to indicate the alternative correlations of the

rocks in the Sulitjelrna succession.

The allochthonous Akkajaure complex lies structurally above

the autochthonous Tysfjord basement granite according to Kautsky,(Fig.2.2),


The Tysfjord crea was mapped by Foslie (1941) who considered that the granite

wcs a Caledonian intrusive. Foslie reported finding no thrusts in the area ,(pg.

285). Koutsky(1946) traces the bosal thrust of the Large Seve nappe across
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Foslie's map , locating the thrust by its position relative to stratigraphic horizons.

These argurnents have recently been revived by Oftedahl(1966).

Strand (1961) in a leview of the Caledonides of Notway marks the

Akkalaure complex as autochthon, and this interpretation is followed by Oftedahl

v,ho describes that area as the 'Tysfjord culmination'. Since Kautsky (1953) maps

clices of 'hyolithus zone' sediments within the granitic gneiss of the A.kkajaure


complex, it is difficult to know on what basis the Norwegian interpretations have

heen made.

A characteristic of the Caledonides of Sweden is that the rocks

generally are flat-lying, there being very little large-scale folding,as is shown

in Fig. 2.6. This characteristic also extends into the Sulitjelma region

almast as far west as Sjnst16. To the west of SjCinstå all the rocks are involved

in major post-schistosity folds with the result that correlation is more difficult

than in Sweden. Kautsky(1953, pg.226) interpreted similar folding north of

as being later than the thrusfing.

2.4 Fegional work to the west of Sulitjelma,

The Sulitjelma area was mapped by Sj'og'ren and fel low-workers

in considerable deball (1:20,000) in the 1890s because of the copper

deposits, and in the 1920s this work was revised, summarised and extended

by Vogt. Until recently none of the adjacent areas of Noiway had been

rnapped in detall, though there had been recconnaisance surveys by the

Norwegian survey, and a few isolated studies by individual investigators.

Befween 1953 and 1959 about 1,000 Sq. Km. in the Glomfjord

region, south of Bodbi were mapped at 1:16,000 by a number of workers

from University College, London using modern structural techniques,(Fig.2.1).

This work was extended by Rutlond and Nicholson, who published a synthesis of

'he BodO - Svartisen area in 1965. Since 1962 wolk has concentrated on the

Sulitjelma area,( Nicholson, Henley, Mason and Wilson) and on linking the

1



FIG. 2.6 Section between Fauske and Sulitjelma. ( From Nicholson and Rutland, in press ).
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Sulitjelma area to the BodO - Svartisen area ,( Nicholson, and up to 1964,

Rutland ). An account of the profile from Sulitjelma to BodO is in

press ( Nicholson and Rutland ).

A major feature of the ccastal areas of Nordland is the presence

of large bodies of granite gneiss. Rutland and Nicholson ( 1965) put

forward strong evidence that the Glomfjord and Svartisen "granites"

are autochthonous basement, strongly deforrned in the Caledonian orogenya

Previous views had been that they were rnagmatic or metasomatic in origin,

or were highly deformed thrust slices of Archcean ( Koutsky 1947, Skjeseth

and Se<rensen 1953 ). Extensions of the Glomfjord work have suggested that

the Heggmovatn and Rishaugsfjall granites are also basement(Fig ).


Rutland and Nicholson demonstrated that there is an autochthonous

ond parautockthonous meta-sedirnentary succession on top of the Western

basernent granites and on top of this succession, a separate tectonic

the Beiarn naope,Fig. 2.2 . In 1965 it was suggested that this Beiarn

nopre could be correlated with the ROdingsfgll nappe, but this is now


krown not to be so.

2.5 The Sulitjelma area.

The entire succession at Sulitjelrna lies between two marble

2,:cups, the Pieske and Fauske marble groups, Fig. 2.5 . The succession

ersrecognised by Nicholson and Rutland is

Fauske Marble Group

Sulitjelma Schist Sequence

Sulitjelma amphibolites

Furulund Group

Sj6nst8 Group

Pieske Marble Group

tl;""ffl
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These are different divisions in the main from those of Sjongren and Vogt,

and the structure of the region is known to be fundumentally different

from the interpretation of Holmquist, (1900) The critical area is just


ecst of Sjbnstå, where Holmquist's map is incorrect. Holmquist's

interpretation is that the Sjounsta group overlies the Fauske Marble

Group, and can be correlated with the Venset Schists on the west side

of Fauske. Nicholson dennonstrated in the summer of 1963 that He

	

•
Furuluni Group ond the Suiitjelma Schist Seauence pass over the


SjOnstå Group , then dip steeply on the lirnb of a major monoclinal fold,

possing under the Fauske Marbl e Group, as in Fig. 2.6. A sirnilar latge-

scale fold from further north is illustrated by Kautsky in his section XV,

table 9, 1953, hut Kautsky did not realise the regional significance of this


folding.

There is only a vety thin succession of rock betweon the basement

at Fishaugfjall and the Faujie Marble Group, yet the wholu Sulitjelma

succession must lie wilhin this 5uccession, as in Fig. 2.5 . This map

shows a similar situation on the northern margin of the Nasafjall basement

complex; the westward thinning of the Sulitjelma units.

	

111,
Kullinds estimate of the extent of the gdingsfjh nappe

is clearly incorrect; the units mapped by Kulling and Kauisky cannot be

traced very far acro=s Norway. The large-scale correlation= and interprdations

of Kautsky , Kulling and also Holtedahl, and Strand are useful in defining

problems for further work, but the present state of knowledge of the geology

of the Norwegian Caledonides i s insufficient to allow much weight to be

placed on them. Statements such as OftedaH(1966) - " the Sevu nappe attains

tremendous dirnensions and moy be considered as one of the latge thrust units

of the earth. Its length along the fectonic axis is about 1,100Km. and it seems

that the proven stratigraphic displacement in the Tysfjord culminatbn is 120Km,
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with a displacement of 160Km. likely ond of 240Km. or more possible" - are

raost misleading, especially to geologists without fulther knowledge of the

Scandinavian Caledonides.

2.6 Previous work in the Sulitjelma area.

The Sulitjelma area was first rnapped systematically by

P.J.Holmauist, 0.NordenskjOld and Hj.SjOgren under the leadership

of the latter. The results of this survey were published in a series of


popers in the 1890J, ( Sjdgren 1893, 1894, 1895, 1896, 1900, 1900a,

Holmquist 1900, and NordenskjOld 1895 ). All this work is notable for

its careful obseryation. The map prepar ed ( SjOgren 1900 ) is , according

to Vogt 1927, compiled mainly by Holrnquist, and is of a very high

standard. Holmquist, in his paper, describes a section across the Caledonides,

from Kvikkjokk in Sweden to BodO.

1n 1917 accounts were published by Rekstad and by Holmsen

for the Norwegian Survey, filling in gaps between earlier maps.

1n the 1920s Thorolf Vogt ( son of J.H.L. Vogt,who wrote

obut. Sulitjelma ord its region in 1890 ),commenced investigations in the

Sulitjelma area, publishing a paper on the copper ores in 1921 and one in

1922 on the stratigrophy and tectonics, followed by the 1927 memoir.

This rnemoir was intended to be part of a two-volurne account of the geology

of Sulitjelma, the second part of which, dealing with the copper ores, was

never published. The account is therefore sadly deficient of description of


the are and adjacent rocks. Since these are the specific levels at which

Kuutsky suggests thot there are thrusts, the deficiency is all the more

regrettable. The mernoir is based on Vogt's own field-work, ( 19 weeks)


ana much work by SjOgren, and particularly Holmquist, which had not been

previously published. The rnap is an unfortunate simplification of SjOgren's

(1900) map. It covers a greater area, but there is not so much detail, and
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Vogt here did a areat disservice to Sjollgren and to Holrnquist. 1n the memoir

Vogt deals firstly with the succession and stratigraphy, secondly with the

metamorphism of the sedimentary rocks and of tbe basic igneous rocks, and

with the petrology of the granites, and thirdly, with the tectonics of the


area. 1n the section on stratigraphy, Vogt knits together the observations

of Sibigren et al. in a most useful manner, but his classification is here

rejected. In particular he failed to recognise that the Sulitjelma amphibolites


ore o series of metamorphosed lavas and scaiments, considering thern , as did

J.H.L.Vogt and P,J.Holunquist , part of the syn - tectonic " Sulitielma

phacolith ". 1n addition he correlated toaether distindly different rock

groups and was therefore obliged to postulate folding which is not present.

The sections on metamorphic petrology are well known as an

early study of minerul facies ard their relationship to synthetic systems and

it is for this that the memoir is still quoted ( as in Turner and Verhoogen,

Igncous and Metamorphic Petrology, 1960, pg.492). Vogt's work on the

Sulitjelmo gabblo hos recently been revised by Mason ( 1966, 167),

his work on the metamorphism of the meta-sediments by Henley,( eg. Harte

and Henley , 1966),

The sections on tectonics, ond mechonisms of igneous„ intrusion

ore best ignored.Because of incorrect assumptions regarding the stratigrophy

of DUOIdagup, Vogt's structural analysis of Duoldogop must be discounted.

His suggestion that the intrusion of the gabbro magma could cause the strong

folding seen in Duoldagop cannot be accepted. His long discussion ( pages

101to 105 ) of the forrnation of the langvann'anticline' is based on a crude

mechanical conception of anticlines moving together as if they være rigid

mosses. Nowhere in eny of his structural descriptiOns does Vogt refer to

the relative age of folds, and only rarely does he mention the axis of a fold,

ord then in the rnost general terrns.

1



111110• •••••••••~Z

16

Other reference to the work of Vogt and Sjongren will be made

relevanr places in the thesis. Virtually all the other work in Sulitjelma up to

1961has been concerned with the copper ores, and very little of this work has

been published. One notable piece of work is a map of the ore horizons and

surrouna ng rock at a scale of 1:5,000 excecute• by Fr. Carlson between

1924 and 1930. This map is extremely accurate, but suffers from two deficiencies,

tio indication of the atthude of bedcling or schistosity is macle, and secondly the

rnap is not an outcrop map, as ci map at that scale should be: Conseguently

S ere is an element of subjectiveness in this map. Despite this the map in no

aMme appeared to be inaccurate, and was of great value in the present study.

THe map is c private map belonging to the Sulitjelma mine company. Several

+eses have been written by Diploma students at the Trondheim Technical

University. These have been mainly concerned with the ceology of the ore

eeposits, but it is naturally impossible to consider the ores out of their context.

Of particular interest are the following theses :-

Christoffersen,i.,1960 on the Bursi - Charlotte area).

Mellinaen, T.,1961,( on the Charlotte - Giken area ).

Hafseth,A., 1934, ( on Furuhaucien, south of Langvann, S.W. of Bursi).

Dybdahl, 1., 1951, ( on the SiOnstgl-Botnvatn-KnaHerdalen area, south of

•ongvann. 1n this thesis the ore horizon, the Furulund granite and amphibolites

are traced round the Baldaoive synform).

2.7 Kautsky's interpretation of Norwegian Sulitjelma.

Kautsky(1953) suggests a correlation of the succession in Sulitjelma

with the nappes he found in the east. He places the Furulund schist and underlying

recks in the Pieske nappe, the Sulitjelma amphibolites in the Vosten nappe and

rlise Sulitjelma gabbro in the Gasak nappe. He does not include a map to indicate



exectly where he supposes the Vasten- Gasak nappe boundary to be, and his

text is not perfectly clear about this. He suggests on page 208 that some of the

greenstones rnay lie in the Gasak nappe, and that most of the schists around the

Sulitjelma gabbro are within the Gasak nappe. The copper ore at Sulitielma


he describes as lying in the thrust plane between the Pieske and Vasten nappes,

or M minor thrusts which developed simultaneously with that overthrust. He

therefore suggests that the ore was deposited during or after the thrusting.
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FIG. 3.2 GEOLOGICAL SKETCH MAP OF SUL1TJELMA
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GENERAL GEOLOGY OF THE THESIS AREA

3.1 Lithological units and their distribution.

Nicholson and Rutland ( in press ) have erected the

following succession for the Sulitjelma region

Fauske Marble Group

Sulitjelma Schist Sequence

Sulitjelma arnphibolites

Furulund Group ( referred to in this thesis as 'Furulund schist9.

SjOnstå Group

Pieske Marble Group

In the thesis area the middle part of this succession was

examined, being the top of the Furulund schist, the Sulitjelma

arriphibolites and the lower part of the Sulitjelrna Schist Sequence. The

lithologies mapped can be generalised as two series of schists separated

by a series of amphibolites, the upper schist series containing intrusions

of granite and gabbro. The relationship between the above interpretation

of the Sulitjelma succession and previous interpretations is shown on

rhe table opposite, Fig. 3.1 .

The sketch rnap and sections in Fig. 3.2 , on the next page

illustrate the distribution of lithologies and the basic structure of the area

around Langvann, with the thesis area indic ated. The rocks are arranged

in a saddle-shape , first described by J.H.L.Vogt in 1890. An antiform

41,



with a WNW - ESE trending axis Crosses the atea, so that the structurally higher

rocks are found in the north and sou+-west, and the lower rocks are found in the

south east and west. Rock units on the north side of Langvann dip gently to the

north or norrh-west, except in the north of tbe thesis mea where as a result of

the interference of two phases of major folding the lithological units within the

Sulitjelma Schist Sequence are folded into a basin shape.

. 2 Problems.

The main problems in the thesis area concern the relationships between

the three main units, particularly the possibility that the units ate separate nappes

as suggested by Kautsky. The rnain discussion of this possibility is in Chapter 16.


A further problem which is introduced below is the relationship between the

various amphibolitic rocks in the area.

3.3 Problems of the amphibolitic rocks in Sulitjelma.

The amphibolitic rocks in the Sulitjelma area can be divided into three

groups as is shown in Fig. 3.2. Firstly there are the metamorphosed derivatives

of the Sulitielma gabbro, coarse-grained massive amphibolites which occupy the

•scuth-west corner of the gabbro complex as is shown by Mason in his Fig. 2 (1967).


Secondly there are the Sulitjelma amphibolites, a series of fine-grained meta-

volcanic and meta-sedimentary amphibolites with associated mica schist bands,

quartzite bands and conglometates, which lie south of the gabbro complex and

extend eastwards into Sweden. The problems of correlation concern cettain

bands of coarse-grained amphibolite and quartz- feldspar rock which constifute

the bulk of fhe material involved in the third group, the tectonic breccias. It

is demonstrated in Chapter 9B that rnuch of the fragmenfation of this melange is

tectonic in character, being boudinage or pinch and swell or other types of

fracturing. Sorne of the constituents of the breccia are clearly derived from



FIG. 3.3 The distribution of Sulitjelma amphibolite and tectonic breccia in the thesis area.
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FIG. 3.4 THE NY SULITJELMA AND GUDRUN ORE BODIES
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the Sulitjelma gabbro, some clearly hrom the Sulitjelma amphibolites, but the

derivation of most of the rock is not obvious and cannot be ascertained without

detailed mapping and petrology. The alea of outcrop of this tectonic melange

is shiown on Fig. 3.3 opposite. 1n the cast it Hos between the gabbro and the

Sulitielma amphibolites and continues west above the amphibolites. The

unbrecciated part of the Sulitjelma amphibolites tails out to the west, where

the rectonic breccia lies immediately above the Furulund schist. A strip of

reccia also lies at the base of the Sulitjelma amphibolites, extending from the

nain part of the breccia above the Church nearly to Ny Sulitjelma. Above

Bursi the breccia becomes very thin and is stiongly folded. Breccia at this


structural level can be seen south of Langvann and also west of Bursi.

The origin of the constituent lithologies is not the only problem with

these breccias, for some explanation must be given of their structural character.

These matters are discussed further in Chapter 9B.

Vogt and his predecessors regarded all the amphibolitic rocks as one

unit. Since north of Ny Sulitielma ( as Mason , 1967, poinis out) there is no

rnorked break between the breccias and the metamorphosed gabbro, and in most

places schistose amphilaolites can be seen within the bieccia, this mistake is

understanclable. The rnodern interpreration is the result of the mapping by

Kautsky of the Sulitjelma amphibolites in his area vklere there is no close


geographic relation with the Sulitjelma gabbro.

3.4 Relation between the amphibolitic rocks and the Furulund schist.

Kautsky suagested that there was a major thrust between the Sulitjelma

artphiboliles and the Furulund schist,(though he did not use those stratigrephic

terms). Mason (1967) demonstrated that there is no major tectonic break at this

level and in the section below, Mason's evidence is reviewed and confirrnatory

evidence from the thesis areds presented.

Mason (1967, Fig. 2 ) has mapped a thin band of schistose amphibolite

below the base of the main amphibolites which runs several kilometres to the east.
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Mason's map, and Fig. 3.2 also, shows that the bottom 500m. out of a total of

750m. of schistose amphibolites thin to nothing over a distance of 7km. eastwards.

A band of Furulund schist several metres thick can be followed from the main body

ol Furul und schist to a position near the top of the amphibolites north of Ny

Sulitjelma.

Map 5, of the Ny Sulitjelma area,shows some details of the complex

relations at the base of the amphibolites. There is at Ny Sulitjelma a lense of

amphibolite within the schists. Its eastern margin is probably faulted in part,


though there is no evidence for this on the surface in the way of discordance or

foult breccia. Maps belonging to the mine show a fault here with a throw of

between 200m. and 50m. Fig. 3.4 is redrawn from mine maps and illustrates


the displacement of copper ore by the fault. Ihe western edge of the lense is

marked by a deflection of schistosRy with shearing of the rocks in the zone

of deflection. Specimen 401 from within this shear zone contains garnet and

hornblende porphyroblasts which hcNe been fractured and biotite porphyroblasts

which have been kinked by the late shearing. This is shown in Fig. 7.4

The succession within this lense is of interbedded quartzites, (some

conglomeratic), and fine-grained arnphibolites. Copper ore has been mined

out beneath this lense, and Fig. 3.4 indicates the extent of economic ore

ot the level which outcrops below the lense. The thickness of the lense on

the rnap is considerably exaggerated by the tcpography, for the ground surface

west of Ny Sulitjelma dips to the north-west almost as steeply as does the

bedding. The lense outcrops for some 275m. along the stream west of Ny

Sulitjelma but the true thickness of the lense is only about 120m. The sharp

right-angle bend in the base of the main amphibolite on the map west of Ny

Sulitjelma is purely an erosional effect, the schist band being the site of a

north-dipping gulley.

It is suggested in Chapter 9A.2, page 84 that some of the basal

schistose amphibolites at Ny Sulitjelma are sedimentary in origin. There is,
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bowever, no continuous variation between the true amphibolites such as specimens

329, 340, 439, 379, 387 or even 427 ( which appears to be sedirnentary , see

page 84 ) and those rocks adjacent to or within the amphibolite which certainly

ore sedimentary.

Further evidence of the close relationship between the Furulund

schist and the amphibolitic rocks is that at Bursi ( Map 6 ) there are three

strips of mica schist some tens of rnetres thick lying within the tectonic

eccias. These are marked on Map I and Map 6 as strips A,B and C. The

section in Fig. 6.32 shows their position clearly. Strip B is the largest and is


probably connect ed to the main body of Furulund schist at its eastern end.

Strip B is disharmonically folded into an antiform and into a recumbent fold

with near-horizontal axial plane. Strip A lies adjacent to strip B, separated


by a metre or $o of ore irnpregnated material. Strip C lies apparently

unconnected to the other strips though its western continuation is not exposed

and is therefore unknown. It is possible that it may once have been joined to

strip B. This is further discussed in Chapter 6. 9 on page 53.

3.5 Copper ores at Sulitjelma.

111 No special attempt has been made to study the copper mineralisation

at Sulitjelma. Nevertheless, since the ore is a rock occuring in the thesis area

it was not ignored. In this text the word 'ore' does not imply any specific

economic concentration, but merely the presence of copper sulphide group

minerals in sufficient abundance to catch the eye. The zone of mineralisation

could usually be distinguished by its rusty or blue-black staining. These zones

are marked in black on Maps 1,5 and 6. The ore is developed in lenses, according

to Vogt(1944 and 1952) parallel to the regional lineation, and lie at the contact

of the Furulund schist with the arnphibolites or just below. Slight mineralisation

occurs as far east as mapped, though there it is of no commercial value. In places
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the ore is folded by post-schistosity folds and in others the ore cuts across the

schistosity, notably at Ny Sulitjelma. At Ny Sulitjelma it is seen on both

sides of the lense of schistose amphibolites within the hurulund schist.

Slight mineralisation occurs cn the upper mar gin of the Sulitjelma

arttphiColites, associated with the brecciation. THs is best seen at Fjeldsgrube,

a trial mine ( 484 478) and at Lapphelleren (472 479 ).

Apart from the main exposures of ore marked on Map 1, small

iscontinuous potches of ore impregnation are 6uite common near the top of

•Le Furulund scHist.

The origin of the ore is a matter of great debote., ond o few of

the many popers on the subject are Holmsen (19(7), Catstens ((944), Bugge (1954),

Krause ((956) and Kautsky((953), it has been asserted ( Christoffersen, pers.comm.)

Mat after emplacement, the ores have been remobilised and recr ystallised several

times.

3.6 The succession within the Sulirjelma Schist SHuence.

The upper part of the succession in the thesis orea, the Sulitjelma

Schist Sequence, occupics the northern part of the area und comprises several

111, niyinct lithological groups. These are the Lepphelleren schists, grey well-

bordcd medium to coarse-grained schists, the Rusty Psammite, fissile nuartz-

rich rocks with characteristic rust-coloured weatheted surfoces, ond rhe


Deeklagop Banded Group, extremely regularly banded grey rocks with a pelitic

mlneralogy, but little preferred orientation of micas. Between the Lapphelleren

scnists and the Rusty Psammite there lies a thin series of marbles, psammites and

colc-silicate rocks known os the Marble-Psommitc series.

The map opposite, Fig. 3.5 indicates the areas of outcrop of the

individual mernbers of the Sulitjelma .Schist Sequence and indicates the pattern


of the major folding.
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Intruded into the Lapphelleren schists are two lenses of granite, the

eastern cnd western bodies of the Furulund granite, and a large gabbro complex,

the Sulitjelma gabbro. 1

3.7 The age off be Sulitielma rocks - palcuontological evidence.

Fossils have been described from the area east of Lomivann, some 8km.

east of the thesis area. They are members of an Ordovician assemblage. They were

discovered by von Schmalensbe in 1893 during the investigations led by SjOgren

( SiOgren 1900a) and the fossiliferous area was rnapped in detai I by Vogt (1927,

plate 38 ). The area has been ecently re-mapped by Nicholson (1966) who has

re-interpreted the stratigraphy of the area.

The fossils occur in bands of marble which lie in chloritic phyllites

wHich themselves are local facies variants of a black muscovite phy Iiite. This

black muscovite phyllite is correluted by Nicholson with the Furulund schist

further west. Vogt considered that tbe chlorilic phyIIito represented the Muorki


groups, a series of massive chlorite-muscovite schists which underly the Fui ulund

schist group, and are part of the Sjonstb) group of Nicholson and Rutland.

The fossils consist of ci inoid fragments, lense-shaped biyozoa

colenies and gastropods. Descriptions are in Vogt (1927, pp. 185 to 192 )

and in Nicholson (1966). The bryozoas were identified as Dionulithes


perapolitanus, and the gastropods cs immature Maclurites. This is said to

indicate an Ordovician age, most likely Lower or Middle Ordovician,

perticularly Trentonion ( Vogt, pg. 192 ).

3.8 The cksieof the Solitjelma rocks - lithological evidence.

Kautsky (1953) suggests analogies with lithologies elsewhere which are

af known age in order to determine the age of the rocks in his area. He correlates


the microcline gneiss at the base of the' Pieske nappe ' with the Archæan and
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overlying feldspathic Juron guart2ite with the Eacambrion Taragmites.

zuortzite conglomerare high in Koutsky's Pieske nappe is correloted by him

widespread conglomerates of uppermost Ordovician oge ( stage 5b in Oslo ).

age of the Vesten nappe is suggested to be Lower Ordovician since similar

spliFic lavas occur beneath similar seTentine conglernerates in rocks which can

ae dated Kautsky, 1949). Some slight similarities between the successions in

He Gasak and Pieske nappes suggest to Kautsky an Upper Ordovician age for

9e former.

3,9 The age of the Sulitjelma rocks - radiometric evidence.

Only one radiometric determination has been mode from Sulitjelma

-ocks (Moorboth and Vokes 1963 ). This is a lead •votope measur cment on

:2gclena specimen from Jokobsbokken (south of longvann). The adlena rich


nineralisation at this mine occurs in the hanging wall schists of the pyritic

cooper-zinc ore body, and is considered by P.emdohr (1938) to be younger thon

main ore at Jakobsbekken. The somple of lead yields a concordant


Caledonian model age of 390-70m.y., a late or end - Silution event.

Other Norwegian age determinations up la 1964 cre listed by Broch,

411 (1963). Later published ages are by Sturt, Miller and Fitch (1967). Determinations

on Caledonian rocks listed by Broch are by the K/Ar method on biotites

ond muscovites and give ages between 350m.y. end 400m.y. These are

arobably cooling dates and do not penetrate the 'metamorphic veil' ( Armstrong,

‘';%66).

Sturt, Miller ond Fitch publish K/Ar datcs on nephelines, biotites and

--,oscovites from V,",Finnnyrrk, or1n 2:30;;rn. north et Sulitjelma , which cluster

:round 384-420m.y. Sturt et al suagest that the olausr dates approximnte to


the date of the intrusion of the plutonic nepheline sycnites, the last major event

in the structural history. This would indicate a substantial early event around
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the Tremadoc or Arenig. Sturt et al review stratigraphic evidence for such an

event from other parts of Norway. One such event is the Trondheim Orogeny

(Strand, 1960 ) which on the latest evidence ( Skevington 1963, Skevington

cnd Sturt 1967 ) probably occured fairly late in the interval between ihe

occurance of the Dictyonema flabelliforrne and Didymograptus hirundo zones

cf the standard Briti sh Ordovician graptolite zonal seguence. This correlates

well with the major deformation of the Dalradian in Britain, which is now

known to be earlier than the Lower Llanvirn ( Skevington and Sturt 1967 ,

Dewey 1961 ).

No evidence for such an event in seen in the Bodg - Sulitjelrna

region and it is clear that the large-scale folding of the Sulitielma rocks in the

sjanstg - Fauske area ( and by extension, the major post-schistosity deformation

of she rocks further west ) is later than mid-Ordovician. 1f the Sulitielma


Schist Seguence is a separate tectonic unit it could be older than the Furulund

schist and perhaps have shared in a pre- Lower Llanvirn event. Further


speculation on this subject must await a geo-chronological study of the BodO-

Sulitjelma area.
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PART TWO - FURULUND SCHIST

CHAPTER 4


INTRODUCTION

4.1 The stratigraphic position of the Furulund schist, discussed in Chapter 2,

is above the SiOnstesGroup and below, but interdigitating with the Sulitjelma

omphibolites and Tectonic breccias. The total thickness of the Furulund schist

at Sulitjelma is not accurately known but is of the order of I,000m. ( At the

eastend of Lomivann the thickness is about 1,000m. as derived from Fig.3,

Nicholson 1966, and near Signstå the thickness is about 700m. as derived

froma map in Nicholson and Rutland ( in press). For this thesis the top 300m. of

theschists have been examined. Since the area rnapped was so smal I and was

limited to the top part of the succession, the excellently exposed Balmi Elv

streamsection south of Langvann( Figs.I.1, 1.6,3.2 ) was briefly examined to

provide a comparison with lower parts of the succession.

4.2 Lithologies.

The most usual development of the Furulund schist in the thesis area is as a

fine-grained biotite schist with porphyroblasts of either garnet or hornblende,or

both. Schistosity surfaces are characteristically extremely smooth. The rocks

orewell Iayered, and are rich in quartz segregations. Boudins are common.

Thegeneral character of the rock is illustrated in Figures 8.1, 8.2 and 4. 4 .

Thereare several photomicrographs of Furulund schist specimens in Chapter 7.

Calcareous bands occur frequently, more especially in the lower parts

of the succession visited north of Langvann. They can contain up to 20% calcite
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( os in specimen 314) and are richer as well in quartz.

Near the top of the succession east of 460 ( grid easting as on the thesis maps)

ore two levels of soft rusty-weathering phyllitic schist, marked on Map I and Map5.

Carlson maps these as " rustskiffer". Because of their softness cliff features

have formed in the overlying rock. The lower of these two features is particularly

well-marked, lying above the road from the Church to Giken ( Fig.I.4) and

obove the path from Giken to Ny Sulitjelma ( Fig. 1.6).

In the far east of the region ( grid reference 502 470 ) is a conspicuous

band of hard white rock about 10m. thick showing slight layering. Specimen

586 shows it to be medium-grained , composed mainly of quartz with about 10%

each of chlorite and calcite and about 5% plagioclase. It is possible that this

rock has an igneous ofigin, perhaps having been an acid tuff. The band cannot be

traced east or west of the outcrops marked on Map I.

The three strips of schist at Bursi which were described in Chapter 3 (pg.22)

as lying within the amphibolitic tectonic breccias which ovetie the Furulund

schist show some unusual features. Strips A and B show all gradations between

schist whose fabric is identical to that of the main body of Furulund schist, and a

schist with a strong penetrative second cleavage. Specimens 460 and 599 show.

a non-penetrative crenulation cleavage and specimen 630 shows a pen etrative

second cleavage. Strip C is a coarse schist similar to specimen 630 but is in

part chloritised ,( specimens 613 and 614). Garnets in specimen 614 overgrow

small crinkles of a former fine-grained schistosity. Coarse-grained chloritised

schist is common at Furuhaugen , south-west of Bursi, on the south side of langvann,

where Hofseth has described the development as " Furuhaugen schist ". Strip B

is also notable for thin bands ( 1-3cm. thick) of relatively competent rock which

hove controlled the type of deformation of these rocks, as is discussed in Chapter

6.7, page 49, with Fig. 6.41 of hand-specimen 634. Thin section of this


specimen shows that the bands are composed of hornblende, quartz and clinozoisite
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inequal proportions, with small quantities of muscovite, chlorite, apatite

ondgarnet.

The schist strip marked on Fig.3. 2 which runs wRhin the Sulitjelma

arphibolites from Otervann ( east of the thesis area) to Giken Elv ( at least)

isa fine-grained well-layered rock with extremely good schistosity. Specimen

334 is typical, containing quartz, calcite,muscovite, biotite and the odd

grain of tourmaline. The contortions of this banding are shown in Fig.4.8 and

• olso in the hand-specimet 344, but it is not known if these are sedimentary

in origin.

At Hankabakken (Map 5,) and at several localities between Giken

and the mine office (Map I) lie lenses of amphibolite which possibly represent

baudined parts of one basic siH. The Hankabakken body, illustrated in Fig.4.I,

(opposite), is 50m. by 300m. and is composed of coarse-grained feldspar-

arnphibole rock of massive appearance. The rock has a slight foliation, which

1sparallel to the contacts at the north and the south, and to the schistosity

outside. The lenses at Giken and above the village are smaller, with tapering

ends ond more variable lithologies than at Hankabakken. Fig.4.2 and 4.3

(an the next page) show the character of the rock at Giken. This lense is of

coarse-grained green and white amphibolite with a slight banding parallel to

the schistosity outside. The top metre or so is fine-grained light-green rock,

ihe bottom metre or so is a soft chloritic schist.

The schist in Balmi El v is simi lar to that north of Langvann, being mainly

biotite- muscovite schist with bands of highly calcareous schist. One notable

daference is that the biotItes are relatively large, up to 0.5mm. across and they

have o strong L tectonite fabric. The muscovites, considerably finer-grained, are

compressed around those biotites which lie at a high angle to the schistosity,as

shown in Fig.7. 2 . The fabrics are further discussed in Chapter 7. Specimens

705 to 713 are from Balmi ELv.

Within the succession in Balmi Elv is a conspicuous fragmentary rock,



á



•

30

shown in Fig.4.7. Henley has traced the outcrop of this rock across the area south

of Longvann.

4,3 Bedding and other sedimentary features.

Bedding is clearly visible in nearly every outcrop of Furulund schist. Except

in the closures of early folds the schistosity is everywhere parallel to bedding.

figures 4.4, 4.5, and 4.6 illustrate the appearance of bedding on various scales.

Other sedimentary structures were searched for. At one locality ( 498 471)

there was some possible graded bedding suggesting that the sequence was inverted.

Fig.4.5 shows this outcrop, from which specimen 608 was taken. The lighter

parts on the photograph are of coarser rock but there are no really sharp contacts

between coarse and fine-grained bands. The Furulund schist as a whole is considered

to be the right way up on regional grounds. The rock unit is of large extent and

furthermore is the top part of a thick succession which does not show any structural

sign of being inverted. General stratigraphic clues suggest that the sequence is

right way up since the lower parts are'sparagmitic'in character (Eocambrian), while

the Furulund schist contains supposed Mid-Ordovician fossils. If this one locality

is inverted it could be that it is on the short limb of an early minor fold.

The structures within the strip of schist inside the amphibolites at 504 483

mentioned above on page 29 and illustrated in Figures 4.8 and 4.9 may be

sedimentary in origin.

4.4 Lithological differences within the Furulund schist.

The lithological differences within the Furulund schist do not suggest large-scale

lolding, apart from gentle regional warps. The only obvious marker bands are the

Iwo strips of rusty phyl lite; these are not folded. Other lithological changes

are more grad ual and cannot be marked on the map. It is possible, however,

todiscern a succession. This is best seen between Giken and Hankabakken.
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Succession within the upper part of the Furulund schist

Boseof amphibolites - tectonic breccias with quartzite bands at base.

Rusty phyllite ( Carlson's rustskiffer )

Non-porphyroblastic Furulund schist ( with occasional garnets and

hornblendes)

Zone ilzh in garnets - extends across area. A few hornblendes.

Cliff
Plain Furulund schist, only occasional porphyroblasts. Very


thin cakareous bands as in Fig. 5.2..

feature
Rusty phyllite - forms base of cliff feature

15Orn.

visible

Hornblende bearing schists.Concentration of hornblende varies

can be as rich as in specimen 701, (Fig.7.8 )Garnets only

occasionally present, none eastof grid easting 490, even

though whole area is within the garnet-hornblende isograd

of Henley. . Calcareous bands common.

Biotite schistosity-lineation fabrics - coeval minor folding

Emplacement and folding of quartz segregations

Growth of garnet and hornblende porphyroblasts

Ore emplacement at unknown time

Boudinage of amphibolitic bodies and of quartz veins

Several phases of post-schistosity rninor fold generation

Development of shear zones near Ny Sulitielma

Jointing over the whole area

Faulting north-east of Ny Sulitielma

4.5 Sumrnary of the structural and metarnorphic history of the Furulund schist.

The following structural and metamorphic events are recognised,

but the position i n the list does not indicate strictly the order of occurance:-
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FIG. 4.10 STRUCTURAL AND METAMORPHIC HISTORY - FURULUNDS
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The following section is a summary of the facts known about the

abeve events. An attempt is made to synthesise the observations in the table

cpposite ( Fig. 4.10 ).

Schistosity-lineation fabrics, defined by tho prefeired orientation of

biatites ( and inplaces muscovite and chlorite), are found with the schistosity

paraliel to the axial planes of tight or isoclinal folds. These folds are conside‘ed

to belong to one group, named FI, a different interpretation from that of Henley

(Pa8). The formation of schistosity was followed in Balmi Elv, south of Langvann

Ly a tightening of rnicas around those biotites which are particulaily obligue

to schistosity. This was a deforrnation in which the plane of maximum flattening

of the strain ellipsoid was parallel to schistosity, since the flattening is perfectly

symmetricaI, there being no rotation effects. A similarly orientated deformation


iakes place at some time north of Langvann, since boudinage occurs, again

usually without rotation. The boudinage caused folding by flowage of rock


Mio the boudin scars, some of this folding possibly being on guite a large scale.

Frevious to the boudincge quartz veins had been emplaced. These are

(olded or budined according to their original attitude relative to the stress

cxe5. Some cluartz veins may be earlier than the Fl folds, some are definitely

later.

Garnet and hornblende growth occured after a good schistosity had

become esteblished. Some aarnets grew without rototion, but most,(and all

ihe hornblendes ) grew during deformation. The character of this deformation

con be deduced(in part) from a study of the inclusions within the porphyroblasts,

as is aiscussed in Chapter 7. it is suggested that the garnets grew during a

geFormation in which there was a strong element of simple shear. Garnets

cad fornblendes giew at approximately the same time ,( except in the far west).

The hornbIendes, elongate parallel to their z crystallographic oxis have the

preferred orientation of a L-S tectonite fabric. The lineation of the hornblendes
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vdrollel to the lineation of the biotites. This latter lineation is the product

-; the early Fl strain, the strain during garnet growth and strain following

.Hrnet growth, and does not necessarily lie parallel to the longest axis of

strain eHipsoid for any one of these deformations. But since the biotite

incation ( the product of three deformations ) is paral lel to the hornblende

iitcation ( lhe product of the iwo latter deformations) it is possible that the

ccrly deformation lineation was parallel to the longest axis of the strain

•ellipsoid for the two latter deformations.

In Balmi Elv there is an example of the folding of calcite bodies

y.nich cross schistosity, the schistosity itself not being folded, the deformation

apparently having taken place by simple shear paral lel to the schistosity. This

deformation is tentatively correlated with the deformation during garnet growth

nsrth of Langvann and the event termed F2. Minor crinkling is associated with

the growth of garnets, and it is possible that other crinkling about the same

Cxes end also limited open folding which occured at this time all form part

cf the F2 event.

Post-schistosity minor folds in various parts of the region can be

classed within the general category of F3 folding, though it is unlikely


hat folds in different areas are exactly coeva I. In the east of the thesis

crea there are minor folds overturned to the east. The axes of these foHs

lic parallel to the axes of totation of aarnets in these rocks, and it is possible

that folding began during garnet growth, though most of the fold deforrnation

Is later than the garnet growth. In the west of the thesis area there is post-




schistasity minor folding on axes normal to the axes of garnet rotation. This

rolding affected all the rocks at Bursi on a minor scale, but the schist strips

A,B and C were thrown into major disharmonic folds, which must have

necessitated limited sliding in the underlying ore and amphibolite. During this

folding crenulation cleavage developed which in parts becomes penetrative.
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,Vestof Bursi there is a separate phase of post-schistosity folding which is later

1:'3rIgarnet growth, but is earlier than hornblende growth since hornblende

grow over the tightest microfolds. It is assumed that these post-fold

i8rnblendes did not grow at the same time as hornblendes further east. This


nirar folding has a different orientation of axes and axial planes from the

ralds immediately east, ar Bursi.

In addition to the post-schistosity minor folds introduced above

 ;,rre are very gentle open folds of schistosity. One such fold is the gentle

•ta-ayonn antiform, which is i1lustrared in thertorth-south section in Fig. 3.2.

Tireaxis of the fold has c NI\V-SE azimuth. Folding on a simi lar scale

lesponsible for the Baldaoive Synform, which according to Henley, (1968)

usa N-S axis. Henley terms these two folds F4, the Baldaoive synform


heigg F4a, the Langvann antiform F4b.

1n the Ny Sulitjelma area there are several shear zoncs in which

ihe rock is severely fractured. In places the rock is sufficiently fractured


as Ia be a breccia, though there is only little relative movement between

tragments. In the zones the schistosity is slightly folded, but most of the


deformation is by fracture, so it is assumed that the deformation is a late

plase•

Jointing is welldeveloped over the whole area, but has not been

s'udied in this investigation. Holmquist made many observations in 1895


which were written up by SlOgren in 1896 and discussed with further

observations by Vagt in 1927. According to Vogt's synthesis the joints are

falling into two groups which strike 0270 and 3000, with some

subsidiary ones striking 330°.

Mine company mcps of the mine workings at Ny Sulitjelma show

u fault which is the eastern termination of the Ny Sulinelma ore body. The
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fault is marked on Map 5 of the Ny Sulitielma area, and its effects on the ore

body shown on Fig.3.4 .The fault was not visible on the surface,although

conditions are not generally favourable for its detection since it lies at the

eastern end of the body of banded amphibolites and quartzites which lie

within the Furulund Schist at Ny Sulitielma , as described in Chapter 3.4.

Fig.3.4 shows that the azimuth of the fault is 140° and the throw varies


between 50m. in the south-east and 200m. in the north-west. The azimuth

is the same as that of faults further north which cut the Sulitielma Schist Sequence

ond the Sulitielma amphibolites and which are marked on Maps I and 4 .

TheseWaterfall zone faults have similar throws, though it is impossible to

determine the throw as accurately. Several of the faults appear to die

out in quite short distances, though the longest, along which the gorge

below the main waterfalls is cut, ext ends several kilometres, and can be

identified by a marked feature on the aerial photographs and by a fault

treccia zone some 2 to 3m. wide.

411

•
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CHAPTER 5

EARLY FOLDS OF THE FURULUND SCHIST

5.1 Introduction.

Early folds are here distinguished as those in which the regional

pcnotrative schistosity lies paral lel to the axial plane of the fold. No large


scaIo early folds can be detected within the Furulund schist,but the

S pniformity of lithology would make any repetition of succession difficult to see.

Minar early folds are seen H several parts of the thesis area. Their distribution,

dcnsity of occurrence and axial directions are shown in Map 2, and it is


cicor that their distribution is irregular; folds being relatively common in a band

cast of Giken and at Bursi, and rare eIsewhere. The style of the folds varies


considerably, but in general they are tight or isoclinal.

5,2 Rrevious descriptions.

Henley (1968) has described carly folds in the large area of Furulund

schist south of Langvann, dividing them into two groups, Fl and F2, which•forated during two deformation episodes DI and D2. The main regional

schistosity-lineation fabric he refers to as 52, having formed during the

02 deformation. This D2 event was the major deformation of the Sulitjelma


rocks fn Henley's interpretation, having destroyed all traces of the D1 fabric

(51) except for the occasional relics in garnet porphyroblasts. Henley's DI-D2

interpretation is here questioned. The Fl folds of Henley, (isoc Iinal or tight


mainly found in Balmi Dv, south of Langvann) have axial directions oblique

ro rhe penetrative mineral lineation, while F2 folds (also isoclinal) have

axial directions parallel to the mineral lineation. Henley gives the following

°trends for the two groups:- F1 axes - 240 to 250° ° °, F2 axes - 275 to 285.



FIG. 5.1 AXES OF EARLY FOLDS FURULUND SCHIST

o

0

oc •
go o

0°

A. Notth of Langvann

Axes E. of 460

Axes at Buisi

•

B. Balmi-Elv

Axes

Poles to axial- •
plane schistosity

Penetrative

minera I

lineation

•



38

plot of early fold axes measured by the writer in the Balmi Elv stream section

.r;dtho( Langvann, from where Henley has described most of his Fl folds. The

Hority of these fold axes plot between 2500 and 280o, falling neatly into the

,da between the directions of Henley's Fl cnd F2 fold aroups. A certain

t:dtter of axes is always inevitable, The directions of the axes of the early

1d,lt.tsof the Futulund schists do not indicate that the folds are of two generations.

Henley states that there is fabric evidence for an early phasc

(.1.deformation prior to the generation of the main biotite fabric. This evidence

1t,that fine-grained schistose fabrics are occasionally preserved as trails within

garnets. As discussed in Chapter 7 6, all garnets seen north of Langvann


yew after the establishment of a good schistosity, during a slight deformation.

Occesional garnets ( eg. in specirnen 401 from Ng Sulitjelma ) have much

1flerinclusions than do other gai nets, but in these cases the external fabric

s elso finer than usual, and continuity is preserved between the external

.:1istosity and the internal trails, All that Henley's garnets indicate is that

tz-,egarnets either grew in an unusually fine-grained motrix or grew earlier

other garnets.

1n addition to the above arguments there are other objections

: hypothesis of two phases of folding. 1f the second phase of folding


;fle-ated new folds of bedding then the early schistosity would have to be

on a large scale. The new schistosity developing would be a non-
.

t-evdtive crenulation cleavage. 1n the pelitic Furulund schist rnetamorphic

"etrtion would occur and the biotite and quartz would become banded.

-4-er deformation could make the schistosity penetrative, but the banding

'-e cuartz and biotite would remain. There is no trace of such in the Furulund

'151, 1f the first-formed schistosity remained planar existing folds could be

tWed and surfaces crossing schistosity could be folded, but no new folds of

could be generated. As described in Chapter 5.10 it is suggested that

-.;teddeformation of this type has occured.
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Theonly difference between the two groups is the geometrical one of their axial

oirections. Henley makes an assumption that if a fold is generated at the same

,irne as a schistosity-lineation fabric then the axis of that fold will be paral lel

'o the penetrative mineral lineation. Since half the folds he observes have axes

oblique to the mineral lineation, he suggests that there was an earlier

deformation in which the Fl folds were generated, their axes being paral lel

too lineati on LI now destroyed by recrystallisation. nrie initial assumption

mustbe questioned. The relation of a schistosity-lineation fabric to the finite

strain ellipsoid of the deforrnation which generated that fabric has been discussed

by Flinn (1965a). Flinn associates an L-tectonite with a prolate deformation


ellipsoid, the lineation being paral lel to the direction of maximum extension,

the schistosity parallel to the plane containing the minimum and intermediate

nrain axes. Thus Flinn states "Al I deformed conglomerates in metamorphic

rocks showing L-S tectonite type fabrics have the pebbles elongated paral lel

to the lineation. " (1965a, pg 41). The relationship of fold axes to the


deformation ellipsoid is ncn so simple. The work of Flinn (1962) has shown

that the attitude of a fold axis within its axial plane is governed solely by

rhe original attitude of the layer that is being folded and therefore fold axes


bear no special relation to the axes of the finite strain ellipsoid, except that

they lie within the plane containing the maximum and intermediate axes.

11 Since Henley's initial assumption is incorrect, part of his argument

in favour of two generations of early folds is invalid and the rest of the argument

rnust be re-assessed. On the basis of axial directions, Henley divides the early


folds into two groups with axial trends 240°to 250° and 275° to 285°. Fig. 5.Ia

is a plot of all the early fold axes measured by the writer north of Langvann.

Themajority of these fall between 310°anc030° . The variation in any smal I

caea north of the lake is comparable with the variation between 2400 and

285° range of 40°), Henley's entire range of azimuth readings. Fig. 5.1b is a



•



ro( norn jer in riote book (14.11).
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Henley's division of the early folds into two groups and his

ilescription of the regional schistosity as S2 is therefore held to be unjustified and

not followed in this account.

5.3 General description of the early folds.

Al I the early folds found north of Langvann are folds of bedding and

appear to be syn-schistosity. They are therefore termed Fl and the schistosity SI.

Mon of the folds described from Balmi Elv are assumed to be of the same

generation, since they bear the same relationship to the schistosity. There

however, some folds in Balmi Elv which are later than schistosity yet do

nor fold schistosity. Two examples were seen, one of an Fl fold bedding-schistosity
;ntersection lineation which is folded in the plane of schistosity and the other,

of calcite bodies which cross schistosity and are folded. These are termed

F2folds, and the deformation which caused them is tentatively correlated

with the deformation which occurred during garnet growth north of Langvann.

Fl folds east of gricl easting 460 are divided into four groups on the

basisof location and style. The style is evidently related to the lithology,

which explains the connection between style and location. The few early

Ioldsthat were found in the thorough examination of the Bursi area in the west

Nereof widely different styles though axial directions were similar.

Fig.5.1a is a plot of Fl fold axes, those from the east of the region

.eing open circles, those from Bursi being filled circles.

Sense of overturn could rarely be determined. It was impossible to

til which limb was the short limb due to the smell size of outcrops. Two folds

inthe east were overturned to the west and two in the west overturned to the east.•

The reason for the distribution of the folds is not clear. The range of

tensity of occurrence of folds shown in Map 2 is only slightly exaggerated;
examination of rnap I indicates that some areas were mapped more thoroughly than
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others. 1t is certain, however, that some areas are relatively deficient in early

folds. It is possible that the zone rich in minor folds represents the two hinge


areas of a "Z" type major fold, a fold with two very large "Iong" limbs, anci

a very small "short" limb. As stated in Chapter 4.4, there is no evidence from

the succession for a major early fold involving repetition, so it is assumed that

rhe zone does not represent the hinge zone of an"M" type rnajor fold (see E1Rot

1968 pg. 172 for definition of 'M' and 'Z' type folds.)

5.4 Isoclinal folds in the cliff north-east of Giken.

Above the track which rises from Giken towards Ny Sulitjelma

is a steep cliff caused by the resistance to erosion of a band of garnet-rich

schist which overlies soft rusty phyllitic schist, (see succession on page 31.)

At the base of the cliff immediately over lying the rusty phyl lite is a rock

with very thin bands of highly calcareous schist. Bands can be seen to terminate

in folds or be folded as a whole. Since the folds usually occur on rnassive faces

it was impossible to tell what attitude the axes had. The style of these folds is


shown in Figures 5.2 and 5.3.

5.5 Folds of calcareous bands east of Giken.

As noted in the sections on 1ithologies and stratigraphy, bands of

• highly calcareous schist up to Im. thick can occur in the Furulund schist.

Occasionally these can be seen to terrninate or bifurcate in isoclinal folds. In

the far east of the thesis area two examples were seen where the isoclinal folds

were themselves refolded by post-schistosity folds. These are illustrated in Figures

5.4, 5.5 and 5.6. Some of the folds of calcareous bands are not so tight, as is

illustrated in Fig. 5.7. Axes of these folds were usually readily determined by

measuring the intersection of bedding on schistosity.
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5.6 Rolds south of path linking Giken to Ny Sulitjelma.

South of the Giken-Ny Sulitjelma path are found a considerable

number of folds with a very distinctive style. As can be seen from figures

5.8, 5.9, 5.10 and 5.12, the folds are made up of two orders of folding,

a large first-order fold with small second-order folds superimposed. The

second order folds are tight ( definition of Fleuty,1964a) with angular hinges

and may be described as zig-zag or chevron folds. The second order median

surfaces ( definition of Ramsay,1967) from folds which vary in tightness of

c losure between tight and open, yet have a smoothlycurved shape . The•

intersection of bedding on schistosity gives a lineation which is readily

measured. Although folds with zig-zag second order folds are the most

common, they are associated with folds of a variety o f sty les as at locality

10.46. Here it is plain that the folds are all of the same generation and that

different lithologies have caused the development of different styles of folding.

Folds of the distinctive style described above occur alongside more normal folds

of calcareous bands as described in Chapter 6.5 above. Figs. 5.11a,b,c and d

illustrate the different sty les of folds that have developed at locality 10.46.

5.7 Early folds between Giken and the church.

These folds lie at a higher stratigraphic level within the schist than

thosedescribed in the section above, being in the highly garnetiferous zone near

the top of the succession. Large glacially smoothed outcrops show tight

folding. Thin sections of these rocks show clearly that the axial planes of these

folds are parallel to the schistosity, and that the porphyroblasts of garnet and

hornblende here have grown later than any of the folding. Fig. 5.13 illustrates

the oppearance of specinien 506 in thin section. Figures 5.14 and 5.15 show

the styles of the folds developed.
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FIG. 5.16 EARLY FOLDS AT BURSI
A. Attitude

0 0o

° b b° Letters refer to

oC localities on map
below

co

B. Distribution

49

41110

c 16

•

2

Fold axis
indicating
sense of

overturn

Axia1 plane

Locality with

fold - no data

Scale:- 1:10,000

48
44

48



E1G. 5.10 Styles of early folds in Furulund schist south of path

between Giken and Ny Sulifielma.
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5.8 Early folds at Bursi.

The small number of folds observed here vary considerably in style

but axes from three localities plotted separately in Fig. 5.I6A all have a

northerly trend. Figares 5.17, 5.18, 5.19 and 5.20 illustrate the variation

in style, and in scale. Two of the folds could be seen to be overturned to the

west. Fig. 5.18 illustrates a fold ( at locality 'b' on Fig. 5.I6B) which has a

line of quartz segregations paral lel to the axial plane, near the hinge. The

quartz vein was clearly emplaced and boudined after the fold.

5.9 Fl folcIs in Balmi Elv.

Early folds are very common and are well displayed in this stream

section. The majority are tight to isoclinal with a very well-marked bedding-

schistosity intersection. Fig. 5.21 illustrates this lineation, which can be

seen to be not perfectly straight. Typical appearonces of folds are as in

Fig. 5.22.

1n the south part of the stream section these isoclinal folds are

orientated with their axes trending north , ifor example, 012 trend, 04 plunge,

but further north early folds trend between 250 and 280, as is shown in Fig.5.1B.

5.10 F2 folds in Balmi Elv.

Figures 5.23 and 5.24 illustrate folding of calcite bodies which cross

the schistosity at a low angle. The schistosity itself has not been folded. Only

some of the lithological layers appear to have been affected. The style of the

folding seems 'similar'. It is suggested that these folds have been generated by

inhomogeneous simple shear, the shear plane being parallel to the schistosity. The

amount of shear clearly varies within the individual layers, and from layer to

loyer. At a nearby locality on a planar schistosily surface, an originally st raight

bedding-schistosity intersection lineation has been folded into a moderately tight

fold,a situation similar to that illustrated in Ramsay 1967, page 473, Fig. 8.11.
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FIG.6.1 SUMMARY OF POST-SCHISTOSITY FOLDING OF FURULUND SCHIST

Scale :1 : 40,000
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FIG. 6.25 Minor folds in the Furulund schist between the church and BUIsi.
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Furulund schist as seen in Fig. 6.19.

Fig. 6.21, opposite, is a plot of 20 fixes rneasured, divided into

.vhichore overturned to the north, the south and those not overturned

PC/ficular direction as far as could be seen.

6.4 Folds west of grid easting 431.

Alona the roaj between Glastunes ond GrOnli west of 431 there

occur o Imge nurrLer of post-schistosity minor folds with east-west axes.

According to Henley (1968) who designated them F3c, they occur os far west

HeIlatma, west o GrbnIi. Only the eostern margin of this fold

V/05 therefore visited.

rig. 6.22 is a plot of axes and poles to axial planes. The east-

axes and the south-west dipping axial planes have very different attitudes

+or:e of the folds at Bursi described helow in sections 6.5 to 6.9. Fig. 6.23

ra'es Hos at tids localit/ oll limbs appear to be about He same length

tHrefore dra fold appears to be hinging.

The relative age of these folds is determined from specimen 717,

in Fig. 6.24. Hornblende and muscovite overclrows the tightest of the

zr.,mples, but the ggrnet is earlier than the folding. The garnet has rotated during


.jrowth about an axis normal to the fold oxis, so there s no connection between

•-e events unless there hos been considerable chanae in the direction of the folding

tres during triaxial plogressive deformation. 1n Fig. 6.24, a photomicrogroph

section perpendicular to the folcl axes, the garnet in tHe top right shows

) section indicating thot the axis of garnet rotation lies in the plane of the

Henley states that these F3c folds are post-garnet and post-

olende.
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'ercr ;eahiic loett1, where +e metamorphic prado is ower. He describes in detail

royeldoramd as ;r1kr zanes with tiotth-v/est ad101 plenes and oyos

eMt nr rrni

Tko ntldi oro oydremitly style, scalo and attitudo is

ilbsidated in to 6.11. FoLk occur sinaly i in poups, aroups 1 o ng

tcle common iii tho soutb-easf Tho appoarance of stich tolds piled on top of

oneanother as in lig. 6.3 has led to the term "ttacl tolds" being appliod to

thom in the t iebl. Small areos with abrindont folds rati sopointed by telaliyely

Itamt antils in wrtich no closures can ke spe 1. Sonte of these preas


irteit on tikin 3.

cd-o kotinition os in rkady K.14a ) thottall tamo

ri involved, onti alormt

omotimos civina Ma. 6-5 hatt- mw the anqularity

1Crl dan chanao aman fold.Sem ti+ have yery t.mooth (hopes

tr me tter 11v ink 2onos - comnare Fiq. 6.6 witk kig. 6 . 7


Dapomliart on tdo litholoay, 0/1ti11 plano sfructercis con be doveloped ; in 'orno

t-Jre isttoml cdonulation clormage , in Firt. 6.12, of specimen 309 .

Itio (for onaram, fria. 6.13 i' cr plot of crxes ond poles to axicd planes

nnn n

it CCIrl Strirrr that 153 ayi" measured ate spr ead between iya and

with pitcim earvina from dd ta , tkounti pifch is usually between 10° ond

cny or ontcrop •ke VetiCel")flinfleHisCHelr, Le if .1 e total torino.

Lmoi nad r-nnr11 Crrriv rryfrrirrrInfh. change of directicin cycn the mita;


(Mcmins witk diffotont oxiol dicoction., cannot tio dotor ted. Two examples of

tbme folds doloimino syn-schistasity folds of calcaleous bands were seen, and

(fra illuitratod in liamer 5.4 ond .

1n orkor to determine tdo cot, of foldnia rolatiye to the growth of

porptirobloits, cart.dul search ot. rnale for catnets within the foldok orea,

tuf unly two earnefiturous tpecimtics wene found ( 300 and 313 ) botk in de

gdnet rich zone near the top of tint tuccossion. 1n bath rocks the gPrnets,
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30Q, horrillenctes) ato clearly older than tight microcrumpling of

httuit9 st!ï.. ilIustratud in the cdruttsd etch uf specimen 309,

1n ! huttut,,d, the pruplwrohlosts conteits 5 shaped

tutti tind the relsehse rohltion 11Ul tat ett phice hetween notriet

1 :11CV,H•. ' tatdtion 1ies neat

onst the ttess osection dme. I stereogrom

epposito ntet/IOUS pricte the totathott uxot. imr cminets in the t-wo


truituxt Ity the methid ontlined in Cltophd 7.10 und 7. 11 ) are plotteci

cht.te tlut clytt of tokk mectsdoet few contimett of the specimen.

ecults tholtoly suquest flutt cen tutt and bornblende prowth took ploce

tdst the eculy stuotts af this fahl hetorruntion, ollhourth (111 atternative

pl thot this futtld erompIe ot the ntuallelism of orientation

mtive Ht'it,11111-1r1C)111", VAidl is corunlon in 5ulitiHrud.

nnet! fohk i1omtir-ecistafciF eir.

foLk moinly occur in thu aliff which runs from Csiken towasds

!ttil•1111'1. 11:ny l'ave CITM1, plunging cwntly eatt n1 v,et , ond exial planes

c:ontal, tatiohle in aifirtnuth of stii e. Tho difection of overturn is


t1h,tfl tttu fr-)1111, Hit tHn (111' sucLoputt folds tht-n- it is usually difficult ta

o', - bstou the thott 1imh. rioutos 6.15 6.20 i1lustrate their

n r Irryr (11e rCrrt! rt.\:t'Ll)(1,1 PC.d to .Yi.iCri5 cirri ta the !0,.:

tout tte5 that are C71“111,1")11 in this CHt, C11)1 are ctefcribed in

en I ilt,,,,toest itt 1;pides 6.1.! end 6. lh . It is posible thot

tuno"ent taritt bth ot tt-dr iohfirltt Çrhibt Thtto; ese commonly

with trooll crhohles 'ecto neor CIty111-7 tuorepotions and boudins. In

flot a 'oIL at 1:7,1- 6.10 runclt tiohter folds are also seen, some

t.tthl Httudlly hintt s. It is pasfithe that there cot sevesal different generations


o toths lutre. Open tohtf situilar to thee atte occasionolly seen elswhere in the
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FIG. 6.13 Post—schistosity folds Tn the east of the thesis area, overturned to eae. -

( Furulund schist )
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FIG. 6.14 Post—schistosity folding and gårnet rdafion . ( Furulund schist ).

First instance — ( spec. 309 ).
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EIG. 6.12 Cornera lucida sketch ol specirnen 309 to illustrate

folding latet than potphyroblost cjrowrb, and crenulation cleavage.

cppioximate lopresentation

Hotite fahric.

individual glains of Hotitt:


toprosented- to

show the metamorphic

difterentionon.

r -

111

—

/ \

(

the

Figt

inc

and

the

hig

tod

alor

Iie

dui.

exp

of

6.:



43

CHAPTER 6

POST - SCHISTOSITY FOLDS OF THE FURULLIND SCHIST

fl

6.1 Introduction.

Folds described here are those which clearly fold the regional

schistosity. Minor folds of this type occur commonly and can be categorised

inb several groups of which only one is related to major folding. Minor fold

axes are plotted on Map 3. Fig. 6.1 summarises the minor folding by showing

where the main areas of folding occur and by indicating typical attitudes of fold

axes and axial planes. It can be seen that folds occur in two main areas, west

of grid easting 440 and east of 460. Between these areas folds are rare though

crink les are evenly distributed and in addition there are occasional gentle folds

with large wavelength and small amplitude: These are seen mostly near the

lake and west of 455. It may be noted that the central area contains many boudins

as described in Chapter 8.2, although boudinage and folding do overlap.

In addition to the major folds of the schist strips at Bursi, described

below, there are also open regional warps of schistosity., as was mentioned in

Chapter 4.5 . The thesis area lies on the north limb of the Langvann

antiform, the rocks dipping north or north-west.

6.2 Minor folds in the far east of the region.

These folds are characteristically overturned to the east. Their axes

plunge in a northerly direction and their axial planes dip to the north-west. Although

they are found everywhere within the region shaded on Fig. 6.1, and very

occasbnal Iy further west, they become much more common to the south-east,

as indicated on Map 3. Henley has described these folds over a wide area

south-east of the thesis area and he classes them as F3a. Nicholson (1967)

mentions that they continue some eight kilometres to the east, at the same



á
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t.Ainaj 'ohis Ired.goon Prtgi anb rde Church ( in the main In(iy ot schist).

TIfere nre Ins. «i Iro\v Isnlatefl excmalor, ot r-Mrn: n,t—c1);*),:ity bohi.

ro rrnin ons- of td.• narIonri ((dist hotwnerf the C!nrffIr Mip I) and eursi.

H.'.25 is ci plot et o.f.os nrti mbo to arfirr I l(1rI0 r toLL i,, ,Ills nren. Tboro

ronnly tow faIrls did tiree (2111)1unc10 nerdly tr) NINJE: ai S887. On

f!,In they cnn do biel(Hr info 'Irreo af inur didinetly ditImont araups.

tnIch, men at Bund, whase style is shnwn in tho ti etch Fin. 6.26. The

nyird surfsmes dip odnut 400 to tho west nnd the axos plunge gontly to the sonth.

dne avotterned fa tbe co<:•!.

Contle ta epon loTUs with shold oxird plancr ftructure rtrrirlaped occasionalIy.

ure ilIustra'od in F st. 6.27, oppasite.

MIds annercno! •do Isiioin boudin at Leti ( see Choptor 8.2, ond itiVip 6 ).

"."• 'nlds ..n"z (!nd) trorr rnonded enon Inbls ot the srIfird dronned inta tho LaiJtin

c0eso' toLls. Thoso cre iHushoted in Finamos ELJ (7:', I 6.213. The oxis af

L ccro rifdon frionmor tdarn if trocIdz'rnIdir tedren araunl

f---Gnce t(--) L,,ri mine, tho rrIna.nm tHriieprcHuee os 6. ?n.

Lese oentlo floxurof tdo Furolund scIdst o' Lnt c lovel west from

Cdurrlf. Such Inlds were not st“,r) east of the Charch. Tho folds have

nrlatively small hinao zanes, mrtm 10m, across, seporoted by shaight limhs

dinfr. 50m. to 100m. lang. On Fig. 6.28 the constructed orfor; of same of thess!

+own, thase ornand E),(11:1 ) ond tHse from fulth(1 co%t cs o. lite

• • P.<frrnpIe at thoro dfdd, , C(I`j. at fl, mUnn EDc, (Mnp I), is shown in

N. 6.21 irr1 plfd nt oll schistnri•y merhurrorronts mado betwoon tho

.cr- onfl GInstunor . The nnlos HIT on rf8.nt cImchr inlicnting that folcring wns

an nxis trendina 025a, plurfainp 16a, o Hirec tinn similor to that o' the mcci

:Hing at the BUrt Ule sintr.uni tnaisoe oi isolottrd dinge zones could


:'q,oiainer]iF fin ralds were onneroted by tbwago of tho rach Inta the beudin

Tho excmpii el the Bursi daudin, and the common accwience of smal1

tsdrinr. give weigLt ta the argnment.
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FIG. 6.30 SchistosRy attitudes at the Bursi mine entrance.

This illustrates the deflection of schistosity into

N the scar of the large boudin at Bursi.

Pole to schistosity •

Mineral lineation

. .*

•

FIG. 6.31 Schistosity attilldes in the Furulund schists ( main part ) between

Glastunes and the church.

This illustrates the effects of the

occasional gentle folds such

as seen in Fig. 6.29.

Pole to schistosity


Mineral lineation

/ I w•sinl nren arniectinns)
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6.6 Major folds at Bursi.

As is described in Chapter 3.4 there are at Buisi three strips of schist

Hina within the Tectonic breccias associated with the amphibolites of Sulinelma.

Uese strips are strongly folded on both maior and mincr scales. Strip B is

tolded into a large antiform, the north-west limb of whi ch is recumbently folded

Hck to the south-east. This is shown in Fig. 6.32, a sketch section ccross

tHe Bursi area, the panorama Fig. 6.33 , Fig. 1.3 and tHe map, Map 6 .

Since neither the Furulund schist below, nor the Sulitjelma Schist Sequence

above show anything like suc h folding it is described as disharmonic. The


body of copper ore which lies Leneath the strip of schist rnay have acted as an

incompetent horizon, allowing the small scale sliding which would be necessary

te ollow the disharmonic folding.

The axis of the major disharmonic folding may be cietermined directly from

tHe poles to schistosity in the folded zone. Fig.6.34 is such a plot with

"-e crosses beina measurements taken near the binge of the fold. The pattern


opproximates to a areat circle indicating folding around an axis trending 035 ,

plunding 0°, though it would also fit a small circle distribution around a point

with much the same trend but a plunge of 10-200. This might indicate that the

schistosity was not pkinar before the phase of folding benan, Since the original

oHtude of the schist strip is not known, this is a

It is convenient Here to mention the folding of the Lapphelleren schist

cc the Furulund aranite above these rocks at Bursi. of Bursi the granite


nes nkinned to a si H some I0-20m. thick and it is bere gently folded into a

frionocline overturned to the west. This is clearly shown on Map I and on Map 6.

Tite schistosity of the granite and Lapphelleren schists has been plotted as poles

on Fia. 6.35 and indcates folding around an axis tre2ding 034o and plunging

20°, though there is a fair scatter. This axis is similar to that derived in Fig. 6,30

for the folding of the schist below the zone of ciisharrnonic folds. This suggests



FIG. 6.32 Sketch section at Bursi to illustrate the disharrnonic folding und the structural 5itualion of
the strips of Furuluncl schist within the tectonic breccias.

Horizontal and vertical scale - 1:5,000. Section is normal to the post-schistosity fold axes.
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FIG. 6.34 Schistosity attitudes : Furulund schist strip B, Bursi.
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FIG. 6.35 Schistosity attitudes : Lapphelleren schist and Furulund granite

above Bursi.
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tent fe'

orkentarkm n: strain 0/6<; does nnt differ norLediv on each side of the zone

t• Ihrn mort i c fokiing.

Minor folds of sedist grip FL

Most nrhe folds seen in flds strip have oxs frendinn klInkE-SSW and a

oyerfurn matchica the recumbent fold, that i, nyetturned to the soutb-

ccdr nn the lower Brdb of3re rolk and to the c05t11-n5j0t cy the upper Bmb. This

inrlicated on Mnp 6, rrrnd on the section F1g 6,32. As canL1 seen, the• srper linkt has no areat exten I . Most of the folds, ore seen on the hinge of the

ecrrmbent 6.36 is ci plot of cri‘f, troni neor tbn kingu, distinguishing

dryner A,tHnn 4 I rrr' the upper

0. The tectnnic br cia torrns the Cr)re of

rnJ fkr, 10ysess tock in it noperrts to I d cmconglommate,

rocr deformed, wHI: the fronments fIattenrslporallel to ihe rd4o1 pInne

,:r fhe kt1(1, and the direction of rrinximum elonantion opparently lying near tire

syssis. 5,rne or the lInftertincr cnn seen in Li q. Q.10 .

AltIrcninh nof rinyv folds are seen a•ny trorn thn hincp, zont,, thein

csH eynmole enst or the enstem linff.)of nrfifomm, illurfreted in Fig. 6.37.

Figgres 6.37 to 6.40 iik,:trate the styles of the folks in strip B. Most of

fhe tells sinn 'parolleP type 10135, belonning prokably to class 1b of [amsay(1967),

beinakucties cl compelenl cwort,s-kotnblende layers 2-4cm. thick. Specimen

634 ir dlown in i g-]. 6.41, cat normal to the fold cryds. An ntternot was mnde ta

Deamn rry nr thd-rnl . I in detnil, it wns impnyibie 'd define thu

hIsn z/ith su'ticHn c:ccusnc spccisnen rt`.».s, tol!ten

prrs:Ihs10 the foLi (1/IS. li.6.43 1s treced frorn tinh tptscir,unl, and thows the


rektion of the crenulation clnoyage WiricI bas developed iii Ire peli tic layers

Wr' folding of the rcicrtiyely competent quartcr-calcire loyer. The position of

rfiii sections from tke roct are olso maf ked. Section 599C is illustrated in

rig. 2.70 , and U coarse recond clenvane can be seen clearly. Fin. 6.44
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7T.msihe dip isogons which are weakly convergent towards the inner arc of the

Fig. 6.45 is a graph based on measurements of the folded layer, 't' being

fl Gr.Hgonal thickness and 'T being the thickness parallel to the axial surf ace,

Hlcing the method of Ramsay (1967). The plot on this graph shows that the fold

nHsimo Class lc of Ramsay(1967) and it is suagested that the folcl was generated

bbckling and has since been modified by further strain,

The age of the foldina can be determined from specirnens 599, 634, 633


rid 632. The folding is clearly later than garnet growth. From specimen 599


sections were cut normal to the fold axis. Sections through garnets showed

'Re patteri characteristic of those sections which contain the garnet rotation axis,

	

cl‘ sections are seen in Fig. 7.20, a photomicrograph of section 599C. Since

oxis of garnet rotation is' therefore normal to the fold axis, and the axial plane

Ye,ulation cleavage ( seen in Flg 7.20 ) is cornpressed around the garnets, the

laHlIng and the garnet growth are taken to be ouite separate events.

In specimen 632 there are many small garnets whose'syn-kinematic'

I-clusion trails indicate rotation around an axis paraHel to that of the folding of

' e -ock. The rock, illustrated in Fig.7.18 , has a coarse penetrative second cleavage

to the axial plane of the fold. The position of specimen 632, on the hinge

o'o fold can he seen in Fig. 6.40, The specimen, numbered and replaced in its

criglnal position lies about 20cm. below the head of the hammer.

Specimen 634 is rich in apatite crystals, whose longest dimensions, parallel

'c Re crystallographic faxis lie paral lel to the axis of folding. lnclusion trails

tltese grains cre S shaped in sections cut normal to the folding axis, and straight

sections parallel to the folding axis. The apatites were therefore rotating about

hkesame axis as the rock folding. It is therefore assumed that they grew during

die folding.

Specimen 634 is also rich in hornblende. The groins contain planar

Inclusion trails ( in three dimensions ), and the schistosity is deformed around the

9mins, so it is assumed that the folding is later than the hornblende growth.
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The folding is therefore contemporary with cpatite growth, later

hornblende and in most places later than garnet growth.

1n addition to the ahove folds, which fit the recumbent fold, there are

5:3 isolated folds which do not. These occur to the south-east of fine fold, heyond

antiform, and involve the overlying fragmental rock. They sne overturned to

!he north and have axes with east-west azimuths. They are illustrated in


rigures 6.46 and 9.27

Near the crest of the antiform there is a smaH isolated fold overturned

te south with an axis trending 247, plunging 90. Specimen 626 shows thot

*Le fold appears to be of a crenulation cleavage, the cleavage possibly

:arrelating with the crenulation cleavage seen in the post-schistosity folcls of

strip, and illustrated in Fig. 7.20.

6.8 Minor folds in schist strip

As mentioned in Chapter 3.4 the stratigraphic position of this strip

is ohscure. It lies below strip 8, separated from the latter by about Im, of ore

is Helf strongly folded. Fig. 6.47 is a section across the strip looking


fl3rHwards as seen from near the path which runs along the base of the outcrop.

This evidence is used in the section Fig. 6.32 across Bursi. Fig. 6,48 is a


thetcin of the situation at the south-eastern end of the outcrop , at the smal1

Hit where the overlying ore was mHed. The tippings from this adit have obscured

to the south. The schist does not appear to be perfectly conformable

'he overlying ore. Fig. 6.49 is a stei eoaram offold axes and poles to axial


oHnes. An axis adjacent to the adit in the south-east is folded, and the various

of this axis cre marked. The attitude of the fold axes is similar to that


o' axes in the strip 8, and Fig. 6.50 is a plot of all axes measured in strips

A and B, ( apart from the anomalous folds mentioned at the end of section 6,7 ).

There is a good concordance between the axes of all these folds and the axes of

 he folds in the main part of the Furulund schist at Bursi, and the axes of the folds

h end

)ok .



FIG. 6.47 Folding of
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FIG. 6.44 Tracing of specimen 599 witli dip isogons.
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FIG. 6.43 Tracing frorn specimen 599 ( xl taken from a post—schistosity

fal4 in Strip B, Bursi. ( Furulund sabist ).
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in the Sulitjelma Schist Sequence above.

The age of the folds in strip A appears to be the same as those in strip

later than garnet growth. Garnets from strip A have planar inclusion trails,

Hrontnist to the S shaped tralIs in the garnets of strip B, an indication that the

strip did not share the same deformation during garnet growth.

Minor folck in strip C.

This strip of coarse-grained schist Iies completely within the

criphibalite breccia and is strongly folded on a minor scale. The strip is 2-3m.

eYcept in the north-west where folding bris caused repetition. The folds

Jorth-west are spectacular, with large amolitude and small wavelength, as

in Fiaures 6,51 and 6.52. The style is similar to those at the far

	

et of strip B, illustrated in Fig. 6.40 Some of the post-schistosity folds

Hmelves refolded, as can be seen in the above figures and in Figures 6.53

6.54. Axes of the earlier folds are east-west, with near-horizontal

	

axial surfaces beina near-horizontal. Measurements from this outcrop are


nIc'ted on Fig. 6.55, those from the outlier of schist to the south-east see Map 6)

plotted on Fig. 6.56. The folds from this outlier of schist are illustrated in

y in

5.574geklc..57 and 6.58. Fig. 6.58 shows that after formation the folds have been

by boudinage.• ealdLng of post-schistosity folds.

	

Two examples were seen in place. In one case it was possible to

'auseihe attitude of the earlier fold axis Cls it was folded around the later-

0 -e<e measurements are plotted on Fig. 6.59 after rotation so that the second fold

axis lies on the Primative. There is a wide spread of points, but it appears that

0
tkey lic closer to a great circle than to a small circle. Thus would indicate

'Dlding of the 'similar ' type.

)
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•

rip C.

le of the folds in strip C.

Tke larae isoclinal folds as shown in Fig. 6.51 are very similar V those

vrenin tke far north-east of strip B, shown in Fig. 6,40, while those in the

( Elg. 6.57 ) are more comparable with rhe majority of folds of strip B

6.39 being buckles of thin relatively competent bands.

Strip C and the folds therein raise the following problems:-

A. The oriainal attitude of the strip relative to the attitude of the main part of

d'e Furulund schist is unknown.

E. Mast of the folck have axes normal to the axes in the surrounding rocks ; compare

F gures 6.55 and 6.56 from strip C with Fig, 6.50 from strip B.

C. The post-schistosity folds of strip C have been refolded or boudined, while

scR features are not ceen ekewhere.

The relationship between strips C and B is unknown,

These problems are related to the further problem of the generation of

cisharmonic folds of strip B at Bursi , and the box folds at the same


stratigraphic level at Furuhaugen ( south of Langvann) as described by Henley

(1968) and Nicholson and Rutland ( in press). The intensity of the disharmonic

'olds and their restriction to the Bursi and Furukaugen areas indicates a very

strain pattern in a narrow zone. The cPstribution ord intensity of the

Hnor 'olds and the pattern of the major folding suggests that the fobis might be

s:Tehaw connected with thrust movements of the Sulitielma Schist Seauence

rzoks towards the east, the strain accompanying this movement not being

restricted to one level, but extending downwards into the amphibolite breccia

ozJ the Furulund schist. It is nossible that during such folding part of strip B


ecaze detacked alang a minor slide ( Fleuty I964b ) and was corried a smal I

ais'ance to the east to form strip C. During the movement the orientation of the


c:etacked strip would become altered and further folding would be gen erated. The

.Jczessive stages in the development of this structure are shown in Fig. 6.60.
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An alternative explanction of the sitriation is that the two strips B and

C have always been separate, being at different levels in the amphibolite breccia.

strip B was approximately paral lel to the schistosity above and below the

hreccia andso was folded along the same axes, strip C lay at an angle to the

scirisl-osity outside and conseouently was foldecl about different axes. This

explanation, while not necessitating the ( perhaps ) extravaaant association

between the disharmonic folding and the minor thrust movements, does not explain

the refolding or the boudinage of strip C.

n.10 Crinkles.

Smoll crinkles, of wavelength 3-4mm., and amplitude I-2mm., are

(ound in most parts of the thesis area and are distinguised on Map 3, their axes

melng marked r"." They die out within short distances along the axes. Crinkles

generally occur in two types of position; adjacent to boudinaged quartz

hemegations, and as tails on each side of carnets, They are also associated with


rio onen folds north-east of Giken described in Chapter 6„3.

Crinkles developed on each side of rotated garnets during garnet

mowth should lie with the crinkle axis paral lel to the garnet rotation axis.

was so for several of the specimens collected, but over the region the two

•

,h,coso axis show different attitudes. Fig. 6.61 shows that most of the garnet

ru'rnion axes trend between west ancl north, while Fig. 6,62 shows that

nst of the crinkle axes plot with trends WSW. Fig. 6.62 does not distinuish

l-etween the types of crinkle discussed above, since thk information was only

collected towards the end of the field-work. At one locality crinkles adjacent

--mmz segreaations were found within a metre of crink les formed as talls to

sm-lrinematic garnets, and in this case the two axes were aimast parallel,


5uplesting that lack of differeetiation between the different typeselsewhere may

no be irnportant.



FIG. 6.61 The axes of rotation of garnets in the Furulund schist.
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The association of crinkles with boudins and quartz segregations may be

explained in the following manner. In Chapter 8. it is suggested that quartz

segregations have originated through the boudinage of quartz veins. During

il-is boudinage the schistosity would be dragged into the gap between the boudins.

A slight compression following the boudinage would strain all the rocks, causing

iolds or crinkles to develop where the original attitude of the schistosity had been

disturbed, but not folding the schistosity elsewhere, except where there were

such inhomogenbities as garnets. The axis of such crinkling, being dependant

on the attitude of schistosity in the scar fold, would be dependent on the original

s4s of boudinage. It was only possible to deterrnine the axis of boudinage in


rine cases and these are plotted on Fig. 6.63. They al I Re close to each other,

If the axial plane of the crinkling was known, and an

cssumption was mcde that the crinkling was a buckling phenomenon, or was

cenerated by shear, it would be possible to predict the cxes of crinkling. It


cen be postulated that if the axial plane were oblique to the boudin axis then the

csinkle axes would be dispersed. Since Fig. 6.63 shows that the crinkle axes


cre sub-parallel to the boudin axes, it can be assumed that a special case

kos arisen, in that the axial plane of the crinkles contains the axis of boudinage.

Ti‘e orientations of the strain ellipsoid axes for both deformations would seem

o be parallel.

The open folds north-east of Giken are freauently composed of a mass

csinkles, as in Fig. 6.18 . Either the crinkles are of the same age, or they are

Ic'er , the later deformation having a special orientation relative to the earlier

6.11 Kink zones.

The folds described in section 6.2 are occasionally developed as

1dnkzones, but this section describes other kink zones found in the thesis area.

Trese are extremely sporadic. On Map 3 they are marked 'k'. In Fig. 6.64
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FIG. 6.63 Boudinage in the Furulund schist - a plot of boudin 'axes'.

o

FIG. 6.64 Axes of kink folds in rhe Furulund schist.
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e axes and the poles to the axial planes are plotted, indicating the variation

cad she sparseness of the sample. The sense of overturn in four examples was to

'te N , N, NE, and E.

Specirren 418 of a kink was collected from the path between Giken

ctd Ny Sulitjelma and shows that the kinking was later than the growth of

muscovite porphyroblasts.

6.12 Comparisons.

The relationship between all these fold groups is not simple to


aetermine. The crinkles which are seen adjacent to the garnets are of the same

cce os garnet arowth generally and therefore are the oldest post-schistosity folds.

It is probable that the other crinkles are of the same age. The gentle folds north-




east of Giken are probably of the same age, having a possible relationship to

t1ie baudinage.

The folds in the far east, overturnecl to the east are later than the crink les,

since they are mostly later than garnet growth,,It is probable that they started

tarming at the same time as the garnets commenced growth, but continued to

tighten after the garnet had stopped growing„ This is based on the evidence

in Chapter 6.2, that the axes of folding and of garnet rotation were similar

in attitude and the sense of rotation was the same in each case. This could,

itowever, be an example of the special orientation relationship that its common

in Sulitdelma.

The folds in the far west ( west of grid easting 431 ) are later than

parnet growth, but earlier than hornblende growth. The evidence for the latter

statement is in the one specirren 717, of which several sections have been cut,

cad is illustrated in Ei9. 6.24.Henley(1968), however, regarded the folds as

past-hornblende. It may be that specimen 717 is not typical of hornblende

growth in these rocks. 1n of the difference in orientation of the folds
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easf and west of easting 431 it would be convenient for the two groups of folds

o be of different ages. The Bursi folds are clearly later than garnet and


kanblende growth and therefore are taken to be lata than those west of 431.

The youngest folds are the post-muscovite kinks_

Tte sequence of events is therefore as follows:-

E'ent Tim

azfnet growth

Etfnblende W of 431

kornblende E of 431

nuscovite

cpctite ( Bursi)

crinkles

open folcis NE of Giken

folds of 431

oids in the far east

Efursifolds (E of 431)

kHks.
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CHAPTER 7

M1NERAL GROWTH AND ORIENTATION IN THE FURULUND SCHIST

:.1 Biotite.

The main fabric of the schists is the result of the preferred orientation

of she biotite grains. Schistosity and lineation have generally been regarded as

scparate structures and although the strain significance of schistosity has long

rseenunderstood, there has been considerable controversy concerning lineation.


ninn (196±1) points out that schistosity and mineral lineation refer to one

structure which he relates to the finite strain ellipsold. There is a range from


perfect schistosity fabrics , 'S' tectonites, through 'L-S' tectonites to perfect

lineation fabrics, 'L' tectonites. On the evidence of deformed conglomerates


siinn associates L tectonites with prolate deformation ellipsoids and S tectonites

of oblate deformation ellipsoids. Variations of fcbric within the L-S range are

ex'semely common and can be related to voriations in the type of flow during

ceformation. In particular Flinn ( page 39) associates L tectonites with the

special fabrics developed during thrust movements.

Mason ( 1967 ) suggests that the strong lineation in the rocks

inmediately south of the Sulitjelma gabbro was generated by thrust movements.

s1Ois discussed in the chapter on the mineral fcbrics of the Sulitjelma Schist

Secuence:on page151, emphatic L tectonites are not restricted to the rocks

on the south of the gabbro complex, but cppear irnmediately adjacent to the

oabbro on its western margin as wel I, the lineation becorning less conspicuous

cs.,,cyfrom the complex. These tectonites are intelpreted in this thesis as the


result of unusually high strain in the vicinity of the relatively undeformed gabbro.

Moson( pers. comm.) now agrees with this interpretation.

Variations within the L-S range in rocks away from the gabbro are

considerable,but the large scale variation across the area appear to be no greater
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than the variation within any one srnall area. No quantitative work has yet

been done, but the uniformity of lithology within the Furulund schist would

roeour a systematic statistical study of the variation in fabrics using a

computer to determine the position of any one fabric within the L-S tectonite

icmge. Otber factors such as grain size, and composition could be taken

into account ( Voll, 1960 pg, 506).

Fig. 7.1 contains plots of poles to biotite cleavages in the Furulund

schist of the Ny Sulitlelma area, and illustrates the L-S tectonite fabric.

Biotites in the Balmi Elv stream section, south of Langvann,were much

mare variable in attitude than those north of Langvann. As in Fig. 7.2 , in

tbin section grains can be seen lying perpendicular to the schistosity, and at all

aneles in between. Other biotites are compressed around the markedly

discordant ones. The strain causing this appears to have been irrotational, pure

no simple shear, and orientated with the axis of maximum strain normal to the

schistosity. All the biotites appear to be of the same generation, since there is no

apporent difference in size between those biotites parallel totheschistosity and

Mose normal. Fig. 7.3 is o plot of 100 poles to biotite cleavage in specimen

737 and in specimen 708 from Balmi Elv. Compaiison with Figure 7.1 shows

bot the girdle is better developed, and the poles generally are more dispersed

thon they are for the Furulund schist north of Langvann.

Biotite porp hyroblasts occur in one rock at Ny Sulitlelma ( specimen

is an unusually fine-grained rock found in the narrow strip of schist

between the mass of banded amphibolite at Ny Sulitielma and the main mass

o amphibolite. The biotites have fine inclusions of quartz arranged in random

or planar patterns ( Fig. 7.4 ). The schistosity is strongly deflected around the


parphyroblasts, and the biotites are strained, having deformed by kinking as in

Fig. 7.4. Thrs particular rock has suffered late shearing, see Chapter 3.4

on page 21 .



3. 7.2 Biotite fabric, Furulund schist, Balmi Elv. Camera lucida sketches.

. 707, cut parallel to lineation. Specimen 707, cut normal to lineation.
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FIG. 7.5 Muscovite fabric in specimen 707, Balmi Elv. ( Furulund schist ).

100 poles to muscovite cleavage

Lambert equal area projection.

FIG. 7.6 Camera lucida sketches of specimen 324 to show details of clinozoisites.

Fig. 7.6a Orientation of c linozoisite. Fig. 7.6b Fine-grained inclusions.
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linozoisit

111
husions.

Thin sections cut parallel to the schistosity show elongation of

biotite grains paral lel to the axis of the cleavage pole girclles. This suggests


•hat the fabric developed during and not after the growth of biotites. There

is further discussion of this in section 7.17.

7.2 Muscovite.

1n some sections muscovite is seen as small flakes lying paral lel to

the schistosity of the biotites. The Balmi Ely rocks are especially rich in

khistose' muscovite. Fig. 7.5 is a plot of poles to muscovite cleavage in

specimens 707 and 708 from Balmi Elv, and can be compared with Fig. 7.3

of the biotites in the same rocks. The muscovites clearly have an L—S

tectonite fabric, but the girdle is not so well developed as with the biotites

Randomly orientated porphyroblasts of rnuscovite occur commonly

Hroughout the Furulund Schist. With the exception of the development of

kink folds as seen in specimen 418, the growth of muscovite is the last

event that can be traced in the fabiics of the Furulund schist. The muscovites

CJFacross all other folds, and are not themselves folded or ather wise deformed.

Schistosity is not deflected around thern. In the case of specimen 418, a late

kirk fold has sIightly deformod a rnuscovite porphyroblast,

73 Chlorite.

Chlorite is found in most specimens of Furulund schist. It occurs both

in preferred orientation, parallel to the schistosity of the rocks and as random

porphyroblasts. There are several examples of chlorite replacing blotite, but


none seen of chlorite replacing muscovite. One specimen has a biotite crystal

across which has grown a late muscovite, the rest of the biotite being partly

reploced by chlorite.

The random porphyroblasts of chlorite areoccasionally very slightly



FIG. 7.7 Hornblende fabrics in the Furulund schist.
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sfrained. They are either slightly earlier than the random muscovites (in which

area Cesethey could not Have grown by replacing them), ar else they are more

sensitive to slight stresses than are the muscovites..

7.4 Clinozoisite.

Clinozoisite occurs commonly as needles elongate parallel to the y

orysfallographic axis. They are invariably orlentated parallel to the biotite

lineation as in Fig. 7.6a. Occasionally the grains contain smal I inclusions of


aucrtz, which as in Fig. 7,6b are generally orientated at an angle to the

schistosity, and suggest that the clinozoisite grew at an early stage in the

development of the biotite fabric. Clinozoisite is sometimes found as inclusions


within garnets, and this also indicates a fairly early age for clinozoisite growth.

neasurements have been made of clinozoisite orientation.

7.5 Hornblende.

Hornblende laths, up to 1mm. by Imm. by lOmm., are common in many

Parts of the Futulund schist. Their elongation is parallel to the z crystallographic

cxis. They lie with their lengths within the schistosity plane and are to a

 arying degree orientated parallel to one another. The degree of parallelisrn

vcries considerably within cuite smal I distances, for examole, across the thickness

of a hand specimen. Fig. 7.7 shows some typical hornblende fabrics, the

diagrams being tiaced from photographs. Fig 7.8 of specimen 701 illustrates

the tendancy of the hornblencie to glow in sheaves. No pettofabric measurements

have been made of hornblende orientation.

Fig. 7.9 is a photomicrograph showing the appealance of the hornblendes

in thin section. They contain large quartz inclusions which indicate that the

fock had a good schistosity fabric before the hornblendes grew. Sections cut normal


to the z crystallographic axis show 5 shoped trails, while sections cut parallel
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to the z axis usually show straight or slightly curving trails. This indicates

that the hornblendes have rotated slightly during growth and that the rotation

axis lies near to the z crystallographic axis. In specimens containing both


garnet and hornblende, such as specimen 6I9a (Fig. 7.9) the 8 shaped

trails in both minmals are comparable and indicate that both minerals grew

ot about the same time.

In later sections of this chapter the rotation of garnet porphytoblasts

during growth is dl scussed in detail. Many of the points raised are applicable

to the study syn-kinematic hornblendes, but there is an additional factor,

the shcpe of the porphyroblast. Since the shape of gornets approximates to a


sokere, it has no effect on the orientation of the rotaition axis, which is

geoendent upon the type of strain, the attitude of the strain.axes and the

ct-itude of the schistosity. In considering lath-shaped hornblendes it must be


realised thar the shape has a strong effect on the orientation of the hornblende

du-ing deformation as has been discussed in recent studies by Bhattacharyya (1966)

agd by Gay (1966 and 1968). There is clearly a need to study the inclusion


trails of syn-kinematic bornblendes in detail, but it was not possible in this

present investigation.

One immediate result of a close study of the inclusion trails in

Fornblendes would be an indication of the means by which the hornblendes

cchieved their preferred orientation. In general two hypotheses have been

advanced to account for the preferred orientation of minerals. One is that the


rninerals grew in a random orientation and were brought into preferred orientation

by deformation, (see Flinn 1962, pg. 423, for a recent discussion) and the

other is that minerals growing in a stress field grow with an initial preferred

orientation of their lattices, (see recent discussion by Flinn, 1965). The


S-shaped in the hornblendes in the Furulund schist indicate that the crystals

were being orientated during growth.

The L-S tectonite fabric of the:hornblendes is a product of the strain
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since bornblende growth commenced. 1t is evident that the strain was

irshornogeneous since the intensity of the lineation varies over the area.

1n the far west ( west of grid easting 431, Map I ) there is some

Hrahlende which must be of a different generation flom that found in most

oi thesis area. Postschistosity folds are here overgrown by hornblende


grains, as is shown in Fig. 6 .24 of specimen 717, yet es the photograph

shows, the folds are clearly later than the growth of garnet. As stated

chss:e, in the thesis area garnet ond hornblende are generally approximately

coeH1.

Aoatite.

Specimen 634 from Bursi contains ahundant parallel-orientated

prisms of apatite in grains some 3mm. by .1mm. by "mm., elongated parallel

is the z crystallographic axis. The cliamond-shaped . basal sections show

SsHped inclusion trai Is, Sections cut paraI le1 to the 1ength of the prisms


rz,./ straight inclusion trails, indicating that there has been rotation during

. The direction of the axis of rotation, paral lel to the z crystallogrophic


zds , is also parallel to the axis of the post-schistosity fold from the c losure

ef wHzli specimen 634 was tahen. The folcling of schist strip B at Burs1


is ,heRfore taken to be synchronous with apatite growth.

7.7 Garnet - introduction.

Certain parts of the thesis area are very rich in garnets, notably

o zone crossing the area near the top of the succession, as described in

CHzoter 4.4, page31 . The growth of garnets bas been investigated in detai I.


73specimms of garnet bearing schist were collected and from these some 165

ddr, sections cut.

Garnets in the Furulund schist in the thesis area are usually zoned,



á
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large inner zone with plentiful inclusions and a small outer zone

very few. In some garnets this outer zone k absent. Inclusions in the

zone ere tabular in shooe, usually of quartz with the occasional grain of

IH,zokite, though in calcite-rich schists calcite is represented. The shape

HcHsions indicaes tHt the gamet arew arter the development

schistosity in the rock. Fig. 7.10 indicates the criteria used to determine

il'ese facts. The geometry of the Inclusion trails indicates that in some of

!!'e rocks the garnets grew during ci deformation of the matrix which caused

'o'Hon ej the garnet relative to host rock, in some rocks the garnets grew

flr static conditions, though the arowth was followed by comoression,

: 2.ne cose the aarnets grew during a non-rotationa1 deformation.

ree's from Balmi Elv, south of Lanavann have heen studied from specimen

contain small inclusions whose trails indicate slight deformatian

otowd,. Schistosity hos been compressed arourd these garnets, as it

the cornets north of Lengvenn.

1»enlev, (Harte and Henley 1%6,) has studied the zcning in

o parnets of the Furulund schist, mainly from samples collected south of

:rin, and has used an electron probe microanalyser to demonstrate

tHere is comoositional zoning in those parts of the garnets where there

-411
e gornets examined showed a aradua1 ecrease of Mn0 and a gradual

/

z:ring visible throuab chances in the charocter of inclusion Most

• d




rote ef re0 flom the core to the margin of the aarnets. The gradual


.2-Tes occur in parts of garnets which show the same inclusion trail

vncedstics while stiarp brecks in composition accompany discontinuities

e cHaracter of inclusion trails.

is in ti

>rmal Fu

tabular.

shape

the gar

iough I:

e is

3arly

- .8 Cuter zones of aarnets.

Inclusions in the outer zones are usuallyvery small, in section highly

e;;,)jate. The patterns of trails within the outer zone, though freguently rather



FIG. 7.10 Garnet giov:711 in thu Hiulund schist- s:utch of tyoical garnet,

to show features of the inclusion fabr ic. Specimen 509.
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than the last comp r ession of the biotite fabric.

in the



FIG. 7.11 Examp;e ot tho outer zone aevelopment of Furulund schist gamuts-

Spec men 5I3a.

The outer zone very few inclusions. THse inclusions are highly elongate,

and their pattein indicates that there was no rnaiked deformation between growth of

the inneA zobe and growth of the outr zone.
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Irdistinct, suggest that this outer zone grew during rotation, though in several

000es the zone grows over schistosity which has been compressed strongly around

- e inner zone of the garnet. Fig. 7.11 shows the criteria used to determine


Hs, and shows typical examples. The outer zone is most commonly developed

'wo patches on opposite sides of the garnet, where schistosity has been

compressed most against the garnet. At these positions the schist contains

,ery little quartz. It is assumed that the quartz has migrated to the "pressure


Hodow zones " at the sides of the garnet. Garnet growth in the biotite-rich

creo woulcl need to reject very little material in the form of inclusions and

sonsequently the outer zone is poor in inclusions. Trai1s of inclusions, when


:een, are usually continuous from the inner to the outer zon3 of the garnets, the

, trIs becoming slightly more curved as they pass between the zones. The trails

.he outer zones are usua I ly continuous with the fabric outside the garnet, as

Fig 7.11 ,but where there is no outer zone developed, then there is usually

o discontinuity between the Inails of the internal zone and the fabric outside.

THis discontinulty makes It difficult to determine the amount of rotation that

Fas occured during garnet arowth.

7.9 The inner zones of garnets.

The 73 garneti ferous rocks examined may be divided into

ran-kinematic garnets, in which the inclusion trails in the inner zone

are planar in three dimensions, indicating growth of the garnet during a

static phase following the establishment of schistosity, syn-kinematic


garnets, in which the inc lusion trails are non-cylindroldal S shapes

Indicating rotation of the garnet relative to the matrix during growth,


and those garnets whose trai1s of inclusions are so indistinct that it is

impossible to determine anything of their growth history.

Hst garne'

y eIongat.'

een growth,
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7,10 Theory of S shaped inclusion trails in garnets.

So called S shaped trails of inclusions in porphyroblasts are a

common phenomenon ,( see Read, 1949 ) and it has long been known that

ey provide eviclence of synchronous deformation and rnineral growth. Despite

the amount of work that has been done on garnets and their inclusion trails,

as is summarised and extended in Spry (1963 ) ,it is only recently that the

hree dimensional aeornetry of these cornplex pattems has been investigated

( Pawell and Treagus, 1967). In this prelirninory paper Powell and Treagus

crect a model " based on the consH2ration oF the growth of a near spherical

boHy while it is rotating or while its matrix is rotating arouncl it  in on


thnciranrcent whereby originally rectilinear elements of the matrix are preserved

as ;nclusions within the growing body. " Their study of this simple model


shnws that many sections cut through the model in different attitudes show

S aped trails, with voriations in the degree of curvature, They demonstrate

Sn-y (1963) was incorrect in assuming thet the trails of inclusions would

be cylindroidal. Sections which contain the axis of rotation of the garnet show


pcterns which have a mirror plane symmetry, the rotation axis lying parallel

'o the mirror plane . Figure 7.12 shows three sections which according to

Powell and Treagus contain the rotation exis, and also sections through


Frnets from the Furulund schist which show such patterns.

A starting point for the study of syn-kinemotic garnets is a consideration

He deformation of their matrix. Spiy supposed that the rotated garnets arew


in natrix being deformed by simple shear, paral lel to the schistosity plane.

There is, however, the problem of how simple shear on a large scale is generated

in rocJis- Ramsay ( 1962) pointeci out that 5 shaped patterns of inclusions could


'esuL iom pure shear deformation of the matrix if the oxis of maximum strain

we'e oblique to the schistosity, although there is a limit on the amount of

curvakne of the trails, since the garnet cannot rotate relative to the attitude

of schistosity by more than 900• Ramsay elso suggested here that successive



FIG. 7.12 Syn-kinematic garnets - Patt21[95 Hedicted by Po.\e11 cnd Tregus from

ections cut percrIlel to tHe oxis of rototion, similar patterns from tbe


garnets of tbe FuruIund schist. See also Fig. 7.19.

/ N N

•
inclusions lying

nIcb ly paral lel to

.5\ plane of section.

c)Lijr ("J

Section 632x

o
	

inclusions highly oblipue
to plane of

section 632a

inclusions neady parallel to plane of section



67

flattenings about different axes, or simple shear, could account for the rotation of

— 3re tHn 900 .

For the purposes of discussion a general case for the deformation of the

may be taken as being progressive three dimensional deformation, the

Yr.dn being either pure shear or simple shear or both, with the axes of the

9nite strain ellipsoid being oblique to schistosity.

A garnet growing during deformation will record in the pattern of

inclusions the successive attitudes of the schistosity surfaces in the immediate

.1cinity of the aornet. For any infinitesimal step in the deformation the rotation


cyis is the intersection of the attitudes of the schistosity before and after

-.Mermation. Flinn (1962, pg. 394) discusses the rotation of planes during


Pure shear deformotion. Flinn calls the poth traced out by the poles of planes

tHa prolection nt.d ciuring deformation - "structural movement paths."

structural movement poth lies along a great circle of the projection then

d'e plane is rotating around a fixed axis and the garnet too will appear to

icyate around a fixed axis. ninn demonstrotes that only in certain special

:mes will the movernent path lie along c great circie. Fig. 7.13 is taken

rfl Flinn (1962) to illustrate the structural movement paths that develop.

'11-6's special cases cre firstly when the pole of the plane lies within a

symmetry plane of the deformation ellipsoid - during deformation the pole

rneve within that plane only, and secondly when the deformation path

n:nn 1962) is K- 0 or K -co, that is, when the deformation is biaxial.

according to Flinn such special coses may possibly be quite common.

in the general case for pure shear, the gamet wiIl not rotate about a fixed axis.

The situntion is different for simple shear deformation. In the general

cese for the rotation of an oblique plane, structural movement paths fall on great

cHles of the projection and the growing garnet will rotate around a fixed axis,

•
•
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is demonstrated as follows. The cube in Fig. 7.14 opposite is deformed

simple shear parallel to face (abcd) so that that face is translated to

(ABCD). (ec) represents the pole to an ohliquely orientated plane

ye'cre deformation. During simple shear point (c) will be displaced along a

vrohaht line (cdC) to point (C). At all times the line Will lie within the

plene (ecC). The plane to which this line is a pole wi II therefore rotate

cround a line normal to the plane (ecC). Thus in the general case for simple


shecr, a growing garnet will rotate about a fixed axis.

The model .erected by Powell and Treagus applies therefore to

sIrnole shear deformation of the matrix and to pure shear deforrnation in

''e special cases outlined above. Obviously the next step would be to

ce'ermine the three dimensiona 1shape of inclusion trails for cases with

•Hcble rotetion axis ettitucle.

ition.
A further complexity which must be mentioned is that the schistosity

!c..e'cr.rmed oround Ho aornet and therefore the attitudesof the surfaces which

over-grown are determinecl both by the homogeneous deformation of the

r.s.'rix and by the inhomogenecus deformation in the vicinity of the garnet.

4111 7.11 Application of the theory to the Sulitielma rocks.

Theoretically the best method of investigation is the serial sectioning

'echnieue described in Powell(1966) and Powell and Treagus (1967), but the

r2rre:s in the Furulund schist ore rarely larger than Imm. diameter so such methods

.r.6eirrpossible with present cutting technieues. An irtial assumption was mode

tRe Furulund schist garnets knd been roteted around axes which did not vory

ttitude during garnet growth. Sections were cut which were estimdted to


rcr'ain the rotation axis; sections which contained the r&-ation axis being

iLientified by using figure 2 of Powell and Treagus in the manner described

or paoe 66, illustrated by Fig. 7.12.



FIG. 7.15 Carnefa lac ida sketches of specinlen 512 to ilie oarietion
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ts

Two guides were employed to locate the most suitable section to cut. On

schistosity surfaces smal I tails or crinkles could be seen on each side of each

aarnet. It can be deduced that the axis of this crink ling lies parallel to the axis

af the garnet rotation, and sections were cut parallel to this crinkle (when it

was seen,)usually with success. Secondly it mav be deduced that in the very


sk-ple case where the axis of rotation remains constant throughout the deformation

and the schistosity is not further rnodified after garnet growth, the axis lies

porallel to the intersection of the schistosity before and after garnet growth, and

Ihmefore Nes in the plane of schistosity in the rock at present.

In the Furulund schist north of Langvann there is often some

cantinuity between the internal trails and the schistosity outside, though in

tome cases the outer zone also appeors to have heen rotated during growth.

37 thin sections were therefore cut paral lel to the schistosity, 12 of which

did not contain the rotation axisc In some of these cases the inclusion tralIs

.vere not wel I enough defined to determine the attitude of the axis but in others

.he axis was definitely oblique to the schistosity. Some of these cases cre


accounted for by discontinuities between the trai Is and the external fabric, and

SamCby cparent rototion of the anrnet during growth of the outer zone.

1n 24 rocks sections were seen which appeared to define the axis

af rotation. As might be e>spected the attitudes of the axes in any one rock

showed a degree of variation. The component of variation in the plane of the

flin section is ecsily determined ond is i Ilustrated in Fig. 7.15, but the


component normal to the section manifested itself in the appearance of

S shaped patterns, as in Fig. 7.15.

By this hit and miss method of measuring rotation axes it is

impossible to determine quantitatively how near to the plane of the section

Ihe rotation axis lies, except by cutting a second section normal to the first.

The method of Powell and Treagus, of measuring the three dimensional attitude

af tRe inclusions and deriving the axis from the measurernents should avoid

•
•
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fhe necessity of cutting a thin section exactly parallel to the rotation axis, and is

most useful in rocks where there is a considerable amount of variation in axis

lf.;fude and in mcbt where the matrix has suffered comalete .recrystallisation

garnet growW• The method has not been useci in the present investigation.


Hg. 7.16 is a tahle of the rocks from which it was possible to determine the

tokItion axes, and Fig. 7.17 is a plot of the axes on a stereogram. On Map 8

He axes and their sense of rotation are marked, along with the axes of folds

‘)tich may be contemporar y end the direction of the biotite mineral lineation.

Fig. 7.18 is C7 series of photornicrographs of different sections through specirnen

11.
632 showing S shapes, X shapes and shopes. Fig. 7.19 is ci series of camera

lucida sketches of garnets showing various sections which contain the rotation

ax  t. F g. 7.20 illustrates the X sections seen in specimen 599C. This rock

been stronply folded after the orowth of tHe cornets, and a crenulation

cleavaae has developeci. Conseguently the rotation axes of different garnets are

ro lonaer porollel, as can be seen in the photogroph. The aood correspondence

the theoretkal models of Powell ond Treagus suggest that the change in

orientation of the axis of rotation during garnet growth rnay:.negligable, and that

!He aornets either grew during pure shear deformation in which there was some

special symmetrical relationsbip of strain axes and schistosity or they grew

ch;ring simple sbear deformation.

7.12 Arnount of rotation.

Another attack on the problem of the type of strain is through the study

o' tFe amount of rotation that has occured. Ramsay ( 1962) shows that if the amount


o' rotation between gar net and matrix is more than 900 then the deformation must

}'ove been by simple shear or by successive phases of pure shear. A rotation of

900 is an extreme case depending on infinite strain and a suitable initial orientation

of the schistosity relative to the strain axes. In theory the amount of rotation

••
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r13. 7.16 Garnet rotation axes - details of thin sections used.




5 -iction type of pattern exis No. of




determinations

7, 52




3i1 2x

313

11

vague

344/24 3

313x 11 but only poor 298/25 6

3%2
3;22

II
some random some II

337/14 2

432 5




432x Il 019/19 20

Co S poor




284/20




5 T9




152/54 7

509x  poraIle1 schistosity) S




512 S




5177,  1 338/14 15




S, 11,)\ 090/36 9 (wide range)




15511 20




5, 11,




516x





518 1( 150/23




5180
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512x S and ()




520





5225‹

522 random & S

322, (9 7

522x ) & random 350/11 5

523 11 & S




523x Il 298/11 15

•

411
•



4211.1~T,1111000~,

•

•

F1G. 7.16 continued from previous page.

Section No. type of pattern

541

541x

593

583x

exis No of

determinations.

310 13

197/14 5




. al,ered by lere foldirg.

612




612x




11 227/3

6r7




342 46
617a




8r8




5, 11, 343/42 2
6180




S, 11




618x parallel schistosity S end renciom




61%




11, 8




618b




11 316/31

625




5, 11, too mucH variation
68zx




vaaue




83%
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11, (1 054/0 13
632x




)i ,




667




11 000 /11 1
&:52:::




5




662/ ( paral lel schistosity ) ranclom




581





681.8





6313





68Ic




I 27Y7 8

684





684x




11 301/38 15



7.17 The nxes of rotation at gai nets in the Furulund schist.


Detecmined L7 using the methath, of Powell and Treogus 12671.
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will freciuently be considerably less. 1n the case of successive phases of pure

Mear with slightly different orientations of the strain axes it is not reasonable

o expect to find suck smoothly curving trails as would be formed during tIne

Jniform application of simple shear. There would probably be discontinuities

in the degree of curvature of the trails.

It is therefore necessary firstly to measure the amount of rotation that

.1fe Furulund schist garnets have suffered, and secondly, if the angles are


alteatr than 900 ,to determine if the S shapes are smooth or show any

discontinuities.

The critical angle to measure is the angle between the attitude

of the trails at the centre of the garnet and the attitude of the schistosity in

:he matrix beyond, out of range of the inhomogeneous strain adjacent to the

2ornet. This is the angle a on Fig. 7.22 below. Though the angle a is less than

90 , the angIe (between tke attitude of the Hails in the garnet centre and Ihe


attifude of the trails at the gamet marain) is considerably more than 90°, and is

therefore highly misleadi ng. The angles should, as mentioned by

Powell and Treagus, be measured on sections through the centres of garners,

our normal to the rotation axis.

FIG. 7.22 ANGLES OF ROTATION OF GARNETS

True amount of rotation a . Angle 113gives false amount.

•
•

•
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In rocks where the matrix has recrystallised after garnet growth it may be impossible

'o rneasure directly the true amount of rotation, though a reasonable estimate may

Ee mede.

An attempt was made to measure the amount of rotation of the garnets in

Ite Furulund schist. Of the 24 rocks for which attitude of garnet rotation axis

Kad been determined, only 10 had thin sections which were cut normal to the

ratation axes. As is indicated in the table, Fig. 7.23 it was apparent that in

nost of the cases there had been considerable deformation of the matrix after growth

c the internal zone of the garnet.

FIG. 7. 23 ROTATION OF GARNETS IN THE FURULUND SCHIST

slide angle between true rotation angle p garnet- matrix
rumber plane of thin angle a relationship


section and the

rotation axis ( defined in Fig. 7.22)

632 ezt° 117°-146° metrix completely

recrystallised

313 82° ? 86°-IO2° matrix folded

1.1
509X 90° 93°-124° matrix deformed

n5I8A 90° ? I I0°-I 63° n

11/ 593 93° ( see Fig. 7.24 ) > 900 81°-H9° fabric continuous

612 103° 110° 109° 11 II

6!9D 112° approx 90° 109°

662 A 900 approx 80 90 0°

o159_oo 134
6818

95
? strong later

deformation

684
99 0

2 II88°-154°


•
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This table suggests that there was more rotation than is possible if there was one

rHgle phase of pure shear., The uniform curvature of trails in the Furulund


scHst gamets does not suggest that there were several phases of pure shear

im1ng 1-110growth of the inner zones. The shape of the trails is shown in

Fig. 7.21 of specimen 593. ( This figure is on the same page as Fig. 7.20,

several pages back.) t is therefore concluded that simple shear played a

dominant lo le in the deformation of the matrix..

The mociel of Spry assumed that simple shear during garnet growth

wos orientatecl with the shear plane parallel to schistosity. 1n the theoretical


case developecl on page 67 it was assumed that simple shear would not be

parallel to schistosity.

7.13 Garnets with non-kinematic inner zones.

These were found in 14 rocks. At least two sections were cut frorn

each rock to ensure that the inclusion trails were planar in three dimensions.

The locations of these garnets is marked on Map 8. Specimen 488 is from a


schist band within the Sulitjelma amphibolites and the rock has not suffered any

pasr- garnet deformation that con be detected. It is clear that this rock has been


protected by the amphibolite and has not been deformed in the same manner as

lest of the Furulund schist.

Specimens 381, 397, 401, 392 and 682 all occur in the Ny Sulitjelma

crea, 381 and 401 within a band of schist on the north-west side of the


omphibolite lense where it might be supposed that the deformation style would be

slightly different. Specimen 401 is illustrated in Fig. 7.4 The other specimens


ho adjacent to rocks with garnets which have been rotated.
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Specimens 725, 659, 672, 673 and possibly 554, all come from

well down within the Furulund schist, below the band rich in garnets, though

514 from that band has some non-kinematic garnets in addition to some rotated

ones. The localities of these specimens are wel I spread out from east to wests

Specirnens 630, 633 and 634 are fiom Strip B at Bursi ( Map I and6)

abhough other garnets from this strip ( eg, in specimen 599, Fig. 7.20 ) are

rotated. Specimens 636 and 640 are from Strip A at Bursi.

In all cases except 448 the schistosity is deformed around the garnet

cmd the trails lie at an angle to the schistosity. Ramsay (1962) points out that


when the trails are all parallel after deformation it is an indication that the

deformation was homogeneous pure shear. 1n specimens 682, 725, 659A,

673 and 633 the trails lie approximately parallel but in others there is

considerable variation. However t hese are rocks in which there has been

'olding ond generation of a second cleavage. 1n specimen 381 for example


most of the trails are parallel except in areas where there are clusters of

aerphyroblasts. The evidence therefore suggests that deformation after garnet

growth was by pure shear.

7.14 Relationship between syn-kinematic and non-kinematic garnets.

1f the above two types of garnet grew at the same time then it follows

Hot this was a time of markedly inhomogeneous deformation. Alternatively a

-eason must be found to explain why some aal nets might have grown earlier than

rhers. This reason might be host rock composition. Atherton(1965) mentions

manganese rich garnets can be found outside the garnet zone and Hen ley,

in Harte and Henley (1966) has shown that the centres of garnets in the Furulund

schist are manganese ri ch. It may be suggested that where the host rock is rich

in manganese, garnets wiH cornmence growth earlier than in places where the

host rock is of normal composition. It would therefore be useful to have some

chemical data for the non-kinematic garnets and their host rocks.
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The problem is also one of correlating the deformations during and

ofter garnet growth. The growth of the non-kinematic garnets was followed

deformation which was probably mainly hornogeneous pure shear. The growth

2: the syn-kinematie garnets was accompanied by mainly simple shear deformation

was followed by deformation of unknown type.The post-garnet deformations

enn reasonably be correlated together cnd since the individual inclusions in both

npn-kinematic and syn-kinematic garnets are sirnilar in shape and size the best

• explanation is that both types of garnet grew at about the same time.

In section 7,13 above it was suggested that the deformation accompanying•	 gernet growth was mainly simple shear_If the shear plane was not paral lel to the


schistosity then inhomogeneities in shear would generate folds, and the axes

of the folds would be paral lel to the axes of garnet rotation_ While folds which


coula fit this pattern do occur in the east of the thesis area ( see Chapter 6.2 )

+ey are not found in the central and western parts and it must be assumed that

any simple shear in these areas had the shear plane paral lel to schistosity.

Ir may conveniently be noted here that there is some evidence of

inhemogeneous simple shear parallel to schistosity from Balmi Elv, south of

Langvann, where there is folding of calcite bodies, as described in Chapter 5.10.

•	 However, thin sections from other parts of Balrni Elv show only evidence of


compression normal to schistosity, and no sign of simple shear,( Fig. 7.2 ).•
7. Regional significance of the deformation coeval with garnet growth.

On the assumotion that the matrix deformation was by ihomogeneous

simple shear parallel to schistosity it is possible to determine the directions

of the shear axes. The plane of shear is the 'ab' plane and the 'b' direction

Is the garnet rotation axis . Map 8 plots the rotation axes determined and

a fair degree of parallelism can be seen. The 'a' directions can be simply

derived ( lying normal to the 'b' directions in the plane of schistosity ) and

lie east-west or NE-SW. Map 8 also marks the sense of rotation of the
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golmets and in all but one case the garnets give 'Z' sections when viewed

Hm the south, indicating dextral shear; The overall sense of movement

is tHat the higher parts of the succession have moved to the east. Evidence is


re,iewed in Chapter 16 which suggests that there may have been major thrust

-evements approximately coeval with the growth of garnet in the Furulund

schist, On large scale regional evidence it is expected that such thrust


novements Involved the movement of structurally higher, rocks over lower

rceks in an easterly direction. The thrust movements may not have been

-e5triced to non- affine slip on the thrust plane itself, but may have generated


simple shear in the adjacent units, of the type which has been discussed above,

Thus while the evidence concerning the nature of the deformation

uring oarnet growth is only conjectural, it does fit in with the thrust

k,,pothesis as discussed in Chapter 16.

7.16 Minor structures coeval with garnet growth.

Mention has already been made of the srnall crinkles which appear as

•fils on each side of the garnets, which must have formed during garnet growth,

is possible that other crinkles in the schist having die same orientation may

ceof the same generation. Similarly the open folds north-east of Giken

Ct'apter 6.3 ) which are closely associated with crinkles may be of the same age.

The folds of calcite bodies in Balmi Elv described in Chapter 5.10

mentioned in Chapter 7.14 above are thoughho have been aenerated by

. --omogeneous simple shear parallel to the schistosity, at the same time as

fe growth of garnets, although there were no gainets in the specific rocks to

cHow a check to be made.

7.17 Synthesis of mineral growth.

A biotite-quartz fabric developed prior to the growth of garnet and
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I-Drnhlende. During the growth of these porphyroblasts there wcs inhomogeneous

shear, possibly with some pure shear. Following the growth of the


nrphyroblasts there was compression, probably at about the time of the growth

the outer zones of the garnets. In places the growth of garnets was followed

the folding of the schistosity.

Te cuartz-mica fabric observed in the rock is therefore the product

three deformations of which the first was the rnast important. The trails

..,H)in the porphyrohlasts being relicts of the first-formed fabric give information


obout the leter deformations when compared with the fabric outside. There

Is no indication that the matrix outside the garnets becnme coarser-grained during

tHe growth of garnet since auartz inclusions remain constant in size across the

carnots as in Figures 7.,21- and 7.20 and 7,9„ though they are ahout half

(' SI7e Of quartz grains in the matrix. The distance between the

centres of cuartz grains outside the garnet is of the same order as that between

centres of cluartz inclusions, sugaesting that the fabric has not become

nYably coarser. Since there has obviously been deformation it would appear


Hat this deformation was mainly by re-orientation of the grains unaccompanied

coa renIzg of the fabric.

The nature of the deformation during garnet growth ( that is, the second

deformation) con be deduced from the rotation of the garnets, and it can be

;:serted that the second deformation was dominantly one of simple shear, with

'fle shear plane parallel to the schistosity, though there will probably have heen

pure shear also. Any mineral lineation ariginnting solely from this deformation

must be expected to lie pnrallel to dcc a ' direction of the shearing since this

is the direction of maximum extension of the finite strain ellipsoid. Map 8 plots

d,e garnet rotation axes , normal to the 'a' direction and in addition the mineral

lineation direction. Although in the centre of the region 'a is roughly parallel

.o the lineation it is not so in the iHy Sulitielma region. An obvious explanation


this anomaly is that the mineral lineation has not originated solely from the



FIG. 7.24 Sketch mcip to illustrate tho attitude of penetrative minerol lineation in the thesis orea.
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recond deformotion. A mico folaie which is product of reverol deformotions

selated fo tf-)toI finitr troin anct not to ans; CM0 Ot He constituent•
;

noins. The clor net rototion m;es end Lde clitections of Hearrng cao ordy

feloteci to tiff teeend phoco lefot mation in this hase.

TIte information precented dy tde dondlemlos is slicilitly diffetent. The

fobric of the hombIendes is Ideorefirolly the product of the second deforrnotion

( the defoimation (luring garnet ancl hombleade powth) plus the finol

deformation, ( ihou jok probably the lame loths of homblende would he more difficult

ro teoriendite tdon the small hiotite flades.) Qualitotive exominotion of


dsrahlendo folgics in Ho fieTt and in dond spneimen sungest tdot tbe bernbleade

11flection is gotollel to tde rffice lineation, evon i tdo rely SuljtjoImo cren

i'i ;1;e; wdogf tdere ir tdo ,:iffereere He"sveen the Rs' (tireetioJfs fiom tde

H•:CITH cletormo8oh onc! the cmerall mico liriecitinn. LItof tdete is a diffelones;

between the o' ditertions tdo dornbleade lineution con meon Idot


iHer de post- pmphyroblost deformation was tesponsible for fin change in

domblende otientution or thot Iltme is somo emot in the clelivotion of the

cdeurino direetion.

tHO Furulund schist the otienfotton of the lineotion in the raly

rmLlitjelmo oreo is somewlint e" on onomoly, os is ; down in Fig. 7.24.

reof of fde SulifkcIrmt mmg tdm mftmcd

gva ;y Hen Ies; (19481. THnnnrneJy oppoou to do telofed to tde ielatively

competent sulitjeima pahTfo csliocent to vsltied thore das Leen unecuolly mmded

drctin. Lineotions odiocent to tIto pabbto plunclo to the nettd-west at fl modemte

angle. In soctiory, 14.4/S this strain is shown to be appmximately coevol witt:


ctornef growtd in tbe Sulifjelmo Sehist Seauence, if not emlier.

Tde solution to tdis prohlem reguires mme word on tfue fahrics of tde

f.;culand scItisf, eipeeiaIly in fde area. In tde meonfime coufion

-us be excerciseJt in internseting 1de ovor miN, lesults.
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CHAPTER 8

OTHER STi ICTURES 11\1 THE EllRULUND SCH18T
— -

Quartz tto(Tericitions.

Tre furulund schirt contnins large tiumbers of quortz segregationr.

ny are n cfornctet istic fenture of the rocL in oddition to jfr excellent

fieguent difcontinuities and smooth schistosity surfoccg, ev; in

ticd. 8.1 ond Fig. 3.2.

The segregations vory in size and shape from nnrrow veins less than

`dorn. acrops to biohly irregular mosses of coorse guartz, 10cm. by2m. The vmt

rHority ore ar luated in Fictures 8.3, 8.8, and 8.6 , lensit-chelped,


ordfroximately 5cm. hy 15cm. end connael in rtrinos ciasting tho c.ltittorit/

inc at a how onode. Fia.8.4 ccv H)v, Hiry nre cemmonly 5urrounded

ic8 in ron,lomly orientrdel ochrs ot moscovite. The arronoemont

-e3tegatiant such as those illuitrated in rrpFlCG 8.5 and 3.6 turionsts an


Hoin or guartfr veity, vshich ot ci ICItC1 cinte have been boe(iitied„ fig. 8.7

	

drcr adjacent bedding and schistosity prilirnI into the ccor ntrulting from


tdch

1111
V/ilson (1953 and 1961) dercrilies guartz rocls from Pen Hutig,

atIond. They are much more reoular than the Furulund schist segregations.

411 suggerts thot many of titem could Itove developeti through the deformation

f' odiainally plonni ctunttz ur ns. hie noter tidtt some cne guite late while

	

forneet cariv in the FC'Tme n pri.133). TEr

Hyr, -t—chirtority roldicn,

frater in his tig. (Ifr52d nte drortt- to concergrote in the kinget, ot

tofis.

1n Sulitielmo suck concentrotion at the hinaer of pori-schistosity

tolds ir not in evidence, os in Eig. 6.3/, Chopter 6.7, hut segregations are

commonly elortgatiol paial lel to the mintrial lineation direction, and it is

ttr that mo t C)f t byir deformation w 1r f rrtriy early. Fig.5i8 shows a


tet ct cufn t regutdotionf lying onedliel ta the oxial plane ot a ryn-schistosity
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If is evident that the orininal vein mest 1,ove been formed after the


Htting. Yet 'orne of the veins ate very tightly toliled, ns in Fionits 8.9 on.,I

It is therefore evident that there ore (.!vern1 generationr of quortz


.aregationr

8.2 Boudinarle.

Roudinage and other discontinuity features are we I I developed in

the Furelenci schist. The intensity of this type of deformotion varies over the

regien. It is particularly well developed near the top of the schisk but in dn

tHentt,by Leml Elv it if ontuolly obsent. Tkore ate all groclatinns between

	

c.amplef at boLdin ,Hpes CIOCCHLPH Liy Pomberg (1955) risrkovin

U.H, entl ditcontint4tiof at lov. anol tci ke(I.!i7C1 h g. 3. and

ni,4,6,6Ibenter 4.3 . Tko cliff featu!P noi1Iiecvt et GII ea vhows mony

et ontiles to LocItIInn, ctpeciolly in tLe fine!/-kandel

	

et ttp.1,(2!c et the cliff, ci is illuftmtel in mnicf 8.12, 3.13 ontI 8.14.


Other typical boutlinage ientlift'S ase shown in [iqnres 8.15 and 8.16. SirM lat

ditcontinnities ole seen in the rochs in Balmi FIv ( south ot an9vann

The cIcuric shape ! odili ns are Ly,eaIly between 10cm. and 2m.

very rarely smaller. . si there ci mech Iargel f.nme

tkicL , illostrote in LI0. 3.17, wh  ch has causeH conriderahle

Hoonufe ot scitist HC`If'n HaRgenl into tHs nap tormo I ,( fccr Inicis

:feflcdt, 1256 ). A  iarHaa af ore lies vidin the Furulnal !-cfirt jutt above

level of this bondin an.I Heen dracae I Jawn Ny tho scor toldina, Iii

is tI,c, cypInention for tko Vo.ly of ore on Maa 6 ,v:IticN at

wos noted in Cbcpter 6.5 Iliere ore many inlotecl, enen foltk withi lorge

rt:rnplitude olong the section lietween BUISI clrld de Cburck (Map I), foi

example Fig.6.29.Their isnlcufel chorocter, cinr1 iirequlor develop ment could

›Ceexplained if tkey were tIrng folds for boudinv which are not exposcd.
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[10. 8.19 'Axes' of bondins n the Furuluncl schist.
jxj

° 'nxes'

,

Lundsert eqUO I en projection.

ris. 8.20 Mop to indicote locolity of sheet iones, south of Ny Sulitjeinna.
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tjelma.

111,

The maferial which has been houlined , in all cmes which have

fren examinerl carefully , ir ciriiphdinuiti, tlicujqli firft impreYhon in the

j.,Jhj wa. that 1f war, mico thur inmp'ne

nnHicle tL honlint
tL• ncie at -n.;:nnune. Since 11H,

rrintelial Lun-. ci Well-Hevnlopnti rlii tnrity, nn(I nie

mck intn tit—cnn. thn I..-,iHinnge is Inter

elapment af yThi.tafhtv. lafer than fhe emnIcKemant of

Only in ane er fwa imtancef, 'rotation'of han hus elative ta

fe:Hina eccurrel, inticating thlit mdm11,,, fl 04. FM:71r7nnl COMpn"'1011

ellipsaid notfMli tC, hn H1,1111n. A nrimal e/arnple

8.11. Freeptiom, cle rrinn*, nn, in tLe Or (UnCl,

fia.8.18•

A clue to the ciqe of the Lnnlinege that it ple,LnLiv

,.,1 1) the hatylinagc• reen m tLe tectonie Heccin wi.ich overlies it in tIm vflyf .

IfY brecriation woc, cleol ly ai bici Ihnn Jhe maior fol IIDrJ at Fiiis , which


1J.pmf

Whom paJ,ihle the ntientation of thfl bauclin'; War, memnrelf.Mof,t

band:m, wele expo(:el on joint facef, (1111(:0 only nine measurements of the 'oxis'

v.ere taken. Thm-,e are platte.1 en Fiq. 8.10, oppcy-hte, aryl they inrlicefe neor-

-Non,31 exm., tremlino
memu1e11 "y, (1J (lefinn,1 in Wihon

H96!), a line paraIlel to ehgey affc,p(y.-f-jen.The arientation of thk may

Hve litfle meaninaV them plee,.+-t;mj I iactnrfl' in thn mcl-,(Pnrn.ny,194»,

Pn.f?1), if the ma.iirmm ontl

resulfina in (1 "CLOCOLtt: tHiciulructure Mcm-ay,19G7,pa..112.)

8.3 hate shear

South cmh J\-)uth-viest of Ny Suljtjelma there are J.everal late J;hear

zonm 9. 8.20, oppnchte).- The :fonm. orn MC'GI vertical, trending alound

•
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3200 -340 and can be between Im. and 20m. wide, (Fig. 8.21 ).

Tiithin the zones schistosity is rotated and is cut by numerous tension

gashes filled with calcite. The iones are simi lar to 'kink zones' or 'ioint-

drags' as described by Flinn(19 Fis, 2) but the hinge of the folding is wider.

The sense ot displacement -h that material on the north-east side has

moved upwards. The shape of Fension gashes is often sigmoidal (Figures 8.22

and 8.23). It is generally accept k thct iensi - ,ahm- form by simple shear


I Wilson 1952, Ramsay I967,pg.88 ) and that the sigmoidal shape of the fissures

is caused by the rotation of the fitst-fcrmed parts ot the fissures during the

continuing deformation.

The largest of these zones is about 20m. wide and does not share

the trend of the sma Iler zones. It runs east-west trom 491 474 on the Giken-

Ny Sulitielma path south of the Hankabakken amphibolite body and north of

rtiecopper ore west of that amphibolite as far as stvre Giken (476 474) ,

see Vap 1 and Map 5. The rock in this zone appears to be cut by several

se's of fractures at difTerent attitudes ond consequently is broken into fragments

only centimetres across.There has been very little movement of these fragments

relative to one another. Fig.8.24 shows the appearance of the rock in an

early stage of development before the schist is actually fragmented, and

Fig. 8.25, of specimen 326 illustrates the stage in which the schist is

:ragmented, the matrix being calcite. This large shear zone was mapped

cy Carlson (pr ivate map belonging to the mine company ), who described

rhe fragmental rock as " Kalk-glimmer-skiter-breccia". It has also been

rnentioned by Chtistofferson (1960) and Mellingen (1961), who do not

suggest any means ot formation.

The eastern part ot this zone crosses the rusty phyllitic type of

Furulund schist, and more competent bands within this rock have been boudined

as in Fig.8.26.This is clearly seen on the tootpath between Giken and Ny Sulitielma.
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PART TH.REE

CHAPTER 9

THE SULITJELMA AMPHIBOLITES AND THE TECTONIC BRECCIAS

A. The Sulitjelma amphibolites unaffected by brecciation.

PA.I Introduction.

In the east of the thesis area there are some 750m. of the normal

Sulitjelma amphibolites, mainly fine-grained schistose amphibolites or

rreta-porphylitic amphibolites. In the centre of the area the unbrecciated

qaterial has virtually thinned out completely. It is difficult to tell how much of this

nning is tectonic and how rnuch is primary. Considerable pre-tectonic


‘c-iations in the thickness of the gtoup have been demonstrated from the east of the

'-esis area as is discussed in Chapter 3.4 and is illustrated in Fig. 3.2, The

'ectonic breccia in the west contains a small proportion of schistose amphibolites

with bands of mica schist and conglomerates, indicating the presence there of the

Sulitjelma amphibolites prior to brecciation. In the following sections the lithologies


of the Sulitjelma amphibolites are described. Map 9 is a map of the various lithologies

of the amphibolites and breccias. The location of most of the specimens refeired to

in the text is indicated.

;A.2 Schistose amphibolite.

The main rock type of the Sulitjelrna amphibolites is schistose amphibolite,

a fine-grained quartz,clinozoisite,hornblende rock, the preferred orientation of the

komblendes defining a good schistosity-lineation fabric. No traces of any ianeous

'exture can be seen. Thin sections cut normal to the hornblende lineation


display well-shaped hornblende cross sections in a matrix of quartz and

•
•
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cccosionally, felcispar. lattes is very fine-qmined ary! r0re1y shows twinning

r cleovCrLe. The clinozokites ore piesent os smoll greins, rtelI-d,cpc I. Chlorite

oither eise. 2sitches of calc  te CIIC OCCOSIC)nnily rrn. Typical textures ase

(-](•st.in Fin. 9.1. A teaturo at speclmens 427 on•1 34't  Ilts»atol In 3

thete ote thin continuous zones anly ci tr".,/ eins Wide in which the

hornItlemles t how a much hicibm depree at prelersetIorientation ond are

tels:tively concentroto.I. fhis is an inctication thot the slelosmotion was tor from

'tsmisonneous. The schistose omplTholites Im!rly 1 anie.1 as i ilItc.!!oh‘.1

Fic. (2•3. Ponls ot slicHss stifterent rthHol compcsition ore commonly ohout

ct. thounh hanchs thich accur rn rtInny ports ot the coot, cs sItcvm

.. 3.13 . 14:,t this schistose crcoh8 ol  tet rstay ! o istimemc,

, r1 A27 from atin htinttrntnt r•ntt shitielns, conteins seJeral

I1ra orcins of auattnt navi ttiiner! ond mohe ot trntemcil

thOwn in Fici. -1n o has;c Tenenus lovo or si I, laine phenocrysts of

would not be expocted onsl so it may be thet this is a meta-

scHimentary omplilbolita, In oppeniCnce it o*nrvittn ley‘rnblne, the othen tine-




oe schistose artinhihnIrtet,_

3 Meta-porphyritic amohibolite.

tht- schistoo• amphiholites thme ca thin ban.ls ( 10-60cm. thich)

on meta-porphyritic omphils-4ite. This loch is Sinn miin minesalopy and fahric

to the schistose amplTholite except thot it contoins, lenge plopiocloses or

pseudommphs atter planioclase. Tileh appemence cts rectanpulcit phenocrysts

is <4.0.vn in flq. . In tlTs photostreph the omphilsplite is seen to Le cut by

t rio sets Ett- Ctuaitz vutns, appmently associate,1 vsith hpe,!Innae, Quen t2t


is ntlite cornr:tan rn thrt cmtphrItaIHtt.

The aopecronce of thts m-ta-polphyritic omphibolite thin section

is shown O Li9. 3.6. The psetylomorphs stie composeh mairily of clino7OLSIte

cmlfine-proineh fellspars ot, os in the cose ot specimen 442, of clinozoisite
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mrd nuartz. The plagioclases and their pseudomorphs show a sliaht preferred

orientation, defining a lineation. The matrix Ni specirnen 332 does not show

tiny obvious preferred orientation, and is composed of bornblende, plagio:lase

cml qualtz, with traces of epidote and possibly axinite.

Bands of meta-porphyritic amphiholite are not very common within

tke thesis area, and are marked on Map I as P.A. East of the thesis area


lte section of amphibolite lying above the schist strip at 500 484 contains

increasing numbers of bands of this type in its upper parts and consequently

the unit was split by Mason ( 1967, Fig. 2 ) into two parts, the lower

zort being the schistose amphibolite, the upper the potphyritic amphibolite.

Coarse amphibolite_

Bancls of coarse amphibolite are seen occasionaHy within the schistose

amphibolites_ They comprise hornblende and quartz, both visible to the naked

eye, and minute grains of clinozoisite and chlorite. The hornblendes display

o p'eferreci orientation which can be good as H specirnen 404A or only moderate

in specimen 390. Inside the hornblendes are auartz inclusions , not arranged

ln any pattern.

These rocks are assumed to be schistose amphibolites in which

recrystallisation has proceeded further than normal.

';A.5 Deformation of the schistose amphibolites in the centre of the area.

Map I indicates that the schistose amphibolites narrow to the west. At

460 476 the rocks are notably more deformed than to the east, being conspicuous

inr thin 3-5mm. bands of very dark amphibolite lying parallel to schistosity. In


km section ( specimens 456 and 459 ), these zones are seen to be composed

entirely of hornblende showing a very high degree of preferred orientation, which

sugnests that these zones have suffered unusuolly high strain. In addition the rock

•
•

•
•



86

has been cut by shears lying oblique to schistosity, which have favoured the

growth of calcite and clinozoisite. This clinozoisite is different from that in


the normal amphibolites , which has anomalous blue birefringence, since it

shows second order yellow bireflingence ( which is the normal case for clino-

zoisite ). The large grains of clinozoisite found in the tectonic breccias show

similar second order birefringence. The clinozoisite in these schistose amphibolites


may be of the same generation.

• 9A.6 Quartzites.• Quartzites occur at several horizons within the schistose amphibolites,

as is shown in Map 9 and Map I.

A three metre thick band of quartzite is seen near the top of the

succession at Fjeldsgrube (487 487). This marker horizon is useful in

inclicating faulting ( see Map 4),

At Ny Sulitielma quartzites are seen at the base of the lense of

schistose amphibolite which lies within the Furulund schist ( Map 5). About

I20m, of schistose amphibolites and quartzites thin to virtually nothing here, and

this must be a sedimentary feature . The quartzites are streaky and fine-grained

10,
as in specimen 403, showing a variety of grain sizes, but no minerals other than

auortz, except chlorite, ore minerals and some very fine-grained indeterminate

Specimen 389 was laken from slightly higher in this lense and is a

fine-grained quartz-mica rock, poorly schistose with stubby biotites. Quartz-

cuartz grain boundaries are straight.

Just west of Hankabakken the base of the main amphibolite is similar

to the base of the Ny Sulitielma lense, being made of interbedded schist, quartzite

crld amphibolite. This sequence can be found even west of Giken Elv where

it underlies the tectonic breccia. In specimen 411 from wesr of Giken Elv the


main mineral is quartz in tightly packed interlocking grains with hornblende,

•
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ohlorite, biotite, cross-cutting rnuscovite porphyroblasts, ore, garnet,calcite

and cross-cutting seams of epidote.

In the area west of Giken Elv the quartzites are broken up into

small lenses, a few centimetres long. Specirnen 501, from here, is mainly of

qaartz with traces of plagioclase. Grain boundaries are interlocking but

+e grains show no strain shadowing. Occasional grains of homblende, biotite

ci-rdore ( rectangular ) occur. The ore seems to have grown guite late since it

is well-shaped and does not have any pressure shadows ( Ramsay, 1967,pg.181 ).

The quartzite is cut by sevelal veins of hornblende which in part is altered to

disslorite, indicating that chloritisation is later than the fracuring of the auartzite.

Mason (1966 ) describes micaceous quartzites from ;ust below the

schistose arnphibolites east of Otervann, The equivalent level in the thesis area

is above the schist band at 502 483, but no quartzites were seen.

9A.7 Mica schist in the Sulitielma amphibolites.

Mica schist bands are present at various places. Already described

in Chapter 3.4 are the three strips of schist at Bursi ( Map 6, Fig., 6.32 ). It is

most reasonable to suppose that stlip B originally lay partly within the amphibolite

breccia since it is under lain by amphibolite breccias as well as ote, though its

eastetnsend is probably attached to the main mass of Furulund schist. Strip C

rnay have been attached to stil p 13, but rnay have always been isolated. Even

less can be sai-d about the original position of strip A.

Also mentioned in Chapter 3.4 is the strip of schist which runs from

Otervann to Giken Elv. It cannot be traced further west because of poor exposure

due to deposits of glacial matetial on the valley side. Exposure in the valley

bottom here is also bad. This banc; of schist is very similar to Furulund

schist and is noted for its internal folds.in the banding. This rock is further


described and illustrated in Chapter 4.3, Figures 4.8 and 4.9.



FIG.9.7Quartziteconglomeratesatbaseofamphibolitelense,NyS,J1Helr-c.

(tmcedfroms'KetchesinfieldnotebookNo10.)
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Immediately choye the strip of mica schist just doscribed there i

sorks of finely bandod ract sykick soom to L ot sodimentary orictin


- 2-cir2en 335.; from kere is a strangly Iinochst rock comonsok of successke

skoviinct the folktwing mineraIony:-

Irmnilendtt clurr tz pIdaloclase cuIcito sphone epidoto

X X X X

X

Xicoarse• X(fine) X

X X

Isolated bands of mica schist occuring eIsewIntie in the amphibolites

marked on Map I and on Maa 9. kin. 9.3 sItows the appearance af

no sosh barsl in GIken ny. This is a fino-grainesi quart:-biotite rock with

disscroitite and chlor ite ond a polphyrohlast of microc ( soecimen 4381

;A.f Conolomerotes ord possible pyroc Iostic rocks.

Within the schistose amphibalites there are occosional conglomerates

nd what moy be pyloclestic locks.

hicar the I,aro ol tke lenso ot amphibolite at rdy SuIitjeIma cre several

rxxcrops o acks in sshick thete ate rounLtok iragmonts ot artertzite. Map 5

Incalities, and rip. 9.7 flrows tkott appo(c arn. e. The matrix mdterial


At one outcroa in tko actuol tottlot-Ltnr otNy 7elitjelma the matrix is

'?-e-ardineLI muscovite ( 5n:Hmen 3 ). Itt tt-ts snosimort tke franments ot

cittzito shosti vety intnicate quarttr-aaartz pioin Loundades.

West of Giken at 473 473 there are seyetal outcrops of undoubted

conglomerate at the base of tkre breccia. They are illusti ated in Figores 9.8 ard 9.9.
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rsogmenfs vasy composition, some Hing anaitzitic,somcf being hornblendic.

Vesf of arid easting 40 Itere ate to.teral tact of presumed

domeratic origin ot fire H17.1'`of the fectonic L'e cicr H177tHre is


7-7,1.11C1011lene since tectonic brecciation is cnrprrF;ir Ed gioducina very

nchistic imitations of conalemennes. rto mt. is on dpubtedb, ot tectoniccli

, Hingfed I seccia, but clotnlo telated toctis such cts illuttrate in bio. 9.37

9. 33 me problemn'iral. fioures 9.10 amt 9.11 illustrate conolomt totes

433 420, ot 8ursi. Sancimen 635 is f(orn the photarogbed outclop ant t the

nanment sectioned is a fine-arained quartztite with clinozoisite and mutcovite

inni matrix of finely cornrninute.I quo •tz , chlorite, muscoyite onyl coarse-grained

clinozoisite. There is not much difference between moltix and fragment in this


tgecimen, but other frariments oppeared to be of slightly different composition.

Catetops of tectartir 1psettnto-conatomerates' ate cwite extentine norfil of

:91,:17. The ductalomerote' referted to L KC,I, t1'.1 and ated tdm in tris

tte °C) ( 19531 is probahly C7 m<gmole of tectonic 'pteudo-




rarddomerate.

Conglomerotes ase found at otber leyels , apart from tbe base of tbe

trn! iiiites. turt telow tbe ttuip of tchist at 5n7 433 MCID 9 ) tbete ore

wdich were oriainally magged h.1r tdunter Frotd land for

mtettt 1066 L an I occeranne \-as confirmett in tbe atesent worb, tbe


in dametater heing illustrated in Fig. 0.12.

At 503 437 in the east of the atea, iust below the Floser gabbto,(the

tmrtenic breccia ), the normol schistose amphibolite can be seen to contoin


tounded and flottened guat tzite li agments, as in iq. 9.13.

In addition to the aboye desm ided ezamotes of conglomenafes there

senetal exgosures of wlmni are possibly pyroclastic rod 5. In Ctiken rI0, at


14 474 tRene are bve autc tops of a rock with tounded nodules of amgdibalite

a te strongly e longate pat allel to fl e mineral lineation.The nodules ote

zoned, being clorker at the edges and lie in 0 motrix of eitber amphibolite ot,
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Osin specimen 443, n rock composed of the following minerals —quortz, feldspar

homblende, calcite and biotite. These are illushated in fignies 9.14 and 9.15.


ninoshopes of twelye nodules were mensured, and an nyerage rotio of 1 : 6.5 : 72

nnnosdeliyed, bat since the original skapes of the fronments nie not known and

'.?nce the skapus are so irIeqrJIaI it is doubtful whelber this accurately indicates

the tinite strahl.

11111 9A.9 Brecciation of tectonic origin.

Within the Sulitjelr amphibolites there are occasional small patches

Q rrqmtjy lock which ore tectonic in origin. These areas are mainly around


'tySulitjelncl. Patches of schistose amphiholite cue seen with irreaulan random

pahnes with wange corbonnte. Where the amphilholite has poor schistosity

somo of the conrse emphibolites ( see section 9A.4, page 85 ) nn

•rerieicir brecciel is tHe leSuli , but where the nock hos nr shong linention, ronsses

nnnrCci: t nd ta separate out as nods parallel to the linention.

5 A.I0 Structwal history of the Sulitjelron ampiniholites.

The most obyious event has been tnluhdevelopment of a lineation—

schistesity fahric which is defined hy the pieferred orientution of the hornhlende

ThI5 defOrMCItian brist,t,en noted to inhornoceneous, since rocks such

ss 427 and 379 show thin zones in which the bornbleedu has a very hTah depree

ot preterred orientation.

The deformation of the fragmentany rocks in the Sulitjelma amphibolites

pnovides ane of the few possilhlities of determtning ihe omaunt of tinite strain

hhffered by the rocks in the whole Suliijelma aren. Untontunately the conglomerates


ore usually so poorly exposed that it is not possible to determine the strain in more

than two dirnensions. The only rock in the thesis area for which it was possible to


make mensurements was the nodular amphiholite in Giken Ely described in



á



- Pdpter 9A.B on page 89. The ratio of I : 6.5 : 22 obtainel hom this rock is,

has been discussed aboye, not eliahie. At I orni, 71.m. emt of the thesis


Prti, in t he underlying rurulund schist, fossils cc pteselyed apparently

• ktormed ( see plate 20 in Vogt, I977 ), within Gipm. al conglomaiate

ting of " VLIM much elonnote cluartdita anh peNles " ( Nicholson

I HH• According to '!aat ( pq. 601 tf-,e tn!f conalornalute neur the fosti I

contains peNhas rrn.!»y I5cm. hy 50chtt. It s tNnefora cleas that

11111 cicH:ntcHon hos heen no'ohly inhornoctenaaus.

Minor str ur: 1ur.es nre rare in the orittpITIHolite, Hodinage is th(-, mo,d

ortd is LeYer Heveloped towards the hnse, but it was not possible to rm-mura

Folds yeny rar e. vscts sean neor tha too or tha sk.,ccastion

- .465 47, itlaunt rio data could Snochman 453 from hase Hhow d


p"he hinhing cctrnoiti NeaN harn!ende

P. The tectonic In eccias.

I Cre neral.

The prohlerns that thesa beccias present cie tha deriyation of

INtologies involvei, oncl sacondly the natura and the reason for the Necciotion.

non-du-netic tarms the Neccia is rnada npcf the following roch typeni-

:-/Jrse-TrainHfeldmor rccH Cuem -hosal iende moch, coarre-arained

1`7.7::- 100- t na-arainel aumP2-oshhotn: nc.jL ',r1H rine-n•cina(H

c.t:st,-s-hrn! lenda-phiaicypIpmEelorJi ( sch*tt,sa (d-p-)hiN)!ite  . Inn csIdition them


P.te in places smoll cluantines ot unattered odhhdo, granite, mica schist and

conahomerate.

The structure of the breccia is of two types. Firsily there is the moss
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of the breccia in the west, which is built up of bands of the above rock types,

orne I-3m. thick which have heen strongly deformed by baudinage and by

pinch and swell so that their general appearance is as in figures 9.16 to 9.22.

5econdly there is brecciation on a smaller scale at the margins of the unit. It

is beguently evident that fracturing and boudinage is the mechanism, but these

nufginal breccias differ from the central type in several ways. Fracturing is


developed on a smaller scale, as in Fig. 9.23, where massive medium-grained

quartz-feldspar rock is crossed by tension gashes infilleci with chlorite, or

as in figures 9.24 and 9.25 where thin hands of quartz-plogioclase rock ,

ere broken up. In addition the marginal rocks are rich in chlorite, so much

that in places it is referred to by the local miners as It is ulso

impreanated with copper ore, large cubes of pyi ite ap to 2cm. long being

found. In addition these rocks bear coarse clinazoisites, often visible to the

naked eye. Figure 9.26 from Furuhaugen is typical of the appearance

of this rock. Fig. 9.42 is a photomicrograph of the same roch as in Fig. 9.26.

A complication with the marginal breccias on the underside of the

breccia unit is that some of the rocks underneath the central breccias are

presumed conglomerates, and these om involved in the brecciation. Such

rocks are seen in Figures 9.27 to 9.29, and also 9.10 and 9.11. Some of


the rocks which appear to be conglomerates also contain lurge fragmtmts of

schistose amphibolite similar in mineralogy and fahric to the schistose amphibolites

of the Sulitjelma amphibolites. As is shown in Figures 9.30 and 9.31, the

frogmentation is clearly tectonic, the fragments representing boudins. It is


ceriainly vely Wfficult to decide with some of the lower marginal breccias

whetker their fragmentation is tectonic ar sedimentary. Such problem cases

ore shown in Figures 9.32 and 9.33.
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01.2 The tectonic breccias in the east of the thesis area.

1n the east of the thesis area the tectonic breccias have been described

Mason, wHo terms them Floser Gabbro, though he does not intend t hat the

tem, should imply that the Flaser Gabbro is related to the Sulitjelma gabbro in

omticular, merely that they are highly deformed meta-basic rocks ( pers. comm.)

( Note that in Mason 1966, the Flaser gabbro is referred to as Dioritic Gneiss ).

Mason describes the rock as being characterised by the presence of large lenses of

coarse-grained amphibolite which show a strong lineation defined by the

preferred orientation of the hornblendes. Between the lenses there is n fine-

ined amphibolite also with c lineation. According to Mason,the upper parts

Ho unit gontain lenses of unaltered gabbro which are distinguished bv

t'tonge-yellt w weathering. Immediotely east of the thesis area the Flaser Gabbro

overlain by amphibolitised gabbro which is similar to the Flaser Gabbro except

t'tat it does not show the characteristic strong lineation.

The lower parts of the Flaser Gabbro contain lenses of the underlying

',ock unit , the meta-porphyritic amphiholite ( Mison, Pers . comrn), while in

'He middle part of the Flaser Gabbro there are lenses of coarse-grained amphibolite

no obvious derivation. Mason chemically analysed a coarse-grained


2mahibolite from a lense near the base of the Flaser Gabbro ond found it to

- ave a different composition fram the gabbros of the Sulitjelma gabbro complex,

:eing notably richer in silica and iron and poorer in magnesia ( 1966, pg. Ifl7).

A traverse v/as made across the tectonic breccias in the east, along easting

503 Map 9 ), which is just within the area mapped by Mason. The unit was

-He ap of lenses of mainly amphibolitic rocks, with lenses of aranite and

...”..altered gabbro at the top, the lense structure being apparent in Fig. 9.34.

Thteamphibolites were coarse-grained, well lineated, in lenses, with occasional

Eords of fine-grained schistose amphibolite. Near the base is a rusty coloured


quurtzo-feldspathic rock which can be traced west to Fjeldsgrube ( Map I ). The



•
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above desciiption of this unit tallies with Mason's account of it (1966,pg. 27 ).

Sikiren (1895) desciiked a north-muth section through this porlicular area

feble 5, Fig. 3 ) but did not mention the lenr,ed charoctm.

Tbe brecciact Tappbelleren (471 480 ).

The tectonic breccias oyerlying the Sulitielma amphiholites are well

exposed bere. The succession below the lowermosi Lappholleren schists is as


lovJs

Lappbelleren schist.

L• 6m. of rounded fragments of white lock. The fragments are 4-6cm. across,

ond are seporated by medium-grained chlor itic material.

5. 20-30cm. of fine-groined guertz-feldspar rock showing ci slight foliation.

Specimen 458 is from bere. The rock contains ot least 20-30°,1)


plagioclw.e with le,s than lOni) of chiotito, clinozoisite and muscoyite.

Tbe quartz and the lekIspai ore intricately inter-grown, but the grains

themselyes aie not now stmined, indicating that lbe deformed areas

boye recrystallised, but there has not heen oyerall grain growth. The

clinozoisite, present as a few laige grains,is zoned, and sometimes has

myrmekitic intergrowths at grain boundaries.

4. 2-3rn. of medium-giained amphibolite. The ohoye band cuts

out againsf thk. Represented by specimens 469 and 40. 1n thin section

this rock appears to be o tairly normal amphiholite composed of guartz,

clinozoisile and honiblende.

3. 20-30cm. of fine-grained white rock with knots of kornhlende.

2. 2-3m. of coarse massiye rock, composod of large hoinhlendes and feldspars

as in specimen 470. Within the unit are deformed slices of well-

handed guartz-feldpar rock as shown in Fig. 9.35, and represented by
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pecimen 41.

	

5pecirnen 470 ( Fiq. 0.36 ) cpntains zonos of rolot mdeformed

)orts

rTal af clusters o' coorrn fpsrphInnIns with rrnfillrn orains p

nhlendo. T1 e bane homblendes nre roacind in d.ont show

int ""loin. The catoph-Pfle 700e5 are mode ua Cfinn- ed quor tz

propioc!ase, w  th HFH Iv intor own pmin bounderin", Th the

	

• omins are stmin fiee. T!Inre are olso finn-orained hombl .es, well

orientated. This rock is typical of the Flasnr nchbro found e of hele ot


the sofnn shuctulal level.

SnecirPon 41 ( Fin. 5.27) is taken tron w14 te rock which

epcurs in slicot n C.C17,-1 omphif nlito dc-cribeh (rhovn, end is molo

P' fino-arcineh nonr": wHh rr Ikne nhpahnclose, is pot Ioto c1d5h  "ns.

l' 1" finnly nn5n:f , the; e ('ir.a "nhis with ebnu' ID hornhInnTo in

omins. Tirt perrticrrlcr HCP:1 sompIch hos 1 enn arrl "he nech nf

i 0 --)ulin with annrsn rlrlorite, clino7oisite Thn

Cli lavakIt05 are Ortl Cle zoned and appeor to cut ocross the


chloritesta is shnwn in fi fl.5f.37.

	

• 7-10m. of rounded lumns of white lool" ond ampl4bolift, seporoted by thin seams of

chloritised arnplTholite with folTeT str ips of white rock.

Tko specimens , 471, 473, 474, 472 anh 475 are yarietTes of

rock mode up of qual t7, clinozoishe and chloritn. 474 ond 475 also contoin

fair proportion nf hornhlynde onh snern tn Hr tie:ivc I 1mm s.chistose

amphihobte. 1n 451 thn 1chnic 01 fhn clinnyniTtes f finn-oraksol) Ond the

chlorite is fohln I. 1.1sunlIn the chrbn;Phs nt cem ns-amine 1, well *apol

crrrci zart'si, cy, in Eiq. 0,3
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 z .3.4 The Tectonic Breccias below the unbrecciated Sulitjelma amphibolites.

In many respects the breccia below the Sulitjelma

c-phihr is very similar to that developed above. In patticular the same

coorse•-• ied feldspor-amphihole rocks are present, almost as for east as

SLAItir Map I, Map 9). if these were derived from gabbro

Fen a reat problem is how they got into that position. The nature of the

s-eccio in t  is area is shown in the following north-south section across

- te breccia west of Giken Ely ( at 467 474 ).

Schistose amphibolite

4. Awhite or rusty coloured rock, with needles of amphibole. R has streaks

and stringers of amphibole rich rock which are often chloritised.

Specimen 488 from here is mainly composed of plogioclase and quartz.

The grain boundaries are usualiy intricate, and the quartz grains are

shainecl. Chlorite, muscovite, biotite, clinozoisite and garnet are

also present

3. A loyerecl series of meta-porphyritic amphibolite, schistose amphibolite, acid

rusty rock and strongly chloritised amphibolite. The general appearance

is as shown in Fig. 9.38. The porphyritic amphibolite is in veins being

11/ boudined. Embedded in the rock are autte large rnasses of quartzite, again

slichtly rusty coloured. Speciman 487 is of the auartzite and can be seen

to consist of quartz, clinozoisite and chlorite and hornblende. The


clinozoisites are full of small inclusions suggesting thot the mineral grew

before the tock fabric was so coarse. The areas of quartzite are

separated by sheaves of chlorite.

2. Well banded rneta-porphyritic amphibolite.

Coarse green and white amphibolite, with no preferred orientation of its

minerals, present in masses 30-40cm, across, separated by a fine-

••

•
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grainecl pale green rock showing strong schistosity foldeci round the coarse-

grained masses. This matrix material is often highly chbritised, the chlorite

being para I lel to the schistosity and present in massiye hooks. Fig. 9.39


illustrates the appearance of the rock.,

Specimen 484 is typical of the coarse-grained material in the

lenses, and is composed of rnasses of medium to coarse amphibole and chlorite,

separated by areas with large grains of plagioclase, now partly a Itered.

These plagloclases cre shown in Fig. 9.40. There is yirtually no quartz in

the rock; hornblende, cblaTite and clinozoisite making up the rest of

the rock. The many small grains of chlorite ond clinozoisite give the rock

the impression of being fine-grained, but most of the rock can be accounted

for by the coarse plagioclases and hornblendes. The rock thus seems to be

c coarse meta-basic rock.

Specirnen 485 is typical of the fine-grained matrix material. It is

composed of eaual proportions of hornblende, chlorite and clinozoisite.

Some of the hornblende is partly altered to chlorite. There is a small


cluantity of plagioclase. The rock texture is rather like a typical schistose

amphibolite from the Sulitlelma amphibolites above, but compositionally

the rock is richer in clinozoisite. See photomicrograph in Fig. 9.41.

1f summary this section contains the following rock typest.- schistose amphibolite,

meta-porphyritic amphibolite, fine-grained acid material, coarse feldspar

cmphibole rock, fine-grained quartz rich rocks. It shows the breaking up of

1:8,ndsby boudinage, and the filling in of the boudin scars by chlorite, and the

Lteaking up of massive coarse-crained bands into large rounded masses. There

1-cs been chloritisation and growth of clinozoisite.



terivation of the material in the I , SLIMMOL

The origrn of some of the brecciated materrn is quife cirt.al• ass Ituts

%21».11discussed above. hor example, the lenses of unaltereu 90136.0 •sta a.I•


osu by  n fer enc e, much of the coarse-grained amphibolite in the ectsh mod- L.Q

eitvive trom rhe Sulitielma gabbro. Similarly the fine-grained schistose


owtytk :olite and the meta-porphyritic amphibolite in the east and the

conelornerates and mica schist bands in the west must belong to the Sulitjelma

curtit'holite group.

There remains much material which is of indeterminate origin. As

dies.c; tted above, on page 93 , Mason has found that some of the coarse-

y. ned arnphibolite in the east is no - ihe composition of gabbro. In the

wit ot the area there are bric- -• :uoitz-'eldspcn rock which

th affinities with gnE.F, "ourse-grained amphibolites are found below the

litielma amphibolites nearly as far east as Ny Sulitjelma. If these were to have

been derived from the Sulitjelma gabbro it is not easy to explain why they

cupy their present position.

On the very limited evidence at present available it k therefore

cot-oljded that many of the rocks in 'he breccia are not derived frorn the

lohhro, but represent a series of thinly bonded basic and acid bodies of

:ifferent primary origin to the orher arnphibolitic rocks in Sulitjelmo There

clearly need for further work here, o de'n•H.,e the mineralogy and petrology

rir iese bodies before there can be fjr'her speculation about their origin.

At.6 Age of the brecciation.

Fragrnents within the breccias are schistose, indicating that the

•er tonic separation was post-schistosity. The breccia unit as a whole is folded


n the Bursi area by folds which are later than the growth of garnets. Thus the

ecciation event may be placed in the succession of tectonic events after tt,e

developrnetil of schistosity , possibly arourd the time of the growth'of garneu



99

02*10 srosi'y wHch occuied

”kick HII :weo acrn,'
604.n ••

tLs

rtfsoL p

, 'SPPc  -;11,

sr ere

e

	

en otIc

_:ios os

n f hosic magma.

tr J51(nr struc res,

I n s cite

becH.Iti o' sover 21

rorri i+e I prer

 •en to t-e par'ly

,pi•P tt• plar

	

e spc/,•.: Ho' tHe Lecci :;:rotiocs eore'ret

1Dr 'hf „.:sk soggesb•H : bootsVi•

ascribed mucti st Ho brecciatio., tn

	

DC or :-ase " -•pelbolites of major tiJoY plane. THe 1:ine-(cok

12's
11-P wates.

;1/4-1eied the Floser S-1:!-)ro a zone of ofrene

54V :•• Iooesti- .eao:seets a t:Irust.

be photgrapbs thot main type at detormotion

	

In symepico: •70e, C`jrlipis :uspcni;L:

	

ta dat'enina AA:e'y • Of eXttMSIOP rS pciro li e i to Landn';

ent- •w)cit love aitiert:-• SLich o zone of in'ense boucinage

.10 Haie Je. eiopeu He: ::e sof'eIeu mire straie than cxliacen'

nis, 9: : t'LlJSe •;'t, N•HIC.1;t• 	 dit'ererlt fmr *ose a; adlocect iresis


HouHage is cornrnoe in ':e upper parts of 'ke

,st , „is uescribed in Chop'er 5 , a nd illustratej in Fic. 4 .6,

niPe'en' mertin 101 L:as bonci 1100 sualiy ornpt-lbalite, the mica

i•o.cmpetee'ly. THie cre witfin



100

7.7

the breccia zone a variety of rock types, very likely with different competences.

R may be that these varying rock types reacted in this way to the same stress as

was i mposed on the schist below.

There is no evidence either way concerning displacernents across the

zone, to give a clue to the deforrnation. As the photographs show the


brecciation has caused separation of the rock into fragments, but there is

no sign of much relative movement after separation.

There are no characteristics of the brecciation which suggest that it could

lave formed in response to thrust movements.

••
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PART FOUR - SULITJELMA SCHIST SEQUENCE

CHAPTER 10

I NTRODUCTION AND LITHOLOGICAL DESCRIPTIONS

10.1 Introduction.

•

The outstanding feature of the Sulitjelma Schist Sequence in the thesis

2reC: is the large eyed fold in Duoldagop ( Fig. 10.1, opposite ) in which the

bedding is probably arranged in a basin form as suggested by Mason (1966). 1t

,j11be demonstrated in the following chapters that this has formed tbrough the

IeFference of an early synform ( the Duoldagop synform) and a post-schistosity

whose axis plunges to the north-west and which opens to the west. This is

-dt the only major foldina of the Sulitjelma Schist Seouence. 1n the Waterfall zone

't.ao 4) there is a major fold which can be detected through the repetition of

across the fold trace as in Fig, 10.1, opposite. It is apparent from the

of beddina that the fold axjs is nearly horizontal, with an east-west

azinuth. At first sight the fold cr7pears to hinge in the Waterfall zone but it is


r-Or2 probable on regional arounds that the fold is a "Z" type fold ( Elliot,

19e8r.rtz), with a definite short limb, the lower limb having thinned out and

.f2come dislocated. As a result of the major fold the outcrop of the Lapphelleren

sts becomes much narrower in the Woterfall zone.. The age of this folding is

known for cettain. There is a notable concentration of minor folds in the


, I,oerfaIlzone which are of post-schistosity age, and this suggests that the major

s olso of post-schistosity age.

To understand the structural history of the Sulitjelma Schist Sequence

I- Ducldagop it is necessary to consider the evidence for the existence of the

irTor folds, particularly the one in the Waterfall zone, to study the different

o';cses of minor fo1ding, the growth of porphyroblasts and matrix minerals and to
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these to the intrusion and deformation of the Sulitjelma gabbro and the

r i.JR1 lund granite. When these are oil considered there ore several alternative


csssibilities for the sequence of events, but the most probable sequence is as

The earliest event Was the formation of the Duoldagop synform, a

cl•sure of whick can be seen in the north and is illustrate in Map 7. This was

cccornpcnied by the generation of schistosity in the metasediments. Following

early events the gabbro and granite were intruded, and a schistosity imposed

cpan the granite and upon the rnargins of the gahbro. Possibly at about this time

l-ese wos post-schistosity folding on a major and a minor scale in the Waterfell

zone, with an associated slide which remoyed port of the lower limb, though the

'orm and ace of this folding is a matter for cliscussion. Following the minor

Hdina there was aarnet arowth. 1n a third phase of foldina the grc:nite ond

pbbro were folded. Finally there was faulting in the Waterfall zone ( Map 4).

Other possible seauences orise from uncertointies concerning the

acb of intrusion of the Furulund aranite, the correlation of major and minor

:-.1(.1sand the form of the major fold in the Waterfall zone.

1n the next section is discussed the evidence concerning the form of the

major fold in the Waterfall zone, and a description of the lithologies of the

Sulitjelma Schict Sequence. Later chapters clescribe the rnineral textures, the


ecrly and late folding on all scales and the igneous intrusions. Finally a

syn'hesis of these descriptions is attempted,

10.2 Evidence of major folding in the Waterfall zona

The major fold in the Waterfall zone can be identified by following

Ho outcrops of the marble-psammite series as on Map 4. This Marble-Psammite

a thin group of marbles and white psammites usually arranged with a

mcuhle on the side adjacent to the Rusty Psammite. The series is tightly folded


in The Waterfall zone and during the intense deformation of the rocks the
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in competence within the series and between the series and the surrounding

-d,iss have resulted in considerable variations in the thickness of the series and

the thickness of individual members. 1n places the entire series is absent, and

o'her, individual members are missing. Where the ser er is not i ntensely


HILH if i-1),,twperl 3 and 6m. in thickness and is commonly made up of three

-rr marle lyina adjacent to Pusty Psammite, r, white psommite

series of very thinly bedded marbles ond psommites, each unit of the latter

111 ring only o few centimetres thick. This latter group is ri ch in light-green


iolc-silicate minerals, and at several places is represented by about holf a

ne're of calc-silicate rock whose mineral components show no preferred

several ploces the seauence is more complicated thon that

--e-tHne! above, Kif there is sometimes evidence that there is repetition by

On Mon 4 a series of cections across the Marhle-PsamHte Series

scale of 1:700 indicate the varictions seen. seem most

e:::onohle to ayiume that all the isolated outcrops of inter hedded marble

psommite at the junction of the Pusty Psammite and the lapphelleren schist

on Man A are in fact part of the same seauence, and can be correlated

one another •• tHs is assumed Hen a major fold is defined in the Waterfoll zone,

sr:oning ta 'he south, with an east-west, horizontal axis, culminating in this• Appw:ently the Moyble-Psammite Series surface outrop c'oes not close


mund this fold, actual suHace o,..)tcrcp closurl- being somewhere

Le lapphelleren schists, but relations in this zone are comolicated by

Hul'ing and imper fect exposure. The Lapohellern schists can be followed east


'  arri point 500 490 ( Map 4) where they are very thin. Exposure is very irreguldr

fl 11ey seNTI to connect eastwards with the larre body of arey schist which

sj^:es sound the eastern marcin of Duoldagop.

Pelotionships are particularly complicated in the area just east of

Ho.\Voterfall zone at 503 490 where the sequence RustyPsommite, marble,
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FIG. 10.4 Mica febrics in the Lopphelleren schist, Lopphelleren.

FIG. 10.4a 100 poles to biotifp

cIecivage in specimen 37.

10.4b 100 polus to museovite

cleavage in specimen 37.
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investigated.

The character of the Lapphelleren sc hists varies considerably. The

rocks are usually rnedium-grained, grey in colour, with schistosily surfaces

rather irrejuler on a small scale, the whole rock heing quite unlike the Furulund

schist or the Duoldagop Banded Group. Porphyroblasts of garnet and kycnite

cse ouite common, though kyanite is usually altered to muscovite and nuartz

round t)se margins of the grains. The main minerals visible with the naked eye

cre auartz, biotite and muscovite. Clinozoisite, sillimanite , ore minerals

ond staurolite are commonly present. In general the schists cre not as calcareous

zs the Furulund schists. Varieties of Lopphelleren schist can be auite coarse-




grained as in the central part of the succession ot Lapphelleren, though

thse-erained vorieties occur. Partings clong schistosity cre characte ristically

grevish, but occosional bands with higher than average contents of ore-minerals

tend to weother to give a rusty colour. Some bands are rich in iornblende and

zse often auite tightly folded. 1n the north of Duoldagop there occur varieties

Lapphelleren schist containing lorge ( 5-6cm. diom.) nodules or pods oF


green material, generolly mode of calc-silicate minerals ( Mason, pers, comm.)

111, The succession of Lapphelleren schist around Lopphelleren,

At Lappbelleren ( 471 490 on Maa I, see also Fig. 1,6 ) there is a

well-exposed stream section across the Lapphelleren schist below the Furulund

granite. TIse schists can be divided into four units.

T1se 1owest unit is finely banded fine-grained schist composed of

quartz, biotite, occasional muscovite, clinozoisite ( abundant, with anomalous

blue hirefringence ), occasional calcite and ore minerals. 1t is represented

by specimens 35, 38 ond 39. Fig. 10.4 is a stereogram of 100 poles to


rnuscovite cleavage in specimen 37 and illustrates the L-S tectonite fabric

developeci. This unit is approximately 30mo thick and is succeeded by about

50m. oF rather gneissic schists, coarse-g:ainecl with guartz segregations and
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kyanite pseudomorphs. The upper part of this unit has only small segregations,

some lcm. by 5cm., but the lower part has segregations up to 30cm. thick .

Some of the segregations are pegrnatitic in character, being tich in coarse

•

•

muscovite as well as quartz. Representatives are specimens 32, 33, 34, 206,

9 2 and 93. They are all quartz-biotitu-muscovite schists with garnets and

occasional grains of plagioclase, clino-zoi site and ore minerals. Large masses

of quartz and muscovite occur as pseudomorphs after kyanite , and,

occasionally, kyanite is seen . Staulolite is present in specimen 33.

Above these coarse-grainecl rocks lie some 2Orn. of fine- to

medium-grained schists, which are character:stically very well banded and

are extremely flaggy. The top of this unit is impregnated with copper ore

and the rock is tightly folded, the oxial planes of the tolds being parallel to

the northetly dipping schistosity. A choracteristic of these folds is that one

set of closures is consistently missing, the rock being dividecl into a number

of synformal units separated by shear p Ianes, the folds in every unit opening

to the south. Specimens 30, 31 and 37 represent the rocks in this unit

and are composed of quartz, biotite, muscovite, sillimanite, garnet,plagioclase,

ore minerals and a little clino-zoisite. The garnets have slightly curved

inclusion trails, though the external fabric is not folded at all, indicating that

there was slight deformation ( probcbly only flattening oblique to schistosity)

during garnet growth. Specimen 30 is notable for its marked banding which

is caused by a variation in the modal proportions of biotite and quartz,

olternating every 5mm. In specimen 37 the lineation element of the L-S


tectonite fabric is quite strong, and Fig. 10.4 is a plot of poles to biotite

cleavage measured parallel and normal to the lineation. There is o well-

developed girdle.

The uppermost unit below the granite in this stream section is about

40m. thick, being mainly highly hornblendic and garnetiferous schists.Some

thin bands such as sampled in specimen 29 are almost entirely amphibole.
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veins are seen here,( soecimens 25 cnd 26). Othes snecimens ore

a 23 cH 207. 1n most of -hese medium-oreined schists Ho ornblende is


oresent cs porphyroblasts as is common in the urul uncl schist, hut es a

ncIrrims mineral. 1n the hornblendic bands there is yirHally no hiotite.

socks in immediate contact with the Furulund granite are represented by

!..;ecimens 1,7,11 and 17. 1n these the biotite crains are more stubby then


snunl and there is considercble late orowth of rnuscovite porphyroblasts,

in the Lapphelleren schists. Further discuYion of this is included


He sections on mineral arowth.

Akout one kilometre to the west of foophelleren the contact of the

,yonite cuts across the litholoaies and there is exposed a notable • band of


harnblendic schists which lie above those just described.

The lithologies described above from the Lapphelleren strecm section

ccc be traced east for cHut half a kilometre until the rocks are obscured by

-.12rge patch of morcine ond continuity is lost.

1n the ',VaterfaH cone most of the folded rock is kycnite rich.

necimens described from the north of the western Furulund cranite

, He conerally modium-grained cuartz, hiotite schists rather similcrr to the

immedictely kelow tbe granite at Lappholleren. The lithologies are not

well enough known to determine whether there is any ma"or repetition

:reta wilhin the fepphelleren schists_ it is more probable thet there is not,

crauing in favour of the interpretation of the major fold in the Vlaterfall

:s being c '7' type fold.

1n the north of Duoldagop there OCCUrs a band of grey schist within

o nusty Hmrnmile, on the eastern limb of the ecrly Duoldacop synform( Map 7).

of this hand appear in the fkld to be conglomeratic, the 'fragments'


:ying gravel sizedbrid showing an apparenf grading. This feature is well shown

ioures 13.1 ancl 13.2. A cut and polished hand specimen of the rock is

in Fig. 10.5, The'fragments, however, are diopside crystals and

lounly rise of mrT.tamorphic origin. The grading .effect is therefore of no
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in deermining rhe younging direcrion, since Hesignificrince of tke
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3201,.

s' Duolcingoo. Fig. 10. 6 shows on irregulor moss which has an organic

conemance. Specimen 636 is From o Hahly fo!ded band of calr-silicote


cneriai in the marhles at 4Q6 492 ond is composed of about 50% colcite

twin lammelloe, the rest consisting of randomly orientotect stubby

of biotite, together with white mica and auartz, plus some very

'ine-grained opeaue matter. Specimen 351 is a marble from 493 491. The


main mineral is calcite, with about 10% of a colourless amphibolite, possibly

-emolite-actinolite. There is a trace of white mica . The calcite grains ore

HuquIcc in shape and uneaual in size.

lic ate !pands:-

Thel e occur in some places thin band, of medium-grained rock,

sampricing light-oreen calc-silicate minerals. These minerals have a random

mientation. Specirren 353 ( see section G on Map is from such a band


ancl is made up partly of tremolite-actinolite, and partly of very large dma-

( 1-7mm.). The clinozosites are very close-packed together, forming

patches in the reek.

bands witdin the Pusty Psammite:-

These marble bands sometimes contain calc-silicate and psommite

which ore folded or boudined, as in Fig. 10.10. 1n the north of Duolddeop

-dtdsle hands are more common, as is shown in rnap 7 , ( marbiesmarked in b1ick).

bandt in the north cre frenuenfly good pure marbles , white to light blue

:n C01001-.

Duoldapop Banded Group.

This tock group has a uniform distinctive litholoay. Loyering is the

most obvious feature, being unusually regularly developed, the colour

cm.



alrernating slightly every 3-8cm. as in Fig. 10.8and Fig. 10.9 , and in

Figures 13.22and 13.23 of folds. The rock is usually grey, very coherent,


wTih only a very poor schistosity„ The main minerals are quartz and biotite,

occasional aggregates of muscovite, Despite Mason's name for these

racks - the ccic-silicate group of Duoldagop - minerals such as clinozoisite

ar calcite cre extremely rare.

Specimen 67/ is the closure of a minor fold in the north of Duoldagop

• at 507 524. Over 90% of the rock is quartz and biotite, these two being present

in egual proportions. There is about muscovite in ellipsoidal aggregates.

Also presert are a few arains of ciinozoisite and two garnets. The cuartz and


nica are present as small equant arains, the biatites showing only the slightest

.roce of preferred orientation. One of the garnets has smell equant quartz

Hclusions, the other carnet is like an atoll garnet ( Sturt and Harris, 1961),

agly present cs a iing, the centre being filled with aucrtz. The adlacent

-teix is blotite rich.

Specimen 603 is also taken from the hinge of a fold, south of the

,nper Duoldagop lake at 520 497. Again over 90% of the rock is biotite

in stubby grains) and quartz. Represented by only one or two grains are• z-e minerals, holnhlende( porphyroblasts), calcite, clinozoisite and kyanite.

1: is a rock with a definite schistosity, parallel to the axial plane of the fold.

1, hand soecimen there copear to be Iorçe grains of blotite, hu these are

- fact clusters of small biotites. The rcedom ecuant inclusions in the

narnblendes suggest static post-schistosi-y growth,

Rocks above the Rusty Psammite west of Kobbertoppen.

These rocks have only been given the most superficial examination. 1n

're area NW of the Furulund granite ( western body ) a traveise was made

acrass the first 200m of schists above the granite. After about 10m. of fine-

zrained clino-zoisite - mica schists representing the uppermost part of the
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Lapphelleren schists, and about 3m. of rusty weathering schist representing the

i'Kusty Psammite, there are a variety of schist types, the most common being very

cearse-grained, almost a gneiss. Also very common is a medium-grained, grey

tlaggy quartz-mica schist. The highest levels examined were a thin series

marbles, with rusty weathering psammites, amphibolites and schists. This

.:-eries, and rocks bigher in the seauence have been affected by minor sccle

cast-schistosity folding.• Specirnen 481 is an example of the coarse-grained gneissic rock. tt

is composed of cbout 40% quartz, 20% biotite ond 20% garnet, with lesser amounts

rnuscovite, chlorite and plagioclase. The plagioclase, with sorne of the quartz,

'orms segregations which are strongly deformed, the schistosity being compressed

:.round them. The garnet is in smoll euhedral grains, with no inclusions round

edae, but a few minute quartz arains in the centre. The chlorite is

replacing the garnets, some oarnets not being cornpletely replaced.

•
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CHAPTER 11

?.AL GP,OAVTH 1N THE 3UNTJELMA RCH1ST SEGUENCE

•

OCUC 10C ,

Tee Lataphelleren sonists usually show c good scistosiiy-I  neation

'coagh cHaracterisHcally -(te su-faces are not as smoot'a or cs reaulor as those

faraland sanist. The Rusty Psammite shows a moderate scnistositv-lineation

st• -ne sock beina poor in mica. The Duoldcaop Banded Groug appears only

111 scnistosity in the Lingas of early folds. It is, -owever, auite a

nIecnc rock.

1n the Sulitjelmo Schist Secuence porcnyrohlosts cre virtuallv

red to the Lappnelleren schist. Aactregates of smoll muscovite grains,

rensesenting deformed muscovite norphytoLlasts do occur, however, in

4ecte e Pusty Psammite and the Duolda9op Banded Group. Therefore most of the

stnc.ainsetin tnis chaoter will be restrictad to the LanNselleren schists, ond to

stiat es callected in the area around Lacgbelleren and the V/aterfall zone.

1n the Lappbelleren schists are porphyroblasts of aarnet, staurolite

ite, though the latter is more usually represented by pseudomorphs Eig. 15.2


T 7,\.res mineral growth to deformation.

3arite.

The tectonite fahric of tRe Lappkelleren scHsts is clearly

tet s..eain Fia. 10.4, a plot of poles to biotite cleavage in a specimen from


;:istyt -eHeren. These rocks, neor to the Salitjelma aaNtro, show 0 fabric nearer

- -ectonite, thouah no measuremens oF intensity Nave heen made. The

c.t/cor15 aiseussed in Chopter 16.4, pg. 151

Vithin 20-30m. of the Furulund aronite the shape of the hiotite grains

•
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llornblende.

Hornblende porphyroblasts were not seen. Groundmass hornblende was

in rocks ot I npphelleren, as is described in Chapter 10,3.

Stourolite.

Stow-olite is only occasionally present. It is seen c:s porp..yrobIasts

inclusions hut there is not sufficient evidence to determine the time of its

tfitit ceitcHty. 1n specimen 33 ( Fig. 11.10, ) staurolite hcs grown

o tite which is compressed around kyanite pseudomorphr, suyiesting that

Yty,lolite growth war, later than kyanite. Alternatively Mmon ( 1965, frig. 5.11 )

tlenley (1963 ) reanrd staurolite and kycnite orowth cs app'o.rimately coeval.

- nmtkoInt Maroy found staurolite w  th Hanite in Ho bornfels zone of the

ncbHn iHiccsing tHt Ho two minercls hcni csnwn nrior to acbhro

1-1ection. In most of the samples examined be staurolite Lci straight inclusion

••211s. Alt  -•ougL the evidence is not at oll conclusive, the staurolite


tarir-ed On ria.15. 2 . as ceing

 1.0 Sillimnnite.

Heedles of fibroH1c sillimanite are freguently seen, cry-ishow a high

o f ptitferted orientation. 1n specimen II fibrolite nemiles are seen as

wi:bin garnets. 1n specimen 35 9 , illustrated in Fig. 11.11, sillimanite


1t u,ten to be orientated with the neeales lying in tHe plane of c post-mico

one of the minor folds of Ha Loppe'nelleren schists in the Waterfal1 zone.

riLtalite is especially common as felts around kyanite arains . Mason placed

growth of prismotic sillimonite immedictely after the intrusion of the gabbro

tc-,--p1(`)/, ansi ite:Ore the devekpmens of tke 2 deformation event, cs discussed

	

Cilopter 13 .15 , The growth of fibrolite he regarded as a late event.



117

Kyanite.

Pseudomorphs after kyanite are very common in the Lapphelleren

They occur particularly in a band about half-way between the Sulitjelma

-:.-nphibolite and the Furulund granite ( western body ), and are very common in

Viaterfall zone. They are very common round the eastern margin of Duoldagop

Mason maps the Lapphelleren schists here as 'kyanite schists '. The


:sedomorphs are usuaHy well orientated parallel to the mica lineation. In

»cterfal1 zone they are folded by the tight pos:--schisosity folds, as can

Ken, in thin section the pseudomorphs cre made up mainly of

:_z-tz and muscovite with occasional grains of kyanite sti H preserved in

. .-emicidle. In the cutting of thin sections these kyanites tend to be torn out,


THe they are surrounded by relatiyely soft muscovite.

Since Mason finds kyanite in the hornfels zone around the Sulitjelma

Re places the arowth of kvanite as pre-gabbro, and this is followed

•
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CHAPTER 12

IGNEOJJE INTRUSIONS

Intruded into the Sulitjelma Schist Senuence are the FuraIund

Sulitjelma aabbro ond several small gmnitic dyhes.

'2.1 Gicnitic cakes.

• Dykes ar veins of granite up to 2m. dlick cae ::ound in the north of

:\Jillacon and ore marked on Moo Though d.ey clegrhi cat •acros?,bed:nng

calistosity, ir is impossible to tell if Hey are earlier or later than the

cilhzteritv tnIding. No specimens were cdleded. Shgren ( 19:00 ) marks

rae ayke,; of tourmaline granite in tre south-west of Duoldogop cral also to

, est ch- the thesis area. Holmsen(n» faana them to the north-east in

Erbodalen (pg.15). The dyhes cre nertioneH h Vogt (1927 p.ri. 91 on.:1

1. Vogt sugges's tHt their lcch of an/ schi(5.H.:ita in iicaten that

- •-/cnn par haps the youngest icneous rocks in Sulifielma. lie refers to them as


ynalina-rich granite.

• 12.2 The Furulund granite.

• MenHonea by Vot J_H.L.) in 1890, the caranite was descr;bed in

bv NorhensHi21d in o senarate paper in 1395. Vocit (1977) dercribed


a; 1 ( pp. 155-160, form and infrusive relaionskim, pp. 249-256, perology

petrography.)

Dihent:- ihe aranite occurs as two separate lenses as shown on Map I, which

are raferred to here as the eastern and western bodies. A third body of

7.-cnite occurs on the western side of Duolgagop in the far north and is marked

he 1:40,000 index map with Mcp I. Sjaren suggestecl that the hichly

-Jorme:i cbaracter of this thira body indicated an Archcran age, but Vocat(1927)

tHat :!Tis wos sa. He hovievey, include this cranite witH



FIG. 2. Biotite fabric of the Furulund grunite (viestern loody ).

100 poles to biotite cleavage in

specimen J23.

contour of cicove plot rototed so thut the muximurn concentration

of poles lies ut the centre of the stereogrum.

Primitive on above divalom 


'north on above diagraw o
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the Furulund granite. 1t appears to be a similar rock and probably is related

to the Furulund granite, though only one brief visit has been made to its

uscrops in the course of this investigation.

West of Bursi the western granite body thins to a matter of tens of

metres and can be seen in Map 1 and Fig. 1.3 to continue as far west as

Fupsi Elv. Fig. 1.3 shows that between Bursi and GrOnIi the granite appears

to be in the form of a series of small lenses. Sjougren has mapped the granite

os
•

far west as north of Hellarmo, but according to Nicholson ( pers. comm.)

granite is not present when all the Sulitielma rocks dip steeply under the

Fauske marbles east of SjOnstc'). South of Langvann the granite can be traced as


c series of lenses some tens of metres thick right round the Baldaoive plateau

s'acordina to the maps of Sioncren (1900), Vogt (1927) and Dybdahl (1951). The

H:i111therefore has considerable creal extent.

12.3 Contacts.

As previous workers reported, the aranite margin is usually paral lel to

-ke bedding and schistosity outside, but there are exceptions, particularly above

Fjeldsgrube, at the eastern end of the western body where the lense thins out

completely, and the margin cuts across both bedding and schistosily ( see Map 4).

kilomesre west of Lapphelleren ( at 462 430 ) and two kilometres west of

Lcoahellesen ( at 455 480) the contact cuts across bedding cs shown on Map I.

The concordant character of the contact at 440 490 is shown on Map I .

The intrusive character of the contact is demonstrated by the

de4yent apophyses of granite. Veins of similar aranite are freauently found

the adiacent schists. These are boudined or folded. The actual contact

Is always knife sharp.

There is very little trace of any contact effects on the country rock.

AL the contact north of Lapphelleren the adiacent schists are much tougher rocks
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:,.fonite and the schistosity or the granite. The appearance of the aranite in thin

( ng. 12.2, o" specimen 186) suogests Hat much of the deformation i cuite

ive; the large afains shaw rtrain shadowing, development of fractures ancl

arcnulation at the while the fine matrix is sometimes so intessely

oranulated that the finest -grains cannot be resolved under the microscope.

much recrystallisation bas followed the deformation. It is therefore

YtafJestecl that the lineation may be of a different generation from the sci*tosity,

• ' ming heen imposed upon it during the post-schistosity folding episode.

The wef.tern nranite is crossed by freguent • shear zones and joints.

1111 tale am freauent small veins of lighter coloured aranite parallel to the joints.

ose features are neorly all vertical and generally have an azimuth in the rance

- 145° THs is ane o He main directicns of iainting in tNe scldsts

, :corded by Holmnuit in Voot(1927). It is clso parallel to the fouIts in the


zone, the 071  Miths of which ore around 3H°.

Xenoliths.

As mentioned by Nordenski5Id the cronite contains a considerable

aher of xenoliths, ( for exampIe, 2cm. by I0cm.) with a few larger ones

mianally. The two largest anes cre morked on Mco I. One of these, in the

e western ha ¼ c' A76 4flO is c band of schist cbc.j».

long, lennth parallei to schistosity, its ends not exposed. It consists

-arained epidote-biotite-parnet schist similar to that found abeve and

the aranite and contains bouclined granite veins. There is no folding

::!e seen within it. In the west of the western granite there is a long strip

of.List completely within the gran!te. Small xenoliths were difficult to

of'-en lyi-a in of flat ice-smoothed surfaces. Soecimens

13 cre of a small xenoiitk of arcp'nitic schist ( orcphite, auartz,

-e and biotite). The Ecahite occurs cs lana streoks which have been
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rlse axial plarse ta: tHe beine porallel to scHistosire of He

slcsibe gronite. This cuanet•s sher He fregment was rolaea after

arno•crion into He arenibs. ConsiaeraHle deEormasion of the granite afte:

is i'c.ot,nt»-r(Vivt, HHric, Lv He aHare ntentionm: fol.:Ino

xenolisH, onr: tienveion at ilo xenoli• t.

THe age of the intrusion of the grcrnito.

THas tbe aronite has surfered bonsider able deformotion efter intrusion• • st Leen establisHed above. THe main eviden:e for tbe r:oe Of the granire

vos frocr irs rehotion to •1e aabhro, tbe cae ru v.Htich is

--own (Mason, l966. On fte evijence of ectint of arabite custine into •Hr

sar bro the gmanite is toHen to He younaer than the gobbso. THis is discurse•1 by


Hrlmouist (in Vogt, 1927), by Holmsen (1917), Vogt (1922), anci Mason (1966).

Itme of Voot's evicience mut,•• He aiscounteri since be is bescsibing (on pocie 172)

rur Homont of He orenite etit: in tHe Elc:sca— cinio uni- aeeelepe

lo-er than aorshro er cbani'e intrasion. Maron, Howeeer, has eescriMH:

.niHna or tHe true aabhro Lv arorsi•e. Ayi alternative bere cou!c: ater His

-eeinino coused Lv remeHng H tHe Oranite 1sy Helseat of the pabbro mcgnv:I.

:cv,Moson (1066) rtas cicvctiHml fohis inride xenoliths which lie in uncieformeH• rbnro, 1:1:togronlixt olmost cemainly v.ros intruaeH oftes tHe first deformation rtra

second mo1or c:eformotion.

• The relation of the to tbe problematical folci in the V7crteall

sr-e aepencis on He interpreHtion caoptea of He farm or Hot fold (see

ve feiL is on tene tHlr: Hen the aranite lies near -o iss axial plane arrJ

sion musr be lase: Han •He •1oht:I11o. If, on -He otber bons:, He faH: is c:


n the aronire couh: be norlica Han the Salaing anca incteed ese relative

amageneity of the granite moy have been o factor in the generation of Ho

Evicience discursed in Section 10.2 suggests that tlse folci is more

ely to be a 'Z' •yp0 fola. The ima!ications •tt o post-schistosity 'M' type



•

•
•

123

are that the aranite was intruded a:'ter two phases of deformation

prior to two, thus requiring ci total of four periods of deformation for

-Le Su1itIelma ScHst Seauence. The complexity of sucI ci scheme argues

i

Tke Sulitjelma gabbro.

Accorcling ta Mason, the Sulitje1ma gabbro complex consists of a

Hy of olivine cabbro with primary igneous hayering preserved in parts.

is layerina is .IiscorcHnt with the beddina ond schistasity outside the gabhro

vith the contacts. Xenoliths and rafts within the paHro contain early

. alck in(iicating that the gabbro was certainly intruded after the first deformation.

Contact hornfels tones contoin relict kyanite and stauralite indicating that

inhusion carne after the arowth of these minerals. The southern margin of

acbbro has been highly deformed and now forms part of the flaser gabbro

This 70rle shows an unusually intense development e the renional

liLeation and schistosity fahric. Mason(1967) suggestr tiicit his tone of


Intense deformation represents the Gasak-Vasten thrust harizon of Kautsky.

Later unpublished work suggests that this interpretation may be incorrect

since in Sweden Mason ( pers. comm.) has found tho gabIiro cutting

T:cross the level at which Kautsky suagested that there was thrusting. The

crea for tills assertion, Nowever, Has not yet been mcnpel in

Mason suagests that altkough the gahbro kas not been deformed to

same eent as the country rock, it hos been folded. Mlson, however, has

iifferent interpretation of the age relations in Duoldagop from that developed

in this thesis. He postulates that the aabbro was intrudecl after the D1


deformation, durina which the structures in the rafts and xenoliths were formed.

den tollowed a D2 event which was much more intense, the ter,ult of which
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was to form the early Duoldagop synform, and to give the rocks their

penetrative schistosity. During this deformation all traces of the earlier

deformation were lost ouskle the protected xenoliths. Finally there was a

D3 deformation in which the gabbro was folded and the Duoldagop synform

was converted into a basin structure. Discussion of this wfll be delayed

until the folding has been fully described.

•

•
•



••
•

'

b
l

1
I



175

•

CHADIFP
_

pApt rn[n?, "TH ITrLA SCHI`,7: `lrOHE 10E.

Intioduc!ion.

A rtlajoi fold, wIliclI interpreled to tu, (11 synfor can be

in Duoldnanp, a0,1 is feinwd the Duchlucnp €.7nIcnni. Minci

falHrcIatoI ot!rjnitinuHa' CH/v.-.1 pknu.-

C!`.1 n nviiaiHE1 C(' in

"

fl ç!iin'Y

I Dll • ,•

ert"( i("It (1:(  HiCii  ••!:ile (ncti•-,11 ik?

ntrituffe“: (11e (r.r.C11r.e.C1.

, •nn

,• --,

fal+ H`.• I nliling (-)iii ILL nnit!, 01 r),,(1,!aa,-)p, in Lliepsidie

Hnn,1 n pilyn rnsitinn nul t$1/' rnrIjoi Lid sugErst`.

tc, tri-cCP.1 tE!("./

,n,"1"1"H Ic• '

R.1 r

JH'

f

. Thic. (letn, rn•Itinn nn ,• • nel- fl 5 e •

111011 CUI C:1 tr1HCIent amituth-,, Li0. 5.5



•

•
•

•

,

"Cea r



bo iii lilorb unik. roi iltis 1(•11,01) fLy foids " infernal

e (?e(criE (10;.7), el

in),.7 (.7,•).

joio EliEtLit

	

, ionon, 12.7, I3.Q orn1 13.10. In rinrt nypo-,orn -, tbn

	

nornoln-T,I, •Hne, • r  no

	

' 1.2 . II, 12. 12 nnl 13.1 -I.• 1  -] i",elhun 10111ing, 0w tlicic n -nopo liii r-ono,

li
'-of"Pr. tbn nyonbionc of borblin onnn *rf Ilfonf.fr, fl fFll• fr.)H,

r. icVntHie Lv Ino linnn of

evhfence f:.(1c.»Tinsfs tlirii flin•fo intomn1 folds


HOC? (17(-1. 1 sne !r'T•flr, 3-, :I pl(-foir` J.n

	

Efe p-:1:111e1 fc1 I:

	

1
M-!ri'ff.tf Ofl

mmiIe in wltirlt be cIyI ol folbino oI liii mnIblo

P nnnoi'n ( roo ' TI

Ibn -:11 f-f)• in Hfn f.CiOf If in celtnin E“Y <-1f nin.tn

ond tHif tbo no,

g.
n

: compnlb,ncn, bovino iebnively (toonnb,nt tbin vinol

lopfilbl 'co '. Hot000:lIinn. Pbn w -,u1,1

no ,n

intninul (fle niI itsti teki to !re Water I I 7ono, ond

 ,•ound iii tbo roorbl lyinn v/i1r in Pf.ammito. Theil witIo (Ibbtiltution

- elfoffino in o'tito Eo -.o.or- 71-n creo.



•



an1. 4,1* o' •1. [ rIpP' •111-eri '

Ffl •'i I]iflO?iHt'

tt r

. ' c it—rat cr, rint (11fl( icnflfl

ei I ' I` 11()V111111 il(). 13.: (fint crnn.nT(i rncr I.n,re' Ulerl

F), i< {flids (tm illtutItttr,tt I. en,1

(,t-t-vit,'," rth.

I ‘.le-netrertit'e

•

mHei f ,Lriee 1P.?,

1 :Htnn :11 7,-•

- rerm nn. CHnfl kpo
occuy, „ Tpcibl„ fl

u1,1 i LIHca. nee eny. tn s.crl cv(1) fclds Cmi

JeLn fl 11(1 vi,11-Hyvelctnett. i ittert-, 13.5

t3st tt pr, n cnt intnt,

	

en eyk.

f
fl

InOtan!“' !T> je IL“ cin ty tP At 11:e Ielf,

etk. Within teer11,-,, the 1,.-Inck up f cm.

rnrrin ' Cn 41` ` Itt• JInL

,n .

"t tt, CL1Ic-if

Irrive on o tre nmnntottiucting



•
ø

•



".3t
 

$
'ntk.2

•••,„

Ihr

1

"tsi

I

*

   

,
r,

..,,
'

-
•\

.
t

r
:,

?,i.,
.

:
t

. n
5A

,.
t‘-

\
'

-•
i

••.•
,

.
'

,.•
,,,,,

' ,\N
"1

.1
\

\
4

ft
11

;4.•
b.

'
• ty

,r
'

r
,

'44‘
IN

.lhii,
/



l'IG. 13.3:3 rucp t9 tbe DuoL “jnn 1.3cnch.d (:[
13.4

',treur” r,e( tion ut l.iuclity

nnic.•
with

111,

rnuJ2

in i


at

schis

,

r,- :

	

,1L1 L. IiL ,, k.f,L1,:11/' 11 4• r: r;

	

(111(.1 Illt` (>1

(',1,111L(I (1/IH 11,111(", hr iil` i IL il »Hil(1111111k. t.

tirctn{01U cii (-,tirnule nitiludc tlinr

tlie inc

sc./

feprt

1.13.5

tl

ti

at

1.1 31_.

1?  ,, \

\.- F F

/ ))„

n

t

* 1.7



128

c•tyle: ot flhinoV f011k in'L / Pcor1rn0r•

tol+, ro 41,is tr'01,6 ,he-ect crue to rot! er

clipt • p•o-i

try 


• .o• 're mor ry •• Prnr,n1

ore n'e6.1 ro r yrnio'ren in (0/161 noe: 0r• en.o. tt.fl

tolding F nom Y.JeCIME-V 641, optl 640.

116
r corrnI6tion 1-6-ornmitn

11111 Itltt' ]]10ï fcrb! r".') previorr, poorr.

(.pnr- imen frem tk, for rnitF ot 1)nollopon locntion

rIbtrl on Mop 2 ), 011I(1111`) enipSOI({(11 cclqr rj!' ni utoll mtr.covin",. A'; rIlOwn

13„16 anni r, ocroreoorre• ore elennoreH porolinl to

Cr),1 pMC)Hrl tio rir:eIr:1 1111`CHO' 1,147.1`flnd n'HrIti<•1

Cnt.,e o .1 , Woc•-.4 cre oren !0‘•.rn on 13.10. ,

nt or mor'e tric» nrr tt e•-•• •tione r6po,

teri on Moo 2.

minor folk in •ire naohlanon Pon,re, C-HT)Ln.

HI»

51() ifrn i(7,1`(`• )

r) cn  - 

1!)e Dualric“rol) <yrItL,I111, Cr1,1 (I, nr)11,11 II•r. nortir-no•6 Irrot,

trint r-,tructron. telrls can l•r• inferpH in ontnr pior to v fIre difinrence in oniturle

between eypot,urur,, the or«rit. krinn on•hirir tntl 10/ 0 Hoolorn. lyprea

on• in Viorrn-. 13.2n ond i3.r. F 13.72, 23 norl 24

roinor tolik cr•.'.or ioterlwit'r porti.er'n clorore •I r, 0L661Hopop nyntorm.

Hr• 13.2.3 Cli e61, to 0.,•• 'oo1in1•.• lorne r-cole tolletn et one

Tr.e one n tF''vne tollt deterrtrinel trom .pc,cim,ns 603 ontl 677.

Heo• p2pcirrinr otitv ot tr:r• lor r', onlv priGrL, cIn".nuloperl, but



•
9

ffi

'

,a411
•01~

~
,



FIG. 13.30 Syn-schistosity folds in central Duolclagop.
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II

olainly parallel to the axial plane of the fold, as in Fig. 13.27. Mason ( 1966 po.53)

has described the folds south of the higher Duoldagop lake os being folds of the

regional schistosity, having a penetrative schistosity parallel to the axial plane.

Since Mason refers to the regional schistosity as S2 ( not, as in thk account, SF ),

Hese folds are colled by him F3, and the oxial plane schistosity 53. Mason does


ncn-cppear to make this interpretation on the evidence of thin sections, since none

are mentioned, and it seems probahle that Mason has confused the excellent bonding

in the rocks for schistosity.

It is assumed that the schistosity in the Duoldagop region

if were welldeveloped would take the form of srnoothly curvina surfaces


;nterpolated between the determined schistosity attitudes on fhe eastern and

western margins, os in the sketch, Fig. 13.26.

13.6 The attitudes of the syn-schistosity folds.

The northern closure- Map 7,

The syn-schisosH; minor Folds in the northern closure fi the rrctior structure,

They have axes plunaing almost vertically, cs is represented in Fig. 13.28

The eastern c losure,

The egstern closure of Duoldagop is clearly post - schistosiiy in age, as can be

seen from the schistosity attitudes sketchec in Fig. 13.26. The syn-schistosity


folds south of the upper Icke hene near-horizontal uxes, which Ho neorly poraHel

to the strike of the schistosity. These folds are overturnecI to the south and

therefore indicate that the early structure is a synform The axes are plotted


on Fig. 13. 29.

The southern closureiof the Duoldaaop synform.

This southern closure is not exposeci, and consequently there is ro exact

evidence of location, and the attitudes of minor fold axes cre unkown.
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The central parts of Duoldagop.

1n the centre of Duoldaaop, north of the two lakes, there are a few syn-schistosity

'olds of the DuoIdagop Banded Group. The axes of these folds, constructed

by a diagram, are plotted in Fig . 13.30, and can be seen to faH along

broad airdle across the stereogram.

The Viaterfal I zone - Map 4.

In the Waterfall zone there are syn-schistosity folds of the Rusty Psammite,

Marble-Psamrnite series and of the fine-grained psammite within the Rusty

Psommite which was rnentioned on page 109. A feature of the attitudes of

axes of these f o Ids is that they are considerably dispersed. This is shown on

Fig. 13.31. In Fia. 13.32 are shown the attitudes of the axes of folds of the

Marble-Psammite series, the different symbols representing different exposures.

It can be seen from this that even within one outcrop the fold axes are considerably

casoersed. This is probably because the area cantains seyeral post-schistosity

fold hinges, tho . these are not immediately apparent. Note that while the

oxes of the internal folds of calc-si!icate layers are not so dispersed, the


measurements were mainly taken from the limbs of the larger folds, and therefore

are not as representative as the axes of folds of the Marble-Psammite series units.

North-east of Kobbettoppen.

North-east of Kobbertoppen there are foids seen at the southern closure of the

Lopphelleren schist lying on the west of Duoldaaap. FoId axes in the Rusty Psammite,

ov-.d internal folds in the rnarbles plunge to the south-east ( Fig. 13.33 ).

North and Viest of Kobbertoppen.

North and west of Kobbertoppen there are folds of Rusty Psammite and internal folds

of marble, which have near-horizontal axes with east-west azimuth ( Fig. 13.34 ).

G. South of Kobbertoppen .

South of Kobbertoppen there are some foids in the Lapphelleren schist with east-

west axes, near horizontal . They are overturned to the north, opposite in sense

folds of the Duoldagop Banded Group in east Duoldagop , ( Fig. 13,35 ).

1
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FIG. 13.32 Syn-schistosity folds of Marble-Psammite series in the

Waterfall zone, south Duoldagop.
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F1G. 13.34 Syn-schistosity folds from north and west of Kobbertoppen.
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1
1 13.7 Synthesis

Fig. 13.36 is a sketch rnap showing the attitudes of axes

in the different parts of Duo1dagop., Fig. 13.37 is a plot of oN syn-schistosity

'old axes except those in the marbles ( which were unevenly distributed ), in


-be area east of Kobbertoppen. The axes faH on a brood girdle ond dernonstrate

Lhe dispersing effect of the post-schistosity deformation. At first sight this suggests


folding around an axis trending about 340o and plunging very gently, but on

ollowance must be made for the inhomogeneous strain against the Sulitielma

gcbbro.

The dispersal of fold axes in the Waterfall area suggests that

this is the hinge zone of a post-schistosity set of folds.

FIG. 13.37 Syn-schistosity folds in Duoldociop
N.

( except those of marble bands )

Axes

 

Lambert equal area projection
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HG. 14.1 Post-schistosiiy folding of the eastern body of the Furulund gronite.

Schistosity and lineation ottitudes vound the closure in Duoldegop.
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Poles to schisLsity

Mineral lineution
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FIG. 14.6 Post-schistosity minor folds in the Sulitjelma Schist Sequence in

area west of Kobbertoppen. N
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FIG. 14.7 Attitude of schistosity in area of minor folding west of Kobbertoppen.
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FIG. 14,8 Folds at Bursi - Fur lund schist, Lapphelleren schist and granite.
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FIG. 14.9 Folding of early lineations by minor post-schistos.`, rolds

west of Kobbertoppen, at locality in Fig.14.2.N
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FIG. 14.11 Minor folds in Duoldagop outside the Waterfall zone.
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The locality whose photwaph forms Hg. 14.2 is at position 443 390

and the general position is indicated on the panomma Fig. 6.33 .Early

inlersection lineations were seen here, folded round IIie post-schistosity fold

closures. It wns impracticable to measure tbeir attitude round any one closure,

and no closures witb lineations could be remoyed. Fig. 14.9 is 0 plot of

liaeation attitudes token frorn different Hnges. The vnrious axes are olso

madmd. The lineations fall approximateIy onto a great circle whose pole is


near to tbe ayerage position of the fold axes, but ihe yariation in axis attltude

precludes a proper study of the geometry of tbe fold deformation. Fig. 14.10

is a pbotograph of specimen 705 from this locality, tbe specimen having bern

cut normal to ihe fold oxis.

14.3 Minor folds in Duoldogop outside the Watetfoll zone.

Outside the Waterf all zone minor folds are not very common. 1n the

nortbern part of Duoldogop tbe Leppbelleren schists are freguently folded into

crink les with wayelengths up to 10cm, ond omplitude 2-3cm. These did not

usually show cmy sense of overturn. 1n the far north these crinkles, exemplified


by specimen 645, bove axes which am necrly yertical ond axiol planes

which strike opproximately east-west es shown on Fig. 14.11. Similar

clink les are seen on the nortb-east side of Duoldogop and have oxes parallel

to the constructed oxis of the mojor fold ot tbe Fululund gionite.

1n the soutHeast of Duoldagon ot 518 4C0 tbere occurs between the

FuruHnd atanite and the Flaser Gabbro a patcb of bigbly folded areen and

white rock. It is mainly made up of hornblende, euartz end plectioclase , with


mica rich bands01 The fokts , whose axes plunge aently to the nos tb-west, are

ilbstrated in Fig. 14.12.

1n the south-west of Duoldegop there are post-schistosity folds in

the Fmsty Psammite , and in the ship of grey schists within the Rusty Psammite.

The axes at position 497 500 plunge north at between 50c) ond 700.
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FIG. 14.17 Post-schistosity rrinor folds of the Lapphelleren schist in the

Waterfa I I zone .
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14.5 Synthesis for post-schistosity fohts.

The relationship between tI o three groups of folds is not apparent. There

is no interference hetween folds of different groups and only the minor folds in the

Waterfall zone can he related to porphyroblast growth. It is suggested thot the major

fold in the \iaterfall zone is earlier than the mojor fo1d in Duo1dagop. This

hypothesis is hased on the following three observations. Firstly the Waterfall

zone fold, ond the minor folds which orobably ate assaciated with it are


dissimilar to the folds in the rest of Duoldagop, being much tighter in style.

1111 Secondly, the disperslon of mHor fold axes in the Waterfal1 zone suggests

deformalion following folding. Thirdly, considerations of the time relations


of igneous intrusion and deformation suggests that there was a deformation of

considerable extent following the establishment of the pre-gabbro and granite

early Duoldanop synform but hefore the folding of the gyanite and gabbto.

This intermediate deformation was responsible For the deeelepment of an L-S

tectonite fobric in the granite and in the margins of the gobbro prior to the

late fold episode. The minor foldIng in tHe Woterfall zone is therefore


correlated wl th this event.

1t is most ptcbable that +e minor folding in the west of the region

mcy Le correlatcd with +e major fold in Duoldcgop. While the axes of folding

afe different in the tvb) areas ( compare Figur nr 4.6 and 14.)7 ) thbt couid

be the offect of the unesuolIy hich deuree of strain oround the gohbro.•
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CHAPTER 15

DEFORMATION OF THE SUUTJELMA SCH1ST SEQUENCE - SYNTHES1S

13. I. SJrnmary of facts available. (Figures in brackets refer to chapters).

Major folding :-

Syn-sc histosity Duoldagop synform, (Chapter 13.1 ).

Post-schistosity folding of the gabbro ancl of the

Duoldagop synforrn to give eyed structure (14.1).

Fold inWaterfall zone with slide or thrust at base, (10.4).

Minor folding :-

Syn-schktosity folds in north with near-vertical axes and vergence

to fit Duolclogop synform, (1305).

Syn-sch:stosity fold axes in Duoldagop dispersed around a girdle,

In Waterfal1 zone syn-schistosity fold exes highly dispersed,(15.3).

Post-schistosity foIds which fit the rnajor post-schistosity fold

in Duoldagop,(13.3)0

Post-schistosity fo!ds in Weterfall zone. Location suggests a

relationship to the major foId in the Waterfall zone. Axes

dispersed, garnets grow over the minor closures,(13.4).

Post-schistosity folds west of Kobbertoppen,(13.2)

Gabbro intrusion:-

According to Mason, later than earliest phase of folding, but

earlier than the post-schistog!ty fol ding, (12.8).

Furulund granite intrusion :-

Both bodies of granite show L-S tectenite fabric which has,

in the east, been folded, (12.5).
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15.2 Uncertainties.

Ann of intrusion of the Furulund granite:-

TH caly good evidence that the granite is not pre-tectonic is

that veins of granite cut the gabbro. It is possible that this is back-veining (12.7).

The fold in the Waterfall zone :-

As discussed in Chapter 10„2, the form of this fold is not certain,

the fold heing either a "Z" type fold, with one of the limbs being a short limb,

or a "M" type fold, having two long linibs. If it is an "M" type then major

thrusting is necessary, since the succession ot lithologies on each limb do not

match. An "M" type fol(1 is of neccessity earlier than the intrusion ot the

western boJjv ot the Furulund granite, which lies along what would be its

ax;a1 nlane. The scak of such an "M" type fold would suagest an analogy

with the Ho arge-scale nuoldagop synform, which is ef syn-schistosity aae.

A post-schistosity oge is suggested, however, Hs the relations!Jip between the

major foki and minor foldt in the Waterfol zone which are of post-schistosjty

age. As is discusJel in Chanter 12. 7 ,a post-schisJasity fold egisode befoxe

aranite intrusion means Ihnit there were two phases of deformation before

granite intrusion and two after, whereas alternativcs suggest a total of three

phases of deformation. Evidence from further afield ,( Nlicholson, pers.comm.)

does nat favour an imoortent "M" type ot this leve1, and so the preferred


interoretation is that this is a "Z" type ftsld wit!, a relatively mjnor slide cutting

out much of the lower long limb.

Age relations of the schistosity and the gabbro.

The interpretation by Mason(1966) of the relationship between

schistosity, major folding and gabhro intrusion is partly based on the

interpretation by Honley of the deformation of the Sulitjelma Schist


Sequence ,( the "Upper unit " ot Honley). According to the interpretation

ot Henley, hased mainly on work south af Langvann, the main schistosity-

•
•
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lineation fabric is the product of a second major deformation phase, and is

therefore termed S2. Mason thelefore regards the syn-schistosity Duolclagop


synform as an F2 fold. He sugaests that there is no trace at all of the D1

deformation cxCept for some Fl folds in rafts of country rock within the

gabbro. During the D1 event liyanite and staurolite grew. During the second

event the hase of the gabbro was strongly deformed together with the under-

lyift3 amphibolitic rocks to give the "flaser aabbro" unit. During a third

	

41111
deformation the whole of the gabbro was folded , toaether with tise adjacent


schhts.

	

1111 The main argument against Mason's interpretation is that there is

no trace in the country rocks of any event earlier than the formation of the

main schistosity, ond it is suggested that it is most unlikely that there should he

no trace at all. This matter isdiscussed in Chapter 5.2 with reference to


the Furulund schist.

An important adyantage of Mason's interpretation over that

suaaested in Chapter 10s1 , page 102, is that it explains the presence


of gdsbro and granite on the western side of the Duo!daaop syntorm , as

shown in the index mnp accompanying Mao I. An alternative suggestion

	

1111 to Masen's view thrit they  vere foldcd into this position is that they

were intruded in such G osition.

15.3 Alternative seguences ot eyents.

1n the acconlpanying table, F ig l5 I, the yarious possibi lit ies

are taken into account to give several alternatiye seguences of events. 1n the

tecond tah,le , Fig. 15. 2, the preferred sequence ( alternative ' E' ot Fig. 1)

is related to the mineral growth as discussed in Chopter H, and to the

deformation ond mineral growth in the Furulund schist as discussed in

Chapter 16.3.
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An important disadvantage with alternatives A,C,D and F of

Fig. 15.1 is that they place garnet growth as the very last event. Evidence

discussed in Chapter 7.17 and 11.6 shows that in both the Furulund schist

and the Sulitielma Schist Sequence the schistosity is cornpressed cround

the garnets. In the Furulund schist there is definite evidence of folding

after garnet growth.

The correlation of the preferred serluence "E" (Fig. 15.1)

with the sequence of events in Furulund schist is discussed in the next

chopter, and is illustrated in Fig. 15.2 below.

FIG. 15.2 STRUCTURAL AND METAMOPPHIC HISTORY SYNTHESIS.
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PART FIVE

CHAPTER 16

ON THE METHODS OF IDENTIFICATION OF THRUST ZONES

AND THE APPLICATION OF THESE METHODS TO THE THES1S AREA

16.1 Stratigraphy.

Rocks at higher levels in a structural succession may be older than ,

or exact stratigraphic equiva lents of rocks at lower levels. Thk is the method

which was first developed in the Alps,and is most useful in fossiliferous areas.

The method has been used extensively in Norway and Sweden, and Kautsky

applied it to the area between Sulitjelma and Akkajaure.Kautsky suggested

that the lithologies ot the " Gasok nappe" are so similar to those ot the

"Pieske nappe " that they can be stratigraphically correlated. In the thesis

area there I s no support for this correlation.

16.2 Discordances of lithological units.

Discordances of lithology which cannot be explained by facies

changes or unconformities ore commonly described from thrust zones. Such

discordances ore of course conspicuous the Moine thrust belt in Scotland,


as for example at Assynt. Along the eastern edge ot the Caledonides in

Sweden such discordances are well displayed. Kul ling ( (955, Fig 81,pg.I54,

and 1960, Fig.4,pg.158 ) illustrates sections across the eastern marginal

zone showing the discordance bebween the overlying Seve-koli nappe and

the lower nappes , und the discordances between the individual lower nappes.

Rutland and Nicholson (1965) describe ncippes which disrupt the

stratigraphy os " disjunctive " in contrest to "conIunctive" nappes whose

boundary thrusts lie parallel to major stratigraphic boundaries. The Swedish

nappes are generally conjunctive away from the thrust front. The method by

which Scandinavian geologists have traced thrust zones away from the thrust

front in Sweden into Norway has generally been by establishing that there is
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a thrust befween two units and following these units westwards. But how far west

do thrusts extend? 1n theory two adjacent rock units undergoing the same

deformation may Ihrough differences of ithalogical character be strained

differently, one unit perhaps flattening at a areater rate than the other and

thereby aenerating a discordance between them which does not extend the

whole length of the stratigraphic boundary. A possible example of this is

in the thesis area where there is proof that the "Pieske" and "Vasten

nappes" of Kautsky together form one stratigraphic unit ( see page 20)

Further east if the "Vosten " rocks were flattend to a greater extent than

the underlying "Pieske" rocks there could be overthrusting at this level.

Kautsky clearly shows cliscardances below the "Vasten nappe"

east of Sorjusioure. PrelimTnary investigations by Dr Nicholson and the

writer in 1966 suggested that Kautsky's mop was incorrect in this area,

there being no eyidence of discordance. Another maior discordance


according to Kautsky is the obsence in the Sulitjelma area of rocks of the

"Salo noppe" , which further north is found between the "Gosak " and

'Vasten nappe ".

1n the thesis area there is some evidencnof discordance.

1n the Water_fall area ( the east of the thesis area) a large fold has been


identified in the Sulitjelma Schist Sequence, as described in Chanter 10.2

and mapped on Map 4. Although inner members ot the lithological sequence

can be correlated ccross the axial trace, much of the upper lirnb development

is missing below, suggesting loss of one limb by extreme thinning and eventual

dislocation. Unfortunately, because of later faulting it is not certain from

eyidence in this area that the fold is an "M"type( Elliot , 1968, page 172 )


involving a considerable part of the Sulitjelma Schist Seauence rather than a

"7" type told with a ciefinite short limb. 1n the latter case a local slide

( Balley )910, pg.593, Fleuty,1964, ) is necessary but not a major thrust

dislocation. Evidence from beyond the area is not in favour of a marked fold
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at this The discordance does , however, lie at the base of the series of

rocks which Kautslry designated as the "Gasel: nappe".

Moson (1967) suagested that there are discordances of lithology

against the Tectonic breccies ( Mason's Flaser gabbro ), using this eviclence

to support his view that the Flaser gabbro unit represents a thrust zone.

The discordances which Mason records from above the unit (1967, pg.241)

are interpreted here as heing caused in part at least, by the the movements

on the postulated local slide et this level (see previous page). The

discordance below is very Ilinely to be an original discordance, since it involves

the thinning out of metamorphosed volcanic rocks (the meta-porphydtic

amphibolites, M:lson 1967, pg 243 ). Such a series would nothe exoected to

maintain constant thickness, and indeed Mason's rnao ( Fig.2 , 1967 ) shows

fHt lower portv, ot the come seriec of nneta-volconics thin out completely.

TherefOre the discordances reported hy MPson cre not considered evidence of large-

scale translation of one unit acminst the other.

16.3 Differences of metamorphic and structural history.

lIne adiacent parts of two noppes will probebly have been deformed

and metemorphosed in clifC'erc,onvironments herore thrusting and it may woll


be that 11e5e is suftidpnt difference in the early history of mineral grovith

and deformation Htween the cljecent parts ot tv zo supposed .nappes to

prove that thrusting bas occurred end to indicate when it occused.

The extreme examples of this are seen from t1-le eastern and

viestem margins nf l ine 11.Furopeon Coledonien helf, wfsere deformed


metemorphic rocks overly unmntamorphosed sediments with fossils.,

the original "Mountain Problem " ot 1-trnebohm. a metamorphic belt


it is more ditticult to identity thrust, with cerfointy by this method, though

suitcHe metamorphic differences are rep6rted. As discussed in Chapter 2.2,
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1n Kulling's descripti on ot Vasterhotten and Norrbotten the structurally

higher units are usually ot higher metamorphic grade. An exception is the

upper part of the Seve-kBli complex( the Kffii - schbts ) which is ot

lower grade than t!)e lower part,( Ha Seve - ichkts ). lakoman (1952)

descrihed an aren in North Vasterbotten containing unctions which

Kulling later ( 1955) descrihed as tectonic cantacts betwecn tho PidingstjåIl


Nappe and the Seve-kBli complex, ( see Chopter 2.2 ). Lakemen

notes that the structurally higher rocLs are of bigher metamorphic grade

but interprets this CJS the result of post-metamorphic folding, the whole

seguence being inverted. He makes sone rather unreliable stratigraphic

correlations which suggest inversion.

Gustavson (1966) descrihes the northern Ofoten and southern

Troms regions and finds a close correlation between changes of


metamorphic focies ond thrusting. "The boundaries between different facies

are partly cainrident vHth Usa tisrtst nIaes , thus indicatina nt thrusting

post-Hates the main regional metamorphism. N'ihere the thrwt-plane is

olso a mntomorphic hnundary hicher grale rocks cre everywhere overlying

th= of lower grade." (pn. 8 ). The thrusts marked by Gustavson are

usually parellel to the stratigrephic boundaries , end in this pc7er

Gwtavson does not justify tHir description as thrusts. A later goper on

the structure is planned.

Kauhliy descrihes the "Gasck nappe" ( equivalent to the

Sulitjelma Schist Sequence ) os being ot high grade, while the "Pieske

nappe" (equivalent to the Furulund schist and lower locks ) is of low

grade. In the thesis area the metamorphic zones do not lie parallel to the

lithological units which are supposed to be nappes. The Furulund schists

vary trom low grade to high grade, the kagrads being apparently developed

so that the high grade rocks overly lower grade, as was originally described

by Vogt ( 1927, pg. 483. )Vogt suga2,:ts that there may be ci connection

between the Isigher grade of metamorphiErn and the freguent granite intrusions

in HiaHr strucl,rol init. Trie revVan ot Volt's work on the metamorphism
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by Henley has confirmed the 'inversion' of the isograds,olthough Henley

replaces Vogt's parnet isograd by si aarnet-hornhlende isogred

and abandons Vogt's oligoclase isograd. Henley, and Nicholson(1966


Fig. 3 ) show that the garnet isograd continues within the Eurulund schist

at least as far east as the eastern end of Lomivann. In other words, garnets

in biotite-schist are found in the uppermost part of the Furulund schist

as for east as the frontier with Sweden. Mason(1967) descrihes a gradual

increc:e in arade up throuch the amphibolites overlying the Furulund

schist.A posc:ible explanation of the anparent inversion of the metamorphic

1111	 zones put forward by Nicholson and Rutland ( in pre::s) is that the Eurulund


schists are overlain by rocks which were thrust into place wIliIe

suffidentIy hnt to provide a heat source for He garnet-grade metcmorphirm.

This, os pointed out by Micholson and Rutland, is analogous to the

situntion in part ot Gcase!and, East Gmenknd, (Wenh, 196! where an


inverH-n of metanympl,ic 7ones is linked to He introducJion of lent fram an

overlying series of thrust rocks, (Haller and Kulp, IP62,pg 23 ). V thie. the


case in Sulitjelmn Hen the postulated thrust would have taken place at the

beginning at garnet growth in the Furulund schist (Chapters 4.5,and 7 ).

The event would come between the establishment of schistosity end the

folding ot schistosity at Bursi and in the east of the thesis area.

In order to determine which structural and metamorphic events

are common to those rock units on each side of Kautsky's supp.yed

"Gasak-Vasten" thrly.t the detailed history of these units has been

investigated. The Sulitjelma amohibolites are poor in minor structures

relative to the Furulund schist and the Sulitjelma Schist Seauen ce,


and therefore comparison was mostly restricted to the two schist series.

In the Furulund schB.ts three main phases ot deformation

are recognised . These are discussed in Chapter 4.5, and are tahulated

in Firj. 4.10. In Ho irsr phase the main schistose fabric of the rocks
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was generated along with isoclinal minor folds of bedding. The second phase was

not so powertul and caused moditication hp the schistosity . 1t can be

identifled because it was coeval w;th garnet growth. It is guite possible that

in olaces this detormation was cr continuation of !he earlier deformation.

This deformation is not uniform over the entire mopped reolon. Following the

growth of garnet and hornblende were several phases of minor folding

which developed in difrerent parts of be repion and whose relations to

porphyroblast growth show slight differences suggesting not guite

contemporary deve!opment. In ccklition to tliese main phases, there wcs

wideYpreal boudinoge, which probobly took place prior to the post-schistosity

minor folding, and in acklition, late kinking.

in considering the structural history of the Sulitjelma Schist

Seguence it is found that porphyroh1e:t growth is not cuite as useru! in lmse

rocis cs in the Furulund schist, but the ccc re!ations of the intvu:Hns cd the

Furulunb granite and the Sulitjelma pabbro are of considerobIe importance.

Major foliing is wel1 developed. k described in Chaoter 15.2 Ihere are

several uncertainties about the timing nf events and conseguently in Chepter 15.3

soveral alternative histories are considerel. The most reasonoble is coc,e

on Fig. I5 I, In the first event the development of schistosity was

occompanied by maior folding and growth of kyonite. This event was


followed by the intrusion of the Sulitjelma gabbro and then the Furulund

granite.A second deformation event resulted in the formation of the biotite

fabric of the gronite onTi the fcbric of the margins of the aabbro. 1n the

Vinterfall zone ( Map 4 ) major folding took place minor folding which


can !'e seen to be later than kyanite cirov»ts-earlier than eGrnet crowth.

There wns movement along a slide genetically connected with the major fold

which cut out part of the lower 1imb of the major fo1d. 1n a third deformation

event the gabbro ilself folded, folds in the cljacent schists interferring with

the fyn-schistosity Duoldegop synform to generate a large eyed fold.
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1n fitting these two sequences of events together a vital

piece of evidence is that garnet growth in the Sulitjelma Schist Sequence

in the Waterra11 7ane is later than Falding ot schistosity. V is likely thouah


not certain thot pornet arowth in hoth urits wch opproximately coeval, so this

is an indication that there are more phases of pre-garnet deformation

evident in the Sulitjelma Schkt Sequence than in the Furulund Schist. Nter

garnet growth hoth units suffered one phase of deformation.

1n order ta judge whether or not the cbove evidence proves that

thrusting hos taLen place it is neceyory to diy-,uss the evidence and

implication5 careful I . Firstly, the evidence that garnet arowth is later


than post-schistosity folding, ,(reviewed in Chmter 11.6 ) is not chundant,

heing anly precent in two parnets from two rachs, the parnets overgrawing

the HETMUCk cf hiatite (Fia. 9 cnd Fin. 11. ? L Secondly it must

be conddered that all the garnets in the Sulitjelma Schist Seauence may


not hove arown at the same time. rvidence in Choptar 11.6 does suagest

that the gornets are ot copval growth, Hut this correlation of events in the

Sulitjelmn Schist Sequence end the Furulund Schkt depends on

appro>dmotelv coeral parnet growth throughout the region. A third


consideration is thrit f there were two perials of pre-garnet folding in

Sulitielma Schist Si-,quence and only one pmriod in the Furulund Sch:st then

eithe: tNe earl ier or the two Sulitielma Schkt Seac.ence fold phases ceveloped

when thot part ot the unit was elsewhere, ar the derarmotion that caused one

of the fold pHhTes in tHp Sulitjelma Schist Sequence elso deformed the Furulund

schit but its effects cannot Le detectel. In the aHve sepuence of events If

is assumed that the second cleformation of the Sulitjelma Schist Sequence which

penerated the folds in the Watertal I rone was also responsible for the development

of the L-S tectonite fahrics of the granite and of the margin ot the gabbro. I t this
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deformation had a simple flattening ettect on the granite it may well have had

the same effect on the Furulund schist and since the garnet and hornblende


porphyroblasts grew later there would be no means ot identifiying its effects.

Perhaps rbis event could be correlaed with the boudinege of cempetent


bonds within tLe Furulund schist which is probably earlier than the pot-

schistosity minor folding ot the Furulund schist.

If it is arsumed that the two units under consideration cre

separated by a thrust then the movernent could have taken place either before

or ofter the first phose of dePormation of the Furulund schist, or as part of that

detormation. Evidence in favour of a ' lcte ' interpretation is the


apparent inversion of metamorphic nones which sugaests thrusting during

aarnet arowth in the Furulund schist, while evidence in favour of en'ea[hf


interpretction concerns the linent;en .Since the mineral orientation lineation'

in the Sulitjelmo Schist Sneuence is parellel to that in the Furulund schist ond


Sulitielma amphibolite across the bounclwies of these units, it is reasonahle

to suppose that the lineation vn generated in a common event , unlernhe

attitude of the lineation is constant ove: n consHerchle crea. However, as

is discussedin Chapter 7.17, the mica Febric of the Furulund schist hes heen

medified twice since its orip;ne! genercion end therefore this particular


evidence gives no indication of the date of the possible thrusting Fig. 15.1,

(opposite) summarises passible correlations between the two unitso

16.4 Special fahrics end lithologies esociated with thrusting.

The movement of one ness of rock against cnother is lil:ely to be

accompaniedbyspecial deformation of the rock et and necr fise movem2nt

zone• Faults are treguently accompanied by slickensides and fault-




hreccias. Accounts ot thrusting often mention their connection with mineral

lineations and the development of mylonites (Flinn 1965a pg.39, Flinn 1961,

Kvale 1953 ). The type of structure that is seen at a thrust is probably dependant

en the width ot the sone over which thrust movements take place and this width

is pH.)ably related to fire tempoLature ot v.fich the rocks ere at the time, as
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well as other factors such as fluid pressures.

The connection between mylonites and thrusting has been discussed

with reference to the western margin ot the Scottish Caledonides by Johnson,

Christie, Barber and others, who have recently analysed ;+e structural

history of the thrust zone, (Johnson 1957,1960a, 1960b, 1961, 1963, 1967,

Barber 1965, Christie 1963 ). Early workers had assumed a connection

between the brittle late thrusts and the zones of rnylonites along the Caledonian

thrust beR. Johnson (particularly 1961 ) demonstrates that the mylonites which


are zones of intense strain and flattening with constriction (1967), were produced

in a very early stage in the deformation history and that there were several

phases of movement, resulting in the formation of early mylocites followed by

sheoring to form blastomylonites ( in which there was recrystallisation) and

tinally late brittle thrusting accompanied by local cataclasis. It is probable


that if similar modern structural methods were applied to the eastern

boundary of the Caledonides in Sweden, just as comalex a hisi-ory of movements

might emerge. Accounts of the eastern marginal zone mention cataclastic

rock types ( eg. Marklund 1949 ).

has been suaaested by Kautsky(1953) that jhe tectonic breccias

in the Sulffielma crea are the result of thrust movements, and Vogt vyas prepared

to admit when questioned by Kautsky in 1949 that the brecciation was

probably related to minor thrusting. As discussed in Chaoter 93.7 , rnost of the

breccias are interpreted as the result of Hattening, causing boudinage and "pinch

and swell" structures to develop. As stated on page 100 there is no evidence that

the breccias were generated by thrusting. It is possible, though„ cs Vogt stated


in 1949, that there may have been some very slight late rnovements, which can be

correlated here with chloritisction of the breccia marains, and the disharmonic

fold at Bursi ( which is later than the main brecciation).

Mylonites have not been identified, unless a streaky banded

fine-grained guartz-planioclase rock founc. in thin sheets at the top of the



•

•

150

Tectonic breccia (page 94 ) represents acid igneous rock which has been

mylonitised and recrystallised. Since these sheets are now boudined in the


Tectonic breccia, any mylonitisation took place before brecciotion.

The change from a schistose fabric (S tectonite) to a

lineor fabric (L tectonite) is said to be choracteristic of thrust zones

1965a,p. 39 ) . Many papers (e.g. Kvale 1953) have discussed


the relationship of lineation to thrust movements in both the Norwegian

and Scottish Caledonicles. The specific regions where the relationship


between rock fabric and thrust movements has been investigated in

recent years are the Shetlands (Flinn), the Jotunheim district of Norway

(dossack) ond the /\.hoine thrust zone (Johnson, Barber and Christie).

Both the Upper Jotun neme(Jotunheim) and the thrust rocks

of the Shetlands lie on top of comglomerates which have been deformed.

In neither cose, however, do the deformed conglomerates show strains

which can be directly related to the thrust movensents‘ Flinn (1958)

describes the deformation of the Funzie conglornerate in Unst (Shetland).

"The deformation of the conglomerote culminates at the

thrust at Staves Geo. It is clear that the thrust is somehow genotically

related to the deformation, yot the monoclinic movement on the thrust

is confined to the thrust plane. A foot or so below the thrust the penetrative

movements had a radial symrnetry (flattening). Several hundred feet lower


where elongation of pebbles took place the movement had on orthorhombic

symmetry. Therefore the movement on the thrust plane did not directly

alve rise to the tectonic fabric of the conolonserato 	 The

monoclinic simple shear movement of the throsting wes confined to very

thin layers of rock." (page 132).

Hossack (1968) described the deforrnation of the Bygdin

conglomerate below the Upper Jotun noppe.

"The amount of finite distortional strain in the pebbles is generally

highest at the basal thrust plane of the Upper Jotun nappe and decreases down—

-
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ward,. .."(pg.325). 'Throughout the whole of the area the dominant strain was
one of tlattening .." (page 327). "the symmetry of the pebble deformation

canno Le directly related to the symmetry ot the thrusting ."(page 330 ).

Hassock et.Ffected that there -would be n strong component of simple shear in the

defbrmation, but he found a strong component ot flattening present as v/eH,which

robably post-dates the nappe emplacement.

"The pebble deformatian was dominently one ot Islattening and seems to
have tahen place after the nappe had stopped moving because of the apparent
absence ot intational det'ormational rabrics in the conglomerate. ..... (the

thecn) fobric may have been effeced ly the flattening deforrnation "(pg334).
',5eneh-:Ily the throst plene daes not seem to have been a strain discontinuity during
the pebble deformation because the same lebrics ase Tound ahove and belaw the thrust
plane." ( paae335 ).

This latter point is importent , that later deformation can efface any •

special fabrics which have formed during ci thrust event.

In contidering thete pnints in lelation ta tIte postulated thruriing at

SuliHeIrna one mutt see if there are eny levels at which there cm unwhJal

fabiish., and examine the thrusting Itypotheis to see later deformation could


have eracerl env special fchric:).

Fahrit-T  n the SJW-jelma area

The deformed rocks show L-S tectonite fabrics varying considerably

in the degree of intensity of the lineation element. The rocks immediately

adjacent t:t the SH  tjelma anhbra, inclu-ting the edoes of the gabbro itself

show a very strong lineation. The mete-batic rocks on the south si(le of the gabbro

showing this lineation have been termed "flaser gabbro" by Mason(1967) and he

interpreted the intense strain as the result at. tbrustinct. This interpretation is


rejectel because the intense development of lineation does not continue alang the

supoosed thrust level to the wc—J, end ecause a simllar strong lineation


cHiecterises the western margin 0: Hse g6bbro, chzone whibh Mrisan

( or Kautsky) does not consider to be a thrust level. Around all parts ot the

southern and western margins of the gebbra which have been visited in this

inveHaation ( see map I ) the intensity n• lineation development dies aut
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away trom the gabbro, as does the tightness ot the post- schistosity fold.Since

the gabbro represents a relatively undeforrned mass,( primary igneous

bedding can be seen, original igneous textures are preserved ), it is here

suggested that the intense lineation develop ment is due to abnormal strain

around the gabbro prior to, and during the folding of the gabbro.

Within the Furulund schist there are considerable variations in the

intensity ot lineation development as discussed in Chapter 7.1 , but the complete


range of variation can be seen within one hand specimen.

Koutsky supposed the thrusting to be later than the metamorphism in

the east where the "Gasak nappe" rocks contain staurolite. 1n the northern

port of his area Kautsky traced the rock units into the west towards and into

Norway and found that they became folded on a large scale, the folding

clearly being later than the thrusting. Analogous folcling hos been described

from west of Sulitjelma ( Nicholson and PutIond , in press ) and any recrystallisation

accompanying this folding would tend to obscure special fabrics of thrustina.

It seems most probable that the folding to the west ot Sulitjelma which is on

approximately north-south trending axes can be correlated with the Baldaoive

Synform ( described by Henley), which it is suagested in Chapter 6.1 and 6.12,

either correlates with the minor folding in the Bursi area, or is later than that

folding. 1n either case the major folding will be later than garnet growth, and

411modification to fabric following aarnet arowth is thoughtto be only of

slight effect, ( see Chapter 7.17 ). Therefore any special thrust fabrics should


still be present. Johnson ( 1961 ) is able -o identify fcbrics related ta

several movement phases in the Moine thrust zone despite recrystallisation.

16.5 Summary of evidence for thrusting in the Sulitjelma area.

A. Kautsky's supposed stratigraphic eguivalence of the "Gasak nappe"

rocks with the "Pieske nappe" rocks. This is not proved. It is based on a doubttul

lithological correlation, not on palaeontological evidence.
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B . Discorclonces of Kautsky claimed discordances of lithology outside

the thesis area, but orne of his examoles are now doubted ( Nlicholson and

flutlend, in prey3 In the thesis area there is mme evidence of dislocation,


but t is probably the result of a slide whose regional significance is notgreat.

Differences ot metamorphism:- The supposed thrusts are not sharp

metamorphic boun inries; the garnet hornblende kograd lies within the


Furulund Schist ( Henley).

lnverted metemorphic zones:- The apparent inversion of metamorphic zones


argues in favoul of on overthrust of hot rock immediately before the growth

garnets in the rumlund schisL

Dissimilarities of structural history:- Since tHe Sulitjelma Schist Senuence


has evidence of two phoses of foldina before garnet growth wlii le tHe Furulund

schist Hes evidence ol only one phase before gernet growth,this argues in

tavour of a thrwt, althounh there are al ternative explanations.

Soecial febtics, structures and lithologies near the supposed thrust zone:-,

i.There is no special development ot L tectenites.

There is no convincing evidence er mylonite develooment.

Tectonic breccies developed adjecent to the suppesed "Gasak-

Vasten" nappe boundary show no evidence of having been generated in

response to thrusf movements, but aenerally oppecr to have developed in

respoPse to flattening normel to the banding. There may have been slicht

movements at ni late date at dnc marains breccia,probably coevel with


disharmonic post-schisteity folds at Bursi.

iv. Disharmenic folding at Bursi (Chapter 6.6 ) can be explained

os the result ot sirnple shear strain on a larde scale at the Sulitjelma amphibolite-
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Sulitjelma Schist Sequence junction, caused by the eastward movement of the

Sulitjelma Schist Sequence. But this disharmonic folding is later than garnet


growth and is probably coevel with the larae-scale folding of the supposed

thrust horizon furdHr to the west.

v. During growth of garnets and hornblendes the Furulund schirt;

was deformed by Hhomogenous shear , with the shear plane paralle!

to the schistosity, (Chapter 7.14 , 7.15 such a small area as studied it is


impossible to tell if this simple shear deformation is found throughout the Furulund

411schists, but the evidence presented in Chapter 7 suagests that it is important

at least at the top of the Furulund schist. This shear could be generated by

the movement of an overlying nappe.

16.6 Conclusions.

The junction between Koutsky's supposed Pieshe end Vesten nappes.

There is no tectonic breaL between the units which Kautsky correlated

with the Pieske and Vosten noppes in Sweaen. As described in Chopter3.4

and in Mason (1967), the two un  ts together form a seauence of meta-

sedimentary rocks passing upwords into mete-volcani c rocks with

associated meta-serliments. At Sulitjelma (Mao 5) and, as described by


Mason (1967 Fig.2,) from further onst, there is interdigitation ot mete-

sedimEjflts and meta-volcanics.

The junction between Kautsky's supposed Vasten and Gesok nappes.

Within the thesis orea there is no conclusive evidence in favour of a

thrust hypothesis, though some features ere very conveniently explained if

it can be assumed that tl-ere was thrustinct ot the Sulitielme Schist Sequence

over the Furulund schist immediately prioi. to ond possibly during the growth ot

aornetr in the Furulund schist. An obvious priority t'or further work is

the detailed mapping oE ground further ewt, to examine Kautsky's nappe
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hypothesis on his own ground by modern methods. Kautsky mapped a large

area ( some 80km. by 30km. ) in about six months, and while his work

has been of great value, the accuracy must not be taken tor granted.

•

•
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