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ÖTEI.I.INÜKN

l. Het gedrag van Rb-Sr "whole rooK" systemen in Ktiatcuntun, die <1oor

metamorfose vn deformatie zijn beïnvloed, is utivu Idamuiu onderzocht

2, Stratigraf lache correlaties In het Kolt dekblad op tuint H vnn een zo-
genaamde "chemische vingerafdruk" vun vulkanincliu af*«ttIngen ver-
dienen de voorkeur boven die, waarbij van cun«lomuruiun t>n marmers
gebruik gemaakt wordt.

In regionaal metamorfe gebieden kan het niet ontlttrkonni'i) van poly-
metaraorfose tot een verkeerde interpretatie van du mui amorfe facies
leiden.

4, Een ouderdom van 418 Ma voor de grens Ordovicium/Siluur, zoals be-
rekend- door Gale et al. is onjuist.

Gale, N.H., BecMnaale, R.P, S Vadge, A.J. 1979:
A Rb-Sr whole rook isoohvon for the Stockdale
Rhyolite. of the English lake Di a triât and a revised
mid-Palaeosoia time-eonle, Journ, geol. Soa. Lond.

S. Ultramylonieten en pseudotachylieten ontstaan op vrij geringe diepte
en kunnen derhulve geen "cryptische aiituur" uunKtiy/en

Dewey, J.F. & Burke, CA, W/$> Tibetan, Vaviaaan
and Precuvnbrian baniismütit vwt io-.it ton: products
of aontinental <.s>{liiu\>n,Jiwn. & W . W7, t'ii.i-i>i>2.

6. Gezien het belang voor vele geologische lnterprelut U-s «Itent isotopen-
geochronologle een onderdeel te vormen van hot doitoraa)programma voor
geologen.

7. Het verdient aanbeveling om, naast Engels, Fraim un Dulls weor als ver-
plichte eindexaaenvakker. In het VWO in te voeron.

8. Indien na het rijbewijs voor voertuigen in de toekomat oen vaarbewijs
voor gemotoriseerde vaartuigen vereist val zijn, lijkt ilt< nood.'.aak van
een loopbewijs voor voetgangers

Proefschrift A P S . Reyi.ier
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SAMENVATTING

Het onderzoek voor dit proefschrift betreft de ouderdomsrelaties van

verschillende gesteentegroepen en mineralen in metamorfe dekbladen in

de centrale Scandinavische Caledoniden. Voor dit onderzoek werden

Rb-Sr analyses aan whole-rocks en aan verschillende mineralen (biotiet,

muscoviet, veldspaat, granaat) gedaan en K-Ar analyses aan de mineralen

biotiet, muscoviet, amfibool en veldspaat.

Rb-Sr analyses van whole-rock monsters van gereactiveerd basement

(Offerdal Nappe) wijzen op een Svecofennische ouderdom van ongeveer

1700 Ma. Mineraalouderdoramen tonen gemengde en Caledonische waarden.

Het blijkt, dat de sterke Caledonische deformatie vergezeld van

laaggradige metamorfose slechts een beperkte invloed heeft gehad op de

Rb-Sr whole-rock systemen.

Rb-Sr whole-rock analyses van migmatische kyaniet-kaliveldspaat gneissen

en kwarts-veldspaat gneissen uit het Seve dekblad geven ouderdommen van

900 Ma tot 1200 Ma. Deze ouderdommen komen overeen met de ouderdom van

de Sveconorwegische orogenèse in Zuid-Scandinavië en van de GrenvilJe

orogenèse in N-Amerika. De spreiding van de analysepunten in elk Rb-Sr

diagram toont aan, dat de Rb-Sr whole-rock systemen niet gesloten

gebleven zijn. Dit wordt toegeschreven aan de latere Caledonische

heractivering. Eén serie monsters leverde een Caledonische ouderdom van

460 _+ 35 Ma op, maar met een hoge initiële 87Sr/86Sr ratio, hetgeen ook

op een lange pre-Caledonische geschiedenis wijst.

Rb-Sr whole-rock analyses van een serie monsters uit het Rödingsfjäll

dekblad wijzen op dezelfde ouderdommen (1030 Ma - 460 Ma) als die welke

in het Seve dekblad gevonden zijn. Dit betekent, dat een deel van de

Caledonische dekbladstapel in de centrale Caledoniden uit Precambrische

gesteenten bestaat. De gegevens bevestigen het idee dat de Sveconorwegische

gordel zich uitstrekt van SW-Noorwegen langs de Noorse kust naar het

noorden.

De metamorfe mineraalgezelschappen in de gesteenten van het Seve dekblad

zijn bet effect van ten minste twee perioden van metamorfose. Midden

tot hooggradige mineraalassociaties kunnen nu toegeschreven worden aan

de Sveconorwegische metamorfose, terwijl de retrograde ontwikkeling



onder midden tot laaggradige condities de Caledonische heractivering

kenmerkt.

Op grond van de gegevens is het niet aannemelijk, dat nog oudere, met

name Svecofennische, relicten aanwezig zijn in het Sevedekblad in het

onderzoeksgebied. Elders (Areskutan), zijn deze vermoedelijk wel

aanwezig.

Biotiet Rb-Sr ouderdommen in de Seve en Köli dekbladen geven

Caledonische waarden (rond 420 Ma). Dit geldt ook voor de meeste phengiet

en muscoviet ouderdommen (440 - 420 Ma), maar voor drie muscovieten

uit het Seve dekblad werden Sveconorwegische ouderdommen gevonden

(900 - 1000 Ma). Biotiet, hoornblende en muscoviet/phengiet K-Ar

ouderdommen geven een spreiding te zien tussen Caledonische en

Sveconorwegiache waarden (420 - 1200 Ma). De ouderdommen worden hoger

van west naar oost, ofwel van tectonisch hoog naar laag. Dit wordt

geïnterpreteerd als een grotere hoeveelheid "geërfd" radiogeen Ar in

de lagere eenheden. Het grootste deel van dit radiogene Ar is in de

hogere delen tijdens de Caledonische heractivering ontsnapt.

De initiële ^ S r / ^ S r verhoudingen van mineraal/whole-rock isochronen

duiden eveneens op een pre-Caledonische geschiedenis van de gesteenten

van het Seve dekblad. De verhoudingen variëren van 0.72 - 0.74, terwijl

de regressielijnen van de whole-rock series initiële verhoudingen van

0.707 - 0.712 opleveren.

Een aantal granaten uit granaat-mica schisten in het onderste deel van

het Seve dekblad werden geanalyseerd voor Rb-Sr. Hieruit bleek, dat de

granaten niet gedurende de Caledonische metamorfose gegroeid konden zijn.

Een muscoviet-granaat regressielijn van 965 + 40 Ma maakt het

waarschijnlijk, mede op grond van petrografische waarnemingen, dat deze

granaten tot de Sveconorwegische metamorfose behoren. Hiermee zou dan

ook de deformatie, die tijdens de groei van deze granaten is opgetreden

zoals blijkt uit de insluitselpatronen, Sveconorwegisch zijn.

Een ander aspect van de raineraalouderdoraraen betreft de datering van

de Caledonische orogene activiteiten. Op basis van de Caledonische

mineraalouderdommen wordt geconcludeerd dat (1) de grens Ordovicium/

Siluur rond 435 + 5 Ma ligt, (2) de piek van de metamorfose ongeveer

10
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425 + 5 Ma geleden bereikt werd, en dat (3) daarna een snelle afkoeling

heeft plaats gehad tegelijkertijd net de plaatsname van de dekbladen.

Er blijkt een duidelijk verschil (20 - 65 Ma) aanwezig tussen de

biotiet ouderdommen uit het Seve-Köli dekblad coiaplex in het onderzoeks-

gebied en biotiet ouderdommen uit het meer centrale deel van de

Caledonische gebergtegordel langs de Noorse kust.

Een Rb-Sr whole-rock isochron ouderdom van 442 + 30 Ma werd verkregen

van monsters uit de Storfjäll Nappe (Norra Storfjället gebied). Deze

laat-Ordovicische ouderdom wordt geïnterpreteerd als de minimum

ouderdom van de arafiboliet facies metamorfose. De deels migmatische

schisten worden gelntrudeerd door gabbro's en granieten. De ouderdom

van 438 + 6 M a voor de Vilasund graniet (Gee & Wilson, 1974) is in

overeenstemming met de ouderdom voor de metamorfose. K-Ar bepalingen

aan twee amfibolen van de Artfjäll gabbro gaven geen duidelijk beeld

(511 _+ 15 Ma en 447 _+ 15 Ma) . Rb-Sr en K-Ar mineraalouderdommen zijn

duidelijk jonger (435 - 410 Ma).

De Sveconorwegische ouderdommen van de Seve en Rödingsfjail Nappes

worden bekeken tegen de achtergrond van de gehele Grenville/Sveconorwe-

gische gordel in het N-Atlantische gebied. De geologische karakteristieken

van diverse gebieden uit deze gordel worden kort besproken en vergeleken.

Aan de hand van een lijst met ouderdommen is een kaart gemaakt waarop

deze gebieden staan aangegeven en waarin zoveel mogelijk rekening is

gehouden met latere orogenen en mogelijke continentverschuiving.

Tot slot worden de Caledonische ouderdommen geplaatst binnen het kader

van de gehele Caledonische cyclus, zoals die nu bekend is in Scandinavië.

De orogene activiteiten in het Onder Palaeozoicum kunnen geïnterpreteerd

worden vanuit een plaattektoniek model. Op grond van de mineraalouder-

dommen en de datering van de Caledonische orogene activiteiten in het

Siluur wordt een causaal verband gelegd tussen de dekbladvorming en de

afkoeling van de gesteenten. Bovendien wordt beargumenteerd, waarom het

onwaarschijnlijk geacht moet worden dat de dekbladvorming het resultaat

is van afglijden ten gevolge van de zwaartekracht. In plaats hiervan lijkt

dekbladvorming door onderschuiving van het Baltische Schild onder het

N-Amerikaanse Schild een beter model.

11
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SUMMARY

This study concerns age determinations on several rock units of

metamorphic nappes in the central Scandinavian Caledonides. Rb-Sr

analyses on whole-rocks and minerals (biotite, muscovite/phengite,

feldspars, garnet) were made as well as K-Ar determinations on biotite,

muscovite/phengite, amphibole and feldspar.

Rb-Sr whole-rock analyses on samples of reworked granitic basement point

to a Svecofennian age of about 1700 Ma. Mineral ages are either mixed or

Caledonian. Strong Caledonian deformation and low-grade metamorphism

had apparently no great influence on the Rb-Sr whole-rock systems.

Rb-Sr whole-rock analyses of migmatitic kyanite- K-feldspar gneisses

and quartzo-feldspathic gneisses from the Seve Nappe yield ages of

900 - 1200 Ma. These ages correspond to the age of the Sveconorwegian

metamorphism in S. Scandinavia and to the Grenville in N. America. The

scatter of the data-points of each suite of samples shows that the

Rb-Sr whole-rock systems have been open to Rb and/or Sr. This is

attributed to the later Caledonian overprint. One suite of samples yield

a Caledonian age of 460 + 35 Ma, but the high initial 87Sr/86Sr ratio

of 0.732 points also to a substantial pre-Caledonian history.

Rb-Sr whole-rock analyses on a suite of samples from the Rodingsfjail

Nappe display a similar age pattern (1030 - 460 Ma) to that obtained

from the Seve Nappe. Part of the Caledonian nappe sequence apparently

consists of Precambrian rocks. The data confirm the suggestion that

the Sveconorwegian belt of S. Scandinavia continues to the north along

the Norwegian coast.

The mineral assemblages in the rocks of the Seve Nappe are the result

of at least two stages or episodes of metamorphism. The medium to

high-grade phase can now be attributed to the Sveconorwegian metamorphism

and the retrogression under medium to low-grade conditions to the

Caledonian overprint.

On the basis of the present data it is unlikely that there has been

a still older (i.e. pre-Sveconorwegian) history for the rocks of the

Seve Nappe in the investigated area.

12



Elsewhere in the Sevo Nappe (Sreskutan) such older ages seem to be present.

Biotite Rb-Sr ages in the Seve and Koli Nappes are Caledonian (around

420 Ma). Most of the phengite and muscovite Rb-Sr ages are also Caledonian

(440 - 420 Ma), but three muscovites in the Seve Nappe yield Sveco-

norwegian ages (900 - 1000 Ma). Biotite, hornblende and muscovite/phengite

K-Ar ages range between Caledonian and Sveconorwegian values (420 - 1200

Ma). These ages increase from west to east in the Seve Nappe which is

equivalent to going downwards in the tectonic stratigraphy. This is inter-

preted as due to an increase in inherited radiogenic Ar. In the higher

units most of this Ar has been expelled during Caledonian overprint.

The initial 87Sr/86Sr ratios of mineral/whole-rock isochrons of samples

from the Seve Nappe point also to a prolonged pre-Caledonian history.

The ratios vary from 0.72 - 0.74, whereas the regression lines through

the suites of whole-rocks yield initial ratios of 0.707 - 0.712.

A number of garnets, muscovite and biotite from garnet-mica schists in

;the lower part of the Seve Nappe were analyzed for Rb-Sr. It is

concluded that these garnets grew during a pro- Caledonian metamorphism.

A muscovite-garnet age of 965 _+ 40 Ma and petrographical observations

suggest that these garnets also belong to the Sveconorwegian metamorphic

javent. This would imply that the deformation that occurred during

growth of these garnets, as shown by the inclusion trails, is also

Sveconorwegian.

mother aspect of the mineral ages concerns the timing of the Caledonian

irogenic activities. On the basis of the Caledonian mineral ages it is

oncluded that (1) the boundary Ordovician/Silurian lies around

435 + 5 Ma, (2) the peak of metamorphism was reached about 425 ± 5 Ma ago and

(:3) that afterwards a fast cooling took place synchronously with the

emplacement of the nappes. There is also a substantial difference

between biotite cooling ages from the Seve-Koli Nappe Complex in the

investigated area and biotite cooling ages from the more central part of

the orogenic belt along the Norwegian coast.

A Rb-Sr whole-rock isochron age of 442 +_ 30 Ma was obtained from samples

of the Storfjall Nappe (Norra Storfjallet area).

13



This late Ordovician age is interpreted as the (minimum) age for the

amphibolite facies metamorphism. The partly migmatitic schists are

intruded by gabbros and granites. The age of 438 + 6 Ma of the Vilasund

granite (Gee & Wilson, 1974) is in accordance with the proposed age

of the metamorphisra. K-Ar analyses on two amphiboles of the Artfjall

gabbro were not conclusive (511 + 15 Ma and 447 + 15 Ma). Rb-Sr and

K-Ar mineral ages (435 - 410 Ma) are younger than the whole-rock

isochron age.

The rocks from the Seve and Rodingsfjail Nappes form, as a consequence

of their age, a part of the Grenvillian/Sveconorwegian belt in the N

Atlantic region. The main geologic features of a number of areas that

belong to this belt are briefly described. A list of ages from these

areas accompanied by a map is presented. The map is partly tentative,

as it gives a reconstruction of the continents in Grenvillian times

which is not certain; also the influence of subsequent orogenies and

continental drift has been taken into account on the basis of data from

the literature.

Finally the Caledonian ages are discussed within the framework of the

whole Caledonian cycle of Scandinavia. The orogenic activities in the

Lower Palaeozoic may be interpreted as a result of plate-tectonics. On

the basis of the mineral ages and the timing of the Caledonian orogenic

activities in the Silurian, a connection between the emplacement of the

nappes and the cooling of the rocks is suggested. It is also argued

that a translation of the nappes, after initial piling up, by

gravitational collapse is not in accordance with the data. A model

involving underthrusting of the Baltic Shield under the N. American

Shield seems to be more likely.

i-
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CHAPTER I

INTRODUCTION

1.1. General

This work discusses the results of 162 Rb-Sr and K-Ar age determinations

on whole-rocks and minerals. The material is presented in chronological

order: Chapter II deals with reworked crystalline basement (Early

Proterozoic), Chapters III and IV with the Seve and Rodingsfjall Nappes

(Late Proterozoic), and Chapters V and VI with the Palaeozoic ages.

Finally, in Chapters VII and VIII, some aspects of the tectonics of the

Grenville Belt and the central Scandinavian Caledonides are discussed.

1.2. The investigated nappes

The Scandinavian Caledonides are made of a pile of nappes consisting

of metamorphic rocks thrusted onto the Baltic Shield, Autochthonous

Cambro-Silurian platform deposits occur east of the nappe front.

Table 1.1 shows the generalized tectonic stratigraphy in the eastern

central Caledonides. The map of Fig. 1.1 shows the ages and partly

inferred distribution of the main tectonic units in the Scandinavian

Caledonides. In Fig. 1.2 a geological map of the investigated area is

presented. This work deals with age determinations on rocks from the

Offerdal, Seve, Kdli, Storfjall and Rodingsfjall Nappes.

The Seve-KSli Nappe Complex is one of the major nappe systems of the

Scandinavian Caledonides and extends for about 800 km along the strike

of the Caledonian Belt. It is underlain by a sequence of "Lower Nappes":

the SSrv Nappe of uncertain age, the Offerdal Nappe (subject of Chapter

II), and other units consisting of Late Precambrian and Cambro-Silurian

netasediments of very low metamorphic grade.

The Seve Nappe consists of medium and high-grade rocks, intensely

deformed and devoid of fossils. For this reason its age has always been

uncertain. Some sonsidered it as the high-grade equivalent of the low-

grade Kdli Nappe, but as early as 1896 TSrnebohm suggested a Precambrian

age.
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TECTONIC UNIT

RSDIJiGSFJALL

STOHfJALL

BOCK TYPE

GARNET-MICA SCHIST
AND GNEISS (LOCALLY
MIGMATITIC)

GRAPHITIC SCHISTS
PARTLY MIGMATITIC
SCHIST AND GNEISS
HETAVOLCANICS
CONGLOMERATES, MARBLE
GABBROS, GRANITES

METAMORPHIC ZONE

KY, SILL

KY, STAU, SILL

METAMORPHIC FACIES

AMPHIBOLITE
LOCALLY RETROGRESSED
TO GREENSCHIST

AMPHIBOLITE
AND

GREENSCHIST

TECTONIC UNIT

LASTERFJALL
GROUP

KOLI

TJOPASI
GROUP

(WESTERN
BELT)

(CENTRAL
BELT)

SEVE

(EASTERN
BELT)

ROCK TYPE

CONGLOMERATE
XERATOPHYRE
GREENSCHIST
CALCAREOUS PHYLLITE

LIMESTONE, CONGL.
QUARTZ-KERATOPHYRE
GREENSCHIST
BLACK PHYLLITE
SERPENTINITES

GARNET-MICASCHIST
AKPHIBOLITE
SERPENT1NITES

MIGHATITIC GNEISS
* ECLOGITES
QTZ-FSP GNEISS
AHPHIBOLITE
PERIDOTITES

AMPHIBOLITE
QTZ-FSP GNEISS * ECL.
PERIDOTITES
AMPHIBOLITE, MARBLE
GARNET-MICASCHIST
OUARTZITE

METAMORPHIC ZONE

CHLORITE^-^'"'^

•*"^ B I O T I T E ^ - ^ ^

-^GARNET

STAU, KY

KY-K-FSP (SILL)

CPX, GARNET

GARNET

METAMORPHIC FACIES j

GREENSCHIST

AMPHIBOLITE

GRANl'LITE,
RETROGRESSED TO
AMPHIBOLITE

AMPHIBOLITE,
RETROGRESSED TO
GREENSCHIST

SARV ' META-ARKOSE, OUARTZITE
MUSCOVITE SCHIST GREENSCHIS-;

GRANITE-GSEISS
1 KYLONITE
.AUGENGSTISS

GREENSCHIST

UAH4' TCCHTHONOl'S
LOWER NAPFES IQUARTZITE. SHALE
(BLAIK, OLDEN)

AUTOCHTHONOUS UNMETAMORPHOSED

Table 1.1. Lithostratigraphy and metamorrpkia zonation of the nappes in
N. Jamtland - S. Vasterbotten (after Williams & Zwavt, 1977).
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In Chapter III the Rb-Sr investigations on suites of rocks from this

nappe are discussed.

Trouw (1973) and Zwart (1974) distinguished three units within the

Seve Nappe, from top to bottom: a Western, a Central and an Eastern Belt,

(Table 1.1, Fig. 1.2). The Western Belt consists of garnet-mica schists,

kyanite-staurolite-garnet-mica schists, epidote-amphibolites and some

marbles. The Central Belt contains migraatitic gneisses with sillimanite

and kyanite in the southern part of the map area (Fig. 1.2; south of

about the line Ankarede-Saxnas), and only kyanite in the northern part.

Eclogites occur as lenses or boudins within the gneisses near Ankarede.

Other frequently occurring rock types in the Central Belt are quartzo-

feldspathic gneisses and amphibolites. The latter two rock types are

also present in the Eastern Belt. Eclogites occur also (in the area near

Sjoutnaset, Fig. 1.2). The distinction between the Central and Eastern

Belts is based on the occurrence of migmatitic gneisses in the Central

Belt, but the boundary may be arbitrary. Lower in the sequence garnet-

mica schists (discussed in Chapter IV), feldspar-bearing quartzites and

amphibolites are present. Ultramafic rocks, peridotites and serpentinites,

occur in all three belts. They have been studied by Calon (1979), with

special emphasis on the Kittelfjall peridotite. Amphibolites, especially

frcsn the Kittelfjall area, are described by Biermann (1979). The

stratigraphy is purely a tectono-metamorphic lithologic succession, and

nothing can be said about the ages or the facing of the original

sedimentary or volcanic rocks. Large boudin-like structures make the

units disappear and reappear along the strike (see Fig. 1.2).

As reported by Williams & Zwart (1977),mineral assemblages indicating

granulite facies metamorphism are locally present in the Seve Nappe,

especially in the mafic rocks (clinopyroxene + hornblende + garnet).

In the felsic gneisses the paragenesis kyanite + K-feldspar in the

absence of muscoviteindicates upper amphibolite facies conditions. The

eclogites are also thought to have been formed under these conditions.

Preliminary P, T estimates for this metamorphism are 8 - 10 kb and

650 - 750°C (Biermann, 1979; van Roermund, pers. comm.). The rocks were

subsequently retrogressed under amphibolite and greenschist facies

conditions. Retrogression is most obvious in the amphibolites where it

leads to the formation of epidote amphibolites (Biermann, 1979), but it
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Fig. 1.2. Geological map of the investigated area (except Norra
Storfj&'Uet area). After Zwart S Williams, 1977.
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can also be recognized in the felsic gneisses (growth of staurolite,

and white mica at the expense of feldspars) and in the peridotites

(Calon, 1979), Thus, at least two stages in the metamorphic history

of the rocks of the Seve Nappe can be recognized: a medium/high-grade

phase followed by a medium/low-grade phase• These stages may or may not

belong to one cycle (Chapter III).

Deformation in the Seve Nappe is intense and complex. Williams & Zwart

(1977) recognize two groups of structures: group 1 structures are related

to the regional foliation as they contributed to its formation, whereas

group 2 structures overprint this foliation and related structures. Group

1 folds are generally tight to isocline! and overprinting of three

generations can be demonstrated. Mylonite zones within and at the contacts

of the Seve Nappe are parallel to the regional foliation. In these

mylonite zones potassium-feldspar, garnet and kyanite usually form

porphyroclasts in a fine-grained matrix, in which the quartz is

recrystallized. Group 2 structures are open or kink-like with steep

axial planes. Their interference pattern are dome-and-basin structures

and they post-date the thrusting.

The Kffli Nappe overlies the Seve Nappe with a tectonic contact. The

rocks are locally dated palaeontologically as (Upper) Ordovician and

Lower Silurian. Detailed accounts on the K61i are given by Zachrisson

(1969), Gee (1975a), SjOstrand (1978) and Trouw (1973). The Kdli

Supergroup (Gee, 1975a) can be divided into three Groups (Zachrisson, 1969),

from top to bottom: the Remdalen Group, consisting of phyllites and

greenschists, the Lasterfjall Group consisting of calcareous phyllites,

meta-keratophyres and meta-gabbros, and the Tjopasi Group containing

graphitic phyllites and mafic and felsic metavolcanics. Quartzites

and quartzite-conglomerates are present at the top of the Lasterfjall

and Tjopasi Groups. Other rock types include marbles, serpentinites and

trondhjemites.

Four or five deformation phases can be recognized. The first phase

resulted in tight to isoclinal folds and a slaty cleavage. The second

phase resulted in the transposition of earlier structures. The related

cleavage %s either a transposed slaty cleavane or a crenulation

cleavage.
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This deformation phase is correlated with the main thrust movements.

Later deformation phases refold the earlier structures and the thrust

planes. A new crenulation cleavage is sometimes developed in tight folds.

Metamorphism reached its peak interkinematically D - D , as is shown in
1 A

the curvature of the S cleavage around ilmenite, biotite and garnet

porphyroblasts. The metamorphism increases from top to bottom. In certain

areas these conditions continued during or even after D , but then

temperatures dropped and during the later deformation phases very

low-grade conditions prevailed,as demonstrated by the absence of growth

of new minerals. The biotite and garnet isograds cross-cut the

lithological boundaries.

North of Tarnaby in the Norra StorfjSllet area a unit is present whose

relation to the Koli Nappe is not well understood. The lithology o* this

Storfjdll Nappe shows lithological similarities to the Kdli Nappe, but

the metamorphic grade is in general higher. The lithology is

characterized by graphitic phyllites, schists, gneisses and metavolcanics;

pillow-lavas have been reported (Senior, pers. comm.). Migmatitic schists

and gneisses occur containing sillimanite, kyanite, staurolite and

garnet. Gabbros (e.g. Artfjail gabbro) and granites (e.g. Vilasund

granite) are common. The occurrence of conglomerates and the presence

of graphite in many rocks are characters possessed also by the KQ1X

Nappe. However, no fossils have been found and age determinations on

rocks from the Storfjall Nappe will be discussed in Chapter VI.

The RGdingsfjcLll Nappe is one of the "Upper Nappes". In the Norra

Storfjallet area the contact with the underlying Storfjall Nappes is

clearly tectonic. No detailed geological research has been done so

far in this unit. Rb-Sr investigations in the ROdingsfjall Nappe will

be discussed in Chapter III.

1.3. Previous work

No isotopic ages have been reported from the Seve or Koli Nappes in

the investigated area. In the Storfjall Nappe the Vilasund granite has

been dated (Gee & Wilson, 1974; see Chapter VI).
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To the north ages have been reported frora the Sulitjelma area (Wilson,

1972) and to the south from the Trondheim region (Wilson et al., 1973);

at both locations the rocks.have a position higher in the tectono-

stratigraphy than the Kdli Nappe. To the west in Norway, the Bindal

granite has been dated by Priem et al,, (1975); this intrusion is

situated in the He1geland Nappe Complex, one of the highest structural

units (Fig. 1.1).

Basement rocks have been dated from several basement windows to the

north of the area here under discussion (Priem et al., 1968b; Wilson &

Nicholson, 1973; Chapter II, Fig. 2.1).

1.4. Sampling

Fresh and large samples were collected (6 - 20 kg). A map showing the

locations of all analyzed samples is presented in Fig. 1.3. Separate

sample locality maps are included in the different chapters. A list

of samples is included in Appendix I,

1.5. Experimental procedures, analytical errors and constants

Samples investigated in the Z.W.O. Laboratorium voor Isotopen-Geologie,

Amsterdam have numbers with prefix LAP in the tables. Splits of crushed

and pulverized whole-rock samples were analyzed for their Rb and Sr

contents and the Rb/Sr ratios by X-ray fluorescence spectrometry,

using a Philips PW 1450/AHP hardware programmed spectrometer (pressed

powder pellets; mass-absorption corrections for both sample and

external standard based upon the Compston scattering of the MoKa

primary beam; Verdurmen, 1977). The minerals were separated by means

of a laboratory overflow centrifuge (IJlst, 1973b) employing a set of

stabilized heavy liquids (IJlst, 1973a) and a Frantz isodynamic magnetic

separator adapted according to Verschure £c IJlst (1969). For some

whole-rocks and all the micas Rb and Sr were analyzed by mass-

spectrometric isotope dilution (Boelrijk, 1978) using spikes enriched

in 87Rb and fll*Srt respectively. Sr isotopic compositions were determined

directly on unspiked Sr for whole-rocks and calculated from the isotope

dilution runs for micas. The isotope measurements were made on a

computer-controlled Varian CH-5 mass-spectrometer with Faraday cage
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collector and digital output (value of normalized 87Sr/86Sr of the

NBS 987 SrCO standard: 0.71016 + 0.00008). The accuracies are estimated

at 1 % for XRF Rb/Sr, 1 % for isotope dilution Rb and Sr and 0.05 %

for 87Sr/86Sr.

Potassium was analyzed by flame photometry with lithium internal

standard and CsAl buffer. Isotope dilution techniques were used to

analyse the argon in a Reynclds-type glass mass-spectrometer. For K

and Ar the analytical errors are estimated to be within 1 % and 2 %,

respectively.

Samples with prefix KAW have been analyzed in the KAW Labor,

Mineralogisch-Petrographisches Institut of Bern University (Switzerland).

Essentially the same procedures were followed, except that Rb and Sr

were exclusively analyzed by isotope dilution techniques and the

87Sr/86Sr ratios were calculated from the isotope dilution runs. The

isotope measurements were made on a AVCO-spectrometer with Faraday cage

collector and digital output.

A best-fit line was calculated through the Rb-Sr data-points by means

of a least square regression analysis according to York (1966, 1967).

Errors in the calculated ages and the initial 87Sr/86Sr ratios are

quoted at the 95 % confidence level as computed from the analytical data.

For the age calculations the I.U.G.S. recommended set of constants is

used:

A87Rb = 1.42 x 1 0 " u a"1; A1*0 Kg = 4.962 x lo'^a"1; A " 0 ^ = 0.581 x 10~10;

isotopic abundance "l0K = 0.01167 atom % total K.

All white micas are specified as muscovite or phengite on the basis

of X-ray diffraction analysis using a Guinier-de Wolff camera.

The b - values are listed in Appendix II.
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CHAPTER II

AGE DETERMINATIONS ON REWORKED BASEMENT OF THE GRONG CULMINATION

2.1. Introduotion

In this chapter the Grong Culmination and its immediately overlying

tectonic units are discussed. The following units occur in this region:

- Seve-K61i Nappe Complex

- Sarv Nappe

- Offerdal Nappe

- "parautochthonous" metasediroents

- autochthonous crystalline basement

The samples for the age determinations are collected from a unit of

reworked granitic basement belonging to the Offerdal Nappe. This

unit was defined as the "Granite-mylonite Nappe" by Asklund (1960)

and later as the Offerdal Nappe by Gee (1974). In the latter

definition the Offerdal Nappe includes a sequence of presumed

metasediments. Gee (1977), however, redefines the Offerdal Nappe and

restricts it to only the sequence of metasediments which occur near
o

the Tommeras antiform and east of the Grong Culmination. This latter

revised definition will not be followed here and the original

definition of Gee (1974) will be used. This means that the unit of

reworked basement is regarded as part of the Offerdal Nappe.

Two groups of data are combined in this chapter. The first is a suite

of Rb-Sr whole-rock determinations by Priem et al. (1968b) and the

second a number of Rb-Sr whole-rock and Rb-Sr and K-Ar mineral

determinations carried out by the present author.

2.2. The Gvong Culmination and the Offerdal Nappe

The Grong Culmination, a NW-SE trending antiform, forms a special

structure in the Caledonides, as it almost completely cross-cuts

the Caledonian belt (Fig. 2.1). To the west it is connected to the

Precaabrian gneiss region of the Trondheimsfjord. Its eastern part

is separated from the Swedish Precambrian Shield only by an area with

parautochtbonous Cambro-Silurian cover.
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I Svecofennian basement,undifferentiated ] Caledonian nappe front

Fig. 2.1. Areas of Precambrian basement and geochronological dava in
the northern part of the Caledonian belt. The area of the
Grong Culmination covered by Fig. 2.2 (indicated as Fig. 2)
is shown. (After Priem et at., 1968b).

The trend of the culmination markedly contrasts with the NE-SW trend
o

displayed by the Tommeras antiform in the western part of the map

area of Fig. 2.2. Both directions are characteristic for late

structures in this part of the Caledonides and their interference may

form dome-and-basin structures.
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The Grong Culmination belongs to a series of basement areas (windows

and half-windows) within the Caledonian belt. These basement areas and

the ages obtained from them are indicated in Fig. 2.1. The ages fall

in the same range as those from the adjacent Swedish Baltic Shield:

1600 - 1900 Ma, evidencing that the Baltic Shield underlies the

Caledonian nappe system (Wilson & Nicholson, 1973).

South of the map area of Fig. 2.2,. basement-cover relationships

have been studied by Stephansson (1976). A map Including the Grong

Culmination is presented by Gee (1975a, 1978a). The NE margin of the

culmination is discussed by Aukes et al. (in press).

The crystalline basement of the Grong Culmination consists of granites

and granite-porphyries. It has a discontinuous thin metasedimentary

cover which has been correlated with the Carabro-Silurian Jamtland

Group by Gee (1975a). This cover is in turn overlain by the Offerdal

Nappe. South of the Grong Culmination (Kautsky, 1978) and near the
o

Tommeras antiform (Gee, 1977) slices of the Sarv Nappe are present

on the Offerdal Nappe; this unit of mainly quartzitic-

feldspathic rocks is characterized by the presence of a mafic dyke

swarm. However, in the investigated area rocks of the Sarv Nappe are

lacking, so that the Seve and Koli Nappes directly overly the Offerdal

Nappe (see Aukes et al., in press).

The Offerdal Nappe in the investigated area consists of foliated

granites, augen gneisses and mylonites. The inhomogeneous strain

distribution results in a variety of rock types: from weakly foliated

granites to fine-grained layered mylonites. The foliated granites

strongly resemble the granites and granite-porphyries of the

autochthonous basement. The fine-grained layered blastomylonites have

erroneously been interpreted as leptites (Oftedahl, 1955), metavolcanics

and meta-arkoses.

The metamorphism accompanying the deformation and the mylonitization

did not exceed greenschist facies conditions. This is demonstrated by

the occurrence of chlorite, white mica (phengite) and biotite. The

quartz has recrystaliized usually. Feldspars reacted in more brittle

fashion during the deformation, but recrystallization sometimes took

place on the grain peripheries and along cracks.
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Original oligoclase is often transformed into an aggregate of albite,

sericite and clinozoisite. Epidote and sphene are usually present.

A suite of mafic intrusions, mainly gabbroic dykes, cross-cuts the

basement granites and similar dykes are also present in the Offerdal

Nappe. The dykes are progressively deformed and metamorphosed when

entering zones of deformation, ultimately leading to the transformation

of olivine gabbro into chlorite schist. A single K-Ar determination on

an amphibole of one of these dykes in the Offerdal Nappe is included

in this report.

2.3. Results

The location of the samples and the general tectonic setting is

indicated on the map of Fig. 2.2. The samples are foliated granites

or granite-gneisses (samples KAW 1446, 1463, LAP 36, Tr0n 5, 6, 7A, 9),

one augsn gneiss (KAW 1440) and one mylonite (KAW 1449). The main

mineral constituents are potassium-feldspar (usually pinkish), albite,

quartz, and small amounts of phengite, biotite, epidote, clinozoisite

and sphene. Two samples previously included in this suite (Priem et

al., 1968a) are omitted here, because they appeared to belong to slivers

of Seve Nappe resting on the Offerdal Nappe. One sample (KAW 1446)

originates from a piece of granite-gneiss incorporated in the Seve

Nappe north of the map area.

The analytical data and calculated mineral ages are presented in Table

2.1. The mineral ages are also incorporated in the diagrams in Chapter V.

Rb-Sv whole-rooks

No linear relationship is shown by the nine Rb-Sr data-points (Fig. 2.3).

When the samples Tr0n 5 and 7A and KAW 1463 are omitted, a regression

line through the remaining six points would correspond to an age of

about 1700 Ma and an initial 87Sr/86Sr ratio of 0.7042.
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Table 2.1. Rb-Sr and K-Ar data Offerdal Nappe

Rb-Sr whole-rock data

sample no. Rb (ppm) Sr (ppra) Sr/ Sr Rb/ Sr

Tr0n

Tr^n

Tr0n

Tr0n

KAW

KAW

KAW

KAW

LAP

Rb-Sr

KAW

5

6

7A

9

1449

1440

1463

1446

36

mineral data

1449 phengite

" kfsp

271

219

311

209

166

72.5

770

130

248**

464

267

21.5

97.5

112

279

272

767

5.74

185

109**

25.7

394

1.513

0.8450

0.8456

0.8446

0.7672

0.7640

0.7446

0.7113

7.679

0.7494

0.8822

1.038

0.7473

39.31

6.62

8.14

2.18

1.74

0.27

382.6

2.01

6.68

XXX
age (Ma)

51.50 414+ 12

1.93 (1000)

XXX

Isotope dilution, except for the figures marked which were

obtained by X-ray fluorescence spectrometry. Mean of duplicate

analyses.

Calculated with respect to the corresponding whole-rock.

K-Ar mineral data

sample no. X XX
K (% Wt.) radiogenic Ar (ppm) age (Ma)

KAW

LAP

1449

it

48

phengite

kfsp

hornblende

9.06

12.24

0.205

305.

473.

37.

7

7

11

431 +

487 +

1620 +

15

15

50

Flame photometry. Mean of duplicate analyses.
xx 40

Mean of duplicate analyses. Atmospheric Ar about 1 % of the total
40

Ar.
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Fig. 2.3. Plot of Rb-Sv whole-voak data. Initial Sr/Sv ratio: 0.7042.

Rb-Sv minerals

Two mineral analyses have been made, one of a K-feldspar and another

of a phengite, both from sample KAW 1449. The phengite/whole-rock pair

yields an age of 414 + 12 Ma with a high initial 87Sr/86Sr ratio of

0.7352. The K-feldspar plots very close to the whole-rock data-point,

so no reliable age can be calculated with respect to the corresponding

whole-rock (+ 1000 Ma).

K-Av minerals

Three K-Ar analyses have been made. Two are from the same phengite and

K-feldspar mentioned above. The third is from a secondary amphibole from

a mafic dyke; this light-green amphibole has formed at the expense of

primary pyroxene. The dyke, although metamorphosed, is virtually

undeformed.
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Although no reliable Rb-Sr age calculation could be made for the

K-feldspar, the K-Ar age of 487 +_ 14 Ma is much younger. The opposite

holds for the phengite, for which the K-Ar age of 431 +_ 13 Ma is older

than the corresponding Rb-Sr age of 414 + 10 Ma. For the amphi bole

an age of 1620 _+ 50 Ma is calculated.

2.4. Discussion

On the basis of the geological relationships, two age groups can be

expected: a Svecofennian group, 1600 - 1900 Ma, and a Caledonian group,

400 - 450 Ma. The Rb-Sr whole-rock data of the six linearly correlated

samples may be interpreted as indicating a Svecofennian age of about

1700 Ma. Such age would fit age determinations in other windows and

basement areas (Fig. 2.1). The aberrant behaviour of the three other

samples may be attributed to disturbance of the Rb-Sr systems during

Caledonian orogenesis. Two of them have extremely high Rb/Sr ratios

(KAW 1463 and Tr0n 5), and it is not an uncommon phenomenon that such

samples are particularly prone to open-system behaviour to Rb-Sr under

conditions of metamorphism.

The Rb-Sr and K-Ar systems of the phengite reflect the Caledonian

overprint. The K-feldspar apparently still contains some inherited,

pre-Caledonian radiogenic Ar, resulting in a somewhat higher K-Ar age

than that of the phengite.

Most Rb-Sr whole-rock systems appear thus to have remained unaffected

by the Caledonian metamorphism. Strong deformation, greenschist facies

metamorphism and the development of a cleavage is in some cases known

to result in an (at least partial) resetting of the whole-rock Rb-Sr

systems (Raheim & Compston, 1977), so one might attribute the

gneissification to the Svecofennian instead of the Caledonian metamorphism.

It would imply that the tectonic fabric of the Offerdal Nappe is not

related to the Caledonian deformation. This appears to find support

in the high age of the hornblende from the cross-cutting dyke.

Nevertheless, in the present author's opinion such an interpretation

is improbable in view of the general tectonic picture as discussed by

Gee (1975a) and Aukes et al. (in press), briefly summarized above,

and the Caledonian age of the phengite.
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In the Alps it was clearly demonstrated by Frey et al. (1976) that

tectonic overprinting and the growth of new minerals does not

necessarily lead to the opening of Rb-Sr whole-rock systems. They

showed that Alpine overprinted granites of the Monte Rosa Nappe kept

their Variscan whole-rock and muscovite ages, although this overprint

led to the growth of a new mica (phengite) on the cleavage plane. It

was concluded that these granites "stewed in their own juices". Such an

explanation may also be invoked in the case of the Offerdal Nappe.

Very little can be concluded from the amphibole K-Ar age. The problems

involved with the dating of similar dykes in the Sarv Nappe are

illustrated by Claesson (1976) and the subsequent discussion by Point

et al. (1977) and Claesson (1977). The amphibole age might be

interpreted as reflecting an event of Svecofennian metamorphism in the

Offerdal Nappe. As some later diffusion loss of radiogenic Ar may have

taken place (particularly during Caledonian orogenesis), the age of

1620 Ma would then represent a minimum age. However, if the metamorphism

is Caledonian, the high K-Ar age would represent a case of excess

radiogenic Ar without geochronological significance. In the latter case

the intrusion could possibly be correlated with the mafic dykes of

about 900 Ma in S.Sweden (Patchett & Bylund, 1977) and/or the dyke swarm

of 735 + 260 Ma in the Sarv Nappe (Claesson, 1976).

33





CHAPTER III

Rb-Sr INVESTIGATIONS IN THE SEVE AND RODINGSFJALL NAPPES

5.1. Introduction

This chapter is concerned with the results of Rb-Sr whole-rock

investigations on suites of samples from the Seve Nappe and the

Rddingsfjall Nappe. The results are discussed in relation to the general

tectonic framework. The results obtained from the Seve Nappe are also

summarized elsewhere (Reymer et al., in press).

3.2. The Scve Nappe

Five suites of samples from seven localities were investigated. The

sampling sites are shown on the map (Fig. 3.1). One suite of samples

(suite 5) was taken from a unit in the Eastern Belt; all others are

from the Central Belt.

The medium-grained gneisses display a migmatitic layering: dark-coloured

layers alternate with layers consisting predominantly of quartz and

feldspar. The layers vary strongly in thickness. A distinct schistosity

is usually present. This schistosity is mainly defined by the shape

orientation of minerals like biotite and quartz, but other minerals may

contribute to it as well. A mineral lineation defined by elongate crystals

or aggregates of quartz and feldspar and elongate minerals like kyanite,

sillimanite or amphibole is commonly present on the schistosity plane.

The gneisses are probably of sedimentary origin, because they ars

aluminium-rich as is demonstrated by the abundance of garnet and

aluminosilicates. White mica is common as secondary mineral and may be

present in varying amounts.

3.2.1. Rb-Sr data from the. Seve Nappe

The analytical data are listed in Table 3.1 and plotted in the Rb-Sr

diagrams of Fig. 3.2. Three suites, 1, 3 and 4 were collected from the

same unit (migmatitic gneisses). None of the suites displays a true

isochron relationship between the Rb-Sr data points. Nevertheless, the

data from most suites appear to exhibit a roughly linear array.
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Fig. 3.1. Geological sketch map of the Seve-Kdli Nappe Complex in the
central Scandinavian Caledonides (modified after Williams &
Zwartj 1977). The asterisks refer to the sampling sites of the
suites of investigated samples (1-5).
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Suite 1

This suite from the metaseditnentary migmatitic gneisses comprises seven

samples, four collected south of Ankarede and three near Saxnas. The

typical mineral assemblage is ky (+ sill) + K-fsp + plag + bi + ga + rou.

Eclogite lenses are included within the gneisses near Ankarede.

A regression analysis through six of the data-points yields an age of

1140 Ma but with a very large error: + 325 Ma. The initial 87Sr/86Sr

ratio is 0.712. Sample KAW 1443 lies far above the regression line of the

other six samples.

Suite 2

These samples are collected from a unit of homogeneous quartzo-

feldspatic gneisses of unknown origin, tectonically underlying the

gneisses of suite 1. Their mineralogical composition is characterized

by the association quartz + K-feldspar + plagioclase + phengite +

epidote. All of the nine investigated samples were collected near

Ankarede. The separated K-feldspar of one sample (KAW 1438) is included

in this chapter (see also chapter 5.2.3).

The lithologic homogeneity is reflected in the rather small spread of

the Rb/Sr ratios. A regression line through eight of the data-points,

including the K-feldspar, corresponds to an age of 930 Ma with initial

87Sr/86Sr of 0.712, although again with a very large error: +_ 110 Ma.

Two samples (KAW 1438 and LAP 13) do not fit the fairly good linear

arrangement of the other eight data-points.

Suite 3

The rocks of this suite have the same mineralogical composition as the

gneisses of suite 1, except that sillimanite has not been found and that

muscovite is clearly a secondary retrograde mineral. The gneisses are

underlain by amphibolites and a large peridotite body, both showing a

po1ymetamorphic history (Calon, 1979; Biermann, 1979). The eight

investigated samples were collected within a small area near Kittelfjail.
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Table 3.1. Rb-Sv data of the Geve Nappe

Sample
no. +

Rb++

(ppm)

„ ++Sr
(ppm)

Hb/Sr
(m/m)

8 7 S r / 8 6 S r 87Rb/8 6Sr

1. Paragneisses Central Belt, Ankarede/Saxnds

0.45

KAW

KAW

KAW

KAW

KAW

KAW

KAW

1437

1443

1444

14S5

1456

1461

1462

159

94.

92.

153

144

91.

115

101

5 H

5

4

221

206

206

215

317

111

244

172

0.7390

0.7441

0.7423

0.7300

0.7523

0.7377

0.7355

2.06

1.31

2.03

1.30

2.35

1.34

1.67

2. Quavtzo-feldspathic. gneisses, Central Belt, Ankcwede

KAW

KAW

KAW

KAW

LAP

LAP

LAP

LAP

LAP

KAW

1436

1438

1447

1459

6

12

13

14

15

1438 Kf

123

133*

140*

134*

131

128

117

114

131

380*

219

181*

201*

268*

212

211*

176

215

204

182

494*

0.62

0.73

0.54

0.56

0.72

0.7347

0.7347

0.7384

0.7289

0.7356

0.7390

0.7355

0.7341

0.7388

0.7408

1.60

2.11

1.99

1.43

1.80

2.12

1.58

1.62

2.09

2.19

S. Paragneisses, Centval Belt, Kittelfjdll

LAP 1 116 156 0.74 0.7479 2.16

157*

LAP 2 98.2 328 0.30 0.7256 0.87

332* 0.7256

332*

LAP 3 126 214 0.59 0.7477 1.71

213*

214* 0.7472
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Table 3.1. Continued

Sample
no. +

LAP

LAP

LAP

LAP

LAP

16

18

19

20

21

Rb + +

(ppra)

83.9

114

124

177

145

Sr++

(ppm)

244

417

220

374

223

Rb/Sr++

<m/m)

0.34

0.27

0.56

0.47

0.65

87Sr/86Sr

0.7333

0.7239

0.7396

0.7289

0.7431

87Rb/86Sr

1.00

0.79

1.63

1.37

1.89

4. Paragneisses, Central Belt, Gardoik

LAP
LAP

LAP

LAP

LAP

LAP

41

42

43

44

45

46

140

218

105

95.

71..

177

5

1

151

34.1

154

143

162

111

0.92

6.39

0.68

0.67

0.44

1.60

0.7461

0.8525

0.7476

0.7419

0.7408

0.7651

2.68

18.7

1.99

1.95

1.28

4.66

5. Quartzo-feldspathia gneisses, Eastern Belt, Sjoutndset/Hdggndsel

LAP

LAP

85.1

93.4

79.4 1.07

80.0

153 0.61

0.7524

0.7346

3.19

1.77

LAP

LAP

LAP

LAP

LAP

LAP

10

11

37

38

39

1442

113

111

58

75

89

88*

87.8

155

101

186

152

47

202

50

50

.0

.0*

.0

1.12

0.60

0.38

1.60

0.44

1.73

0.7609

0.7327

0.7326

0.7747

0.7285

0.7899

3.27

1.74

1.11

4.67

1.27

5.06

+ Prefix LAP, analyzed in Amsterdam; pi-efix KAW, analyzed in Bern.

++ X-ray fluorescence spectrometry, except for the figures marked

which were obtained by isotope dilution.
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Of the eight analyzed samples, five data-points define a line of 1225 Ma

with initial 87Sr/86Sr of 0.710. Three points (LAP 3, 16 and 20)

deviate from this line. A regression analysis using all samples yields

an age of 1300 +_ 230 Ma.

Suite 4

This suite consists of strongly folded, migraatitic gneisses containing

the same minerals as suite 3, except that biotite occurs in higher

proportions. Sample LAP 42, the rock with the highest Rb/Sr ratio, is

mainly made of biotite, quartz and garnet. All samples were collected

in a small area near Gardvik along road No. 361 from Storuman to

Tarnaby.

A regression line through all data-points corresponds to an age of

460 _+ 35 Ma. The initial 87Sr/86Sr ratio is high: 0.732.

Suite 5

Of the eight investigated samples, five were collected near Sjoutnaset

and three near Haggnaset (Fig. 3.1). They are sampled from a unit of

quartzo-feldspathic gneisses, probably of sedimentary, arkosic origin

and with approximately the same mineralogical composition as the

gneisses of suite 2 (rocks of this type occur at several tectonic levels)

The gneisses contain eclogites near Sjoutnaset and are transsected at

several places by folded and metamorphosed mafic dykes.

The data-points show a fairly good linear correlation. A regression

line through seven samples, omitting LAP 37 which was collected from a

shear zone, gives an age of 1075 _+ 70 Ma with initial 87Sr/86Sr ratio

of 0.707.

3.2.2. Discussion

The regression analyses produce lines corresponding to an age of either

between 1200 - 900 Ma (suites 1, 2, 3 and 5), or about 460 Ma (suite 4).

Both ages correspond to well-known events in the geological history of

Scandinavia, the older ages to the time span of the Sveconorwegian

tectono-thermal episode of SW Scandinavia (1200 - 850 Ma ago) and the
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Fig. 3.2. Plots of Rb-Sr data of suites 1-5 (see text). RA, reference age;
IR, initial 87Sr/86Sr ratio. The figures refer to the sample
numbers mentioned in the text.
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younger age to that of the Caledonian orogeny. It seems obvious to relate

the two age groups recorded by the Rb-Sr systems to the two stages in

the metamorphic history recognized in the Seve Nappe (see Chapter I).

This implies that the roetamorphic history of the rocks of the Seve Nappe

consists of an event of high-grade metamorphism in Sveconorwegian time,

followed by a lower-grade event due to the Caledonian orogeny.

During the Caledonian orogeny, the gneisses of suite 4 became apparently

open to their Rb-Sr systems on a scale exceeding the size of the

investigated samples, without attaining complete Sr isotopic equilibration

through the rocks. The process of Sr isotopic redistribution is also

reflected in the high initial 87Sr/86Sr ratio (0.732), indicative of a

prolonged pre-Caledonian Rb-Sr history. With an average 87Rb/86Sr ratio

of about 2.5, the high initial ratio of this suite can be accounted

for by an age of about 1050 Ma (assuming an initial 87Sr/86Sr ratio of

0.710). Such an age is quite feasible, as the samples belong to the same

unit as the suites 1 and 3 which record Sveconorwegian ages.

Rb-Sr and K-Ar investigations on biotites, white micas and amphiboles

yield in most cases Caledonian ages, but Sveconorwegian and intermediate

ages have also been preserved (Chapter V).

The K-feldspar KAW 1438 of suite 2 has also remained closed to Rb-Sr

since Sveconorwegian time, contrary to the corresponding whole-rock

which lies below the 930 Ha alignment of the other data-points (Fig. 3.2).

This suggests that the opening of the whole-rock Rb-Sr system involved

a loss of Sr (including radiogenic Sr) and/or a gain of Rb during

Caledonian metamorphism, rather than Sr isotopic redistribution.

Data-points lying above the linear array of the other samples of a

suite (for example, 1443, 1456 and 1461 of suite 1; 3 and 16 of suite 3;

37 of suite 5) may likewise reflect disturbances of the Rb-Sr system by

the Caledonian metamorphism. They could also be interpreted as relicts

of a pre-Sveconorwegian Rb-Sr record, but the low initial 87Sr/86Sr ratios

of the Sveconorwegian linear arrangements do not support a prolonged

pre-Sveconorwegian history; such ratios rather suggest that the gneisses

were derived from sedimentary sequences deposited shortly before the

Sveconorwegian orogenic activities.
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The formation of eclogites has not been dated directly, but they are

most likely connected with the Sveconorwegian high-grade event. This

conclusion is based on the occurrence of eclogites within the rocks

from where the samples of suite 1 and, more convincing, of suite 5 were

taken.

?>.?. The Rodingsfjall Nappe

The Rddingsfjail Nappe overlies the Storfjall Nappe in the central

Caledonides (see Chapter I). It is one of the highest units of the

nappe pile in this part of the Caledonides and only the Helgaland Nappe

Complex, like the Beiarn and associated nappes in the north, seems to

be situated higher in the tectonic succession (see map of Fig. 1.1).

The contact of the medium-grade rocks of the RiSdingsf jfill Nappe with

the underlying lower-grade rocks of the Storfjall Nappe is rather sharp.

The investigated area consists of medium to fine-grained schists and

gneisses. Locally they are migmatitic. The rocks show the effects of

a rather strong retrogression in the form of a wide-spread growth of

white mica. This situation is roughly similar to the metamorphic history

of the Seve Nappe and this made it interesting to investigate the hitherto

unknown age of the rocks of the RSdingsfjSll Nappe.

The investigated part of the Rodingsfjall Nappe is indicated on the map

of the Norra Storfjall area in Chapter VI (Fig. 6.1).

3.3.1. Rb-Sr data from the. Rddingsfgall Nappe

The investigated samples are medium to fine-grained schists and gneisses.

Some rocks have a well developed schistosity, occasionally folded, others

are more massive. The main mineral constituents are biotite, garnet,

plagioclase and quartz, occasionally along with kyanite, sillimanite,

zoisite and/or K-feldspar. White mica is present in varying amounts.

In one sample (LAP 65) sillimanite is found included in garnet and

largely retrogressed to muscovite in the matrix. In the same sample

large kyanite crystals are present. The rocks containing K-feldspar

(LAP 68 and 73) are slightly migmatitic.

The Rb-Sr analytical data are presented in Table 3.2 and the data-points
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Table 3.2. Rb-Sr whole-rook data Ro'dingsfjdll Nappe

sample no.

LAP 65

LAP 66

LAP 67

LAP 68

LAP 69

LAP 70

LAP 71

LAP 72

LAP 73

Rb*

118

49.9

126

219

156

172

83

158

219

Sr*

312

110

138

178

204

200

267

101

119

Rb/Sr*

0.38

0.45

0.92

1.23

0.77

0.86

0.31

1.56

1.84

87 S r / 86 g r

0.7280

0.7389

0.7557

0.7442

0.7418

0.7493

0.7297

0.7847

0.7623

87Rb/86Sr

1.10

1.32

2.67

3.58

2.23

2.50

0.91

4.55

5.35

X-ray fluorescence spectrometry. Mean of duplicate analyses.

.81

79

77

75

73
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87Sr/
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4

Fig. 3.3. Plot of Rb-Sr whole-rook data. Initial Sr/ Sr ratios:
0.7175 and 0.7208.
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are plotted in Fig. 3.3. No isochron relationship is shown, but the

data scatter within an envelope with an upper boundary line of about

1030 Ma, defined by the points LAP 71, 66, 67 and 72, and a lower

boundary line of about 460 Ma, defined by the points LAP 65 and 68. The

initial 87Sr/86Sr ratios of the upper and lower boundary lines are

0.7175 and 0.7208, respectively.

The samples plotting along the upper boundary line are weakly deformed

gneisses consisting of quartz, plagioclase, biotite and some garnet.

Those plotting along the lower boundary line have a different mineralogy:

in addition to the above mentioned minerals the samples LAP 68 and 73

contain K-feldspar (a perthitic microcline) and myrmekite, and the sample

LAP 65 contains kyanite, garnet and sillimanite.

The intermediate samples LAP 69 and 70 differ from the samples along

the upper boundary line in that they contain many small euhedral garnets

(LAP 70) or much muscovite (LAP 69).

3.3.2. Discussion

In the Rodingsfjail Nappe, like in the Seve Nappe, the problem is to

distinguish between pre-Caledonian and Caledonian elements, especially

regarding the mineral parageneses.

The Rb-Sr data of the investigated samples from the R&dingsfjall Nappe

may be interpreted in terms of a Sveconorwegian age of the rocks and

an open-system behaviour to Rb-Sr of most rocks due to Caledonian

metamorphisiD, without attaining complete Sr isotopic equilibration through

the rocks. This is thus the same age pattern as observed in the Seve

Nappe. The Rb-Sr data, although still rather scarce, give an indication

on the metamorphic history.

The following metamorphic history of the investigated samples may thus

be envisaged: the original Sveconorwegian rocks are probably biotite-

plagioclase gneisses (without muscovite), which became involved in

Caledonian deformation and metamorphism. The occurrence of K-feldspar

in the reset samples suggests that the local migmatization Is a Caledonian

effect. The growth of small new garnets, zoisite and muscovite can also

be attributed to the Caledonian overprint.
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It can thus be concluded that the metamorphic history of at least part

of the ROdingsfjail Nappe is comparable to that of the Seye Nappe.

However, the Caledonian metamorpnism may have been somewhat stronger.

Retrogression has been more intense as shown by the abundance of white

mica in many rocks. Both the Seve and Rtidingsfj&ll Nappes represent

parts of a Sveconorwegian basement that became involved in Caledonian

orogenesis.

3.4. The extension of the Sveaonoruegian Province

The Sveconorwegian tectono-thermal event has affected the Precambrian

basement of southern Norway and southwestern Sweden (Fig. 3.4). It is

characterized by folding, high-grade metamorphism and granitic and

anorthositic plutonism between about 1200 Ma and 850 Ma ago (e.g. Kratz

et al., 1968; O'Nions & Baadsgaard, 1971; Priem et al., 1973b;

Versteeve, 1975) and can be correlated with the Grenville event in

N America. Ages within the range of the Sveconorwegian event are also

reported from Greenland (Hansen et al., 1973, 1974; Rex et al., 1977),

Scotland (Brook and Brewer, 1976; Brook et al., 1977) and other areas.

A list of ages and references is presented in Chapter VII, where the

Grenville Belt in the N Atlantic will be discussed.

Sveconorwegian ages have also been measured at several places in the

Precambrian basement within the Caledonian belt of southern and western

Norway (Andriesen et al., 1974; Priem et al., 1973a, 1976; Brueckner,

1972; Sturt et al., 1975) as far north as the southern part of the

Trondheimsfjord (Raheim, 1977). In northern Norway, Sveconorwegian ages

have been reported from the Lofoten (Heier and Compston, 1969; Griffin

et al., 1978) and possibly even as far north as the Seiland area

(Brueckner, 1973). From the Rb-Sr investigations reported in this study

it is clear that Sveconorwegian elements also occur in the continental

crust from where the Seve Nappe and the Rttdingsfjail Nappe have been

derived, i.e. west of their present position in the Caledonian Belt

(Fig. 3.4). On the basis of all evidence now available it may be

postulated that the Sveconorwegian Belt actually turns north from the

coastal area at the southern end of the Trondheimsfjord, and runs

along the continental shelf (Fig. 3.4). This supports the suggestion

of Sturt et al. (1975) that there is a connection between the Grenville

Belts of Scandinavia and Greenland.
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Fig. 3.4. Presumed northward extension of the Sveaonoruegian teatono-
thermal province in Saandinavia. Legend: 1. Sveaonoraegian
province of SW Scandinavia; 2. Seve Nappe, displaying
Sveconorwegian ages (shown as dots); 3. Rodingsfga'll Napy
4. Sveconoruegian rocks of the Lofoten and Seiland provin*.
5. Caledonian boundary. The arrows indicate the direction
of Caledonian thrusting.
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3.5. Conclusions

1. The whole-rock Rb-Sr systems of gneisses in the Seve Nappe and

Rttdingsfjail Nappe record Sveconorwegian ages (1200 - 900 Ma) and

resetting during the Caledonian orogeny.

2. The two phases of raetamorphism recognized in the rocks of the Seve

Nappe, an older high-grade phase and a younger medium to low-grade

phase, may be connected with the two events recorded by the Rb-Sr

systems. From the Rodingsfjail Nappe information is still scarce,

but the overall picture appears to be roughly similar.

3. The differences in structure and metamorphic petrology between the

rocks of the Ktill Nappe (which exclusively underwent the Caledonian

orogenesis) and the Seve and Rodingsfjall Nappes (see Chapter I and

also Zwart, 1974; Williams & Zwart, 1977) are also substantiated by

the isotope geochronological record of the nappes.

4. The continental crust from where the Seve and R5dingsfjall Nappes

have been derived, west of their present position in the Caledonian

Belt, contains rocks that took part in the Sveconorwegian orogeny.

5. On the basis of the evidence now available, both from this study

and other investigations, it may be postulated that the Sveconorwegian

Belt turns north from the southern end of the Trondheimsfjord,

following the Norwegian coast on the Atlantic shelf.

S. Very little if any evidence supports the presence of Svecofennian

elements in the Seve Nappe in the investigated area.
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CHAPTER IV

ISOTOPE-GEOLOGICAL EVIDENCE FOR PRE-CALEDONIAN ROTATED GARNETS IN

THE LOWER PART OF THE SEVE NAPPE

4.1. Introduetion

Garnet is a very common mineral in the aluminous raetasediment of

the Seve Nappe. In the coarse-grained gneisses of the Central Belt,

the relationships between garnets and foliations are in general

ambiguous. Two generations can be recognized in these rocks: older,

large, often xenoblastic grains rich in inclusions, and small

euhedral, new grain. . often enclosing sillimanite and in equilibrium

with kyanite and\staurolite.

The garnet-mica schists in the lowermost part of the Seve Nappe (the

so called Eastern Belt) contain strongly rotated garnets (Trouw, 1973;

Williams & Zwart, 1977). Schoneveld (1978) collected material from this

unit (Dikanas schists) for a study of rotated garnets.

In view of the Sveconorwegian age of the Seve Nappe (Chapter III) and

the probable greenschist-facies overprint during Caledonian orogenesis

1 ' (Chapter .V and this Chapter), the age of the garnets is uncertain.

An attempt was therefore made in this study to solve the problem by

Rb-Sr investigation. The investigated samples are taken from the

collection of C. Schoneveld, along with one sample collected from this

* unit by the author.

4.2. The garnet-mica schists

I The mica schists of the Eastern Belt are associated with amphibolites,

feldspar-bearing quartz!tes and some marbles. They are well foliated

rocks containing abundant small garnets. Within these rocks thin,

usually folded quartz lenses are common. In general the rocks form

§ one of the lowermost units of the Seve Nappe.
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Fig. 4.1. Geological sketch map showing the distribution of the schists
from where the samples were collected. D} Dikands schists
and location of samples LAP 60-64. L33} sample LAP 33.

The mineral constituents of the schists are quartz, muscovite, biotite,

garnet, calcite, graphite, some chlorite and accessories. Quartz and

muscovite define the schistosity. The latter minerals show undulose

extinction, bending or kinking; in sharp fold hinges the muscovite

is sometimes recrystallized. Biotite is often present in these fold

hinges, whereas other biotites lie in the schistosity planes.

Occasionally, muscovite occurs in an embayment of a garnet rim, pointing

to an early stable association of both minerals. This observation is

of some significance for the conclusions in chapter 4.6.

The inclusion patterns of quartz and graphite in the garnets may be

divided in two types: One group of garnets has a quartz or graphite

spiral which indicates paracrystalline rotation (Schoneveld, 1978;

Fig. 4.2.A). Another group shows either an included fine crenulation

cleavage (Fig. 4.2.B), or a foliation which may be progressively

folded towards the rim (Fig. 4.2.C). Many of these garnets have a
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small inclusion-free core and an inclusion-rich rim, or, rarely, the

opposite. The external fabric (S ) has no connection with the internal
e

fabric (S.), which could be attributable to post-crystalline

rotation of the garnets.

Fig. 4.2. A-C. Inclusion patterns of garnets from the Dikands schists.
Fig. 4.2.A after Sohoneveld (1978).

4.3. Mica ages

The analytical data are presented in Table 4.1. The investigated micas

were separated from sample LAP 33. Both the Rb-Sr and K-Ar

measurements were made on the separated muscovite and biotite, along

with a Rb-Sr analysis of the whole-rock. The mica ages are also

included in Chapter V.

The biotite Rb-Sr age of 426 + 12 Ma. calculated with respect to the

corresponding whole-rock, is in agreement with other biotite Rb-Sr

ages of the Seve Nappe, which all lie around 420 Ma (Chapter V).
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The initial 87Sr/86Sr ratio is high, 0.7333 (Fig. 4.3), also in

accordance with other data. The K-Ar age is much higher and is

interpreted as a case of excess radiogenic argon; if so, the fact

that this age falls within the Sveconorwegian range would be purely

fortuitous.

The Rb-Sr age of the muscovite cannot be calculated with respect to

the corresponding whole-rock, as both differ very little in Rb-Sr

ratio and Sr isotopic composition (Fig. 4.3). Calculation with an

assumed initial 87Sr/86Sr ratio of 0.710 yields a Sveconorwegian age.

(1025 Ma) If the age is calculated with respect to the garnets, a

slightly different age of 965 +_ 40 Ma is obtained. The corresponding

K-Ar age is 459 +; 15 Ma, suggesting an incomplete expulsion of

radiogenic Ar during Caledonian metamorphism.

From these data it is tentatively concluded that the ambient temperature

during the Caledonian overprint remained below the temperature at

which muscovite opens to Rb-Sr (500 jf 50°C), but reached the level at

which radiogenic Ar is expelled (360°C or 420 - 440°C, see Chapter 5.3).

The whole-rock point does rot plot on the line corresponding to a

Sveconorwegian age. This may be interpreted as indicating that the

whole-rock system has been open to Rb and/or Sr, probably in relation

to the opening of the biotite Rb-Sr system. Sample LAP 33 represents

thus a case of opei.-system behaviour of the whole-rock and the biotite

to Rb-Sr, whereas the Rb-Sr system of the constituent muscovite

remained closed during the Caledonian metamorphism.

4.4. The method of garnet "dating"

From the mineral data discussed above the following conclusions can

be drawn: if the garnets (which in general are very low in Rb/Sr)

would have grown, like the biotite, during Caledonian metamorphism, they

can be expected to have a high 87Sr/86Sr ratio, around 0.73 and to

plot close to the biotite/whole-rock line (Fig. 4.3). A low 87Sr/86Sr

ratio, on the other hand, would point to a formation during a pre-

Caledonian phase of metamorphism. The difference between these two

alternatives is large enough to allow a distinction by means of

isotope analysis.
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Table 4.J. Rb-Sr> and K-Av data garnet-miea sahist, Seve Nappe

sample

LAP 33

LAP 60

LAP 62

LAP 63

LAP 64

no.

wr

mu

bio

ga(rim)

ga(core)

ga

ga

Rb(ppm)

1S2

275**

674**

2.2

-

0.96

4.58#

Sr(ppm)

286

358**

9.3**

69.4

-

40.7

47.0

87 S r /86 S r

0.7425

0.7423

1.987

0.7133

0.7128

0.7135

0.7148

87Rb/

1

2

207

0

-

0

0

86 S r

.5

.2

.09

.07

.28

age (Ma)*1**

1032

426 + 12

X-ray fluorescence spectrometry. Mean of duplicate analyses.

Isotope dilution. Calculated with an assumed initial 87Sr/86S:r

ratio of 0.710 for the muscovite age and with the corresponding

whole-rock analysis for the biotite age.

sample

LAP 33

no.

mu

bio

K(% Wt.

8.02

7.02

>M
.. . 40. xx

radiogenic Ar
g

(ppm x 10 )

292.5

833.8

age

459

1205

(Ma)

+ 15

+ 40

Flame photometry. Mean of duplicate analyses. M X Mean of duplicate

analyses. Atmospheric Ar about 1% of the total Ar.

Intermediate ratios may be encountered when diffusion of Sr through

the garnet crystal has played a role, implying a partial or complete

open-system behaviour, or when the cores and rims of the crystals

have different 87Sr/86Sr ratios. Diffusion is an improbable process,

as it has been shown that diffusion in garnets sets in only at higher

temperatures (650 C, Yardley, 1977). In order to investigate possible

differences in Sr isotopic composition between the rims and cores

of the garnet crystals, one of each was analyzed separately.

The prerequisite for such a "dating method" is, of course, that the

difference between the whole-rock 87Sr/86Sr ratio of the older

metamorphic phase and that of the younger phase is outside the

analytical uncertainty. This will be the case if

(a) there is a large time span between the two events, and/or

(b) the rock has a high Rb/Sr ratio.

Both condition are fulfilled in the samples now under discussion.
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.76

8 7Sr/ 8 6Sr SEVE NAPPE
mica schist

33 Bi

87Rb/86Sr

Fig. 4.3. Rb-Sr data-plot. A, range of initital 87S*>/86S*> patios of
whole-rocks from the Seve Nappe; B3 idem of whole-rook/mineral
pairs. Initial a7Sr/B6Sr ratio of Mu-Gar 0.7119, and of
Bi-WR 0.7333.

4.5. Results and discussion

The analytical data from the garnets are presented in Table 4.1. One

measurement was made on the core of a single crystal (1-2 cm) from

sample LAP 62. The rim was sawn off and the core was dissolved and

analyzed for its 87Sr/86Sr ratio, yielding a value of 0.7128. No Rb/Sr

determination was made. Another analysis was made of the rim of a

single crystal from sample LAP 60; the rim of this crystal was

relatively wide (2-3 mm). The rim material was thoroughly cleaned

ultrasonically to remove all mica. It was then checked under the

microscope to make sure that no traces of mica were left, since this

would influence strongly the 87Sr/86Sr ratio. A ratio of 0.7133 was

obtained which is, within the analytical error, the same as that of
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the core. It was therefore concluded that no measurable difference

exists in Sr isotopic composition between the cores and the rims.

Garnets were also analyzed from the samples LAP 63 and LAP 64. From

each hand specimen some garnets were extracted, polished, cleaned,

powdered and analyzed. The results confirm the previous data. A

regression line through the data-points of the garnets and the muscovite

yields an age of 965 + 40 Ma with an initial 87Sr/8GSr ratio of 0.7119.

This age and initial ratio fall in the range of the whole-rock Rb-Sr

data of the Seve Nappe (Fig. 4.3; Chapter III).

4.6. Conclusions

Both the cores and the rims of the garnets in the mica schists in the

lower part of the Seve Nappe have not grown during the Caledonian

metamorphic event. Also taking into account the relicts of an early

stable association between garnet and muscovite (Chapter 4.2), it is

probable that the garnets belong to the Sveconorwegian metamorphic

event (garnet-muscovite age: 965 + 40 Ma).

This implies that the shear strain and cleavages indicated by the

inclusion trails in the garnets are also Sveconorwegian (or older), a

conclusion which is at variance with earlier interpretations (Trouw,

1973; Zwart, 1974). At least two pre-Caledonian deformation phases

have thus affected the rocks as demonstrated by the included crenulation

cleavage (Fig. 4.2.B).

Within the Seve Nappe several major and minor thrusts have been

recognized. They are described and discussed by Williams & Zwart (1977).

Most likely they are the result of the thrust movements during the

Caledonian orogeny.

If, however, the shear strain witnessed by the inclusion patterns of

many garnets was synchronous with thrusting - an interpretation which

is not proven - the above results would point to the existence of

pre-Caledonian thrusts.
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CHAPTER V

Rb-Sr AND K-Ar MINERAL AGES FROM THE SEVE AND KOLI NAPPES:

TIMING OF THE CALEDONIAN OROGENY, THE OVERPRINT OF THE SEVE ROCKS

AND AN AGE FOR THE ORDOVICIAN/SILURIAN BOUNDARY

5.1. Introduction

No mineral ages have so far been published from the area under

investigation. Mineral ages have been reported, however, from the

Sulitjelma area to the north (Wilson, 1972) and from the Trondheim

region to the south (Wilson et al., 1973).

In this study the mineral ages provide information on several topics:

- the pre-Caledonian history of the Seve Nappe,

- the Caledonian metamorphic overprint of the Seve Nappe,

- the Caledonian metamorphic history, and

- the age of the biostratigraphic Ordovician/Silurian boundary.

Structural-metamorphic field work and investigation of thin sections

yield information on the relative chronology of growth, deformation

and recrystallization of the minerals. This information is essential

for the interpretation of the mineral ages.

5.2. Rb-Sr and K-Ar data

The sample locations are indicated on the map of Fig. 1.3. (Chapter I),

A graphical presentation of all mineral ages is given in Figs. 5.1

and 5.2. The analytical data and calculated ages are presented in

Tables 5.1 and 5.2. Table 5.3 compares the Rb-Sr and K-Ar ages of

each mineral. On the map of Fig. 5.3 the spatial distribution is shown

of all biotite, white mica and hornblende ages in the sample area.

5.2.1. Biotites

From the diagrams it is evident that the biotite Rb-Sr ages cluster,

eleven of them grouped around 420 Ma and only three being older.

There is no age difference between biotites from the Seve Nappe and

those from the Kail Nappe,
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Fig. 5.1. Histograms of mineral ages from the Seve and Kali Nappes.

The biotite K-Ar ages display a much greater scatter. In contrast to

the Rb-Sr data, the biotite K-Ar ages of the Seve and Köli Nappes are

distinctly different: all Köli biotites fall within the Caledonian

range, whereas the Seve biotites give ages ranging from Caledonian

up to Sveconorwegian. The K-Ar ages appear to increase eastwards,

towards structurally lower parts of the Complex (Fig. 5.3).

5.2.2. Muscovites and phengites

The tables and diagrams show that the white micas tend to display

higher Rb-Sr ages than the biotites. This is always the case for a

biotite and a muscovite from the same sample. However, for the white

micas the range of Rb-Sr ages is greater than for biotites, so there

is an overlap.

Twelve ages fall within the Caledonian range of 440 - 420 Ma, three in

the Sveconorwegian range of 1000 - 900 Ma and four are intermediate.

Two of the oldest ages (KAW 1450 and LAP 33) have been calculated with

an assumed initial 87Sr/86Sr ratio of 0.710, because it was not

possible to calculate them with respect to the corresponding whole-

rock analysis.

58



Rb-Sr & K-Ar MINERAL AGES SEVE-KOLI NAPPE
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Fig. 5.2. Distribution of the Rb-Sr and K-Ar mineral ages in the Seve
and Kali Nappes. Bi, biotite; Mu, museovite and Ph, phengite;
Hbl, hornblende; Kf, K-feldspar.
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Fig. 5.3. Distribution of mineral ages in the investigated area
(for geology and legend, see Fig. 1.2).
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Table 5.1. Rb-Sv data of minerals J'i'orn the i'eoe-Koli Nappe Complex

Sample no. Mineral Rb(ppm) Sr(ppm)
Calculated

87Bb/86Sr age(Ma)

3)

K61i Nappe

KAW 1451 bio 202

(=LAP 31) phen 135

phen(fine) 137

KAW 1456 bio 494

(=LAP 32) mu 200

KAW 1466 bio 405

mu 120

LAP 27 phen 151

13.4

25.8

22.7

9.3

351

27,3

57.7

41.2

0.9644

0.8005

0.8321

1.605

0.7227

1.012

0.7573

0.7742

42.8

14.9

17.2

152

1.6

42.3

5.9

10.6

420

437

(510)

409

(549)

490

447

425

Storfjall

LAP 7

LAP 8

Seve Nappe

LAP 2

LAP 5

LAP 29

KAW 1437

KAW 1438

KAW 1442

(=LAP 34)

KAW 1444

KAW 1445

(=LAP 33)

KAW 1446

Nappe

bio

mu

bio

bio

phen

bio

mu

bio

mu

kfsp

plag

phen

kfsp

plag

bio

phen

bio

bio

mu

bio

phen

kfsp

plag

434

219

385

797

506

791

270

482

250

222

13.1

545

380

34.4

799

451

807

674

275

599

339

195

48.1

3.6

72.7

8,7

8.5

22.7

25.0

252

7.8

60.6

772

581

30.0

494

103

2.3

10.4

18.9

9.3

358

3.2

29.0

308

196

61

2.800

0.7765

1.469

2.337

1.108

1.272

0.7515

1.781

0.7974

0.7320

0.7271

1.041

0.7408

0.7316

6.171

1.595

1.463

1.987

0.7423

3.991

0.9401

0.7494

0.7448

348

8.

129

271

64.

91.

3.

176

11.

0.

0.

51.

2.

0.

975

124

121

207

2.

541

33.

1.

0.

.7

6

5

1

8

82

06

7

2

95

2

2

80

70

419

442

403

418

418

415

938

420

423

430

389

476

425

426

1O323

423

429



Table S.I. Continued

Calculated
Sample no. Mineral Rb(ppm) Sr(ppm) 87Sr/86Sr 87Rb/86Sr age(Ma)

KAW 1450

KAW 1455

KAW 1459

KAW 1465

(=LAP 30)

Offerdal

KAW 1449

bio

mu

bio

mu

pben

kfsp

plag

mu

kfsp

Nappe

phen

kfsp

plag

492

183

478

265

442

302

17.9

263

273

464

267

60.2

37

194

21

114

58

559

220

46

397

25

395

183

.4

.8

.5

.3

.7

0.9809

0.7484

1.096

0.7634

0.8511

0.7429

0.7256

0.8263

0.7487

1.038

0.7473

0.7459

37.5

2.7

62.5

6.6

21.5

1.54

0.23

16.2

1.95

51.5

1.9

0.94

468

1001*

416

440

427

432

414

whole-rock analyses not included in Tables 2.1, 3.1, 4.1, 6.1

LAP 27

LAP 29

KAW 1450

KAW 1451

KAW 1458

KAW 1466

1) Isotope dilution analysis.

2) Calculated with respect to the corresponding whole-rock, except for

figures marked , which were calculated with an assumed initial

87Sr/86Sr o f 0.710.

3) X-ray fluorencence spectrometry. Mean of duplicate analyses.

81

177

159

94

99

110

3)

.8

.7

219

184

113

62

173

58

3)

.4

.3

0.7164

0.7478

0.7578

0.7344

0.7290

0.7540

1.07

2.80

4.01

4.33

1.64

5.40

62



Table 5.2. K-Ar data of minerals from the Seve-Kb'li Nappe Complex

Sample no.

Koli Nappe

KAW 1451

(=LAP 31)

KAW 1458

(=LAP 32)

KAW

LAP

1466

27

Mineral

bio

phen

bio

mu

bio

phen

Storfjall Nappe

LAP

LAP

LAP

LAP

Seve

LAP

LAP

LAP

LAP

LAP

LAP

LAP

LAP

LAP

LAP

KAW

KAW

7

8

53

55

Nappe

2

5

29

47

48

51

52

56

57

58

1437

1438

bio

mu

bio

hbl

hbl

bio

mu

phen

bio

mu

hbl

hbl

hbl

hbl

hbl

hbl

hbl

bio

mu

kfsp

phen

kfsp

KC

7

8

6

7

4

3

7

8

7

0

0

8.

8.

8.

7.

7.

0.

0.

0.

0.

0.

0.

0.

7.

8.

8.

12.

8.

11.

% wt) 1 )

.06

.86

.20

.17

.72

.36

.91

.45

.64

.372

.451

.21

,98

.40

,40

.49

357

309

415

472

235

463

399

99

02

95

00

94

40

40
radiogenic Ar

3
(ppm x 10 )

246

295

200

233

153

112

270

279

260

152

159

294

305

310

378

256

41.14

43.29

28.80

17.79

9.15

26.73

16.33

275

269

299

391

309

349

2)
Calculated
age (Ma)

444

426

415

417

417

426

435

423

434

511

447

454

433

441

619

437

1180

1360

798

476

491

685

511

438

428 3 )

427

418

440

395
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Table 5.2. Continued

Sample no. Mineral K(% Wt) 40 2)
radiogenic Ar Calculated
(ppm x 10 )

age(Ma)

KAW 1442

(=LAP 34)

KAW 1444

KAW 1445

(=LAP 33)

KAW 1466

KAW 1450

KAW 1455

KAW 1459

KAW 1465

(=LAP 30)

phen

bio

bio

mu

bio

phen

kfsp

bio

mu

bio

mu

phen

kfsp

mu

Offerdal Nappe

KAW 1449 phen

kfsp

9.06

6.72

7.02

8.02

8.05

8.66

10.73

7.29

6.10

7,66

7.97

8.72

11.64

8.83

9.06

12.24

302

266

834

290

831

338

688

248

223

507

311

295

391

296

302

474

426

496

1205

459

1086

490

747

434

463

766

490

433

429

428

426

487

1) Flame photometry. Mean of duplicate analyses for samples marked LAP.

2) Estimated error _+ 3 %.

3) Analyzed in Amsterdam.
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Table 5.3.

Sample no.

Seve Nappe

KAW

KAW

KAW

KAW

KAW

KAW

KAW

KAW

KAW

KAW

LAP

1437

1455

1446

1459

1438

1444

1465

1450

1442

1445

2

Table 5.4.

Koli

KAW

KAW

KAW

LAP

Nappe

1451

1458

1466

27

Comparative table of Rb-Sr <

Mineral Rb-Sr

bio

mu

bio

mu

bio

phen

phen

phen

bio

mu

bio

mu

bio

phen

bio

mu

bio

mu

420

423

416

440

423

429

427

430

425

432

468

1001

389

476

426

1032

418

437

Initial Sv/ l

0

0

0

0

Storfjall Nappe

LAP

LAP

Seve

KAW

KAW

KAW

KAW

8

7

Nappe

1437

1455

1446

1459

0.

0.

0,

0.

0.

0.

.7085

.7216

.7163

.7099

.7212

.7234

,7269

,7231

7380

.7202

K-Ar

432

427

766

490

1086

490

433

440

496

428

434

463

426

1205

459

454

433

2nd K-Ar mica

Sample no

LAP

LAP

29

5

ages

. Mineral Rb-Sr

bio

mu

phen

Koli Nappe

KAW

KAW

KAW

LAP

1451

1458

1466

27

Storfjall

LAP

LAP

8

7

bio

phen

bio

mu

bio

mu

phen

Nappe

bio

bio

mu

Offerdal Nappe

KAW

3r ratios of

KAW

KAW

KAW

KAW

KAW

KAW

LAP

LAP

LAP

1449 phen

415

938

418

420

437

409

549

490

447

425

408

419

(540)

414

mineral/whole-rock pal

1438

1450

1442

1444

1445

1465

5

2

29

0.

0.

0.

0.

0.

0.

0.

0.

0.

Offerdal Nappe

KAW 1449 0.

7239

7239

7619

7300

7333

7269

7249

7204

7313

7352

K-Ar

619

437

441

444

426

415

417

417

426

435

434

423

431

rs
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This is also tbe case with three of the intermediate ages (510 - 550

Ha), all from samplss of the Koli Nappe.

The muscovite age of sample KAW 1465, a pegmatitic vein in the Seve

Nappe, is very young when calculated with the co-existing K-feldspar:

384 Ma. Calculation with the initial 87Sr/86Sr ratio of the

mineral isochron of the adjacent gneiss sample (KAW 1437, 50 cm away

from KAW 1465), however, yields an age of 432 Ma, much closer to the

corresponding K-Ar age of 428 Ma.

The K-Ar ages of the muacovites and phengites show far less scatter

than those of the biotites. The four Kdli data belong to the youngest

ages (420 - 430 Ma). Most of the data (eight samples) cluster around

430 Ma, while the seven others lie between 430 and 490 Ma.

5.2.3. Feldspars

In five samples from the Seve Nappe (KAW 1437, 1438, 1446, 1449 and

1459) both the K-feldspar and the plagioclase were investigated for

Rb-Sr. In KAW 1465 only the K-feldspar was analyzed. The potassium

feldspars were also subjected to K-Ar analysis.

The plagioclase Rb-Sr data-points are discordant with respect to the

suites of whole-rock samples and mineral isochrons; an example of the

latter is shown in Fig. 5.5. In one case, sample KAW 1437, the

plagioclase plots on the mica/whole-rock regression line (Fig. 5.4).

The K-feldspar Rb-Sr data fall into 3 groups: (a) concordant with the

appropriate suites of whole-rock samples (KAW 1449 and 1438, Figs.

2.3 and 3.2), (b) concordant with the appropriate mica/whole-rock

isochron (KAW 1437, Fig. 5.4) or (c) discordant (KAW 1446 and KAW

1459; the latter is shown in Fig. 5.5).

Of the K-feldspar K-Ar ages three fall within the Caledonian range.

The other two are older.
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5.2.4. Hornblendes

K-Ar analyses were made of seven hornblendes from the Seve Nappe.

All samples are from ainphibolites, except for LAP 48, a hornblende

garbenschiefer. Two hornblendes from a gabbro in the Storfjall

Nappe are discussed in Chapter VI.

2.0

1.5

1.0'

87

M

T

Sr/86Sr

420±8 Ma/

0.7269 ± 0.0012

.74-

.73
1 ?

87Rb/86Sr
100 200

Fig. 5.4. Rb-Sr plot of KAW 1437. B3 biotite; Kf3 K-feldspar;
Mj musoovitej PL3 plagioolasej T3 whole-voak.

428±14 Ma

•7] 0.7202 ± 0.0024 87,Rb/86Sr
15 25

Fig. 5.5. Rb-Sr plot of KAW 1459. Kf3 K-feldspar; PH3 phengite;
PL3 plagioolase; T, whole-rook.
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LAP 52 is from an epidote-bearing amphibolite in the Western Belt.

Three hornblendes were separated from amphibolites collected close

to the Kittelfjall peridotite in cooperation with Or. C. Biermann:

LAP 56 from a medium-grained layered amphibolite and LAP 57 and 58

from coarse-grained hornblendite lenses within these amphibolites

(locally containing clinopyroxene). Hornblende LAP 51 was separated

from an amphibolite in the Eastern Belt. Two samples (LAP 47 and 48)

were collected in the southern part of the map area (Fig. 5.3) from

one of the lowest units of the Seve Nappe: LAP 47 from a calcareous

amphibolite and LAP 48 from a hornblende garbenschiefer.

In the Kittelfjfill area the five hornblende ages vary from 476 Ma

in the Western Belt up to about 800 Ma in the Eastern Belt. The

two hornblendes in the southern part yield the highest c^ges: 1178 Ma

and 1356 Ma. None of these ages fall within the Caledonian range;

all are Sveconorwegian or intermediate between Caledonian and

Sveconorwegian. In the Kittelfjall area, the ages appear to increase

eastwards in a similar way as the biotite K-Ar ages.

5.3. Interpretation of the mineral ages

The mineral ages are interpreted in terms of the temperatures at which

they become closed to the loss of radiogenic Ar and Sr, i.e. the

blocking temperatures. Regarding these temperatures, reference may

be made to the data obtained by Jager and co-workers in the Lepontine

Alps, where the conditions of metamorphism did not differ greatly

from those of the Caledonian metamorphism in the area under discussion.

The main difference is that nappe translation in the Alps took place

before, and in the Caledonides after the climax of the latest

metamorphic event. It was concluded by Purdy and Jager (1976) that

the cooling history as a rule results in an order of mineral ages as

follows:

K-Ar (hbl) > Rb-Sr (mu, ph) > K-Ar (mu, ph) > Rb-Sr (bio) = K-Ar (bio),
o

the appropriate blocking temperatures approximating +_ 550 C for
o ' o

hbl K-Ar, 500 + 50 C for mu/ph Rb-Sr,+_ 360 C for mu / ph K-Ar and

300 +_ 50°C for bio Rb-Sr and K-Ar. However, different blocking

temperatures for K-Ar were calculated by Andriessen (1978) on the

basis of his work in the Alpine metamorphic terrain of Naxos, Greece:
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490°C for hornblende, 440 - 420°C for muscovite and 400 - 360°C for

biotite.

All the biotite and most of the white mica ages were calculated with

respect to the corresponding whole-rock. This assumes an isotopic

homogenization of Sr through the rock. Due to their higher Rb-Sr

ratios, the biotite Rb-Sr ages are more precise than the muscovite

Rb-Sr ages.

If both biotite and muscovite are present in one sample, it is

strictly speaking not correct to calculate the Rb-Sr ages of both

minerals with respect to the same whole-rock analysis. If the cooling

has not been very slow and the ages are not very young, however, the

resulting error will be extremely small, in two samples from the

Seve Nappe (LAP 33 and LAP 29) cases have been observed where the

biotite and whole-rock systems have been open and the muscovite

remained closed to Rb-Sr during the Caledonian metamorphism (LAP 33

has been discussed in Chapter IV).

5.S.I. Biotites

From the biotite Rb-Sr ages it is clear that the whole Seve-Koli

Nappe Complex cooled below the Rb-Sr blocking temperature of biotite

' at approximately the same time, i.e. about 420 + 5 Ma ago. The

higher K-Ar ages shown by many biotites can be interpreted as cases

of inherited radiogenic Ar, in view of the Precambrian history of

the Seve Nappe. During the Caledonian metamorphism the biotites have

* thus only partly expelled the previously accumulated radiogenic Ar.

In the upper part of the Seve Nappe this expulsion appears to have

been more complete than in the lower part. Another conclusion from

the K-Ar data is that under the prevailing conditions of metamorphism

* the biotites either tend to loose the previously accumulated radiogenic

Ar somewhat more slowly than the white micas, or absorb Ar easier

in an environment with a relatively high partial Ar pressure.

Furthermore, the biotites are thought to belong to the Precambrian

"* mineral assemblage and therefore existed already prior to the time

of Caledonian overprinting, whereas for many white micas this is

probably not the case (see below).

ft
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S.3.2. Muscovites and phengites

The Rb-Sr white mica ages show a greater scatter than the biotite

Rb-Sr ages (Fig. 5.2). Host white micas in the rocks of the Central

Belt of the Seve Nappe have probably been formed as a product of

retrogression during the Caledonian metamorphism. This appears from

the growth of white mica at the expense of feldspars and

aluminosilicate, and the absence of this mineral in relicts of

high-grade rocks. The presence of such secondary white mica makes

it difficult to decide whether the ages represent cooling ages or

the age of primary crystallization.

The presence of Sveconorwegian muscovite ages in the Western and

Eastern Belts shows that these units contain primary muscovite.

These rocks have thus not been as highly metamorphosed as those in

the Central Belt.

The white mica Rb-Sr ages in the Central Belt offer a possibility to

approximate the time of the peak of Caledonian metamorphism. For this

purpose, two samples are considered in more detail:

1. Sample LAP 27, a fine-grained phyllite from the Lasterfjall Group,

Koli Nappe (Fig. 1.1). The grade of Caledonian metamorphism is

greenschist facies, close to the biotite isograd (maximum temperature

around 450 C, Winkler, 1974). The phengite was thus formed at a

temperature below the blocking temperature to Rb-Sr (500 _+ 50°C) and

close to that to K-Ar (•+ 360°C or 440 - 420°C), so the Rb-Sr and

K-Ar ages should approach the time of formation. Both ages are

concordant: 425 Ma and 426Ma, respectively.

2. Sample KAW 1437 is from the Central Belt of the Seve Nappe, close

to the K61i Nappe (Fig. 1.1). The data-points from this sample are

plotted in Fig. 5.4. The micas, feldspars and whole-rock show a good

linear arrangement, indicating that Sr isotopic equilibration was

approached. The muscovite Rb-Sr and K-Ar ages are also in good

agreement: 423 Ma and 427 Ma, respectively. No significant amount

of excess radiogenic Ar is present in this sample, which is in

accordance with the observed trend in K-Ar ages from west to east.

The temperature of the Caledonian metamorphism in this rock has not

been higher then those of the (lower) amphibolite facies (Chapter III),
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So even if these ages are cooling ages, they must be close to the age

of the peak of metamorphism.

From these samples it is concluded that the age of the peak of

metamorphism lies at 425 + 5 Ma. This age also corresponds to the

average value of most white mica Rb-Sr ages: 429 Ma, 9 samples

(omitting ages older than Silurian). The error is estimated by the

biotite ages on the negative side and the time relations discussed

in chapter 5.6.2. on the positive side.

5.3.3. Feldspars

Many feldspars, especially the plagioclases, plot above the linear

arrangement of the other Rb-Sr data-points from the same sample. This

could be understood in terms of a "Sr getter": it is feasible that the

feldspars, especially the plagioclase, absorb some of the radiogenic

87Sr released, for instance, by the opening of the mica systems.

5.3.4. Bomblendes

The seven investigated hornblendes from the Seve Nappe yield all

Sveconorwegian or intermediate Sveconorwegian/Caledonian ages. In the

Western Belt the Sveconorwegian muscovite ages along with the partly

reset hornblende ages support the hornblende blocking temperature of

490 C calculated by Andriessen (1978) instead of a higher temperature

of ± 550 C, if the value of 500 + 50°C is accepted for the blocking

temperature of muscovite. In the lower part of the Eastern Belt the

data suggest a temperature of Caledonian metamorphism below 490 C, in

view of the Sveconorwegian hornblende and muscovite ages (Chapter IV).

For the Central Belt the intermediate Svecofennian/Caledonian

hornblende ages indicate that the Caledonian temperature cannot have

been far above the blocking temperature.

On of*

5.4. Initial Sr/ Sr ratios of mineral/whole-rook pairs

Except for sample KAW 1442, the initial ratios defined by mineral and

whole-rock data for all samples from the Seve Nappe fall in the range

0.720 - 0.740 (Fig. 5.6, Table 5.4). This points to a prolonged pre-

Caledonian history for the rocks of the Seve Nappe, in accordance with
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the whole-rock data from suites of samples and many mineral ages.
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Fig. 5.6. Distribution of initial Q7Sr/Q&Sr ratios of mineral/whole
rook pairs. A. Seve Nappe; B, Kb'li Nappe; W.R.I., initial
875r/865r ratio of suites of whole-rocks from the Seve Nappe
(Chapter III).

It has been investigated whether these initial ratios could fit a

continuous closed-system Bb-Sr evolution since Sveconorwegian time.

This is illustrated in Fig. 5.7, where a Rb-Sr evolution line has been

drawn for a 87Rb/86Sr ratio of 1.9, a value based on 38 whole-rock

analyses and another 20 random band specimens (analyzed with XP">.

The intersection of this line at 420 - 440 Ma gives a 87Sr/86Sr ratio

of 0.7275 which value closely approximates the average value of the

data of Table 5.4 and Fig. 5.6A. No gain or loss of Rb and/or Sr on a

large scale has thus taken place during the Caledonian metamorphism.

Two samples from the Kb'li Nappe (KAW 1451 and LAP 27) yield an initial

87Sr/86Sr ratio of about 0.71, suggesting that these sediments were in

approximate Sr isotopic equilibrium with seawater at the time of

deposition, not long before they became involved in the Caledonian
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metamorphism. This agrees with the Ordovician and Lower Silurian

biostratigraphic age. All other samples have higher initial ratios

(Table 5.4; Fig. 5.6B), indicating an inheritance of old radiogenic

Sr in the detrital minerals and no attainment of Sr isotopic

equilibrium between the sediment and sea water.

5.5. Resume of the geoohronologioal results

1. Biotite Rb-Sr ages cluster around 420 Ma over the whole area.

It is concluded that all rocks were at this time cooled to the

blocking temperature of biotite to Rb-Sr (best estimate presently

available: 300 + 50°C).

2. Biotites in the Seve Nappe contain excess radiogenic Ar, which

can be interpreted as inherited radiogenic Ar in view of the

Precambrian history of this nappe. The amount of excess argon

increases from west to east, i.e. structurally downwards.

3. White mica Rb-Sr and K-Ar ages point to an age of 425 + 5 to for

the peak of the Caledonian metamorphism.

4. A few muscovite Rb-Sr ages lie in the Sveconorwegian range.

5. Hornblende K-Ar ages display ages ranging from 480 to 1350 Ma.

These ages likewise increase from west to east.
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6. At least part of the Seve rocks did not reach complete Sr isotopic

equilibration through a whole-rock sample, as is demonstrated by the

feldspar Rb-Sr analyses.

7. The initial 87Sr/86Sr ratios defined by minerals and whole-rocks for

the samples from the Seve Nappe point to a prolonged pre-Caledonian

history, in agreement with the patterns of the Rb-Sr data from

suites of whole-rocks and many inherited mineral ages. No significant

migration of Rb and/or Sr over distances exceeding the sample area

has apparently taken place during Caledonian metamorphiam.

5.6. Geological implications

5.6.1. The Caledonian metamor<phia overprint of the Seve Nappe

An estimate of the Caledonian metamorphic temperatures can be given on

the basis of the blocking temperatures of the analyzed minerals and

petrographical data. If the blocking temperatures, as discussed in

chapter 5.3. are accepted, the following conclusions can be made:

- In the Western and Eastern Belts temperatures stayed below the

blocking temperature of muscovite to Rb-Sr, 500 +_ 50°C.

- In the whole Seve Nappe hornblendes yield mixed ages, indicating that the

teaperature cannot have been far above the blocking temperature of

hornblende to K-Ar, i.e. (as discussed in chapter 5.3.4) not far

above 490 C.

- In the Central Belt it is difficult to decide whether the white mica

ages are crystallization or cooling ages (see chapter 5.3.2). This

•akes a wide range ot temperatures possible.

- Tenperatures have been everywhere above tk<; blocking temperature of

biotite to Rb-Sr, customarily taken at 300 +_ 50°C.

These data suggest temperatures for the Caledonian metamorphism in the

Seve Nappe of about 500 - 550 C.

Petrographical data do not seem to be in accordance with this conclusion.

The Minerals kyanite and staurolite indicate temperatures above 5S0°C

(Winkler, 1974). These minerals are attributed to the Caledonian

•etamorphisn, because they overgrow older fabrics as new fresh

porphyroblasts (an older kyanite is also present as part of the kyanite -
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K-feldspar metamorphic assemblage; these kyanites, however, are in

equilibrium with K-feldspar and plagioclase as shown by the smoothly

curved grain boundaries with the feldspars).

Although temperatures just around 550°C would fit both

estimates, it seems more probable that either the used blocking

temperatures are not applicable in this situation, or the petrographical

interpretation is not correct, i.e. the "young" kyanite and staurolite

are not Caledonian. The former possibility seems more likely than the

latter, since very recently Verschure et al. (1979) present evidence

that casts also doubt on the biotite Rb-Sr and K-Ar blocking

temperatures.

The biotite and hornblende K-Ar ages and the muscovite Rb-Sr age in the

lower parts of the Eastern Belt indicate that Caledonian metamorphic

temperatures have been lower than in the higher parts of the tectonic

succession. This may correspond to the observed inverse metamorphic

zonation as described by Trouw (1973) and Zwart (1974).

5.6.2. An age for the Ordovician/Silurian boundary

Palaeontological evidence indicates that the Lasterfjall Group

sediments have been deposited in the Late Ordovician (Ashgill) and

Early Silurian (Llandovery) (Hulling, 1972). The sequences lying on

top of this unit are probably repetitions of the stratigraphy

(Sjostrand, 1978). The underlying Tjopasi Group has been correlated

on lithological basis with fossil-bearing units in the Trondheim area

and is regarded as Early to Middle Ordovician (Gee, 1974). The

Lasterfjall Group, as well as the other units, are folded and

metamorphosed during the Caledonian orogeny, so this sets a maximum

biostratigraphic age to the onset of Caledonian folding, i.e. in the

latest part of the Lower or earliest part of the Middle Silurian

(Llandovery/Wenlock).

It was concluded in the previous section that the peak of

metasorphism took place 425 + 5 Ma ago. Leaving some ten million years

for the deposition of the Early Silurian sediments and subsequent

increasing depth of burial and rise in temperature, this would lead

to an age of approximately 435 +_ 5 Ma for the Ordovician/Silurian

75

I-



boundary. This age corresponds very well with recent estimates of

435 - 437 Ha by Lanphere et al. (1977) and the minimum age of 437 ± 11

Ma determined by Ross et al. (1978). (See also Boucot, 1975, 1977).

Gale et al. (1979), on the other hand, concluded to an age of 418 Ma

for the Ordovician/Silurian boundary. This would imply an age of about

470 Ma for the peak of the Caledonian activities. The ages reported

1 •••« - '<tudy do not support such an extremely young age for this

bo „

5.6.S. /K. if cooling and timing of thrusting

When the biotite Rb-Sr ages of the Seve-K&li Nappe Complex are compared

with published biotite ages from other areas in the Scandinavian

Caledonides (Fig. 5.8), they appear to be significantly higher (20 Ma

to 65 Ma). This suggests that the Seve-Kfili Nappe Complex cooled much

earlier than the coastal regions, situated in a more central part of

the orogenic belt. The latter regions probably remained longer at

deeper crustal levels and consequently cooled more slowly. This

phenomenon will be discussed in relation to tectonic models in Chapter

VIII.

The increase in K-Ar ages towards lower levels of the Seve Nappe can

be related to a higher rate of cooling in the lower units, and is

perhaps enhanced by the thrusting of these units onto the cooler

basement and/or the probable lower grade of Caledonian overprinting

as concluded in 5.6.1.

For the purpose of constructing tectonic models it is of importance

to estimate the possible duration of the thrusting process. In view

of the biotite cooling ages it may be concluded that after about

415 Ua ago the nappes were cooled so far that ductile thrusting became

impossible. Large-scale brittle deformation in mylonite zones has

not been observed.

Taking into account the Rb-Sr phengite age of 414 Ma from a

basement mylonite (Chapter II) and allowing for errors, it seems

unlikely that any important thrusting activity continued after about

410 Ma ago, i.e. Late Silurian.
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Fig. 5.8. Distribution of biotite Rb-Sr and K-Ar ages in Saandinavia.

Gee (1975a), however, suggests that thrusting continues well into the

Devonian, because Lower Devonian molasse deposits show features of

deformation and some faulting and thrusting. This could be attributed,

however, to later phases of the orogenic cycle as discussed in Chapter

VIII.

In view of the uncertainty of the ages and the geothermal gradient, it

seems hazardous to calculate cooling and uplift rates. The uniformity

of the biotite Rb-Sr ages over the whole area and the short time

between these ages and the proposed time for the peak of metamorphism

suggest that cooling has been rather fast.
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A cooling of about 250°C (from _+ 550° to 300°C in the Central Belt of

the Seve Nappe) in the time interval between 425 - 415 Ma ago would
o

result in a cooling rate of about 25 C/Ma. Assuming a geothermal

gradient of about 25 C/km (Barrovian) this would result in a uplift

rate of about 1 mm/a. The uplift should not only be the result of

isostasy, but probably also of tectonic movements.

Detailed cooling and uplift rates have been calculated by Wagner et

al. (1977; Table 3) for the Central Alps. They conclude for the Ticino

region an average cooling rate of 20 C/Ma, but the Bergell region, for

instance, cooled much faster.Uplift rates vary from 0.2 - 1 mm/a.

Andriessen (1978) calculated for Naxos, Greece, cooling rates of

20 - 45°C/Ma and uplift rates of 0.3 - 1.2 mm/a. It appears that the

order of magnitude for the cooling rate in the investigated area as

estimated above is feasible with data from the literature.

5.7. Conclusions

A resume of the geochronological results has already been given in

5.5. It is argued than an age of 425 + 5 Ma can be attributed to the

culmination of the Caledonian metamorphism. This would fit an age of

435 + 5 Ma for the Ordovician/Silurian boundary, as Early Silurian

(Llandoverian) sediments became involved in Caledonian folding and

metamorphism. Only a short time interval is then left between the end

of the sedimentation (say, about 430 Ma ago) and the climax of the

Caledonian metamorphism about 425 Ma ago, implying that the rocks must

have been quickly brought to depth and heated. The Caledonian

metamorphic temperatures in the Seve Nappe cannot be fixed on basis of

the present evidence. Isotopic data point to temperatures of

500 - 550 C, whereas petrographical data indicate temperatures above

550°C.

After the climax of the metamorphism the rocks were thrusted onto the

Baltic Shield. This thrusting process is estimated to end in the Late

Silurian (about 410 Ma ago). During this process the rocks cooled

rapidly. It is demonstrated that biotite ages in the central part of

the orogen are younger, suggesting much slower cooling rates.

Many mineral data confirm the pre-Caledonian history of the Seve Nappe,
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which was already established by the whole-rock investigations. The

most important are: the high initial 87Sr/86Sr ratios of mineral/

whole-rock isochrons, a few Precambrian muscovite Bb-Sr ages, and the

excess radiogenic Ar in many biotites and hornblendes. All data point

to the presence in the Seve Nappe of a Sveconorwegian metamorphic

event 900 - 1200 Ma ago.
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CHAPTER VI ,

A POSSIBLE EARLY CALEDONIAN METAMORPHIC EVENT IN THE STORFJALL NAPPE

6.1. Introduction

The geology of the Storfjall areas in Sweden is of special interest,

because it appears to record a more complex, and probably longer Caledonian

metamorphic history in this part of the Caledonides than can be deduced

from the Koli Nappe. In the classical Koli areas the Early Palaeozoic

rocks show a relatively simple history of folding, metamorphism and

thrusting in the Silurian. The rocks were metamorphosed under conditions

of the intermediate-pressure greenschist facies. In the Norra

Storfjall, Artfjall and probably Sodra Storfjall areas, on the other

hand, the rocks, lithologically comparable to parts of the K61i Nappe,

were metamorphosed under medium-grade conditions; moreover, they have

been intruded by many mafic and felsic bodies. The tectono-metamorphic

relationships in these rocks and their position with respect to the

Koli Nappe are complex. The rocks in these areas seem to occur as a

separate nappe (Storfjall Nappe) within the Koli. Detailed mapping of

the Storfjall Nappe in the Norra Storfjall and Artfjall areas by teams

of the Departments of Petrology and Tectonics of Leiden State University

is in progress.

This chapter describes a number of age determinations in the Norra

Storfjall area in relation to petrological observations and field data.

The only age from this area determined previously is the Rb-Sr

isochron age of 438 + 6 Ma of the Vilasund granite obtained by Gee

and Wilson (1974; C on the map of Fig. 6.1).

6.2. Rb-Sr and K-Av data

6.2. 1, Samples

Eight samples were collected in a section along a river (Dulkojukke)

near Umfors (A on the map of Fig. 6.1), in the migmatitic zone of the

garnet-mica schist unit.
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schist & gneiss of the "-T ĵ lower - grade (calc.)-phyllites, marble, quartzite.

conglomerate

+1 acid intrusives

dip and strike of
main foliation

thrust

basic intrusives

precambrian basement

H—H ROdingsfjall Nappe (partly \^
migmatitic)

O
garnet-micaschisi, partly
migmatitic gneiss with amphibolite,
meta-volcanics, gabbros etc. (non differentiated)

r-—| nieta-volcanics and amphibolites
I vj (Mesket-seris)

|rjE~j meta-volcanics, lower-grade

Fig. 6.1. Geological sketch map of the Norra St0rf3d.ll~Avtfga.ll area. The
boundary between the garnet-mica schist unit and the lower-grade rocks is
not well-defined. A3 sampling area whole-rocks of the migmatitic gneiss; B3
Artfjdll gabbro; Ct Vilasund granite; D, sampling area of the Rodingsfjall
Nappe (see Chapter III). After Aleva (1950), Lakeman (1951), Mulder (1951),
Stephens (1977), Senior (pers. ccrnn.) and Lisle (pers. comm.).
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Table S.I. Rb-Sx1 and K-Av data Novva Storfjdll area

Rb-Sr

sample no.

whole-rocks

LAP 7

LAP 8

LAP 9

LAP 22

LAP 23

LAP 24

LAP 25

LAP 26

minerals

LAP 7 bio

mu

LAP 8 bio

Rb(ppm)

188

54.1

140

90.6

109

64.1

88.4

144

XX

434

219

385

Sr(ppm)3*

68.7

127

78.9

191

98.9

121

160

78.8

XX

3.61

72.7

8.65

87gr/86Sr

0.7708

0.7285

0.7534

0.7257

0.7416

0.7306

0.7326

0.7560

2.799

0.7765

1.469

87Rb/86Sr

7.95

1.24

5.20

1.38

3.19

1.54

1.60

5.32

348

8.69

129

Rb/Sr*

2.73

0.43

1.79

0.48

1.10

0.53

0.55

1.83

age (Ma)

419

(540)

408

X

XX

XXX

X-ray fluorescence spectrometry; mean of duplicate analyses.

Isotope dilution.

Calculated with respect to the corresponding whole-rock. For the

muscovite this age is poorly defined because of the rather small

difference between the data-points of the muscovite and the whole-

rock.

K-Ar

sample no. K (% Wt.) radiogenic* Ar
(ppm x 10 )

age (Ma)*M*

LAP

LAP

LAP

LAP

7

8

53

55

bio

mu

bio

hbl

hbl

7.92

8.45

7.64

0.372

0.451

270.2

279.5

259.5

152.2

158.7

435

423

434

511

447

Flame photometry; mean of duplicate analyses.
xx 40

Mean of duplicate analyses; Atmospheric Ar about 1 % of the total
40 AAr.

xxx Estimated error + 3%.
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Four samples are from the migmatitic gneiss and four from inclusions

within the gneiss. The composition of the gneisses is qtz + plag + ky +

sill + bi _+ mu + ga _+ stau + zo and accessories; they are rich in

mica. One muscovite and two biotites were separated for Rb-Sr and

K-Ar analysis.

The inclusions are folded, about 20 cm thick and one to two metre long.

They are calc-silicate rocks with the composition qtz + plag + hbl +

zo + bi + ga + cc.

For the purpose of a preliminary investigation of the age of the

Artfjfill gabbro (B on the map) two hornblendes were separated for

K-Ar dating. One is from a sample of a large calc-silicate inclusion

within the gabbro (LAP 53), the other from a late dyke within the

gabbro (LAP 55). The gabbro itself contains virtually no primary

hornblende.

6.2.2. Results

The Rb-Sr data-points of the eight whole-rocks are plotted in Fig. 6.2.
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Norra Storfjallet

migmatitic gneiss

1 1 1

age: 442 ± 30 Ma
87Sr/86Sr )o: 0.7214 ± 0.0006

k = 1.42 " 1 0 " a '

95% confidence level
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Fig. 6.2. Rb-Sr data-plot of migmatitia gneiss of Norra StorfoSllet.

7 and 22 refers to the samples LAP 7 and LAP 22.
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When the deviating sample LAP 22 is omitted, the remaining seven data-

points define an isochron of 442 _+ 30 Ma with an initial 87Sr/86Sr

ratio of 0.7214 + 0.0006.

Within the limits of error, the biotite and Muscovite Rb-Sr and K-Ar

ages are equal to the isochron age (Table 6.1). The mineral ages have

also been included in Chapter V (Tables 5.1 and 5.2), but they will

be discussed in more detail here.

Both biotite K-Ar ages tend to be higher than the corresponding Rb-Sr

ages: 435 Ma and 434 Ma versus 419 Ma and 408 Ma,

respectively, but the errors overlap. The calculated Rb-Sr age of the

muscovite appears to be older than the corresponding K-Ar age, but it

is difficult to judge whether this is real, in view of the high

uncertainty in the Rb-Sr age defined by the muscovite/whole-rock pair.

The K-Ar ages of the hornblendes from the Artfjail gabbro are

511 Ma and 447 Ma, respectively.

6.2.3. Discussion

The age of 442 +_ 30 Ma defined by the whole-rocks has a relatively

large error, caused by a slight scatter of the data-points. If the

sample with the highest Rb/Sr ratio (LAP 7) is omitted, an age of about

470 Ma would be the result. It is a well-known phenomenon that in

suites of samples it is those with the higher Rb/Sr ratios which are

the most prone to loss of radiogenic Sr during metamorphism, so this

suggests that the isochron age of 442 _+ 30 Ma is actually a minimum

age.

The initial 87Sr/86Sr is rather high, indicating a substantial pre-

metamorphic Rb-Sr history. This may be explained in terms of a

provenance high in radiogenic Sr for the sediments (derived from the

Precambrian Shield) and a Sr isotopic equilibration during the

metamorphism. It may also reflect, however, a prolonged Rb-Sr history

in rocks which had already become closed to Rb-Sr during an earlier

event of metamorphism.

The biotite Rb-Sr ages are interpreted as cooling ages; they fit the

general pattern of biotite Rb-Sr ages of the Seve-Koli Nappe Complex
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as discussed in the previous chapter. The somewhat higher biotite

K-Ar ages could suggest the presence of some excess radiogenic Ar,

but they could also be interpreted in terms of a higher blocking

temperature to K-Ar than to Rb-Sr. The latter interpretation is
o o

supported by the blocking temperature to K-Ar of 360 - 400 C

calculated by Andriessen (1978) for biotites on Naxos, a higher value

than the customarily-invoked temperature of 300 _+ 50 C.

The muscovite K-Ar age fits the other cooling ages, but the Rb-Sr age

is problematic. Because of the rather small difference between the

data-points the Rb-Sr age of the rauscovite/whole-rock pair is poorly

defined, while the whole-rock may also have suffered some loss of

radiogenic Sr. The muscovite data-point plots on the isochron (Fig.

6.2), so the age lies probably closer to the whole-rock isochron age

of 442 +_ 30 Ma.

An interpretation of the hornblende K-Ar ages of the Artfjail gabbro

is difficult. The ages of 511 Ma and 447 Ma differ more than the

analytical error of about 15 Ma.

6.3. Geological interpretation

Study of thin sections of rocks from the migmatitic gneisses from

Norra Storfjail indicate a complex metamorphic history. Several

episodes of porphyroblastesis can be recognized. Minerals such as

plagioclase, sillimanite, biotite and quartz have been overgrown by

the paragenesis kyanite + staurolite + garnet + zoisite. Staurolite

and kyanite often form composite crystals, pointing to equilibrium

during growth. Later growth of sillimanite has been observed too.

Retrogression leads to the replacement of aluminosilicate by muscovite.

Several deformation phases are related to the period of metamorphism,

whereas later deformation is essentially post-crystalline or took

place under retrogressive metamorphic conditions.

The intrusion of the Artfjail gabbro occurred after at least two

deformation phases; kyanite has been found as a contact-metamorphic

mineral (Senior, pers. comm.). The intrusion of the granites is not

yet very well defined, but probably took place after the intrusion of
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the gabbros and the peak of metamorphism. Both gabbros and granites

are affected by later deformation phases.

The whole-rock age of 442 _+ 30 Ma (or about 470 Ma) can be interpreted

as representing the age of the metamorphism in the rocks of the

Storfjail Nappe. The age of the Vilasund granite of 438 + 6 Ma (Gee

and Wilson, 1974) would fit this age and the above discussed geological

data. Thus, an event of medium-grade metamorphism, folding, and

intrusion of mafic and felsic intrusives affected the rocks of the

Storfjail Nappe in the Ordovician. These rocks became also involved

in the mid-Silurian Caledonian orogenic activities. The mineral ages

show that the rocks cooled at about the same time as the rocks from

the Seve-KOli Nappe Complex.
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CHAPTER VII

THE GRENVILLIAN/SVECONORWEGIAN BELT IN THE N ATLANTIC REGION

7.1. Intvoduotion

In Chapter III conclusions were drawn concerning the extension of

the Sveconorwegian Province in Scandinavia. In this chapter the

geographical extension and main geological outlines of the Grenvillian/

Sveconorwegian orogenic belt will be briefly discussed.

Isotopic age determinations reveal a number of areas in the N Atlantic

region affected by metamorphism and/or igneous activity during the

interval 900 •- 1200 Ma ago. A list of ages from these areas is

presented in Table 7.1 at the end of this chapter. The areas are:

- the Grenville Province of N America,

- the Sveconorwegian Province of S Norway and SW Sweden,

- the Sveconorwegian elements within the Caledonian belt of Scandinavia,

- the Grenville relicts and Carolinidian within the E Greenlandian

fold belt,

- the Gardar Province of S Greenland (only igneous rocks),

- the Moinian in Scotland; W and N Ireland; Rockall Bank,

- Morocco (Anti-Atlas),

- Carpathians and Ukraine (uncertain).

Many of these areas have been involved in younger orogenic activities,

in particular the Caledonian orogeny. Other mobile belts of

equivalent age are known in other continents (Africa, Australia,

S America). A map showing the transatlantic correlation of the

Grenville Belt has been published recently by Zwart & Dornsiepen

(1978) (Fig. 7.1). Another map has been published by Max (1979).

These maps indicate a rough parallelism of the Grenville Belt with

the Caledonian/Appalachian belt and the present spreading zone in the

N Atlantic region as suggested earlier by Wilson (1966) and Burke and

Dewey (1973).

The geological characteristics of the main areas of the Grenvillian/

Sveconorwegian Belt are described briefly below.
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8 0 0 1200 m y

Fig. 7.1. Transatlantic correlation of the Grenville Belt (from
Zwart <S Dornsiepenj 1978).

7.2. Characteristics of the main areas of the Grenville Belt

Grenville Province

Many publications exist on the geology and geochronology of the

Grenville Province (e.g. Krogh & Davies, 1971, 1973; Wynne-Edwards,

1972; Baer, 1974, 1976) which is only outlined here:

- The orogenic processes were ensialic and the majority of the exposed

part of the province consists of reworked Archean, Hudsonian and

Elsonian granites and gneisses; a minor part of the rocks are
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supracrustals.

- The Grenville Front is a tectonic line consisting of mylonite zones,

faults, etc., but pre-Grenvillian elements cross this zone from the

foreland into the Grenville Province. The Front line is unlikely

therefore to represent a "suture".

- A suite of anorthosites and related rocks (norites, gabbros,

mangerites, raonzonites) is present. They were intruded from 1500 Ma

to about 1200 Ma frequently at the unconformity between sedimentary

cover and basement.

- Nappes are not recorded. Older structural elements are overprinted

by Grenvillian structures.

- Low to intermediate P/T type metamorphism (average maximum conditions

700 C at 4 - 6 Kb; locally higher temperatures). Sillimanite,

cordierite-garnet and cordierite-garnet-hypersthene are characteristic

mineral associations; kyanite and andalusite occur less frequently.

In areas of migmatization and anatexis, granitic magmas were formed

and intruded in higher units.

- The supracrustal rocks are of platform (miogeosynclinal) type:

quartzite, marble and aluminous paragneisses; eugeosynclinal rocks

are not found.

Different tectonic models have been suggested for the development of

the Grenville Province. Some models infer oceanic floor, subduction

zones and continent-continent collision (Burke & Dewey, 1973; Brown

et al., 1975; Baer, 1974, 1976). Other models, however, are based on

the coherence of the continental crust (Wynne-Edwards, 1976). On the

other hand, Irving & McGlynn (1976) suggested a separation of

continental blocks on the basis of minimum polar path lengths. They

pointed out, however, that other models are possible when other polar

paths are calculated. The palaeomagnetic data according to McWilliams

& Dunlop (1978) does not prove or deny a collision model.

The Sveeonorwegian Province of S and SW Scandinavia

Numerous ages in the range 850 - 1200 Ha are recorded from this region

(Table 7.1). Older ages of 1400 - 1500 Ma and 1600 - 1800 Ma are also

present, indicating that Early Proterozoic basement was to a large

extent involved in the orogenic activities.
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Supracrustal rocks include garnitiferous migmatites, quartzites and

marbles. Magmatic rocks are anorthosites, monzonites, charnockites,

granites and gabbros. Metamorphic facies in Rogaland is of low P/T

type, reaching granulite facies, whereas in SW Sweden intermediate

pressure metamorphic conditions prevailed.

Hermans et al. (1975) suggested on the basis of ages of Versteeve

(1975) two cycles of repeated magmatism and metamorphism in a thin

continental crust with high heat flow in Rogaland/Vest-Agder. Widens

(1979) reported U-Pb ages on zircons from this area and presented a

more detailed chronological sequence of events. Torske (1977)

interpreted the features as the remnants of an Andean-type continental

margin and a Cordillera-type orogen.

The Sveconorwegian elements within the Caledonian Belt of Scandinavia

It has been shown in Chapter III that several areas with

Sveconorwegian rocks within the Caledonian Belt link up to give one

continuous Sveconorwegian belt. In SW Norway, Sveconorwegian rocks

include migmatites, granites, granulites, mangerites and lenses of

ultramafics and eclogites (not well dated) in Sveconorwegian gneisses.

The rocks are partly incorporated in Caledonian nappes, and partly

form units in Svecofennian basement.

In the Lofoten the Sveconorwegian rocks are metasediments in amphibolite

facies. This Sveconorwegian metamorphism caused retrogression of the

high-grade Archaean and Early Proterozoic rocks of the Lofoten-

Vesteralen Complex (Griffin et al., 1978).

The Seve Nappe in the investigated area consists of metasediments that

at one hand suggest a platform or miogeosynclinal depositional

environment: marbles, meta-arkoses, quartzites, quartz and aluminium-

rich gneisses and schists. At the other hand, very thick sequences

of amphibolites and other mafic rocks do not support such an environment.

This sequence was at some stage intruded by mafic rocks (now partly

converted to eclogites) and peridotites, and locally anorthosite

(Gee, 1978b). The whole sequence was brought to considerable depth

(pressures 8 - 1 0 kb) and folded and metamorphosed under high-temperature

conditions (700 - J

place (Chapter IV).

conditions (700° - 800°C; see Chapter I). Thrusting may have taken
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Initial investigations (Chapter III) reveal similarities between the

Rodingsfjall and Seve Nappes, but the present data do not allow

detailed conclusions.

At Areskutan the Seve Nappe is present as a large klippe. At this

locality excellently preserved granulite facies recks are exposed,

but the mineral paragenesis orthopyroxene + clinoproxene + cordierite(?)

indicates granulite facies conditions of lower pressures than in

the Seve Nappe in the investigated area. Ages reported so far fall

within the Svecofennian range, 1600 - 1900 Ma (Gee, 1978a).

E. Greenland fold belt
The nature of the Grenvillian in the East Greenland fold belt is not

yet clear. The Krummedal supracrustal sequence, whose metamorphism

has been dated as Grenvillian, consists of miogeosynclinal deposits

metamorphosed under amphibolite facies conditions (Higgins, 1976).

The gneisses with Grenville ages on Liverpool Land contain eclogites.

The Carolinidian orogeny in NE Greenland seems to form a continuation

of this belt.

7.3. Reconstruction of the Grenvillian/Sveconorwegian Belt

Fig. 7.2 shows a possible reconstruction of the Grenville Belt in

the N Atlantic region. This reconstruction attempts to account for

Palaeozoic tectonics. In this and some other aspects it differs from

the previously mentioned transatlantic correlation maps of Zwart &

Dornsiepen (1978) (Fig. 7.1) and Max (1979).

A'reconstruction of the continents in the N Atlantic in Late Proterozoic

times is still problematic. There is no unique solution on the basis

of palaeomagnetic data. The reconstruction of Patchett & Bylund (1977)

shows the Grenville Province close to the Sveconorwegian Province.

However, data to be discussed below do not support such a reconstruction.

As basis for the map, the pre-Mesozoic drift nap of Le Pichon (1977)

has been used. The position of Laurentia has been kept fixed for

reference and absolute longitudes and latitudes are not considered. The

Baltic Shield has been placed opposite Greenland. Europe and Africa

are somewhat rotated with respect to the Baltic Shield.
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The positions of Rockall Bank, N Ireland and NW Scotland are those

according to Wright (1977). The present positions of these areas is

an effect of the Caledonian orogeny and the subsequent Mesozoic and

Cenozoic ocean floor spreading. The Ox Mountains of N Ireland are so

far only suspected to contain Grenvillian rocks (in granulite facies).

The V0ring Plateau offthe coast of Norway (not indicated on the map)

is perhaps related to the Lofoten-Vesteralen basement on the basis

of gravity, seismic and magnetic anomalies (Sellevoll, 1972; Taiwan!

& Eldholm, 1974). The Gardar Province of S Greenland forms a special

area with its alkaline and locally carbonatitic magmatism (Blaxland

et al., 1978). In W Europe Grenvillian basement has not been

definitively demonstrated, although there seem to be indications

for this (see map of Zwart & Dornsiepen, 1978, Fig, 7.1). Evidence

for the position of Africa as indicated on the map has recently been

put forward by Bruckner et al. (1977) in a comparative study of the

Avalon platform and Morocco. They find a close stratigraphic and

tectonic match between both areas and conclude an age of about 1000 Ma

for folding and granite intrusion in the Moroccanides (Anti-Atlas).

7. 4. Conclusions

It seems premature to give a tectonic interpretation for the

Grenvillian/Sveconorwegian orogenic Belt. The problems connected with

the application of plate tectonics to the Proterozoic are emphasized

by several authors (e.g. Anhaeusser, 1975; Watson, 1976; KrSner, 1977;

Burke et al., 1977). Moreover, palaeomagnetic polar wandering paths

are very differently interpreted and calculated (Irving et al., 1974;

Irving & McGlynn, 1976; Piper, 1975; McWilliams & Dunlop, 1978). The

data neither confirm nor deny the possibility of independent plate

motions. Burke et al. (1977), however, has published evidence for

plate motions and continental collision for the last 2.5 Ga. It is

certain that rifting and the development of aulacogens are important

processes in the Proterozoic (Burke & Dewey, 1973; Sawkins, 1976;

Burke, 1977). Other emphasize ductile thinning of the crust and high

heat flows with the local development of Red Sea type oceans.

Froa the short descriptions of the areas with Grenvillian/

Sveconorwegian ages a few general similarities and differences may
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Fig. 7.2. Tentative reconstruction of the Grenville Belt in the N
Atlantic. S} M Scotland; I, N Ireland; R, Roakall Bank;
G, Gavdav Province; AP, Analon platform; AA3 Anti-Atlas;
A, anorthosites; E, eclogites (age not certain) in
Grenvillian gneisses.
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be concluded. The sedimentary sequences in most areas seem to be of

miogeosynclinal or platform type, indicating shallow water conditions.

Anorthosites occur in most areas. The involvement of older basement

is virtually everywhere present.

On the other hand, the eclogite occurrences seem to be restricted to

the northern half of the belt. However, it is not certain that they

were formed 900 - 1200 Ma ago, neither that they all belong to the same

metaraorphlc event. Another contrast is produced by the difference

in pressure between the Sveconorwegian metamorphism in the Seve Nappe

(estimated at 8 - 10 kb) and the pressures in S Scandinavia ( 4 - 6

kb, in SW Sweden somewhat higher). Metamorphism in the Grenville

Province shows also pressures of 4 - 6 kb.

4

I

f

«
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Table 7.1. List of GranvillLati/Svooonorwegian ages

place

Scandinavia

SW Sweden

S Sweden
0ksfjord
S Norway

S Norway

S Norway

Bergen

Telemark

Jotunh.
Hard.vidda
SW Norway
Kongsberg
Stavanger
Kongsberg
S Norway
S Norway

granite
micas
slate
micas
dolerites
gneiss
granite
granite
gneiss
gneiss

gneiss

granite

gr-gneiss
syenite
gr.veins
gr.dyke
granite
gr-gneiss
metavole.
micas
granite
granite
gneisses
gneiss
gneiss
gneiss
granite
intrus.

gneiss

age

890 +
860 -

1030 +
1000 -
900 -

+
941 +
984 +
1225 +
1130

1260 +
920 +

963 +
1014 +
1004 +
1022 +
870 +
780 +
890 +
1105 +
1600 -
900 -

1009 +
911 +
1000 -
1100 -
1135 +
1233 +
1016 +
923 +
924 +
1000

35
680
40

715
1C00
1000
60
90
100

80
100

24
30
85
92
150
14
46
23

1100
1000

35
35

1200
1200
24
40
43
38
42

method

(1)
(4)

(1)
(4)
(3)

(1)
(1)
(1)
(1)
(1)

(1).
(1)

<2)
<2>

(1)
(1)
(1)
(1)
(1)
(1)
(1)
(3),(4)

<D
(1)
(2)

(1)
(1)
(1)
(1)
(1)
(1)
(1)

reference

Skiold, 1976

Patchett & Bylund, 1977
Brueckner, 1973
Brueckner, 1972

Andresen et al., 1974

Corfu, 1978

Sturt et al., 1975

Priem et al., 1973b

Priem et al., 1973a
Priem et al., 1976
Pasteels & Michot, 1975
Jacobsen & Heier, 1978
Heier et al., 1972
O'Nions & Heier, 1972
Pedersen, 1973
Pedersen et al., 1978

Rogaland

Rogaland
Bamble
Bamble
Surnadal
Lofoten
Lofoten

Greenland

charn., 900 - 1200
migm.syenites
augengneiss 1000-1200
gneiss 1160 - 1200
micas 975 - 1150
schist 1000?
gneiss 1100
schist 1115 + 135

(1),(2) Versteeve, 1975

(2) Widens, 1979
(1),(2) O'Nions & Baadsgaard, 1971
(4) O'Nions et al., 1969
(1) Raheira, 1977
(1) Heier & Compston, 1969
(1) Griffin et al., 1978

Scoresby schist
Sund
o

Gasefj. granite
granite

1140 + 85

950
1040 +

(1)

40 (1)
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Table 7.1. Continued

place rock age
1)

Forsbl.fj. schist 1250 •_ 100
Gardar granites 1100 - 1300

syenites

Grenville Province

2)
method reference

(1) Rex et al., 1977
(1) Blaxland et al., 1978

Scotland

Moine
Morar

Ireland

W Ireland
Rockall B.

Rumania

Carpath,

Morocco

Anti-Atlas

gneiss
pelite

gneiss
gneiss

gneiss

granites

900

1030
1004

max.
+

850

- 1250

+ 46
± 96

1300
1000

+_ 50

+ 1000

(1)
(4)

(1)
(1)

(1)
U>

(4)

(1)

(1),(2), Cam. Inst. Washington Year
Book 65-70; Wynne-Edwards,
1972

Brook & Brewer, 1976
Brook et al., 1977

van Breemen et al., 1976
Miller et al., 1973

Krautner et al., 1976

Bruckner et al., 1977

1) recalculated for X = 1.42 x 10~ a" .
2} (1), Rb-Sr whole-rock; (2), U-Pb zircon; (3), Rb-Sr minerals;

(4), K-Ar minerals.
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CHAPTER VIII

CHRONOLOGY OF THE CALEDONIAN OROGENY IN THE CENTRAL SCANDINAVIAN

CALEDONIDES AND CONCLUSIONS

8.1. Introduction

The Caledonian-Appalachian orogenie belt is the result of a sequence

of events, which did not happen synchronously along the whole belt,

but differed in time, place and character. In a plate tectonic con-

cept, the history can be regarded as the break-up of a Precambrian

continent, the formation of the Proto-Atlantic or Iapetus ocean and

the successive closure of this ocean, finally resulting in a colli-

sion of the European and American continents.

The existence of a Proto-Atlantic or Iapetus ocean was first sug-

gested by Wilson (1966). Various plate tectonic models have been sug-

gested for this evolution (Dewey, 1969; Dewey & Kidd, 1974; Kennedy,

1975; Windley, 1977b). A discussion of the Lower Palaeozoic history

of Europe has been given by Zwart & Dornsiepen (1978) and their trans-

atlantic correlation map for the Caledonian orogeny is shown in

Fig. 8.1.

Reviews of the Scandinavian Caledonides have been presented by Strand

& Kulling (1972), Nicholson (1974) and Prost (1977). New stratigraphi-

cal, structural and isotopic data reveal a polyphase orogenic histo-

ry (e.g. Sturt & Roberts, 1978; Sturt & Thon, 1978b; Chapter VI).

New information on the geological situation is given by the discovery

of Precambrian rocks (Chapter III), the mica ages (Chapter V), the

discovery of remnants of ocean floor (e.g. Gale & Roberts, 1974;

Furnes et al., 1976) and ophiolite suites (Sturt & Thon, 1978a,

1978c; Sturt et al., 1979).

A separation of Europe and America had been already demonstrated by

palaeontological (faunal provinces) (Kulling, in: Strand & Kulling,

1972) and palaeomagnetic evidence (e.g. Morel & Irving, 1978).
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Fig. 8.1. Transatlantic correlation of the Caledonian Belt
(from Zwart S Dornsiepen} 7978).

8.2. Chronology of orogenia events

In the following section, data from the literature and this study

concerning the history of the Caledonian orogeny are discussed

within the framework of the theory of plate tectonics.

Late Preaambrian (800-600 Ma)

After the Grenvillian/Sveconorwegian orogeny, discussed in the pre-

vious chapter, a large continent was formed or already existed. At
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this time a mafic dyke swarm intruded in the Sarv Nappe, dated at

750 + 260 Ma (Claesson, 1976). This event could mark the onset of

rifting and the beginning of the break-up of Greenland and Scandi-

navia (Gee, 1975a).

Cambrian (('00 - l>00 Ma)

During the Cambrian the faunas of Scandinavia and N America evolved

separately: apparently a barrier, the Iapetus ocean, existed

(Spjeldnaes, 1978; Windley, 1977b) Extension of this ocean contin-

ues until the Upper Cambrian, when the maximum width was reached.

In the Upper Cambrian the first orogenic event is recorded: the

Grampian of Scotland and SW Norway and the Finmarkian in N Norway

(Naterstad, 1976; Ramsay & Sturt, 1977; Sturt et al ,, 1967, 1978;

Sturt & Roberts, 1978; Sturt & Thon, 1976, 1978a, 1978b, 1978c).

This event was already known in the literature as the "Trysil dis-

turbance" as it is reflected by a change in lithofacies in several

areas (Kvale, 1975). The event is characterized by amphibolite facies

metamorphism, folding, the intrusion of gabbros, the emplacement of

an ophiolite suite (Karm0y) and thrusting.

This event may well record the change of tectonic regime from ex-

tension to contraction. Contraction of the ocean leads to the es-

tablishment of subduction zones. The formation of subduction zones

is not likely to happen smoothly. Unstable situations can be ex-

pected especially at the boundary of continental and oceanic crust

due to the large density difference. Obduction of oceanic crust dur-

ing this event has recently been suggested by Sturt et al . (1979)

for Karm0y in S Norway.

Ovdoxneian (.500 - 4SS Ma)

The Lower Ordovician is characterized by the deposition of large a-

mounts of volcanic and volcano-clastic material. Lower Ordovician

fossils of American affinity are known from the Trondheim Supergroup

(Gee & Zachrisson, 1974). In the Koli Supergroup no fossils are known

from this epoch, but the T.jopasi Group is considered to be deposited

in this time on the basis of lithological correlation with the
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Trondheim Supergroup. May be also the volcanic and volcanoclastic se-

quence of the StorfjHll Nappe has been deposited in this time. The '

intrusion of serpentinites and the extrusion of oceanic tholeiitic

basalts took place in this period according to Gale & Roberts (1972)

and Fumes et al> (1976),

Most authors favour the existence of an island arc with a back-arc

basin, which would be the result of subduction activity that started

in the Ordovician. The island arc and the basin are usually thought

to be situated at the continentward side of a trench/subduction zone. *

Back-arc spreading ia also suggested. The subduction zone dips east-

wards below the Baltic Shield in most models (e.g. Gee, 1975a). How-

ever, there seems to be little proof for such a situation as the

basement along the present coast of Norway is hardly affected by *

phenomena (plutonism, vole an ism etc.) which would suggest a position

above a descending lithosphere as also noted by Prost (1977). Sub-

duction below the suggested island arc more oceanward would also be

possible.

In the Upper Ordovician there are indications for a second orogenic

event: the rocks of the Storfjall Nappe have been metamorphosed,

folded and intruded by gabbros and granites 470 - 435 Ma ago (Chapter f

IV). In view of the volcanic and volcano-clastic material of the

Storfjall sequence and the presence of pillow lavas, gabbros etc. this

may be interpreted as a possible island arc/continent collision, as

suggested by Gee & Wilson (1977). However, proof that the sequence in- (

deed represents an island arc has as yet to be given. The event may

roughly correlate with the "Ekne disturbance" of Kvale (1975).

The mixing of faunal provinces starts in the Middle to Upper Ordovi-

cian, indicating a narrowing of the ocean. In the Upper Ordovician the

ocean closes (Spjeldnaes, 1978), leaving shallow basins where sedi-

mentation continues as recorded in the Koli Supergroup by the Ashgill-

ian and Llandoverian fossils of the Lasterfjail Group. This may point

to a correlation between the closing of the Iapetus and the possible

island arc/continent collision as suggested above.
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During the oar]y Silurian contraction continues and this leads in

the mid-Silurian to the final phase of the Caledonian cycle. This

phase has been called "Ardennian" or more properly "Scandinavian"

(Sturt et al., 1978). In Chapter V several aspects of this part of

the orogenic history are discussed on the basis of Rb-Sr and K-Ar

mineral ages from the Seve-Koli Nappe Complex. The chronology can

be summarized as follows:

420 - 415 Ma - cooling of the Seve-Koli Nappe Complex (including

Storfjall Nappe) below the blocking temperature of

biotite, about 300 + 50°C.

425 + 5 Ma peak of metamorphism followed by formation of the

nappes and fast cooling,

burial and heating.

deposition of the Lasterfjall Group.

435 + 5 Ma - boundary Ordovician/Silurian.

Three points that can be deduced from this scheme are of interest in

a discussion of possible tectonic models:

(1) there is apparently a relation between thrusting and cooling.

(2) major thrusting must have ceased 420 - 415 Ma ago, because from

this time on the rocks would not have reacted in a ductile manner

to large strain. Brittle deformation of the rocks in the major

mylonite zones has not been observed (Chapter V).

(3) the difference in biotite cooling ages between the investigated

nappes and the coastal region as shown in Fig. 5.8 indicates a

much slower cooling of the central part of the orogenic belt.

The first point shows that the fast cooling of the nappes is at least

partly a result of the thrusting of these nappes onto the foreland

(the Baltic Shield). The second and third points above are in conflict

with models which involve gravity collapse of the nappe pile. These

models (Gee, 1978a; Williams & Zwart, 1977) assume a stacking of the

nappes followed by rapid uplift of the central part of the belt which

would induce gravitational instability. Thrusting was furthermore

assumed to continue well into the Devonian (Gee, 1978a). The present
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data point to the contrary; they support a slow uplift of the central

part of the belt and ceasing of major thrusting in the Late Silurian.

The deformation and sometimes slight metamorphism of tower Devonian

molasse deposits may well be related to a late phase of erogenic ac-

tivity in the Middle to Late Devonian which is called "Svalbardlan"

(e.g. Kvale, 1975). Some of the very young bicHite ages (around 360 Ma)

may be related to this phase,

Underthrusting of the European plate under the N American plate has

been suggested by several authors (Dewey, 1969; Zwart, 1974; Gee,

1975a). Molnar & Gray (1979)discussed the detachment of sialic crust

from the lithosphere in models of underthrusting of continental crust.

A model of underthrusting may be applied to the orogenic phase under

discussion. The Baltic Shield would have underthrusted the N American

Shield, thereby bringing down, deforming and metamorphosing the

Palaeozoic rocks together with basement (i.e. Seve and Rodingsfjail

Nappes). The rocks may have been "squeezed" between the two conti-

nents and the nappes were brought onto the Baltic Shield, undergoing

large simple shear deformation.

A number of Caledonian granites is present in Norway. The Bindal

granite, west of the investigated area, may have originated by partial

melting of a underthrusted sialic crust. Although the error does not allow

definite conclusions, the age of 415 + 26 Ma (Priem et al., 1975)

would fit the above mentioned scheme. The observation that the granite

is virtually undeformed and post-orogenic supports this conclusion,

as well as the biotite Rb-Sr and K-Ar ages which range from 420 -

390 Ma.

8.3. Conclusions

The results and conclusions of this study show that the sequence of

metamorphic nappes in the central Scandinavian Caledonides contains

Precambrian rocks. In Fig. 8.2 a synoptic cross section is presented,

showing schematically the geologic and geochronologic situation. A

detailed explanation for the presence of Precambrian units high in

the tectono-stratigraphy (Rodingsfjail Nappe) cannot yet be given.

In SW Norway similar tectonic superpositions exist (e.g. Jotun Nappe).
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All rocks were involved in Caledonian orogenic activities in the mid-

Silurian, but some rocks (of the Storfjal! Nappe) show evidence for

an earlier phase of deformation and metamorpt.ism.

Caledonian reworked granitic basement at the base of the nappe se-

quence shows still its original Svecofennian age.

Some of the geochronologic results have an influence on the tectonic

interpretation of the final phase of the Caledonian orogeny in the

central Scandinavian Caledonides. These aspects have been discussed

above.

The data support a model of fast nappe formation synchronous with

cooling (for instance induced by continental underthrusting), rather

than a long thrusting process involving gravitational collapse of a

nappe pile.
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Fig. 8.2. Schematic cross-section through the investigated area in the central CaUdonides.
Relative position of Storfjdll Nappe uncertain. Indicated metamorphism partly tentative.
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APPENDIX I : LIST OF SAMPLES

See also map with sample locations (Fig. 1.3) and the text for mineral
content. The numbers between brackets refer to the field numbers.
The approximate locations are indicated on basis of the grid numbers
of the topographic map sheets.

Offerdal Nappe

Foliated granite.
Meta-gabbro. Along road to quarry.
Augen gneiss. Along road 764.
Granite gneiss. Road cut.
Fine-grained layered raylonite. Quarry
along road 764.
Foliated granite.

Eastern Belt

The next 8 samples are all quartzo-feldspathic rocks. Major components:
quartz, K-feldspar and plagioclase. Minor: phengite, biotite, epidote.
Except for small changes in mica content, there is no significant
difference between the samples.

LAP
LAP
KAW
KAW
KAW

KAW

Seve

36
48

1440
1446
1449

1463

(77-03)
(77-05)
(75-28)
(75-07)
(75-27)

(75-25)

Nappe

VM150500
VM500025
VM340405
WN070134
VM353420

VM306470

LAP
LAP
LAP
LAP
LAP
LAP
LAP

4 (76-2-1)
5 (76-2-4)

10 (76-2-2)
11 (76-2-3)
37 (77-09)

(77-10)
(77-13)

38
39

KAW 1442 (75-32)

LAP 47 (77-04)
LAP 49 (77-06)

LAP 51 (77-15)

KAW 1445 (75-08)

Central Belt

71672-14522.
71690-14550.
71672-14522.
71670-14552.
71392-14320.
71425-14290.
71665-14600.

Road cut.
Road cut.
Road cut.
Near bridge.
Road cut.
Near lake.
Road cut.

71392-14320. Near Hallingsfifallet waterfall.

VM465093. Hornblende garbenschiefer. In river.
VM422174. Calcareous amphibolite. Along small

road.
WN275365. Massive amphibolite. In river near

HenriksfjSll.
WN047184. Garnet-mica schist. Road cut. (= LAP 33)

The following samples are all kyanite-potassium feldspar gneisses.

KAW 1437 (75-16)

KAW 1443 (75-21)

KAW 1444 (75-02)

KAW 1455 (75-06)
KAW 1456 (75-09)

71815-14242. Sippmikk river. Abundant biotite.
Minor muscovite.

71828-14258. Near power station. Feldspar with
dissolution c . p s " . Abundant garnet.

WN145159. Ropentjakke. Smoothly curved cpx
plagioclase grain boundaries. Dark
reddish-brown biotite.

WN076129. Road along Kulsjdn. Biotite and muscovite.
WN075105. Fiskonbficken. Fine-grained. Muscovite

and minor biotite.
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KAW 1461 (75-13)

KAW 1462 (75-24)

71904-14267. Porphyroclasts of feldspar and garnet

in fine-grained matrix.
71828-14256. Near power station. Abundant biotite

and garnet. Minor muscovite.

The following samples, kyanite-potassium feldspar gneisses, are
collected in sSgfin creek, near Kittelfjail, at about WN187375.

Micro shear zones.
Abundant garnet. Strongly deformed.
Minor mica.
Strongly deformed.
Containing hornblende, clinopyroxene and scapolite.
Massive. Abundant garnet.
Hornblende and abundant garnet. Plagioclase
transformed in aggregates of zoisite and albite (?),
Calcite.
Minor muscovite. Clinopyroxene.

LAP
LAP
LAP
LAP
LAP
LAP
LAP

1
2
3
16
18
19
20

(76-6-6)
(76-6-3)
(76-6-7)
(76-6-1)
(76-6-4)
(76-6-5)
(76-6-8)

LAP 21 (76-6-2)

LAP
LAP
LAP
LAP
LAP
LAP

41
42
43
44
45
46

(77-19)
(77-20)
(77-21)
(77-22)
(77-23)
(77-24)

The following ky- K-fsp gneisses were collected in a road section on the
road from Storuman to Tarnaby between Forsmark and Gardvik.

Abundant K-fsp.
Abundant biotite, quartz and garnet.
Minor amounts of biotite, garnet and muscovite.
Few large muscovites.
Micro shear zones.
Abundant (twinned) kyanite. Strongly deformed.

The following 9 samples are all very similar quartzo-feldspathic gneisses
collected in an area near Ankarede. Minerals: quartz, K-feldspar and
plagioclase. Minor: phengite, biotite, epidote.

Phengite more abundant.
Along Sipmesjaure. Feldspar augen.
Small feldspar augen. Opaques.
Fine-grained.
Fine-grained.
. Felspar augen.

Layered amphibolite. On ridge.
Coarse amphibolite ("hornblendite").
Idem. On ridge.

Garnet-mica schist, with kyanite and
staurolite. Near footbridge over
SvartsobMcken. Olive-green biotite.
Garnet-mica schist. In Valsjttbacken.
Amphibolite. Near bridge at Borkan.

KAW
KAW
KAW
KAW
LAP
LAP
LAP
LAP
LAP

LAP
LAP
LAP

1436
1438
1447
1459

6
12
13
14
15

56
57
58

(75-15)
(75-19)
(75-23)
(75-20)
(76-3-4)
(76-3-1)
(76-3-2)
(76-3-3)
(76-3-5)

(76-7)
(76-8)
(76-9-3)

Western Belt

KAW

LAP
LAP

1450

29
52

(75-01) :

(76-10) :
(77-16) :

. 17928-14306.
71909-14286.
71842-14347.

: 17916-14298.
71906-14289.
71894-14296.
Same locality
71910-14294.
71902-14278.

WN219378.
WN213360.
WN221376.

WN189084.

WN171400.
WN171394.
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VN910162. Phyllite. Durrenjokk creek.
VM405467. Hornblende garbenschiefer. Along road 74.
VN988168. Phyllite. Storbacken.
WN202284. Calcareous phyllite. Quarry above dam.

Koli Nappe

KAW 1451 (75-11)
KAW 1458 (75-30)
KAW 1466 (75-12)
LAP 27 (76-04)

Storfjail Nappe

All samples are from Dulkojukke stream section near Umfors, Norra
Storfjallet area.
LAP 7 (76-10-1), LAP 8 (76-10-3), LAP 23 (76-10-5), LAP 26 (76-10-8) :
Migmaticic schist or gneiss. Major components: quartz, plagioclaae,
biotite, muscovite, kyanite and garnet. Minor: sillimanite, staurolite,
zoisite, hornblende, graphite and accessories.

LAP 9 (76-10-4), LAP 22 (76-10-2), LAP 24 (76-10-6), LAP 25 (76-10-7) :
Inclusions within the migmatitic schists. Fragments of calc-silicate
layers: quartz, plagioclase, biotite, epidote-group minerals, hornblende,
calcite.

Rodingsfjail Nappe

The following samples are collected in an area indicated on the map
of Fig. 6.1. All samples are basically fine-grained biotite-plagioclase
gneisses or schists with a typical light-reddish coloured garnet and
varying amounts of muscovite.

Large garnets. Kyanite and small amounts of
sillimanite.
Little muscovite.
Garnet-mica schist.
Contains K-feldspar porphyroblasts. Plagioclase
retrogressed.
Garnet-muscovite schist. Minor biotite.
Garnet-muscovite schist. "Swarms" of small garnets.
Biotite-plagioclase gneiss.
Idem. Muscovite.
Abundant quartz and feldspar. Minor muscovite.

LAP

LAP
LAP
LAP

LAP
LAP
LAP
LAP
LAP

65

66
67
68

69
70
71
72
73

(1299)

(1300)
(1301)
(1302)

(1306)
(1307)
(1308)
(1309)
(1310)
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Appendix II : *> - VALUES OF POTASSIC WHITE MICAS

The white micas have been investigated with a Guinier-De Wolff

camera. The mica concentrates prepared for the age determinations were

usad for the measurements. Quartz was used as internal standard. The

(060) peak of the micas was measured with reference to the (211) peak

of the quartz.

Kdli Nappe

sample no.

LAP

KAW

IKAW

KAW

Seve

KAW

27

1451

t i

1466

1458

Nappe

1450

1437

1455

1446

1459

1438

1442

1445

1465

Offerdal Nappe

KAW 1449

b - value
o

white mica

9.040

9.035

9.040

9.012

8.996

8.991

9.005

8.998

9.050

9.040

9.045

9.045

9.005

9.005

9.050

phengite

phengite

phengite

muscovite

muscovite

muscovite

muscovite

muscovite

phengite

phengite

phengite

phengite

muscovite

muscovite

phengite

K - feldspar bearing rocks
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