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ABSTRACT 

The cataclasite and mylonites, and the brittle/ductile deformation processes 

that produced them, were studied in relation to the regional geology at 

exposures along the northern rim of the Grong culmination, a transverse 

basement antiform in the Scandinavian Caledonides. 

Autochthonous basement in the centre of the Grong culmination consists 

of leucocratic gneisses and 8ranites. In cataclasites in the basement rocks 

hydrothermal growth of silica minerals took place, crystallization products 

vary from chalcedony aggregates to euhedral quartz crystals in veins. By 

cathode-luminescence microscopy euhedral crysts show growth bandings paral

lel to crystallographic planes, fine grained quartz aggregates in the ma

trix of the cataclasites show an agate-type banding. By TEM, growth banding 

was identified as dislocation arrays associated with bubbles, these struc

tures were found in euhedral crystals and in small matrix grains. It is 

interpreted that during cataclasis a silica-gel was formed in the rocks 

from which crystallization took place. Older quartz veins have been plas

tically deformed, while undergoing rotation towards parallellism. It is 

thought that a similar process caused a foliation defined by an alternation 

of quartz-rich and feldspar-rich bands in the basement gneisses. 

The microstructure of cataclasites and basement gneisses appears to be 

the result of a repeated alternation of brittle deformation (associated 

with crystal growth) and plastic deformation of the crystallization products. 

The Granite-mylonite nappe is a basement unit which was emplaced on the 

autochthon during the Caledonian orogeny. The unit is found at the limbs 

of the Grong antiform. The rocksuite comprises augengneisses and augen

bearing mylonites of granodioritic composition. In shear zones in relative

ly undeformed granodiorites the transformation of non-foliated rock to 

platy mylonites was studied. Plastic deformation of the rocks appears to 

be associated with retrograde metamorphism: the original mineral associa

tion plagioclase + brown biotite + hornblende is transformed to the para

genesis green biotite + white mica + albite + epidote. 

Syntectonic K-feldspar/chlorite veins are found throughout the entire 

I 



rocksuite, deformed veins show boudinage, the boudins constitute new K

feldspar augen. The modification of the feldspars is maximum microcline. 

Some crystals are partly or completely cross-hatched twinned by albite and 

pericline twin lamellae. Twins are predominantly found in kink bands and 

at grainboundaries. By TEM it is demonstrated that albite and pericline 

twin lamellae occur in dislocation loops, suggesting that the twins are 

formed by plastic deformation, precluding an origin by a symmetry inversion 

of a high temperature modification. It is concluded that the K-feldspar 

crystals in the rocks have a low temperature, syntectonic origin, and the 

microstructure of the rocks is formed by alternation of brittle deformation 

(with the formation of veins) and subsequent plastic deformation (with the 

formation of the augen). Each deformation regime is associated with a 

specific metamorphism: 

During brittle deformation K-feldspar/chlorite veins are formed, probably 

by incongruent pressure solution of micas. During plastic deformation of 

the rocks this mineral association is transformed to white mica and green 

biotite following the reaction: 

5 biotite + 3 white mica 8 K-feldspar 

+ 9 quartz + H20 + 9 chlorite 

During this reaction plagioclase is overgrown by mica and epidote and 

K-feldspar crystals are replaced by albite. Albitization of K-feldspars 

occurred in two manners: by an ion-'exchange mechanism which leaves the 

Si-AI-O framework intact, or by the formation of small new albite grains, 

the latter process took place in dislocation-rich specimens. 

An alternation of brittle and ductile deformation is also found on a 

regional scale: cataclasites and mylonites show transitional relations 

to each other. Two larg~ cataclasite zones have been formed by vertical 

movement of the basement during a late stage of the formation of the Crone 

culmination. Of other zones no movement direction could be deduced. 

Mylonites occurring at the northern edge of the Grong culmination are 

the centres of large dextral shear zones formed by nappe emplacement during 

the Caledonian orogeny. The pattern of the orientations of the foliation 

and the extension lineations indicates that the nappes moved around an 

existing basement culmination. 
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At the southern edge of the Grong culmination basement units and meta

morphic nappes are concordantly folded in large scale structures. It is 

thought that the Grong culmination was synchronously formed with these folds. 

At the southern rim of the Grong culmination, apparently, nappe emplacement 

pre-dated the formation of the Grong culmination. It follows that the re

lative age of nappe emplacement north of the Grong culmination (in the cen

tral Scandinavian Caledonides) is different from that south of this struc

ture (in the southern Caledonides). It is interpreted that this age dif

ference is due to the fact that in the central Scandinavian Caledonides 

the nappes moved ca. 150 km further to SE. This interpretation is in accor

dance with differences in stratigraphy, structure and intrusion pattern 

between these two parts of the Caledonian orogeny. 
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SAJffiNVATTING 

De hydrothermale processen die plaatsvinden tijdens brosse en plastische 

deformatie en de relatie van mylonieten en cataclasieten met de regionale 

geologie zijn bestudeerd aan gesteenten die voorkomen aan de noordrand van 

de Grong culminatie, een transversale antiform in het grondgebergte van 

de Scandinavische Caledoniden. 

De kern van de Grong culminatie bestaat uit leucocrate granieten en 

gneizen van het autochthone grondgebergte, deze gesteenten worden doorsne

den door cataclasietzones. In de cataclasieten heeft hydrothermale eroei van 
silicaten plaats gevonden, de kristallisatieprodukten varieren van chalce

doon aggregaten tot idiomorfe kwartskristallen. Met cathode-luminiscentie 

werden groeibanden in kwartskristallen waargenomen; kwarts-rijke delen van 

de matrix van de cataclasieten vertonen een banding die lijkt op die in 

agaten. Met transmissie electronen microscopie (TEM) werd vastgesteld dat 

groeibanden in kwarts worden begrensd door dislokatie netwerken met vloei

stof insluitsels, deze substruktuur werd ook waargenomen in fijnkorrelige 

kwarts in de matrix van de cataclasiet. De microstrukturen zijn geinterpre

teerd als het product van kristallisatie uit een silica-gel die tijdens 

cataclase werd gevormd. Oudere kwartsaders in de cataclsieten zijn plas

tisch vervormd, de korrels zijn unduleus uitdovend en er is rekristallisa

tie opgetreden. Het blijkt dat in de cataclasieten een afwisseling van 

brosse deformatie, gerelateerd met kristalgroei, en plastische deformatie 

heeft plaatsgevonden. 

De foliatie in de gneizen van het grondgebergte wordt gevormd door een 

afwisseling van veldspaat- en kwarts-rijke banden. Deze microstruktuur 

wordt geinterpreteerd als te zijn veroorzaakt door afwisselend bros en 

plastisch gedrag van het gesteente, de kwarts-rijke banden zijnde gevormd 

door afplatting en rotatie van kwartsaders die tijdens een vroegere fase 

van brosse deformatie zijn gevormd. 

Het Graniet-myloniet dekblad is een grondgebergte-eenheid die tijdens 

de Caledonische orogenese over het autochthoon is geschoven. Het gesteente

pakket bestaat uit ogengneizen en mylonieten van granodiorietische samen

stelling. In shearzones in relatief weinig gedeformeerde granodioriet werd 
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de transformatie van ongefolieerd gesteente naar myloniet bestudeerd. Het 

blijkt dat de plastische deformatie van het gesteente is geassocieerd met 

retrograde metamorfose: de granodiorietische mineraalassociatie plagioklaas 

+ bruine biotiet + hoornblende wordt vervangen door groene biotiet + witte 

mica + albiet + epidoot, hetgeen erop wijst dat de deformatie plaatsvond 

onder groenschist facies condities. 

In het gesteente komen syntcktonische K-veldspaat aders voor, vaak in 

combinatie met chloriet. De modificatie van de K-veldspaat is maximum mikro

klien. Gedeformeerde aders zijn geboudineerd, de boudins vormen K-veld

spaat ogen in het gesteente. Sommige K-veldspaten vertonen een gehele of 

gedeeltelijke ontwikkeling van gekruiste albiet en periklien tweelingen. De 

tweelingslamellen komen voornamelijk voor op plaatsen waar het mineraal sterk 

plastisch is vervormd. Met TEM werd aangetoond dat er albiet en periklien 

mikro-tweelingslamellen voorkomen binnen dislokatielussen. Het blijkt dat 

de gekruiste tweelingen in de bestudeerde mikroklien-kristallen het produkt 

zijn van van plastische deformatie en niet ontstaan zijn door inversie van 

een hoge-temperatuur modificatie. Geconcludeerd is dat de meeste K-veld

spaat in het gesteente een laaggradige oorsprong heeft. 

De microstruktuur van de ogengneizen is gevormd door een afwisseling 

van brosse deformatie (met vorming van K-veldspaat aders) en plastische de

formatie (tijdens welke door boudinage de K-veldspaat ogen ontstaan). De 

deformatie-regiems zijn elk geassocieerd met een bepaald type metamorfose: 

Tijdens brosse deformatie van het gesteente vindt K-veldspaat-chloriet 

groei in aders plaats. Bij plastische deformatie van het gesteente wordt 

deze mineraal associatie gedeeltelijk omgezet in witte mica en groene bio

tiet volgens de reactie: 

Sbiotiet+3witte mica	 8K-veldspaat 

+9chloriet 

Deze reaktie is geassocieerd met de omzetting van plagioklaas naar mica 

en epidoot en vervanging van K-veldspaat door albiet. Albitisatie van K

veldspaat kan plaatsvinden door ionen-uitwisseling waarbij het Si-O-Al 

bouwwerk intact blijft, of door groei van nieuwe albietkorrels, het laat

ste proces vindt plaats als de K-veldspaat sterk gedeformeerd is en veel 

kristaldefecten bevat. 
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De afwisseling van brosse en plastische deformatie die op micro-en mesas co

pische schaal in het gesteente werd waargenomen, heeft oak op macroscopische 

schaal plaatsgevonden: cataclasiet-zones zijn gemylonitiseerd en myloniet

zones zijn op veel plaatsen bros gedeformeerd. 

Twee cataclasiet-zones zijn aantoonbaar gevormd door verticale beweging 

van het grondgebergte tijdens een late fase van de vorming van de Grong 

culminatie. Van de meeste cataclasieten kon geen bewegingsrichting worden 

vastgesteld. 

Mylonieten die voorkomen op de noordelijke grens van het grondgebergte 

en de daarop liggende dekbladen zijn de centra van grootschalige dextrale 

shearzones die gevormd zijn tijdens de verplaatsing van de dekbladen. Ret 

patroon van de orientatie van de foliatie en van de uitrekkingslineaties 

toont aan dat de dekbladen langs een al bestaande Grong culminatie 'gevloeid' 

zijn. 

Aan de zuidrand van de Grong culminatie z~Jn eenheden van het grondge

bergte en metamorfe dekbladen samen verplooid in grootschalige strukturen. 

De Grong culminatie is gelijktijdig met de vorming van deze plooien ont

staan. Dit wijst erop dat in het zuiden de beweging van de dekbladen veer 

de vorming van de Grong culminatie plaatsvond. De relatieve ouderdom van 

de dekbladbeweging ten noorden en ten zuiden van de culminatie is dus ver

schillend. De interpretatie van dit fenomeen is dat ten noorden van de 

Grong culminatie (in de centrale Caledoniden) de dekbladen ca. 150 km ver

der zijn verplaatst dan ten zuiden van deze struktuur. Deze interpretatie 

wordt gesteund door het bestaan van grate verschillen in de stratigrafie, 

struktuur en metamorfose van de beide gedeelten van het Caledonische oro

geen. 
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CHAPTER I INTRODUCTION. 

1.1. Terminology. 

The term mylonite was introduced by C.Lapworth (1885) to classify rocks 

which occur in movement zones in the Moine region (NW Scotland). Because 

Lapworth differentiated between mylonites and rocks which were deformed 

by plastic yielding, accompanied by recrystallization (augenschists) 

it is likely that the term initially covered rocks formed by crushing 

and grinding of the minerals. 

In more modern literature it is demonstrated that in a number of planar 

movement zones the rocks deformed plastically, while undergoing dynamic 

recrystallization (Bell and Etheridge, 1973, White ~ ~,1980). The 

common occurrence of folds in these rocks is an evidence of ductility 

(cf. Carreras et~, 1977). It is now believed that most mylonites have 

been formed by such processes, however the term still causes confusion. 

Detailed classifications have been published which never gained general 

acceptance (Christie, 1960, Spry, 1969, Higgins, 1971, Sibson, 1977). 

Hence it is still necessary to begin this work with definitions of 

mylonites and cataclasites. 

A mylonite is defined here as a finely foliated (laminated), well 

lineated tectonite which is found in narrow, usually planar zones of 

very strong deformation and in which during the deformation history 

coherency was retained. The grainsize of mylonites is usually small 

relative to that in the country rocks. This definition is in accordance 

with the modern usage of the term (Christie, 1960, 1963, White, 1977, 

1979, Bell and Etheridge, 1973, 1976, Wilson, 1973, 1980, Mitra, 1978, 

1979. Carreras ~~' 1977, Lamouroux et~, 1980, Fasschier, 1982, 

Behrmann and Platt, 1982). 

A cataclasite is a tectonite in which during deformation coherency was 

lost, the rocks are predominantly built up by crush fragments. 
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1.2. Deformation history of mylonites. 

Mylonites represent zones in which the strain is large relative to that 

in the country rocks. This implies that if coherency is retained through

out a rocksuite and if deformation occurs at constant volume the deformation 

history of mylonites must have a non-coaxial component. For instance, a 

narrow planar zone of intense flattening would cause extrusion, leading 

to space problems in most geological settings. Bell (1981) argues that 

mylonites may form by bulk flattening without causing space problems if 

there are zones of localized shear strain which anastomose, his argument 

is a question of scale. 

From the literature it appears that mylonites have been related mostly 

to relative displacement of rock bodies. Mylonite zones are the most 

frequently cited associate of thrusts (Lapworth, 1885; Christie, 1960; 

Trouw, 1973; Zwart, 1974; Wakefield, 1977; Gee, 1980; Behrmann and Platt, 

1982). Other occurrences are related to vertical or steeply dipping 

displacement zones which can be of strike slip nature (e.g. Yuen et ~, 

1978; Carreras et~, 1980; Sibson et~, 1981) or were formed by 

reverse faulting (Zwart, 1958; Passchier, 1982). 

1.3. Mylonitization, some processes. 

Mylonites are formed by strong ductile deformation. Because the micro

structures of minerals in ductilely deformed rocks resemble those in 

plastically deformed metals (Ramberg, 1952; Voll, 1960) it is thought 

that the deformation of rocks and metals follow basically the same 

principles. Experimental rock deformation studies, combined with 

electron microscopy have confirmed this correlation. It was demonstrated 

that minerals such as calcite (Griggs, 1938; Griggs and Handin, 1960; 

Spiers, 1979), quartz (Carter ~t aI, 1964; Tullis, 1970; Tullis ~~, 

1973), olivine (Kohlstedt and Goetze, 1974; Boland, 1974) and feldspars 

(Marshall et~, 1976; Willaime and Gandais, 1977; Willaime et ~,1979) 

deform plastically at appropriate physical conditions (high temperature, 

high confining pressure). 

The detailed mechanisms of plastic deformation are different when the 

physical conditions change. The relations can be visualized by deformation 
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mechanism maps (Stocker and Ashby, 1973; Rutter, 1976). Figure 1.1. 

shows the relation of strain rate, differential stress and temperature 

and deformation mechanisms in calcite (from Rutter, 1976). The different 

deformation mechanisms will be briefly discussed below. 

CALCITE d : 100 f.1 m : V : 37 cmJ 

if" -"---"~:----~ " 12 :::--::::--::::::--:::::::-..::::::::---  3 ci 
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Figure 1.1. Deformation mechanism map of calcite. 

(from Rutter, 1976). 
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Dislocation glide. Polycrystalline material can be plastically strained 

by intracrystalline deformation of the constituent minerals. This 

deformation can be achieved by movement of dislocations along a slip plane, 

causing a relative displacement of parts of a crystal (Read, 1953; Friedel, 

1964; Hull, 1975). Dislocations are present in each natural crystal, but 

they are also generated during deformation by high local stresses (Friedel, 

1964), leading to a high dislocation density which causes hindrance to 

further slip, and eventually to brittle failure (Paterson, 1978; Atkinson, 

1982). Processes which tend to minimalize the dislocation density in 

crystals (e.g. annihilation, network formation) involve diffusion (Friedel, 

1964) and such processes are critical for crystals to undergo large plastic 

strain and hence for the formation of mylonites. (cf. White, 1977). 

Dislocation glide assisted by diffusional processes (notably climb) is 

called dis location creep. As this mechanism is governed by diffusion, 

it is a high temperature deformation. 

Higher temperatures (>!T ) will promote diffusion in crystals andmelt
processes such as Coble creep (involving grain boundary diffusion) and 

Nabarro-Herring creep (involving bulk diffusion) take place. By these 

processes plastic strain is achieved by diffusion of interstitial atoms 

and vacancies to sites of low and high stresses respectively (Nabarro, 

1967). It is thought that Coble creep is an important deformation mechanism 

in high temperature mylonites, as it allows grain boundary sliding. Super

plastic deformation (involving diffusion accomodated grain boundary sliding) 

is thought to be the dominant deformation mechanism in many fine grained 

mylonites (Boullier and Gueguen, 1974; Schmidt et~, 1977). 

At lower temperatures grain boundary sliding may be accomodated by 

pressure solution (Rutter, 1976; Kerrich, 1977). Basically the process 

involves solution of material at sites of high stress and redeposition at 

low stress sites: i.e. Riecke's principle. Of course, for this mechanism to 

be operative a pore fluid has to be present in the rocks. 

The application of deformation mechanism maps to unravel the tectono

metamorphic history of a rock is still rather limited. In particular 

mechanisms which are driven by a high grain boundary mobility are difficult 

to pin-point to a specific field on deformation-mechanism maps because 
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several factors (impurity content, composition of the pore fluid and the 

effect of ongoing metamorphic reactions) have not yet been quantified. 

Cataclasites by definition have been formed by brittle deformation, i.e. 

processes which involve the loss of coherency on a (sub)microscopic scale 

(microcracking). Microcracks develop when locally tensile or shear stresses 

exceed the strength of the material, i.e. the stress required to overcome 

the interatomic forces. 

Two independent factors control operation of microcracking: external 

factors which determine the differential stress and intrinsic factors 

controlling the stress distribution and strength of a crystal (cf. Paterson, 

1978; Fyfe et~, 1978). 

Impurities, crystal defects such as dislocation pile-ups, twin tips and 

pre-existing microcracks are sites of stress concentration in a crystal, 

the ratio of microstresses at these sites and the "bulk stress" may approach 

1000:1 (Griffith, 1924). Growth of cracks will markedly be enhanced by 

hydrolysis of broken bonds in silicates (by lowering surface energy), and 

more generally by reactions at pre-existing microcracks (stress corrosion 

cracking), which tend to lower the strength of the material (cf. Kerrich et 

~, 1980). 

Recently fracture mechanism maps, which are analogous of deformation 

mechanism maps were introduced (Atkinson, 1982). The author differentiates 

between four mechanisms of fracture: fracture controlled by pre-existing 

defects, by defects generated by microplasticity, by grainboundary sliding 

and by creep. 

After formation of microcracks sliding along the fault surfaces can produce 

a permanent bulk strain of the faulted material (cataclastic flow). The 

rate of this process is controlled by the differential stress, the 

mineralogy of the faulted rocks (influencing the roughness of fault 

surfaces) and the formation of ground-wear or gouge (Byerlee, 1967; 

Dieterich, 1972; Scholz et~, 1972), and the pore pressure (Jaeger, 1943; 

Hoskins et~, 1968; Byerlee and Brace, 1972). 

Large brittle faults are the loci of mineral growth, a process which is 

attributed to "tectonic pumping" (Sibson et~, 1975) causing fluids and 

dissolved material to migrate to faulted zones. Ramsay (1980) defined a 

deformation mechanism based on mineral growth in relation to cracking; 

namely the crack-seal process. 
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1.4. Geological setting of the studied mylonites. 

The mylonite belt discussed in this thesis occurs at or near the basal 

thrust of the Scandinavian Caledonides. The zone outcrops at the edges of 

the Grong culmination, a N.W.-S.E. trending antiformal structure in which 

the Precambrian granitic basement transects the N.E.-S.W. trending 

Caledonian belt in central Norway and Sweden (Fig. 1.2). The basement 

rocks are mainly composed of leucocratic (alkali)granitic rocks (Foslie, 

1958, 1959, 1960; Oftedahl, 1956; Aukes et~, 1979). Whole rock age 

determinations (Rb-Sr) yield values of 1700-1500 Ma (Reymer, 1979; Klingspor 

and Troeng, 1980). Locally the granites are crosscut by mafic dykes (cf. 

Johansson, 1980). 

There is discussion in the literature whether the Grong and Olden granites 

(the Swedish extension of the Grong culmination) are autochthonous, parau

tochthonous or allochthonous (Asklund, 1938; 1955, Gee, 1975a, 1980; 

Stephansson, 1976). Recent aeromagnetic interpretation indicates that the 

Grong-Olden granites are continuous with the basement of the Baltic shield, 

suggesting an autochthonous nature (Dyrrelius, 1980). 

In	 the studied area three "basement" units have been recognized (Fig. 6.2): 

i)	 Autochthonous basement; this unit, which outcrops in the central 

part of the culmination consists largely of alkali-granites and 

gneisses with an alkali-granitic composition. There are parts in 

which the rocks have an undeformed appearance, but in most cases 

the rocks are foliated and at some places mylonites and 

cataclasites are found (Aukes et~, 1979). 

ii)	 Parautochthonous: a unit consisting of strongly deformed marbles 

and phyllites, which is thought to represent the original, Cambro

Ordivician sedimentary cover of the autochthonous (Gee and Zachris

son, 1974; Aukes et~, 1979). 

iii)	 Granite-mylonite or Offerdal nappe (Stromberg, 1961), this is 

interpreted as a basement slice, tectonized and thrust over the 

autochtonous during the Caledonian orogeny (Gee, 1975 a&b, 1980). 

Gee (1978) argues that the root zone of this nappe is located 

West of the present Norwegian coast. Johansson (1981) noted 

petrographic similarities between the granite-mylonites and the 

rocks of the Western gneiss region (West coast of Norway). The 

Granite-mylonite nappe comprises granodiorites, augengneisses 
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and mylonites of comparable whole-rock chemical compositions. 

Mylonites are found throughout the whole rock suite, but they 

are predominantly found near the contact with the autochthonous. 

Whole rock age determinations (Rb-Sr) of weakly deformed augen

gneisses yield values of 1650 ± 50 Ma, whereas phengites from 

the mylonitic rocks have a Caledonian age: 431±13Ma (Reymer, 1979). 

Claesson (1980) dated rocks which belong to the Tannas augengneiss 

nappe, a rock unit which has been correlated with the Granite

mylonite nappe in the presently discussed area (Gee, 1975b; 

Reshoff, 1978). He arrived at similar results, with this respect 

that slightly higher ages for minerals in the mylonites are found 

(475±25 Ma). Both authors conclude that mylonite formation was an 

(early) Caledonian event. A Precambrian origin as suggested by 

Rftheim et al. (1979) is therefore rejected. 

The mylonites discussed in this work are all found in the autochthonous. 

basement and in the Granite-mylonite nappe. Distinction is made between 

three types of tectonized granitoids: 

-Banded gneiss: rocks of which the chemical composition is close 

to alkali-granite; the structure of the rock is a compositional 

banding of quartz and feldspar rich layers. This rock type 

is found solely in the autochthonous. 

-Augengneisses: foliated rocks of granodioritic composition, 

charactarized by megacrysts of K-feldspar in a fine grained mica

rich matrix. 

-Mylonites: well foliated, well lineated fine grained rocks with 

a chemical composition close to granodiorite. 

Augengneisses and mylonites are found in the Granite-mylonite 

nappe. 

The Granite-mylonite nappe is overlain by the Seve and Keli nappes, 

consisting of meta-sediments and metavolcanics, emplaced during the 

Caledonian orogeny (Gee, 1975b; Aukes et~, 1979; Kollung, 1979). The 

relation of internal structures of these nappes with the mylonites of the 

basement is discussed in this publication. 

Cataclasites are found in zones near and at contacts of different rock 

units, or are cross-cutting these contacts and other (later) structures. 
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1.5. Tectonic significance of mylonites in the Scandinavian
 

Caledonides.
 

Tornebohm (18S9) presented a theory explaining the structure of the 

Scandinavian Caledonides as being due to large nappe movement. At present 

this theory is generally accepted by geologists, although there is still 

discussion about the extend of nappe structures and distance of transport 

(e.g. Gee, 1975a; Ramberg, 1977+reply of Gee). Many authors have stressed
 

the relation of mylonites with the emplacement of the nappes (Asklund, 1955;
 

Trouw, 1973; Zwart, 1974; Gee, 1975a; Ramberg, 1977; Point, 1975; Roshoff,
 

1978; Stephansson, 1977; Cooper, 1981).
 

In this section the possible formation of mylonites in the Scandinavian
 

Caledonides is discussed in relation with two tectonic models of nappe
 

emplacement.
 

(i) During their emplacement nappes are relatively rigid blocks or sheets.
 

(ii) Alternatively, relative displacement of rock units is achieved by
 

internal ductile deformation e.g. by gravity spreading or laterally out


flowing diapirs (Ramberg, 1967, 1981; Elliot, 1976), and closely related
 

to this development of fold nappes (e.g. Williams and Zwart, 1977).
 

ad i) Figure 1.3. illustrates the rigid nappe emplacement model. Clearly 

such a nappe requires a basal zone of weakness on which transport takes 

place (Murrel, 1981). Such zones can be original weak materials such as 

saline or clay horizons (e.g. Behr, 1981), or can be weakened during deform

ation, notably by grain size reduction to produce mylonites (White, 1977). 

The tectonic significance of mylonites in this model is rather straight

forward: they are zones in which strain took place to accomodate the 

displacement of relatively rigid blocks. 

The deformation history of such mylonites is basically a progressive simple 

shear, and the sense of shear is consistent with the relative displacement 

of the blocks. A geologically feasible situation in which such a mechanism 

of nappe formation could take place is gravity sliding (like decollement 

thrusts in the pre-Alps, Graham, 1981). Gee (1975a) proposed a tectonic 

model for the central Scandinavian Caledonides which includes such a mech

anism of nappe formation by subduction of the Baltoscandian margin under 

the Greenland block during continental collision, followed by a stage of 

decollement type nappe formation. 
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Figure 1.3.	 Illustration of nappe emplacement by movement of rigid sheets. 

Fig. 1.3a.: pre-thrusting; Fig. 1.3b.: after thrusting of the 

upper two layers with respect to the lower by simple shear in 

the central layer. 
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ad ii) Figure 1.4 illustrates the ductile nappe model. The relation be

tween nappe emplacement and mylonites in this model is more complicated 

than in the "rigid block model". 

On the basis of experimental data and theoretical studies Ramberg (1981) 

constructed a profile showing the deformation of an initially rectangular 

body (Fig. 1.4a) after a certain amount of gravity spreading while at the 

base coherency is retained (Fig. 1.4 b). Due to increasing load the rate 

of flow will gradually increase from the top layer to lower levels of the 

body, until at a certain level the line of maximum flow is reached. From 

this level downward the amount of flow decreases due to the influence of 

the basal friction. The differential flow is associated with a shear 

strain, the sense of shear above and below the level of maximum flow 

being opposite. 

Whether or not mylonites will develop in a nappe which behaves accordingly 

depends on the position of the line of maximum flow. If this line is 

located relatively high in the profile there is no zone in which the strain 

reaches extremely high values relative to the bulk, hence no mylonites 

will be formed. If the level of maximum flow is relatively low the volumes 

of material between this and the base under eo a shear strain which exceeds 

strain values in the bulk and mylonites may develop. The strain history 

of this mylonites will be approximately a progressive simple shear, the 

sense of shear being consistent with the direction of relative movement 

of the spreading body, but opposite to the sense of shear in the bulk. 

Figure 1.4c illustrates a spreading body on a frictionless base. In this 

case within the entire body the material will undergo a shear strain 

of which the sense of shear is opposite to the direction of relative move

ment. 

Ramberg (1967, 1977, 1981) argues that nappe formation in the Scandinavian 

Caledonides nmy have taken place by diapirism of granitic basement in the 

core of the orogen and subsequent outflow of the rocks by gravity spreading. 

Williams and Zwart (1977) and Gee (1978) presented tectonic models which 

include the late stage gravity spreading mechanism of nappes, but propose 

that the initial high is not caused by diapirism but by crustal thickening 

due to continental collision. 

So the study of the involvement of the autochtonous basement in the orogeny 

and the relation of structures in the basement to those in the overlying 
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nappes ~s an important problem. Due to a deep erosion level basement


cover relations can be studied directly in a number of windows (Fig. 1.2).
 

These windows are basement domes which are formed either by diapirism
 

or by lateral compression in which case they would represent the cores of
 

large antiforms.
 

Diapirism involves vertical movement of the basement with respect to the
 

cover, which may provide an alternative cause for the formation of
 

mylonites. Stephansson (1977) studied the structural relations of base


ment and cover at the eastern edge of the Olden dome in Sweden and conclu


ded that both diapirism and thrusting caused formation of mylonites; he
 

was however not able to distinguish between the contribution of either pro


cess in the deformation history of the rocks.
 

The present study also deals with this problem. Structural relations indi


cate that both vertical and horizontal movements took place. Micro- and
 

mesostructures provide information on the relative contribution of either
 

process. These matters are discussed in chapter 6.
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CHAPTER II CRYSTAL GROWTH IN CATACLASTIC BASEMENT GRANITES, 

DIAGNOSTIC MICROSTRUCTURES AND STRUCTURAL IMPLICATIONS. 

2.1. Introduction. 

The autochthonous basement outcrops in the core of the Grong culmination. 

Typically the rocks are pink coloured, leucocratic, relatively coarse 

grained granitoids and gneisses (grain sizes 0.s-1cm). The mineralogical 

composition is rather uniform throughout the rocksuite: ca. 50 vol.% alkali 

feldspar and ca. 50 vol.% quartz, accessoria are chlorite, epidote, ore 

(predominantly haematite), rutile, sphene and calcite. 

The whole-rock chemical composition of 12 samples is given on a Streckeisen 

diagram (Fig. 2.1); all samples fall within the fields of alkali-granite 

and syenite. 

In chapter 1 the pre-Caledonian history of the rock unit is discussed. The 

present chapter deals with deformation-induced microstructures which are 

probably of Caledonian origin. The large scale tectonic history and set

ting of the unit are discussed in chapter 6. 

Predominantly at the northern and eastern rim of the basement, near the 

contacts with higher units, relatively narrow planar zones (width varying 

from 10-100 m) are found in which extremely fine grained, predominantly 

red coloured (occasionally green coloured), not foliated rocks are found. 

The rocks are composed of a flint-like ground mass in which angular rock

fragments float (Fig. 2.2), the size of these fragments varies from 0.5

Scm. Feldspar fragments contain numerous microcracks which are stained by 

fluid inclusions, clay minerals and haematite particles. Haematite is 

also found in the flinty ground mass, it causes the red colouring of the 

rocks. 

Throughout the zones there is ample evidence for hydrothermal activity. For 

instance there is extensive quartz-veining at some localities (Fig.2.3), 

and occasionally microstructures which indicate replacement of feldspar by 

epidote-group minerals (saussuritization) have been found. 

The occurrence of numerous microcracks throughout the rocks, the angular 

shape of the rock fragments, the presence of veins and the absence of a 
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Figure 2.1.	 CIPW normative values of whole rock chemistry of 12 

samples from the authochthonous. Qu= quartz; AF= 

alkali feldspar; Pl=plagioclase. 
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Figure 2.2. Micrograph of cataclasite showing relatively 
large crush-fragments in a fine grained matrix. Note 
absence of foliation. Crossed polarizers. 
Scale bar: lmm. 

Figure 2.3. Outcrop near Sand~la. Quartz veins in 
flinty cataclasite. Two directions of veinin8 are indicated. 
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a foliation indicate that the rocks underwent predominantly brittle deform

ation. Figure 2.4 is an example of a microstructure formed by brittle 

deformation; a microfault with offset of a quartz vein. 

Whole-rock chemistry of cataclasites devoid of veins is similar to that of 

the country rock. Heavily veined specimens show quartz-enrichment relative 

to th" country rock (see appendix, table 1). 

2.2. Cataclasites. 

Recent work on faulting and the products of faulting has been carried out 

because of interest in modern and ancient seismic processes (Scholz et ~, 

1972; Friedman =!~, 1974; Rutter and White, 1979). The presently 

discussed zones allow examination of brittle processes at shallow levels 

(upper crust). 

The microstructure of the rocks suggests that there are several processes 

active in relation with the movement of the faults. Intensive cracking has 

taken place on mesoscopic and microscopic scales. Most cracks have been 

opened and may contain crushed feldspar and other rock fragments. The 

brittle processes have been accompanied by plastic deformation of some 

minerals, especially quartz, which in some cases shows undulose extinction, 

deformation bands, deformation lamellae and incipient grain boundary re

crystallization. 

In the cracks there is clear evidence that crystal growth has occurred, 

possibly in relation with partial solution of brittly deformed material. 

Figure 2.5 shows a TEM photograph of a corroded surface of a quartz grain 

covered with clay minerals which were possibly formed in situ. The micro

structures indicate activity of a fluid phase during or after a cataclastic 

event. A fluid phase plays an important role in the behaviour of rocks un

dergoing brittle deformation, it facilitates the initiation of cracks by 

lowering the surface energy by hydrolysis of broken Si-O bonds and it 

allows diffusional processes which assist grain boundary sliding in the 

faulted material (Paterson, 1978; Fyfe ~~, 1978; Rutter and White, 

1979). Secondly, fluids play an important role in the healing of cracks, 

by allowing crystal growth. It is not difficult to imagine ongoing deform

ation in a rock in which interaction of brittle processes, crystal growth 

and eventually plastic deformation takes place. Dieterich (1978), Ramsay 
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Figure 2.4. Micro-cataclasite 
(black, running approximately 
N-S). Note offset of quartz 
vein. Crossed polarizers. 

Scale bar: lmm. 

Figure 2.5. TEM photograph 
showing corroded quartz grain 
(q)	 overlain by clay mineral. 

Scalp bar: O.2um. 
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(1980) and Augevine et ~ (1982) have described such processes.
 

It is of critical importance to evaluate the role of growth processes
 

during the deformation of rocks. For this reason the microstructures
 

in the cataclasites have been investigated by means of optical micro


scopy, cathode luminescence and transmission electron microscopy (TEM).
 

It was attempted to find diagnostic microstructures which indicate crystal
 

growth in free space, in order to separate these from those which are
 

formed by solid state recrystallization.
 

2.3. Microstructures related to crystal growth. 

a) Optical microscopy. 

In most specimens there are domains in which the old granitic microstruc

ture can still be recognized (see Fig. 2.6, near "A"). Microcline crystals 

show perthitic exsolution and cross-hatching twins (albite and pericline), 

microstructures which are typical for alkalifeldspars in granites (see 

Ch. 4). In these domains feldspar and quartz grains are fragmented by 

microcracks in which fine-grained aggregates of haematite, clay minerals, 

feldspar fragments and quartz crystallites are found. The width of the 

cracks is rather variable (O.lmm - lcm). The microstructure of specimens 

which contain a dense network of relatively broad cracks filled with fine

grained material can be described best as "rock fragments floating in a 

flinty matrix". Transitional to the fine-grained polycrystalline domains 

are zones composed of quartz crystallites. Fine-grained quartz aggregates 

may be transitional to coarse-grained, strain-free quartz grains (Fig. 2.6, 

near "B"). In some cases, as is illustrated by figure 2.7, there is 

evidence that the larger grains have grown in free space, since they 

occur with euhedral terminations in vug-like structures. Large euhedral 

grains often have inclusion trails which are defined by haematite particles, 

tiRy mica flakes and fluid inclusions parallel to crystallographic planes 

(Fig. 2.8). In some cases, as is shown on Fig. 2.7 and 2.8, euhedral 

crystals are associated with chalcedony aggregates. 

b) Cathode luminescence. 

Cathode luminescence microscopy has proved to be a useful technique in 

visualizing overgrowth structures in sedimentary rocks, volcanites and 

in granitoids (Zinkernagel, 1978). Four thin sections of the presently 

discussed cataclasites have been examined by using this method in order to 
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Figure 2.6. Microstructure of cataclasite. Near "A" a 
relatively coarse-grained relict of granite. Near "B" 
the fine grained quartz in the matrix is transitional 
to coarser grains in a vein-like structure. 
Crossed polarizers. Scale bar: imn]. 

Figure 2.7. Coarse-grained euhedral terminated quartz 
crystals in vug-like structure which is filled with 
crypto-crystalline quartz. Crossed pola
rizers. Scale bar: O.2mm. 
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Figure 2.8. Inclusion trails parallel to crystallographic 
planes in euhedral terminated quartz crystals. Note fibrous 
chalcedony aggregate in "void". Crossed 
polarizers. Scale bar: 0.2 mm. 
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examine the growth induced microstructures. For the euhedral grains it was 

possible to correlate the luminescence characteristics directly with 

"normal" optical microscopy. As is shown on figure 2.9a bands which are 

characterized by different intensities of luminescence are found parallel 

to crystallographic planes of the crystal. This phenomenon is typical for 

all hydrothermally grown quartz (Zinkernagel, 1978). In optical microscopy 

the same crystal shows a similar type of banding which in this case is 

caused by small crystallographic misorientations (Fig. 2.9b). 

Deformed quartz grains in flattened veins show no banding by cathode 

luminescence, instead they demonstrate a dull yellow colour, evenly distri

buted through the grains. 

In optical microscopy also no banding was observed in these grains. 

Zones rich in extremely fine grained quartz aggregates reveal in cathode

luninescence a surprising structure compared with optical microscopy (Fig. 

2.10a and b). The individual grains were not resolved in cathode lumi

escence but a coarser structure encompassing many grains has been revealed. 

This structure is characterized by a concentric banding which is caused by 

differences in luminescence coulour. The interpretation of this structure 

is not straightforward. It resembles an agate-type banding which can be 

caused by a compositional layering produced by rhytmic precipitation from 

a silica gel (Webster, 1970). 

Note also that small feldspar fragments (bright spots on Fig. 2.10b) are 

embedded in the fine crystalline quartz. 

c) Transmission electron microscopy(TEM). 

Ion-thinned specimens of euhedral grains and of fine grained material from 

the matrix of the cataclasites, as well as samples from deformed quartz 

grains were examined with a JEOL 200e transmission electron microscope 

operating at 200 kV. 

A typical microstructure of the euhedral quartz crystals is a narrow ban

ding (ca. 0.2 ~m in width) which runs parallel to rhomb and prism planes 

(Fig. 2.11). The bands are characterized by small contrast differences. 

They are bounded by narrow zones along which electron beam damage occurs 

rapidly, giving rise to a cross hatching pattern (Fig. 2.12). Similar 

types of damage structures have been described by Rutter and White (1979) 

in overgrowth structures in experimentally produced fault gouges. In 
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Figure 2.9a Cathode-luminescence micrograph of 
euhedral quartz grain, showing bands of intense 
luminescence parallel to crystallographic planes. 

Figure 2.9b Same crystal • normal microscopy. 
showing similar outline of banding due to 
small crystallographic misorientation. Scale bar: 
o.4mm 
Photographs by Dr. U. Zinkernagel 

tv 
\.D 

Figure 2. IDa. Cathode-luminescence banding show
ing an agate-type bamding in fine grained quartz 
aggregate. Bands are defined by differences in 
luminescence colour. 

Figure 2. lOb Idem, optical microscopy. 
Scale bar:O.4mm 
Photographs by Dr. U. zinkemagel 



Figures 2.11-2.16 are TEM micrographs of quartz crystals from cataclasites. 

Figure 2.11 Growth banding in euhedral quartz crystal, the bands are pa
rallel to prism planes. Scale bar: 0.2 rm 

Figure 2.12 Idem, banding parallel rhomb planes. Scale bar: 0.5 m 

Figure 2.13 Growth band boundary showing the association of dislocations 
and bubbles. Scale bar: 0.2 rm 

Figure 2.14 Closely spaced growth bands with bubble trails. Scale bar: 0.2 ~m 

Figure 2.15 Absence of growth structures in deformed quartz. Scale bar: O. 1 ~m 

Figure 2.16 Hexagonal growth-b~nd pattern in quartz crystallite. Scale b. :0.2 rm 
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some cases, as ~s illustrated in figure 2.13 the growth band boundaries 

could be identified as dislocation arrays decorated with bubbles (see also
 

Fig. 2.14).
 

Even in slightly deformed quartz grains such a type of banding is absent
 

(Fig. 2.15), so it is thought to be a characteristic growth feature for
 

undeformed crystals only.
 

The matrix of the cataclasite contains quartz crystallites. The microstruc


ture of the crystallites is similar to that of the euhedral grains. There
 

are bands parallel to crystallographic planes, due to the smaller grain


size many more orientations are present in a sample and complete hexagonal
 

patterns could be visualized (Fig. 2.16). In these too there is a close
 

association of growth band boundaries and bubble trails.
 

Discussion.
 

In optical microscopy the euhedral quartz crystals show banding which is
 

defined by inclusion trails parallel to crystallographic planes. As the
 

inclusions are partly solid (mica flakes, haematite particles) it is like


ly that they are primary and that the inclusion trails may delineate growth
 

surfaces. Parallel to these bands there is a banding which is caused by
 

small crystallographic misorientations (ca. 1° misfit). This banding can
 

be directly correlated with bands visualized by cathode luminescence inten


sities. This feature has been reported only for hydrothermally grown quartz
 

crystals (Zinkernagel, 1978). The origin of the luminescence banding lies
 

in the distribution of impurities (Nickel, 1978) or lattice defects (Zin


kernagel, 1978). As shown above, the luminescence bands can be correlated
 

with dislocation arrays associated with bubbles, so there seems to be a
 

correlation between lattice defects as well as impurity content with
 

luminescence intensity.
 

In transmission electron microscopy similar types of banding have been ob


served. These bands show small image contrast differences due to orienta


tion variation from one band to the other, and they are bounded by dislo


cation arrays in which bubbles are found. Both features can be correlated
 

with microstructures found in optical microscopy. The growth structures
 

reported by Nassau and Prescott (1978) and Yoshimura et ~(1979) in
 

synthetical grown crystals and the striations parallel to growth surfaces
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in quartz fibers (Frondel, 1978) might be compatible with the presently 

described substructure. 

The origin of growth banding in quartz may be diverse. Yoshimura et al, 

(1979) reported growth sectors which are defined by small compositional 

changes, which induce lattice distortion; variations in the amount of 

structurally bound water have been demonstrated by Brunner et ~ (1959) 

and Bambauer (1961). In chalcedony growth banding may be caused by twins 

(Miehe et ~, 1984). 

The present study shows that in the quartz crystals bubble trails occur 

in bands parallel to growth surfaces. This suggests that the observed 

banding could be due to periodic water concentration variations. Also the 

damage pattern induced by the electron beam in TEM indicates such a vari

ation as this process appears to involve a reaction of impurities with 

structurally bound water (Stenina ~~, 1984). 

Because the microstructures are found solely in crystals grown in free 

space and are absent in plastically deformed and recrystallized quartz, 

it is concluded that they are diagnostic for growth. Because the micro

structure of the quartz crystallites in microcracks and in the matrix of 

the cataclasites is identical to that of the euhedral grains, it is con

cluded that they also have grown from a fluid phase in free space. It 

appears that the crystallites have grown in p fluid-filled network of cavi

ties, thus cementing the crushed fragments formed during cataclasisis. 

Given that the crystallites and large euhedral grains grew from a fluid, 

it follows that the observed transition from the former to the latter 

(Fig. 2.6) could represent a crystallization sequence. Such a sequence 

is reported from crystallization experiments of a silica gel (Oehler, 

1976), The presence of colloidal fluids in the rocks is also suggested 

by the occurrence of fibrous chalcedony aggregates (Fig. 2.7) and by the 

aga~e-type growth band pattern viewed in the crystallite zone with catho

de luminescence. 

Crystallization of colloidal fluids in microcracks will lead to volume 

decreases in the faulted material because of the loss of water, and the re

sulting contraction will provide space for the growth of euhedral quartz 

in vein-like structures. 

All the growth quartz described above is undeformed and thus could be in

terpreted as late stage structures. However, there are relatively old 
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veins the formation of which could be equivalent to those described above, 

but these have been progressively plastically deformed, as illustrated in 

figure 2.17. The grains become undulose and contain deformation bands and 

lamellae and incipient grain boundary recrystallization occurs as well. 

These features normally accompany plastic deformation (e.g. Hobbs ~~, 

1976; Nicolas and Poirier, 1976). As a result of this deformation the 

veins are flattened and rotated towards parallellism and produce a foliation. 

Flattened veins are transected again by cracks in which crystal growth has 

occurred to produce a new vein (Fig. 2.18). 

Crystal growth processes apparently have operated during the early stages 

in the deformation history of the faults. The process of repetitive oper

ation of brittle deformation, crystal growth, plastic deformation follow

ed by brittle deformation, and so on, can be interpreted to indicate 

periodic stress release, a phenomenon which is prominent in modern seismic 

zones and which is attributed to a stick-slip behaviour (Scholz et al., 

1972). The present study however shows that periodic stress release can 

be the result of a more complicated process, involving the restoration 

of fault surfaces by crystal growth (cf. Augevine et~, 1982). 

2.4. Basement gneisses. 

The interpretation of the microstructure of the cataclasites is used to ex


plain the microstructure of the basement gneisses.
 

The foliation of the gneisses found in the basement is defined by an alter


nation of quartz-rich versus feldspar-rich bands, such as shown in figure
 

2.17. The quartz-rich bands show microstructures indicative of crystal

plastic deformation. Feldspar-rich bands are characterized by structures 

induced by brittle deformation, old perthitic alkali feldspars have been 

boudinaged, in the pressure shadows a new generation of alkali-feldspars 

has grown. These new phase differ from the older granitic alkali-feldspars 

because they are end-members in composition (pure NaAISi 0 and KAISi30 )
3 8 8

and show no exsolution structures. It is interpreted that the growth of 

these phases took place at relatively low temperatures (greenschist facies 

conditions, see Ch. 4). 

It is suggested that this type of compositional banding was formed by 

flattening and rotation of quartz veins during which process the feldspar 

crystals behaved brittly by undergoing boudinage. 

It is thought that the quartz veins in the gneisses are analoguous tothose 
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Figure 2.17. Progresively (from left to right on the picture) 
plastically deformed quartz vein. In the deformed part occurren
ce of deformation lamellae and incipient grain boundary recrystal
lization. Crossed polarizers. Scale bar:1mm. 

Figure 2.18. Micrograph 
of banding in gneiss 
formed by flattened 
quartz veins (running E-W) . 
At "a" a new generation of 
crystallite-filled cracks 
crosscuts the foliation. 
Crossed polarizers. 

Scale bar: 1cm. 
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in the cataclasites, i.e. that they were formed by crystal growth in 

(micro}faults. 

2.5. Conclusions. 

In microcracks in cataclasites the growth of silica minerals from a fluid 

phase took place, the crystallization products vary from chalcedony aggre

gates to large euhedral quartz crystals. Transitional relations of chalce

dony with quartz crystals suggest that growth occurred from colloidal 

fluids. The investigated crystallization products represent growth in 

cracks formed in the latest stages of the deformation history. 

A diagnostic microstructure for growth of quartz in free space is a narrow 

banding parallel to crystallographic planes, the boundaries of the bands 

are dislocation arrays associated with fluid inclusions. 

Deformed veins indicate that in the deformation history of the rocks 

plastic deformation followed crystal growth. Plastically deformed veins 

are themselves brittly deformed, providing space for further crystal growth 

growth. In the history of these fault zones this cycle of brittle deform

ation, crystal growth and then crystal-plastic deformation appears to be 

repetitive. 
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CHAPTER III. THE TEXTURAL DEVELOPMENT OF MYLONITES FROM 

THE GRANITE-MYLONITE NAPPE. 

3.1. Introduction. 

The Granite-mylonite nappe (Asklund, 1960), which has been correlated 

with the Offerdal nappe (Gee, 1974; Reymer, 1979; Aukes et~, 1979) 

overlies the autochthonous basement directly in the northern and north

eastern edge of the Grong culmination. The thin veneer of parautochthonous 

Paleozoic meta-sediments separating the autochthonous from the Granite

mylonite nappe at the southern rim is encountered only locally (Aukes et al. 

1979; Gee, 1980). The Granite-mylonite nappe comprises (foliated) grano

diorites, augengneisses and mylonites. Whole rock chemical compositions 

of 17 samples of this rock unit are given in table A2 (appendix). Mean 

values are given below. Notwithstanding some variation in chemistry, 

these rocks can be distinguished as a group from the rocks of the autochtho

nous basement by relatively low contents of Si0 (61 vs 78%), high A1 02 2 3 

(16 vs. 11%), high FeO (4.5 vs. 0.5%), high MgO (2.3 vs. 0.2%) and high 

CaO (5 vs. 0.4%). The difference in chemistry is reflected in the mineralo

gy: rocks of the Granite-mylonite nappe contain a considerable amount of 

biotite and chlorite, Ca-bearing plagioclase and epidote-group minerals, 

all these are lacking or accessory in the autochthonous basement granites. 

CIPW norms of all the measured samples plot in or next to the granodiorite 

field in a Streckeisen diagram, see Fig. 3.1. 

Aukes et ~ (1979) argued that the occurrence of the different rock-types 

is due to a heterogeneous strain distribution imposed by nappe formation 

in an originally more or less homogeneous igneous rock. This chapter is 

an account of the study of microstructures of rocks showing textural re

lations from plutonic to mylonitic. The Granite-mylonite nappe contains 

lense-shaped pods of relatively weakly or non-foliated rocks displaying 

an igneous texture. Locally within these pods shear zones are developed 

in which the rocks display textures gradational from igneous at the rims 

to mylonitic in the central parts. The study of the development of myloni

tic textures in shear zones is a widely applied approach in structural 

geology since the classic paper of Ramsay and Graham (1970) which deals 
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Figure 3.1.	 Plots of CIPW normative values of whole-rock chemistry 

of 16 samples from the Granite-mylonite nappe on a 

"Streckeisen" diagram. 
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with the strain distribution in such structures (Carreras et al., 1980). 

The presently described shear zone is located in an exposure 1 km south 

of Nordli (see Fig. 6.2). 

3.2. Relation of meso- and microstructures in the shear zone. 

Figure 3.2 is a drawing of the studied shear zone. Three structural domains 

have been distinguished, each showing specific mesoscopic and microscopic 

structures: 

Domain A consisting of coarse grained, non-foliated rocks 

- B in which the rocks contain a widely spaced foliation 

- C displaying a fine grained, well foliated and lineated rock-type. 

The chemical compositions of rocks from the different domains are similar
 

(table A2).
 

The mineral composition of rocks found in domain A is plagioclase (ca. 35
 

vol.%), alkali feldspar (ca. 5-10 vol%), biotite (ca. 30 vol.%), epidote


group minerals (ca. 15 vol.%) and quartz (ca. 10 vol%); accessories are
 

rutile, sphene, zircon and orthite. Feldspar minerals and biotite aggre


gates define irregularly outlined domains. Feldspar-rich volumes contain
 

predominantly subhedral plagioclase crystals (0 2-10 mm) displaying develop


ment of prism planes and polysynthetic twinning (albite twins). Microprobe
 

analyses reveal ca. 30% An. Various stages of alteration to white mica and'
 

epidote group minerals were observed. In some specimens irregularly out


(ines blebs of alkali-feldspar (0 ca. 5mm) are found which display "flame
 

perthitic" intergrowth structures (Smith, 1974) and locally crosshatch
 

twinning in the K-feldspar phase. These perthites are rimmed by pure albite
 

(width of the rims ca. 1mm).
 

Most feldspar-rich area's contain quartz blebs (0 3-5mm) which display
 

undulose extinction.
 

Biotite-rich domains are composed of aggregates of brown-pleochroic biotite
 

in a decussate arrangement (Vernon, 1974). Biotite often includes rutile
 

needles, sphene, zircon and epidote.
 

Locally anhedral green pleochroic hornblende crystals are found in the
 

biotite-rich volumes.
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Figure 3.2. Sketch of shear zone in granodiotite. Zone A: relatively undeformed 

rock. Zone B: development of shear band cleavage by deformation of 

mica-rich domains; Zone C: band in which both feldspar and biotite 

are strongly deformed. 



The texture of the feldspar-rich domains is typically igneous: subhedral 

plagioclase with interstitial anhedral quartz and alkali feldspar (Fig. 3.3) 

reflecting a crystallization sequence (Turner and Verhoogen, 1960). Sub

solidus reactions modified the igneous texture, in alkali feldspars this is 

manifested by flame perthite due to exsolution and twinning of microcline 

by an ordering reaction (see also Chapt. 4). These processes are induced 

by cooling or later alteration (predominantly of plagioclase) by incipient 

retrogressive metamorphism. 

The interpretation of the texture in the biotite-rich area's is not unambi

guous since decussate aggregates may be interpreted as impingement struc

tures due to growth or as grain boundary adjustment textures of highly an

isotropic minerals (Vernon, 1976). Sagenite is thought to be a result of 

release of Ti by retrogressive metamorphism (cf. Miyashiro, 1973). 

Rocks from domain B are affected by metamorphism and deformation and show 

an incipient foliation, predominantly in biotite-rich area's. Large 

biotite crystals are folded or kinked with crystallographic misorientations 

in kinks of approximately 20°, folds may be open, tight or isoclinal. 

Kinkband boundaries are oriented at large angles to (001), the dominant 

slip plane in micas (Bell, 1979; Bell and Wilson, 1981), in most cases 

they are decorated by aggregates of rutile and sphene (Fig. 3.4). This 

mineral association is also found at grain boundaries in deformed biotite 

aggregates. Locally epidote is found at such sites; it seems to have grown 

into the biotite. Grain boundaries and cleavage planes of biotite are 

decorated by opaque material. The relative amount of biotite vs. epidote+ 

sphene+rutile+opaques in deformed regions varies from 9:1 to 1:1. 

Locally there are aggregates of chlorite exhibiting a typical biotite-micro

structure: decussate arrangement of the grains, a sagenite structure and 

occurrence of sphene and rutile at grain boundaries. This microstructure 

is interpreted as a pseudomorph of chlorite after biotite. 

An incipient foliation is defined by irregularly spaced bands of 1-5 mm in 

width, composed of fine grained epidote, sphene, rutile (and occasionally 

chlorite and green biotite). These bands run approximately parallel to the 

trend of the shear zone. They may abut coarse grained, relatively unde

formed biotite aggregates (Fig. 3.5). Since the mineral association in 
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Figure 3.3. Micrograph of subhedral plagioclase crystal 
in relatively undeformed granodiorite. Crossed polarizers. 
Scale bar: 0.5mm. 

Figure 3.4. Kinked biotite with oriented rutile needles 
(sagenite). At kink band boudaries and cracks (as on this 
photograph) concentration of rutile, sphene and epidote. 
Plane of the photograph is parallel to the basal plane of 
biotite. Crossed polarizers. Scale bar: 0.2 mm. 
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these bands is similar to that found at kinkband and grain-boundaries of 

deformed biotite (aggregates) a genetic relation is suggested. The local

ly high relative amount of Ti-bearing minerals with respect to the amount 

of biotite suggests the operation of non-conservative processes: breakdown 

of biotite and subsequent selective transport of elements. The newly form

ed mineral association rutile+sphene+epidote would indicate loss of K and 

introduction of Ca in these regions (see also Chapt 5). Beach (1979, 1980) 

and Kerrich et al. (1980) described similar microstructures in biotites and 

attributed them to the operation of pressure solution and stress corrosion 

cracking. It is however difficult to discriminate between microstructures 

which originated by pressure solution and those formed by deformation-enhan

ced solution of an unstable phase. 

The spaced bands of rutile+ sphene+epidote+opaques are thus interpreted 

as deformed biotite aggregates which were completely altered by solution 

and redeposition of elements. 

Plagioclase crystals show further alteration to epidote-group minerals and 

white mica; these alteration products are also found in schlieren parallel 

to the foliation. This microstructure suggests transformation induced 

ductility (Beach, 1980). 

Quartz shows grain boundary recrystallization and occasionally polygoniza

tion (White, 1977), producing elongate domains which contribute to the 

foliation. 

The rocks of domain B become better foliated near the center of the shear 

zone; bands of sphene, rutile and epidote and those of white mica and epi

dote are found as more regularly spaced discontinuities. At this stage 

a second foliation oblique to the former is found (Fig. 3.6). This folia

tion can be described as a regularly spaced set of minor shear zones as 

older structural elements are progressively rotated and deformed. White et 

~ (1980) and Platt and Vissers (1981) described similar structures in 

mylonitic rocks and called them shear band cleavage or extensional crenu

lation cleavage. The formation of the structure is attributed to foliation 

boudinage due to strength anisotropy of a layered rock. The occurrence of 

one set of shear bands is thought to be indicative of a deformation approxi

mating a simple shear (a conjugate set may indicate pure shear). 
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Figure 3.5. Incipient foliation development in granodio

ritic rock from shear zone. Dark band (d-b) consisting
 
of fine grained rutile+sphene+epidote abutts biotite-

rich domain (at b) . Crossed polari 
zers. Scale bar: 1.5 mm.
 

Figure 3.6. Micrograph showing second foliation in deformed
 
granodiorite (parallel AB). Crossed polarizers.
 
Scale bar: 3mm.
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Domain C is situated in the center of the shear zone. The rocks are com

posed of fine grained epidote, phengite, green biotite, chlorite, albite 

and quartz; locally there are elongate saussuritized plagioclase relicts 

(aspect ratio 10:1) which are aligned with the foliation. The minerals are 

more or less evenly dispersed throughout the rock and the texture is meso

scopically homogeneous. The foliation is defined by oriented phengites. It 

is parallel to the trend of the shear zone. 

Green biotite and chlorite occur intimately intergrown in stacks and micro

veins. 

3.3. Metamorphic reactions and deformation mechanisms. 

The textural variation of the rocks from the different structural domains 

of the shear zone is the result of a close interplay of deformation and 

metamorphism of an initially homogeneous granodiorite. Whole rock chemical 

analysis demonstrates that the mineralogical transformation was essentially 

isochemical (table A2). The microstructure suggests that the following 

mineral transformation has taken place: 

brown biotite+ epidote group minerals+albite+phengite+green 

plagioclase biotite+chlorite+sphene+rutile. 

The newly formed mineral association found in the rocks points to middle 

greenschist facies conditions (Miyashiro, 1973; Frey, 1976; Graham et al. 

1983). 

The effect of the metamorphic reactions on the microstructure is that the 

initial domainal configuration of the granodiorite (plagioclase vs. biotite

rich domains) is lost by chemical and mechanical homogenization. Epidote 

growth in plagioclase-rich as well as in biotite-rich domains and phengite 

growth in plagioclase crystals suggests mobility and homogenization of 

K, Ca, Fe, and Mg. The newly formed phases may occur in vein-like 

structures (epidote, chlorite/green biotite) or dispersed throughout the 

rocks. 

The deformation mechanisms which operated in the different minerals and 

mineral aggregates are diverse. 

Quartz microstructures indicate intracrystalline deformation and associated 

recovery and recrystallization. Biotite shows intracrystalline deformation 
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structures (folds and kinks) and others which are associated with solution 

transfer processes. Plagioclase crystals are not deformed but show differ

ent stages of transformation to fine grained aggregates of phengite, albite 

and epidote, in which mica flakes are coating more or less globular albite 

and epidote. Since such aggregates occur also as elongate domains aligned 

with the foliation it is inferred that they underwent a considerable amount 

of deformation. Probably the deformation mechanism in such aggregates was 

pressure-solution-aided grain boundary sliding (cf. Kerrich ~~, 1980). 

The chlorite-green biotite stacks which are found scattered throughout the 

rock (total volume may be as high as 10%) are interpreted to have grown in 

open spaces created by intergranular cracking associated with this process 

(Atkinson, 1982). 
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CHAPTER IV. OCCURRENCE, ORIGIN AND MICROSTRUCTURE OF ALKALI

FELDSPAR MEGACRYSTS IN THE GRANITE-MYLONITE NAPPE. 

4.1. Introduction. 

The granite-mylonite nappe encompasses several rock-types which are thought 

to represent different stages of deformation and metamorphism of a grano

dioritic source rock (see Chapt. 3). All these rock-types may contain pink 

K-feldspar megacrysts, the sizes of which are highly variable ranging from 

1-20 cm in diameter. Some crysts display idiomorphism (Fig. 4.1); they 

may occur scattered throughout the rocks or are concentrated in bands which 

are parallel to the local mylonitic foliation (Fig. 4.2). Feldspar mega

crysts-bearing gneisses are common rocktypes in lower structural levels of 

the Scandinavian Caledonides (cf. Strand and Kulling, 1972; Gee, 1980). 

The origin of this rock-type and in more detail the origin of the megacrysts 

have been topics of considerable debate in the literature (see Roshoff, 

1978) and is rooted in the famous granite controversy (Holmes, 1965). 

According to Rui (1972), Strand (1951) and Rosenqvist (1944) the megacryst

bearing gneisses are metasomatically altered sediments. The feldspar mega

crysts in this view are porphyroblasts. The idiomorphism of some megacrysts 

was claimed to indicate such an origin. Tornebohm (1898); Hogbom (1920); 

Point (1975); Roshoff (1978) and AIm et ~ (1980) maintain that the mega

crysts-bearing rocks are tectonized basement granitoids, intensively de

formed by nappe transport during the Caledonian orogeny. The feldspar 

megacrysts are interpreted to be original (pre-tectonic) constituents of 

the rocks; it is implied that they are porphyroclasts. Transitional rela

tions of granodioritic rocks to augengneisses and augen-bearing mylonites 

support this interpretation (Roshoff, 1978; Aukes ~~' 1979). 

Although there is field evidence that the rocks have been formed by deform

ation of a granitic rock (see also Chapt. 3), the feldspar megacrysts have 

relationships with the countryrock which contradict a pre-tectonic growth. 

These structures are described in the following section. 

4.2. Syn-tectonic feldspar generation. 

In all the rock-types of the Granite-mylonite nappe K-feldspar veins are 
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Figure 4.1. K-feldspar mega

crysts in mylonitic rock. 

Figure 4.2. Concentration of 

K-feldspar megacrysts in bands 

parallel to the mylonitic 

foliation. 
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found which are discordant with respect to foliation and the width of which 

varies from 0.1-50 cm (Fig. 4.3). Most veins show deformation induced 

structures such as folds or/and demonstrate (partial) break-up into clasts 

which form new megacrysts (Fig. 4.4). The mechanism of this breaking-up 

process is closely related to the mechanical and metamorphic behaviour of 

alkali-feldspars in these rocks, as is discussed in chapter 3. Deformed 

discordant veins may be transected again by younger, smaller ones of the 

same composition. In some cases the microstructure suggests repetitive 

generation of microveins by a crack-seal mechanism (Ramsay, 1980), see 

Fig. 4.5. In some sites close to a major vein there is a concentration 

of (idiomorphic) megacrysts which may have a direct genetic relation to 

the vein. (Fig. 4.6). ~ 

Discussion. 

The fact that the veins have grown discordantly to a mylonitic foliation 

and subsequently have been deformed suggests a syntectonic genesis. The 

occurrence of different generations of veins showing diverse time relations 

with deformation-induced structures indicates that veining has taken place 

over a considerable period and probably continued to a late stage in the 

tectonic history. 

This phenomenon allows an alternative theory for the mechanism of feldspar

megacryst generation: syntectonic growth in veins which were subsequently 

broken-up during deformation. 

Objective of chapter 4. 

Some feldspar megacrysts in rocks from the Granite-mylonite nappe bear a 

genetic relation to discordant veins; the origin of these is clear. 

Most megacrysts occur scattered throughout the rocks and mesoscopic struc

tures indicating their origin are lacking. 

The present chapter is a report of an investigation into the possibility 

of discriminating between different modes of genesis of the K-feldspar 

megacrysts.on the basis of microstructures. 

The following reasoning suggests that such microstructural criteria could 

exist. If the K-feldspar megacrysts were original constituents of the 

rocks, the minerals should display microstructures induced by cooling, such 

as exsolution structures and twinning (Smith, 1974; Ribbe, 1974). 

In the case that K-feldspar megacrysts would have generated syntectonically 

by veining and subsequent segmentation cooling effects should be absent 
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Figure 4.3. K-feldspar vein in deformed granodioritic 
rock. The vein is discordant with respect to the 
foliation (E-W on the photograph). Locality: Aane 
Width of the vein: 20cm. 

Figure 4.4. Detail of Fig. 4.3. showing fragmentation 
of the K-feldspar vein. 
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Figure 4.5. Micrograph of 
K-feldspar veinlets. Vein 
near "V" is built-up of 
several microveins, suggesting 
an origin by a crack-seal 
mechanism. Scale bar: 4 IDID. 

Figure 4.6. Discordant K-feldspar vein associated with 
shear zone in mylonite. Note the occurrence of individu
al megacrysts. Width of the vein: 4cm. Locality: 
23 km. W of Nordli, south of the river Sand¢la. 
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since deformation took place while the rocks were in greenschist facies 

conditions, Le. in the stability field of "low-temperature" feldspars. 

4.3. Microstructures induced by cooling of alkali feldspars. 

At elevated temperatures K- and Na-feldspars form a solid solution series,
 

the mineral exhibits monoclinic symmetry (space group C2/m).
 

Cooling may induce two processes in this mineral: decomposition to Na

and K-rich phases and a lowering of the symmetry elements of the decomposed
 

phases by an ordering reaction. The subsolidus reactions are illustrated
 

on the phase diagram in Fig, 4.7 (from Martin, 1974).
 

Microstructures induced by decomposition (exsolution). 

The term perthite refers to an intimate intergrowth of Na and K-feldspar, 

the latter dominates the former in volume. In the literature different 

mechanisms of formation of this structure have been proposed: simultaneous 

growth of the two phases; exsolution from a K-Na solid solution feldspar 

and replacement of one phase by the other (see Smith, 1974). 

Exsolution in alkali feldspars is thought to be a relatively fast process 

(compared with other silicates), since it only involves a redistribution 

of the alkali atoms while the Si-AI-O framework may remain unchanged 

(Yund, 1975). 

Due to the same intrinsic property, replacement of one phase by the other 

is also a feasible process which can readily be performed in the laboratory 

(Orville, 1962). 

Microstructures formed by exsolution and those generated by replacement 

in some cases are indistinguishable (Smith, 1974). 

One special mechanism of exsolution of alkalifeldspars of intermediate com

position that tentatively could yield diagnostic microstructures is spinodal 

decomposition followed by lamellar coarsening (cf. Yund, 1978). This pro

cess results in a rather uniform microstructure throughout one grain, it 

consists of regularly spaced lamellae of each phase, the orientation of 

the lamellae being crystallographically determined. 

Due to strain induced by lattice-incoherency of the two phases, the albite 

lamellae are invariably twinned, the twin periodicity being dependent on 

the relative thic ness of the lamellae (Brown and Willaime, 1974). 

Homogeneous or heterogeneous nucleation and growth is an alternative 

mechanism of exsolution. Microstructures produced by such a process are 
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Figure 4.7.	 Phase diagram of alkali feldspars 
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less regular than those generated by spinodal decomposition and might be
 

easily confused with those resulting from replacement. It is thought
 

that exsolution by nucleation and growth only occurs at very special con


ditions (cf. Brown and Parsons, 1983).
 

In conclusion it is stated that unless exsolution of alkali feldspars was
 

spinodal decomposition, it may not be identified positively by microstructure
 

Microstructures induced by ordering.
 

The feldspar-crystal structure can be thought of as a double crankshaft of
 

four-membered rings of AI0 and Si0 tetrahedra the structure was deter

4 4 

mined by Taylor (1933). Megaw (1974) constructed a simple model of the 

feldspar structure of which the smallest building stone is a tetrahedron 

representing an AI0 or Si04 group. Four tetrahedra are arranged in a ring
4 

as shown on Fig. 4.8-a. The feldspar structure can now be built-up by 

attaching similar rings ~n a way as shown on Fig. 4.8-b,c,d. In the ideal 

feldspar structure, i.e. the sanidine lattice all tetrahedral sites are 

equivalent and the distribution of AI-occupied sites throughout the struc

ture is random. The unit cell is monoclinic, space group C2/m. 

In an orthoclase structure the four tetrahedral sites in a ring are non

equivalent, the sites labelled T1 on Fig. 4.8-c are preferentially occu

pied by an AI04 group (one in each four-membered ring). Both T1 sites in a 

ring are equivalent and the symmetry of the unit cell is not lowered with 

respect to the sanidine structure. 

In the microcline structure the two T sites are non-equivalent; one T11 
site (labelled T - on Fig. 4.8-d) is preferentially occupied by AI; the1 o 
other site (labelled T on Fig. 4-8d) is occupied by Si. By this the1 m 
symmetry of the microcline-unit cell is lower than that of sanidine; mir

ror and glide planes parallel (010) are absent, as are the two-fold axes 

parallel [010]. The symmetry is triclinic, space group Cl. 

When a high-temperature feldspar (sanidine, orthoclase) is cooled, its 

structure tends to order to the low-temperature configuration (microcline) 

whether or not this transformation takes place depends on several factors 

(cooling rate, fluid content and composition, deformation; see Martin, 

1974; Yund and Tullis, 1980; Yund, 1983). 

The typical cross-hatching twin pattern displayed by most plutonic micro

cline crystals is interpreted to be the result of a symmetry inversion as 

described above. The albite (reflection twins with composition plane (010) 

and pericline twins (rotation axis [010]) mimick the lost symmetry elements 
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Figure 4.8.	 Megaw's model of feldspar structure. Each tetrahedron (8A) representing 

an Al/Si04 group. 8B-D shows the structure of the feldspar by attachment 

of different tetrahedra .. see text for discussion. 
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of the high temperature modification, respectively the (010) mirrors and
 

the [010] rotation axes. Laves (1952) argued that the geometrical relation
 

of the two sets of twins in microcline (shared twin axis) required an ori 


gin of the structure by symmetry transformation.
 

Mc Laren (1974) and Fitzgerald and McLaren (1982) found by electron micro


scopy that the two twins are each bound to specific areas in a mineral and
 

hence on this scale could not confirm Laves' observations.
 

The structures of albite and pericline twins are such that two lamellae
 

which are related to each other by either twin law differ in Si-AI ordering
 

pattern; hence the lamellae can be regarded as ordering domains.
 

It is thought that the mechanism of twinning is restricted to the transform


ation induced one; mechanical twinning by simple shear of the lattice, as
 

is the case in anorthite is not possible in ordered alkali feldspars since
 

topochemically no symmetric relation can be achieved by conservative pro


cesses. 

The results of Eggleton and Busseck (1980) are interesting in this respect. 

Using High Resolution Electron Microscopy these authors demonstrated the 

existence of a transitional form between domain-free, monoclinic ortho

clase and triclinic, albite-twinned microcline. In the transitional do

mains the lattice shows sinusoidal bending. It was concluded that these 

domains are ordered structures with a pseudo monoclinic symmetry the lat 

tice bending was interpreted as incipient albite twinning (see also Ribbe, 

1974) • 

This interpretation thus confirms the consensus in feldspar literature that 

cross-hatch twinning in microcline is a result of a symmetry inversion due 

to ordering of Al and si atoms in the structure. 

A problematic microstructure is displayed by microcline crystals which are 

only partly or "patchy" twinned. Makinen (1913) and others described un

twinned microcline with only local development of cross-hatch twinning in 

a twin-free, triclinic matrix. Goldsmith and Laves (1954) also studied 

Makinen's samples; they concluded that this microstructure is the result 

of a solid state domain coarsening, they however gave no arguments suppor

ting this view. 

In other cases occurrences of patchy twinned K-feldspar crystals could be 

attributed to a local development of ordering (Eggleton and Busseck, 1980), 

naturally in these cases patches of crystals which show the cross-hatching 

twin pattern occur as small islands in a monoclinic feldspar environment. 

In section 4.4 microstructures are described which allow an alternative 
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explanation to the problem of patchy twinned triclinic K-feldspars. 

Applicability of cross-hatching twin patterns to the study of the cooling 

history. 

If at this stage it is accepted that cross-hatching twin patterns in micro

cline are the result of a symmetry inversion due to ordering, the usage of 

this microstructure to decipher a cooling history must be evaluated. 

K-feldspars which grew below the monoclinic-triclinic inversion temperature 

(following Martin, 1974 this temperature is ca. 575°C, following Marfunin, 

1966 it is an inversion trajectory) in most cases display cross-hatching 

twin patterns or monoclinic symmetry. This is due to the fact that although 

microcline is the stable low-temperature modification of K-feldspar, common

ly at low temperatures a crystal tends to grow metastably in a high-tempera

ture modification (Marfunin, 1966). The typical low temperature K-feldspar, 

which is found in alpine-type open joints etc. is adularia. The structure 

of adularia is complex in the sense that different parts of a crystal may 

show different structural states (Deer, Howie and Zussman, 1963; Smith, 

1974). The mineral may occur as completely ordered, triclinic (space 

group Cl) or disordered monoclinic (space group C2/m). McConnel (1965) pre

sented TEM micrographs of adularia showing two sets of mutually orthogonal 

distortion waves in a monoclinic lattice, and interpreted the structure 

as incipient albite and pericline twins (see also McLaren, 1974 and Eggleton 

and Busseck, 1980). 

Typically the ordering domains are small in triclinic adularia, a phenome

non which has been attributed to the low diffusivity at low temperatures 

(Martin, 1974). 

This section shows that there are serious restrictions concerning the ap

plicability of ordering induced microstructures to establish a cooling his

tory. However, the absence of such structures in triclinic K-feldspars 

as described by Martin (1974) and in the following section may be inter

preted as the result of growth directly in the triclinic state. Growth 

of an ordered phase of a certain ordering series indicates that the tempera

ture of formation did not exceed the upper stability temperature of that 

modification (Marfunin, 1966). 

So the absence of an ordering induced structure in triclinic K-feldspars 

may be used as a criterion to establish that the mineral was generated 

in a low temperature environment. 
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4.4. Microstructures in the studied megacrysts 

4.4.1. Perthite structures. 

Most megacrysts studied display an intimate intergrowth of microcline and
 

albite and thus can be classified as perthites. Two types have been dis


tinguished on the basis of the type of occurrence of albite: string albite
 

and vein albite (cf. Anderson, 1928).
 

Vein-albite perthite is the most encountered type in the megacrysts. Albite
 

and microcline show syntaxial relationships. The albite phase is found in
 

irregulary outlined vein-like structures and along the grain boundaries.
 

The width of bne vein-like structure is highly variable along its length.
 

In some cases the albite veins are oriented parallel to the cleavage direc


tion of the host (Fig. 4.9). Invariably the albite phase contains in


clusion (haematite particles, fluid inclusions), the total volume of which
 

may reach 5 vol.%. Some albite veins occur along the rims of healed cracks
 

(microveins of newly crystallized K-feldspar, chlorite or quartz, see
 

Fig. 5.6). Feldspar crystals displaying such vein-type perthite have a
 

core-rim relation: the amount of albite veins increases towards the outer
 

regions of the clasts, the rim consists of pure albite (Fig. 5.6). The
 

relative width of the albite rim is variable: a narrow coating along the
 

grain boundary and nearly completely albitized grains with a small core of
 

K-feldspar are the two extremes of a wide variety of structures.
 

Discussion.
 

The preferential occurrence of albite along (healed) cracks and grain bound


aries, the often irregular outline of the veins, the core-rim relation
 

of albite and K-feldspar and the difference in relative amount of albite
 

and K-feldspar in different megacrysts suggest that this vein-type perthite
 

is a replacement structure.
 

Replacement of one K-feldspar by another under hydrothermal conditions can
 

be readily performed in the laboratary (Orville, 1963; Helgeson, 1974).
 

It is inferred that the preferential occurrence along cracks, cleavage
 

planes and grain boundaries indicates that similar processes operated in
 

the presently described feldspars, hydrothermal solutions had acces to
 

the K-feldspar host along these structures.
 

In Chapt. 5 the origin of the relatively large amount of fluid inclusions is
 

explained as due to lattice shrinkage by replacement of K-feldspar by
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Figure 4.9. K-feldspar crystal (dark grey) with albite 
domains (light grey) along cleavages and the grain
boundary. Crossed polarizers. Scale bar: lmm. 

Fi~ure 4.10. String-type perthite (albite: dark grey Ln 
light grey matrix of K-feldspar). Scale bar: lmm. 
Crossed polarizers. 
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albite, the replacement taking place by an ion-exchange mechanism leaving 

the Si-O-Al framework intact. 

It is difficult to establish whether exsolution processes contributed to 

the development of the microstructure. There are however megacrysts which 

are nearly pure KAISi 0 which show no perthite structure. This would
8

,
3

indicate that the perthite structures in other megacrysts is a secondary 

process solely. 

Conclusions. 

-Alkali feldspar megacrysts originally were nearly pure K-feldspar. 

-Replacement of K-feldspar by albite caused the development of a vein-type 

perthite. 

-The mechanism of replacement was an ion-exchange mechanism under hydro

thermal conditions. 

String albite-type perthite. 

Anderson (1928) described string albite as occurring in bodies typically 

0.1-1mm long with a rounded, elliptical or lenticular cross section. This 

type of perthite is occasionally found in feldspar megacrysts, and also in 

late stage veins (Fig. 4.10). In contrast to vein albite, string albite 

shows a good crystallographic control on the dimensional orientation of 

the Na-rich phase: The ionger axes of the elliptical bodies are approxi

mately parallel to (100) of the host. Typically string albite occupies 5% 

of the volume of a feldspar crystal. 

Discussion. 

The origin of this microstructure is considered to be exsolution by 

nucleation and growth (Willaime et~, 1976; Champness and Lorimer, 1976). 

The value of the nlicrostructure in establishing a cooling history is however 

limited due to the extremely low initial Na concentration. Moreover small 

concentration stability variations can also be induced by variations in the 

pressure (Luth, 1974). 
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4.4.2. Cross-hatching twin patterns in K-feldspar megacrysts 

in veins.
 

The K-feldspar megacrysts and veins display all the possible stages in the
 

development of cross-hatch twinning: completely untwinned, patchy twinned
 

and completely cross-hatched samples are found. The development of twinning
 

was studied at partly twinned K-feldspars of which mesoscopical relations
 

indicated a syn-tectonic origin. Segmented as well as non segmented veins
 

were examined.
 

The study was performed using light-optical and transmission electron micro


scopy and X-ray and electron diffraction techniques.
 

X-ray data.
 

The structural state of the K-feldspar samples was determined by convential
 

X-ray powder diffraction techniques (Goldsmith and Laves, 1954). The ex


periments were performed using a Guinier FR 552 ENRAF/NONIUS camera, opera


ting with Cu-Ka radiation.
1 
Powder diffractograms of undeformed and untwinned as well as those of deform

ed, partly or totally twinned samples demonstrate splitting of (131) and 

(131) (Fig. 4-11).
 

Using the formula of Goldsmith and Laves (1954) a triclinity value of 0.85

1 could be calculated, indicating that the K-feldspar can be classified as
 

maximum microcline. Some samples show no clear peaks in the critical region.
 

No samples were found to have a monoclinic symmetry.
 

Optical microscopy 

Figure 4.12 is a micrograph of a folded K-feldspar vein in a mylonite. The 

fold is open, the axial plane is parallel to the foliation in the host 

rock. The hinge region of the fold (shown on Fig. 4.12) is segmented into 

clasts of ca. 0.5 cm in diameter. The clasts are inequant (aspect ratio 

ca. 1:3), the longer axes are parallel to the axial plane of the fold. 

The clasts display undulose extinction and they are embedded in a matrix 

of optical strain-free, equant grains of ca. 0-01 mm in diameter. The nature 

of the segmentation and the formation of the matrix grains will be discussed 

in Chapt. 5. 

The optical properties of the clasts indicate triclinic symmetry (extinc

tion angle y=18°, see Steward, 1975). 
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Figure 4.12. Folded K-feldspar vein showing segmentation 
into clasts. Scale bar: 3mm. Crossed pOlarizers. 

Figure 4.13. Kink in K-feldspar clast. Kink band is 
preferentially tWinned. Note that the number of twins 
increases with the amount of crystallographic mis
orientation. Crossed polarizers. Scale bar: 0.8 mm. 
Detail of Fig. 4.12. 
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Some clasts are completely cross-hatched, most clasts are partly twinned
 

and some bear no twins at all. In partly twinned specimens twins are found
 

predominantly at sites of crystallographic misorientation (kink-like struc


tures in which the number of twins is dependent on the amount of misorienta


tion , see Fig. 4.13). Grain boundaries and cracks are other sites of pre


ferential twin occurrence (Fig. 4.14).
 

In some cases relatively broad zones displaying cross-hatching twins sepa


rate large, un twinned domains which appear to have a twin relation to each
 

other (Fig. 4.15). Each of these domains is in crystallographic conti 


nuity with one set of the twin lamellae.
 

Using optical microscopy, the twin lamellae were found to have an average
 

width of 5 ~m. As pointed out by McLaren (1974, 1978) however this value
 

must be taken with some caution as the size of twins measured by optical
 

and electron microscopy appears to be different.
 

The data above indicate that twins in the K-feldspars may occur predominant


ly at zones which are highly strained or at sites which are likely to behave
 

as stress concentrators (grain boundaries, cracks) and that they are found
 

in a triclinic matrix.
 

Transmission electron microscopy.
 

Samples of un twinned and partly twinned K-feldspar crysts were ion-thinned
 

and studied by transmission electron microscopy (TEM).
 

Clasts of which mesoscopical relations suggest an origin by segmentation
 

of a syntectonic vein, as well as isolated clasts and not segmented veins
 

were examined.
 

The study was performed using a JEOL 200C TEM operating at 200 kV and a
 

High Voltage Electron Microscope of the Metallurgical Institute of TNO,
 

Apeldoorn, operating at 900 kV.
 

Specimens were mounted in a tilt-rotation stage which allows tilts of ± 60°
 

around the stage axis and ±180° around the foil normal.
 

Most diffraction experiments were performed using a double tilt holder
 

(allowing rotations of ± 60° around the stage axis and ± 35° around an axis
 

normal to the foil normal and the stage axis).
 

Results.
 

Specimens which show on the light-optical scale relatively coarse twins
 

(width of ca. O.Olmm), by TEM demonstrate much finer spaced lamellae
 

(width of the lamellae ca. 0.1-1~m) the orientation of which is similar to
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Figure 4.14. Preferential occurrence of twins at grain
boundary of K-feldspar clast. Detail of Fig. 4.12. 
Crossed polarizers. Scale bar: O.5mm. 

--~-""~-,'"Figure 4.15. K-feldspar clast with a zone displaying cross
hatching twins which separates domains which are in crystal
lographic continuity with one of the twins. Scale bar: O.5mm. 
Crossed polarizers. (Detail of Fig. 4.12). 
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the light-optical-visible twins (Fig. 4.16). Two sets of mutually perpendic

ular lamellae are found, one set is parallel to (010), the other is paral

lel to (hOI), an irrational plane in between (100) and (201), close to 

(201). Areas which reveal a high concentration of lamellae parallel to 

(010) show extra spots in the diffraction pattern of the reciprocal plane 

(001)*(Fig. 4.17). The direction of splitting is parallel to (100]. 

Dark field images of a diffracted beam of a pair show only one set of 

lamellae reflecting. The lamellae boundaries are out of contrast using g= 

040 for imaging, they are in contrast using any other g. These data indi

cate that the (010) lamellae are albite twin (cf. McLaren, 1974). 

The boundaries of the other set of lamellae are out of contrast using g= 

201; 200 and 002, indicating a fault of ~. 010 associated with such 
n 

boundaries. Diffraction patterns of zones containing this type of lamel

lae show streaking or extra spots which are oriented such that a 180 0 rota

tion parallel to the b axis can be inferred. 

These lamellae have been interpreted as pericline twins (cf. McLaren, 1974). 

The configuration of the lamellae is such that a true cross-hatching pattern 

can hardly ever be observed, instead, there are domains in which either 

of the sets occur (Fig. 4.16). Such a phenomenon was also described by 

Tibbals and Olsen (1977); McLaren (1974, 1978) and Fitzgerald and McLaren 

(1982) • 

Locally kink-like structures with irregular kink-band boundaries were found 

in areas containing twins. The number of twin lamellae in a kink-band 

appears to be larger than that in the matrix (Fig. 4.18). 

Specimens which by light-optical microscopy appear untwinned or patchy twin

ned, show by TEM large untwinned regions of which diffraction patterns 

parallel to (001) * display triclinic symmetry (Fig. 4.19). 

Very locally within these regions there are zones which show a cross

hatching pattern c: wavy, ill defined bands on a very small scale. The 

orientation of these bands are those of albite and pericline twins (Fig. 

4.20) • 

Most specimens which on light-optical scale do not show features indicating 

intracrystalline deformation are defect-free on the scale of TEM. 

Specimens which show undulose extinction, by TEM demonstrate two sets of 

planar defects bound by dislocations (Fig. 4.21). In some cases the 

bounding dislocations are loops (Fig. 4.21),in other cases planar defects 

are found at one side of an isolated dislocation (Fig. 4.21"5"'). 

One set of planar defects is parallel to (010): the "(010)"defects, the 
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Figure 4.16 TEM micrograph of albite and 
Pericline twins (II A and P resp.). Note 
that each set of twins is bound to a spe
cific domain. Scale bar: 0.2 pm 

Figure 4.17 Diffraction pattern of micro
cline. Note splitting of spots due to 
albite twinning. 
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Figure 4.18 TEM micrograph of kink in twinned microcline. 
within the kink thff number of twins is doubled with respect 
to that in the matrix. Scale bar: 0.025 pm 

Figure 4.19 Diffraction pattern parallel the reciprocal 
plane (OOlt displaying triclinic symmetry as (110) and 
(110) are not equivalent. 
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Figure 4.20. TEM. Modulated texture in K-feldspar defined 
by bands running parallel to albite and pericline composition 
planes. Scale bar: 0.05 ~m. 

Figure 4.21. Dislocations associated with planar defects. 
The orientation of the planar defects is parallel to the 
albite and pericline-twin composition planes. Note that 
the planar defects are also associated with single dislo
cations (at "s"). Scale bar: 0 . 111m. 
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other defects are parallel to the pericline-twin composition plane: the 

"p"-defects. 

The "010" defects and associated dislocations are out of contrast using 

g=040 for imaging (Fig. 4.22 A and D,), they are in contrast for any other 

operating diffraction vector. 

The "p" defects are in contras t for any g of the type (hkl) , k;!O, and are 

out of contrast for any g of the type hoI (Fig. 4.22 A-D). 

The associated dislocations of the "p" defects are not out of contrast for 

g=hol, but demonstrate weak or symmetric contrast which is stable for small 

tilts 

The defects may occur in various configurations: 

-They may be concentrated in bands parallel to the trend of the planar de

fects (Fig. 5.2). Only one type of defect is found in such bands. 

-The defects may occur isolated or as isolated patches (Fig. 4.21). Also 

high-dislocation-density areas containing both types of defects may be 

found 

-The defects may be found in a regular cross-hatching pattern covering a 

relatively wide area 

-The defects may be found at boundaries of relatively large volume defects 

such as grain boundaries or healed cracks 

The nature of the defects. 

The relation of the fault vector R of the planar defects and the Burgers 

vector b of the bounding dislocations is difficult to establish in the case 

of the "010" since' they appeared to be out of contrast only when g=040 was 

used for image formation i.e. when these planar defects were (nearly) verti 

cal. This suggests that the direction of the vector R lies in (010), the 

exact direction being un nown, but it is probably an irrational one. 

"p" defects are out of contrast using g of the type (hol), indicating 

that the vector can be expressed as 1(010). The value of n is not known,
n 

it must be ;! 2,4 since the defects are in contrast for g= 040.
 

Using g=202 dislocation loops of "p" defects show "symmetric" contrast
 

(stable at small variations from the Bragg angle) at parts where they have
 

a direction close to (001) and faint contrast where the orientation is near


ly parallel to [OIOJ
 

This type of. contrast is thought to indicate g.b=O (cf. Kovacs and Gandais,
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Figure 4.22 A-D are rEM micrographs of "p" and "(010)" defects in microcline at various diffraction 
conditions. All figures are from the same area. The "p" defects run N-S, the "010" defects run 
E-Won all the photographs. Scale bar 0.3flrn 

Figure 4.22 A: both types of defects are in Figure 4.22B: lip" defects out of contrast; 
--J g=200a contrast; g=220 

Figure 4.22 C: "p" defects are out of con;-- Figure 4.22D: "(OlD)" defects out of 
contrast; g=040trast; g=201 



1979), indicating that b=i 010 As the directions of Rand b are similar 
n 

the planar defects can be classified as shear defects. The occurrence of 

these defects in deformed specimens only and their typical arrangements 

(e.g. in dislocation-rich bands which are interpreted as slip bands) suggest 

an origin by plastic deformation. "(p)" is however an unknown slip plane. 

Moreover, [010] is a "forbidden" slip direction (McLaren, 1975; Willaime 

et~, 1979) because of the strong coherency in that direction. This problem 

is discussed in the following lines. 

There are different types of atomic arrangements which can yield a linear 

dislocation structure. One model implies the existence of a line of non

satisfied bonds, a structure which in the case of a primitive cubic cell 

can be thought of as an extra half plane inserted in a perfect lattice 

(Hull, 1975, see Fig. 4.23a). 

Dislocations can be truly linear structures terminating at discontinuities 

or may be found as closed loop structures. Movement of a dislocation through 

the crystal causes relative movement of parts of the crystal, hence deform

ation. The same process takes place when a loop structure is expanding. 

In silicates the crystal lattice may not be restored after the passage of 

a dislocation. By such a process planar defects are created along the 

actual movement plane (McLaren, 1975; Willaime et~, 1979). 

Another configuration yielding a dislocation structure is that found on a 

stepped surface of a twin boundary (Fig. 4.23b). This type of dislocation 

has a coherent structure, i.e. all the atomic bonds are satisfied, the 

(partial) dislocation being merely the termination of a mono1ayered twin 

lamella. 

Another possible configuration could be one of mixed character of the two 

models described above: an incoherent dislocation loop of which the shear 

stress is relieved by a twin of one or more atomic layers in width (Fig. 

4. 23c) .
 

Alternatively planar defects and associated dislocation loops can be plate


lets of a second phase of which the boundary with the host is semi-coherent
 

(Friedel, 1963).
 

"p" and "010" defects have orientations and fault vectors which are con


sistent (in the case of the "010" defects not inconsistent) with pericline
 

and albite (micro)twins respectively and hence they are interpreted as
 

such. The defects are interpreted to be dislocation structures of the type
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Twin 

Figure	 4.23. Three dislocation models: 
4.23a: Dislocation model by insertion of extra 

half plane in a structure. 
4.23b: Twinning dislocation 
4.23c: Dislocation loop enclosing microtwin 
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as shown in Fig. 4.23c.
 

It is suggested that these microtwins were formed by a non-conservative
 

process (local reordering of Al and Si atoms) during passage of a dislocation
 

of which the core can act as a diffusion channel (Friedel, 1963).
 

Hence the process of formation is interpreted to be creep twinning in Laves'
 

terminology (1974), this process is thought to take place also in ordered
 

albite-rich plagioclase crystals.
 

Conclusions.
 

Microstructures on the scale of light-optical and transmission electron
 

microscopy indicate that the cross hatching twins in the studied megacrysts
 

are not the result of a symmetry inversion, but are induced by deformation.
 

The process of formation of the twins is thought to be similar to deformation
 

induced twinning in plagioclase, designated as creep twinning, performed
 

by a diffusional process following or associated with the passage of a
 

dislocation.
 

The lack of symmetry-inversion-induced microstructures is thought to indicate
 

that the microcline crysts were originally triclinic, implying a growth at
 

relatively low temperatures.
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CHAPTER V. THE MECHANICAL BEHAVIOUR OF ALKALI FELDSPARS AND 

ITS RELATION TO METAMORPHIC PROCESSES. 

5.1. Introduction. 

In the rocks from the Granite-mylonite nappe alkali-feldspars occur in two 

microstructural arrangements: as megacrysts which show little evidence of 

plastic deformation and in fine grained bands of which the microstructure 

suggests that the mineral underwent ductile deformation (section 5.2). 

In this chapter it is argued that the different microstructures are related 

to different metamorphic reactions which alternatively took place in the 

rocks. 

5.2. Observations. 

K-feldspar clasts of various sizes occur scattered throughout the rocks or 

are concentrated in bands which are aligned with the foliation (Fig. 4.2). 

In some cases the crystals are embedded in a fine-grained matrix of albite, 

K-feldspar and quartz grains of ca. 0.05 mm in diameter. Some porphyroclasts 

have elliptical outlines (aspect ratio 3/2) with the long axes parallel to 

the foliation (Fig. 5.1). The matrix grain~ form tails and mantles around 

the porphyroclasts; tails of different clasts may join to produce a compo

sitional layering. 

K-feldspar porphyroclasts show undulose extinction, lattice misoriencations 

of ca. 50 have been measured. At grain boundaries and cracks the mineral 

is twinned (see Chapt. 4). 

By transmission electron microscopy (TEM) the dislocation substructure of 

K-{eldspar was revealed. Figure 5.2 shows a band with a high dislocation 

density, consisting of micro-twin dislocation loops (see Chapt.4, see 

also Fig. 5.3).Bands with high densities of micro-twins are parallel to 

(010) or to the pericline-twin composition plane. 

Isolated dislocations with Burgers vector [001] have been analyzed, probably 

representing the slip system (010) [001] (Scandale et~, 1982). There is 

little evidence of recovery structures in the mineral, observed dislocation 

walls, by correlation with optical microscopy, are thought to be growth 

structures. No recrystallization effects have been observed. 
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Fieure 5. 1. K-feldspar clasts in fine grained matrix 
in mylonite. Crossed polarizers. Scale bar: 2mm. 
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Fizure 5.2. TEM micrograph of band with a high dislocation 
density. The band runs parallel (010). Scale bar: 0.1 ~m. 

Figure 5.3. As Fig. 3.9. specimen tilted ca. 50°, showing 
that the dislocations are loops enclosing planar defects. 
Scale bar: O.OS~m. 
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The substructure is characteristic of plastic deformation at low tempera

ture (relative to the melting temperature T ) in which case diffusional m

processes are expected to be limited (cf. Nicolas and Poirier, 1976)
 

Nearly all K-feldspar porphyroclasts show evidence of brittle deformation. 

Three types of cracks have been distinguished on the basis of their "post

crack" history. 

i) Healed cracks. The cementing mineral is newly crystallized K-feldspar, 

it constitutes microveins that are variable in width from 0.J-2mm. 

The orientation of the microveins is such that a general extension parallel 

the local foliation can be deduced. In most cases the microveins occur in 

a conjugate pattern (Fig. 5.4). Between one set and its conjugate associate 

there is usually a generation difference (one set overprints the other in a 

consistent manner). Also, within one set different generations of veinlets 

can be found. The microstructure indicates repeated crack-seal events (cf. 

Ramsay, 1980) • 

The K-feldspar microveining need not be confined to older K-feldspar veins 

or crysts, often the microveins are continuous in the matrix (Fig. 4.3). 

In most cases the cracks contain composite chlorite-K-feldspar veins. 

The effect of the microveins is that older K-feldspar crysts actually grow 

during deformation in a direction parallel to the foliation. 

The microveins are associated with haematite particles and fluid inclusions 

coating the vein wall and produce a cloudiness of the feldspar (in hand 

specimens the veinlets can be seen by the naked eye by different intensi

ties of red-colouring caused by the haematite particles). 

Figure 5.5 is a TEM image of a healed crack. The apparent difference in 

the defect structure between the host and the newly crystallized phase is 

taken as evidence for the genetic relation. 

ii) Crack-like structures along which albite domains are found (Fig. 5.6). 

The albite phase is in crystallographic continuity with the K-feldspar host. 

Albite in this microstructure contains fluid inclusions in an amount very 

much exceeding that in the host material (up to ca. 5 vol%). The width of 

of the albite phase along the cracks is highly variable (Fig. 5.6). In 

general the number of cracks increases from the core to the rim of a K-feld

spar host; at the rim the albite domains join to produce a pure albite 

mantle. 
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Figure 5.4. Micrograph 
of K.feldspar vein which 
is built-up by micro
veins (healed cracks) . 
Vein walls (parallel to 
AB and CD) are stained 
by haematite particles. 
Crossed polarizers. 
Scale bar: tmm. 

Figure 5.5. TEM micrograph of healed crack (h.c.)= micro
vein of neo-crystallized K-feldspar in host which is plastical
ly deformed K-feldspar with high crystal-defect density. 
Scale bar: a.tum. 
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Figure 5.6. K-feldspar crystal (grey) with albitization 
along cracks and grain boundary (albite at white aera's) . 
"nk": Microvein of neo-crystallized K-feldspar. 
Crossed polarizers. Scale bar: 1.5mm. 

Figure 5.7. Type (iii) cracks (associated with albite 
grains) parallel the line XY on photographf in K-feld
spar host. Type (i) cracks (healed cracks) run parallel 
the line KF on the photograph. Scale bar: 1.5rnm. 
Crossed polarizers. 
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This structure is interpreted as being the result of the replacement of K

feldspar by albite, the replacement taking place by a cation-exchange 

through the pore fluid which finds acces through the cracks (cf. Orville, 

1963). Heimann (1979) studied feldspar replacements experimentally and 

noted that due to the difference of molar volumes of albite and K-feldspar 

(100.3 versus 109.4 at 25°C and 1 atmosphere pressure, cf. Robi~ et ~,
 

1978) albitization of K-feldspar by ion-exchange causes shrinkage of the
 

Al-Si-O framework to produce holes in the albite phase.
 

The occurrence of a relatively large volume of fluid inclusions in the al 


bite domains in this microstructure is thought to be the result of such a
 

process. The microstructure is thought to be diagnostic.
 

iii) Crack-like structures along which rows of small, equant albite grains 

are found. The albite grains appear to corrode the K-feldspar host (Fig. 

5.7). The albite in this microstructure differs in crystallographic 

orientation from the host. 

TEM demonstrates a low crystal-defect density of the albite phase relative 

to the K-feldspar host (Fig. 5.8). The grainboundaries are smooth or lo

bate, suggesting corrosion. In some cases bubbles are found at the grain

boundaries. 

The microstructural relation of albite grains and K-feldspar host is simi

lar to that which is found at the rims of porphyroclasts embedded in al 

bite rich matrix. 

This microstructure is interpreted as due to the replacement of K-feldspar 

by albite by a solution-neocrystallization process such as proposed by 

Petrovic (1974), the driving force for this process is considered to be 

an enhanced solubility by elastic strain at the albite-K-feldspar bounda

ry. 

According to Petrovic (1974) the type of feldspar replacement which will 

occur (cation-exchange in an existing Si-AI-O framework versus solution 

and neo-crystallization) is dependent on the compositional difference 

between the two phases (large compositional differences would favour the 

mechanism of solution-neocrystallization). However such a relation is not 

found in the rocks. Both in the microstructure occurring at type (ii) 

cracks as in that found at type (iii) cracks albite and K-feldspars are 

end-members in composition (pure K-feldspar and Na-feldspar). 

In the present case a correlation between the type of replacement with the 

defect structure of the K-feldspar host is found. Porphyroclasts showing 
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Figure 5.8. TEM 
micrograph of al
bite grain associ
ated with type 
(iii) cracks. 
Note the differen
ce in crystal de
fect density be
tween albite (ab) 
and the K-feldspar 
host (K). 
Scale bar: 0.1 urn. 
Locality "2". 

Figure 5.9. Overprinting of different types of cracks in 
a K-feldspar clast. At "1" type (i) crack overprints a type 
(iii) one. At "2" a type (iii) crack overprints a type (i) 
one. Scale bar: 1mm. 
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albitization microstructures in which the K-feldspar and albite are in 

crystallographic continuity are relatively undeformed, show no undulose 

extinction and in TEM demonstrate relatively low defect densities (disloca
9tion densities 10 fcm 2) those which show microstructures suggesting a 

solution-neocrystallization process are deformed, show undulose extinction 

and have relatively high defect densities (dislocation densities up to 
12 2

10 fcm were measured). 

Discussion. 

The microstructures which are discussed above suggest that at greenschist 

facies conditions plastic deformation of K-feldspar does occur. The mecha

nism of deformation, such as the formation of slip bands, mechanical 

twinning, kinking and brittle failure are typical of a low-temperature 

environment in which diffusional processes are thought to be practically 

non-operative (cf. Nicolas and Poirier, 1976). Therefore the formation of 

a fine-grained K-feldspar matrix susceptible to plastic flow (as is typi

cal of mylonites) is suppressed since such a matrix formation in most cases 

is a result of diffusion- controlled solid-state recrystallization (Hobbs 

et~, 1966; White, 1976; Poirier and Guillope, 1979). 

Other work on the natural deformation of feldspars confirms this conclusion 

(e.g. Hanmer, 1982). 

Yet in some of the rockspecimens studied the relation of megacrysts to ma

trix seems to indicate that during the deformation K-feldspar megacrysts 

were replaced by fine-grained feldspar of different composition. The fine

grained material may constitute bands aligned with the mylonitic foliation 

suggesting a high ductility. Recently, similar observations have been made 

in granite-mylonites from other areas (Allison et~, 1979; Kerrich et 

~, 1980; Hanmer, 1982). These authors attribute the apparent ductility 

to a flow strength reduction by strain-induced recrystallization. Compo

sitional variations of recrystallized material with respect to the host 

are thought to be indicative of diffusive mass transfer during deformation 

to allow grainboundary sliding ("superplas tici ty") . 

In metals and non-feldspar silicates the minimum temperature required for 

the operation of diffusion enhanced grainboundary sliding is found to be 

about T= O.STmelt (Nicolas and Poirier, 1976). 

Following Kerrich et ~(1980) in feldspars these processes are operating 

at much lower temperatures (T=0.2T ).melt
In the present case it is found that the role of the interaction between 
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pore fluid and the K-feldspar crystals is of vital importance for the for

mation of new strain-free srains. The microstructures suggest that strain

enhanced solution in the presence of a Na-rich fluid and neocrystallization 

of fine grained albite took place, thus reducing the strength of the rock. 

It is found that the composition of the pore fluid is of major importance 

for the mechanical behaviour of the rocks and as such may be denoted as 

an independent variable (cf. Ferry, 1983). In the present case this is 

illustrated by the difference of type (i) and type (iii) cracks. Only if 

the pore fluid is Na-rich, solution-neocrystallization takes place. If the 

pore fluid is K-rich cracks may heal and no grainsize reduction takes 

place. 

Some microstructures indicate that the composition of the pore fluid 

changed several times during the deformation, they are discussed in the 

next section. 

5.3. Microstructural differences of albite and K-feldspar. 

Figure 5.9 illustrates that during the deformation of the rocks the composi

tion of the pore fluid may have varied, causing different types of fluid

feldspar interactions. In this figure two directions are indicated, each 

aligned with a system of cracks. 

Parallel to the line "a-b" healed cracks are found as revealed by the dust 

trails. The line "c-d" marks the direction of cracks along which albite 

grains appear to have corroded the K-feldspar host. The arrow "p" points 

to a microvein (type i) which overprints type (iii) cracks. In other cases 

type (iii) cracks overprint that of type (i). 

It is concluded that the composition of the pore fluid changed alternately 

from Na-rich to K-rich. This phenomenon appears to be related to the micro

structural relation of K-feldspar and albite with the porphyroclast which is 

different for each of these minerals: 

K-feldspar is found in veins throughout the entire rocksuite (Chapt. 4), 

it is associated with microfaults and open cracks; it is thought that 

the mineral has grown in free space. Locally the veinlets are bimineralic, 

microcline being accompanied by chlorite. 

In the rocks studied albite is never found in tension gashes or other sites 

where crystallization in free space could have taken place, instead the 

mineral is found solely as a replacement of K-feldspar. 
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Because all the specimens analyzed have chemical compositions close to that 

of granodiorite, assumed to be the parent-rock of the mylonites, and no 

large variations in the contents of K and Na were found, it is concluded 

that the change in the composition of the pore fluid did not result from 

an influx of material from external sources, but is due to internal factors. 

It is thought that the source material of K-feldspar (+chlorite) veins is 

derived from mica's undergoing incongruent pressure solution as follows: 

muscovite+6Si0 +2K+ 3K-feldspar+2H+ (I)2

(cf. Wintch, 1975; Meyer and Hemley, 19~6; Beach, 1982), or more general: 

5biotite+3white mica 8 K-feldspar 
(2)

+9quartz+4H 0 +9 chlorite2

(cf. Hoschek, 1973 and Graham ~~, 1983). 

The replacement of K-feldspar by albite is thought to be related to the 

overgrowth of plagioclase by epidote-group minerals and white mica (see 

Chapt. 3) following reaction (3) (Meyer and Hemley, 1976): 

4anorthite 2clinozoisite 
(3)

+K-feldspar+2H 0 +muscovite+2Si02 2 

By reaction (3) Na+ will be released to the pore fluid by break-down of the 

albite component of plagioclase and is available for albitization of K-feld

spar. 

In Chapt. 3 it is found that during plastic deformation of granodiorites 

under greenschist facies conditions retrograde mineral reactions take place 

which are qualitatively expressed as follows: 

plagioclase+ white mica+green biotite 
(4)

brown biotite +epidote+albite (+rut,sphene) 

Transformation (4) involves pressure solution of brown biotite and overgrowth 

of plagioclase by a new generation of mica. 

So, dissolved mica appears to be incorporated in the rocks in two distinct 
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manners: 

-as mica-overgrowth of plagioclase during plastic deformation (thereby 

releasing Na+ of plag. which causes albitization of K-feldspar) 

-as K-feldspar-chlorite veins following a brittle deformation event. 

It appears that the different mineral reactions are related to distinct 

deformation mechanisms, as is illustrated by the following scheme. 

BRITTLE DEFOR}~TION 

(Pressure) 
solution of 

mica ,
 
Growth of microcline and 

chlorite 

DUCTILE DEFOR}~TION 

Pressure
 
solution of
 

mica
 ,
 
Overgrowth of plagioclase 

by new generation of I:1ica.,
 
Albitization 

of 
microcline 

Figure 5.10 Schematic representation of the 
relation of metamorphic processes 
and deformation mechanism in the 
rocks from the Granite-mylonite 
nappe. 
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It is not known which factors govern the difference in mineral reactions 

associated with brittle and plastic deformation. Three possible parameters 

are given below: 

i) pressure variations in the rocks 

ii) variations in the temperature 

iii) a change in the chemical activity of the pore fluid. 

ad i) If the microcracks in a rock form a fluid-filled network extending 

over a considerable vertical distance, the pressure within these structures 

(pH20) is lower than the rock-pressure (Fyfe et al., 1976), thereby favour

ing K-feldspar growth over K-rich mica's (Meyer and Hemley, 1916). 

After the cementation of the microcracks the pressure will increase to a 

value equal to the rock pressure, favouring K-rich mica growth. 

ad ii) Fluid migration in a rock through cracks may cause a fast heat
 

transport, thereby governing a change in mineral reactions (Ferry, 1983).
 

(in the present case, a sudden lowering of the temperature would favour
 

K-feldspar+chlorite growth at the expense of mica).
 

ad iii)Brittle deformation involves migration of fluids present as H20
 

films at grainboundaries to cavities in the rock in which case the fluid
 

might be buffered, thereby changing its chemical activity and as a result
 

favouring different mineral reactions (Graham ~~, 1983).
 

A study of the composition of the fluid inclusions combined with that of 

the stable isotope distribution between the different phases would be 

necessary to evaluate the different possiblities. However a fluid 

inclusion study is hampered by the fact that due to the formation of 

a vast number of late tectonic microcracks leaking occurred causing most 

(former) fluid inclusions to be empty. 

5.4. Conclusions. 

Plastic deformation of K-feldspar in mylonites under greenschist facies
 

conditions is limited. Operating processes are twinning, kinking and
 

the formation of slip bands. No solid state recrystallization takes place
 

due to the relatively low temperature.
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Brittle deformation of the rocks involves the formation of open cracks in
 

which new K-feldspar/chlorite veins are formed.
 

Intragranular cracking of K-feldspar porphyroclasts during plastic deforma


tion of the matrix of the mylonites is associated with albitization. In re


latively weakly deformed K-feldspar crysts albite inherets the Si-AI-O
 

framework of the host;-in strongly deformed specimens albite constitutes
 

new, strain-free small grains, thereby causing grainsize refinement and
 

probably a flow strength reduction of the rocks.
 

In the rocks brittle and ductile deformation mechanisms alternated, each
 

process being associated with a specific mineral association:
 

K-feldspar+chlorite growth during a brittle event; biotite+white mica
 

generation during plastic deformation.
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CHAPTER VI. STRUCTURAL HISTORY OF THE MYLONITES AND CATA

CLASITES NW OF THE GRONG CULMINATION AND REGIONAL GEOLOGY 

6.1. Introduction. 

The deep erosion level in the Scandinavian Caledonides allows examination 

of basement-cover relations in a number of windows or domes. These domes 

predominantly occur along two "lines", which are known as the Scandinavian 

geanticlines (Ramberg, 1980), parallel to the Caledonian trend. One of 

these "lines" runs near the Norwegian coast, connecting the southern 

gneiss region with the Nordland granites (Fig. 1.4), the other is situated 

ca. 150 km to the east and connects the Olden culmination, the Borgafjell 

and Nasafjell windows. Most of these windows are relatively small (0 ca. 

25 km) and have nearly circular outcrop patterns. The stratigraphy in the 

cover rocks can be traced around the entire structures. Two basement highs 

lack such a symmetry and cross-cut the entire Caledonian belt: the Grong

Olden culmination in central Norway and Sweden and the Rombak antiform near 

Bod~. These two structures divide the orogen into the southern, central and 

northern Scandinavian Caledonides, the correlation of geological features 

between these parts often being uncertain. 

According to Ramberg (1967, 1977, 1981), Cooper and Bradshaw (1980) and 

Nicholson and Rutland (1969) the western Scandinavian gneiss domes were 

formed as diapirs, as a result of an unstable density stratification after 

the emplacement of a relatively dense cover on a lighter granitic basement. 

The regular distribution pattern throughout the orogenic belt fits well 

with this diapiric model, and a comparison with the spatial distribution 

of salt domes can be made. Irregularities of this pattern are thought to 

be due to inhomogeneities in the basement (Cooper and Bradshaw, 1980) or 

in the cover (Ramberg, 1967). 

Another interpretation is that the distribution of the domes in geanticlines 

point to an origin by large-scale folding of the basement, by lateral com

pression (Ramberg, 1981). 
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The relative age of the formation of the domes with respect to nappe trans

port is thought to be different for the western and eastern lines. Most 

domes occurring near the Norwegian coast, such as the Nordland granites, 

are involved in large recumbent folds (Nicholson and Rutland, 1967) which 

are interpreted as diapiric fold nappes (Ramberg, 1980) . In this case the 

formation of the domes is thought to be a relatively early, syn-nappe em

placement structure. 

The eastern series, such as the Nasafjell domes, the Borgafjell window 

and the Olden antiform are open structures, it is interpreted that their 

formation was late relative to the nappe emplacement (Gustavson, 1973; 

Gustavson and Gr6nhaug, 1960; Greiling, 1975; Thelander et al., 1980; 

Gee, 1980). 

Dome formation and thrusting of the Caledonian nappes are two regional 

tectonic processes which possibly influenced the deformation history of the 

mylonitic rocks at the rim of the Grong culmination (cf. Stephansson et al., 

1976; Grocott and Vissers, p.c.). In this chapter the mechanism and rela

tive age of these large scale processes are discussed. 

6.2. The structure of the Grong culmination. 

Figure 6.1 is a geological map of central Norway and Sweden, showing the 

large scale structure of the Grong-Olden culmination and the overlying nappe 

units. The map is from Gee (1980) who interpreted the history of the culmi

nation as "a transverse structure crossing the longitudinal grain of the 

orogen•.••• refolded by the Tr6ndelag and Sn~sa synforms and the T6mmeras 

antiform". These folds belong to the Trondheim synclinorium which is the 

dominant structure of the southern Scandinavian Caledonides (see also Fig. 

1.4). The extension of this structure to the north of the Grong culmination 

is not clear. 

The geology of the southern rim of the Grong culmination was studied with 

emphasis on the basement-cover relations by Peacy (1967), Roberts (1967, 

1968), Roberts et al., 1970, Roberts and Wolff (198J) and Wolff (1979). 

East of Sn~sa, metamorphic Caledonian nappes and basement are divided by a 

thin unit of weakly metamorphosed sediments which are thought to be the 

parautochthonous cover rocks of the basement. Along the entire basement

cover contact the foliation in the basement gneisses is parallel to that in 
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Figure 6.1. 
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the nappes, a phenomenon which is supposed to be due to large strains which 

affected both rock units during nappe emplacement (Gee, 1980). Basement 

rocks and allochtonous units are concordantly folded by the northern exten

sions of the Trondheim synclinorium. 

Figure 6.2 is a more detailed map showing the internal part of the Grong 

culmination and the northern basement-cover contact. The map is based on 

the work of Foslie (19~9, 1929), Roberts (1967), Kollung (1979), Aukes 

~~ (1979) and additional mapping by the author.
 

The large scale folds affecting the southern basement-cover contact can be
 

traced far into the culmination. The map shows the extension of the Sngsa 

synform, which is succeeded by the Grong antiform in the north. The trend 

of the folds of the Trondheim synclinorium changes abruptly from NE-SW 

(Caledonian) to W-E (transverse) in the central part of the culmination. 

The Grong antiform is relatively open and forms essentially the western part 

of the Grong culmination. At Lapplager this structure interferes with the 

N-S trending Olden antiform to produce the central dome structure of the 

culmination. 

The northern and north-eastern basement-cover contacts transect the inter

nal structure of the culmination. In general there is an abrupt change in 

the basement-foliation-orientation into zones of mylonite and, often, cata

clasite at these contact sites. In some cases the reorientation is more 

gradual and the basement foliation swings into parallellism with the mylon

ites in dextral shear zones. 

The northern cover rocks are formed by units belonging to the Koli and Seve 

nappes, in the map area consisting of metasediments and metavolcanics, and 

the Granite-mylonite nappe, consisting of gneisses and mylonites (see Chapt. 

1). In all cover rocks the regional foliation shows a sudden swing in orien

tation near the contact with the basement. This reorientation of the foli 

ation is accompanied by reorientation of fold axes and lineations towards 

parallellism with the dominant lineation in the mylonites. 

6.3. Structural history of cataclasites and mylonites. 

Cataclasites in the basement are predominantly found near the contact with 

the cover units. They transect older structures (Fig. 6.3), but due to 
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lack of stratigraphic markers the direction and amount of displacement can

not be determined. Cataclasites transect Koli and Seve units in the area 

south of Neset (in between the two basement highs), where they form a 

dense pattern of N-S and E-W trending zones which are nearly vertical. Some 

large cataclasite zones are associated with repetition of the stratigraphy, 

for instance across the Neset and Aane faults (Fig. 6.2). It appears that 

the structures are normal faults with an estimated displacement of 900

1100 m.
 

By analogy it is thought that the cataclasites found in the basement were
 

also formed by normal faulting.
 

Mylonites are found between nappe units and at the basement-cover contact.
 

Figure 6.3 shows an outcrop of the mylonite at the northern basement-cover
 

contact in the Sand~la region (Fig. 6.2). The mylonites dip steeply north,
 

the lineation, defined by parallel arrangement of mica flakes and quartz
 

rods, is horizontal (E-W). Another type of lineation displayed by some
 

mylonites is formed by steeply plunging slickenside striae. In the mylon


ites rootless isoclinal folds are found with foldaxes parallel to the main
 

lineation (Fig. 6.4).
 

The mylonite belt at the basement-cover contact south of Nordli trends N-S
 

also in this zone the lineation is nearly horizontal (N-S).
 

The structural relation of the cover rocks with respect to the mylonites
 

(reorientation of the foliation and lineation accompanied by mylonitization)
 

is similar to that of a dextral shear zone (Fig. 6.2). This leads to the
 

conclusion that the mylonites were formed by shearing due to movement of
 

the cover with respect to the basement.
 

The relative age of the cataclasites and mylonites varies at different
 

places. Figure 6.5 illustrates these relations at the north-eastern corner
 

of the culmination. It is a detailed map showing the trace of the foliation
 

in the mylonites and the trend of the cataclasites. At Fisketjorna a N-S
 

cataclasite zone cuts-off an E-W trending mylonite belt in the Granite


mylonite nappe. Further south this cataclasite grades into a mylonite,
 

quartz veins which were formed during or after cataclasis are plastically
 

deformed in a manner as described in Chapt. 2. Locally the rocks are pure
 

quartz mylonites with a strong dimensional and crystallographic fabric
 

(Fig 6.6, Fig.6.?). The mylonite belt cross-cuts the central dome struc


ture of the Grong culmination at Lapplager.
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Figure 6.3. Platy mylonites outcropping at the river 
Sand¢la, 30 km. W of Nordli. Note the horizontal 
lineation. 

Figure 6.4. Similar folds in mylonites. 
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Figure 6.6. Microstructure 
of plastically deformed 
quartz vein, Scale bar:lmm. 
Crossed polarizers. 
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At several places this N-S trending mylonite zones is crossed by E-W tren

ding cataclasites which themselves may grade into mylonites. 

From the offset of stratigraphic markers it was concluded that cataclasites 

were formed by vertical movement of the basement relative to the cover. 

The structural relations of the cover rocks and mylonites show that the 

latter were produced by relative horizontal movement of the cover with 

respect to the basement, i.e by thrusting. 

In the previous chapters it is shown that on a mesoscopic and microscopic 

scale there has been an alternation of brittle and plastic deformation in 

the rocks. Although much of the micro-faulting and associated veining 

could have been due to local brittle failure (for instance due to strain 

hardening), in this section it is argued that a similar switch in defor

mation has taken place also on a regional scale: block faulting of the 

basement (producing cataclasites) and concurrent thrusting of the cover 

rocks (causing plastic deformation of the cataclasites). 

A possible explanation for such a switch in mechanisms on a regional scale 

is that block faulting of the basement resulted from movements in the deep 

underground. Such movements could for instance have been induced by epi

sodic release of stresses due to uncompensated load (cf. Garfield, 1976), 

imposing a high strain rate type of deformation in the granitic upper crust. 

This process may have taken place while the relative warm cover rocks were 

plastically flowing over colder basement (cf. Andreasson and Bryhni, 1980). 

6.4. The early structural history of the Grong culmination. 

As described in section 6.2 the Grong-Olden culmination is formed by two
 

interfering major folds: the Grong and Olden antiforms. According to
 

Gee (1980) the E-W trend of the Grong antiform is an initial transverse
 

structure, being refolded by N-S trending folds of the Trondheim syncli 


norium. However, Fig. 6.2 shows that one of these folds, the Sngsa syn


form, shows a reorientation of the axial plane from a Caledonian trend in
 

the cover to a transverse one near the basement. Also the T¢mmeras antiform
 

and the Tr¢ndelag synform show this change in trend.
 

Hence the interpretation of Gee is not satisfactory.
 

The author's interpretation is that the Grong and T¢mmeras anti forms and
 

the Sngsa and Tr¢ndelag synforms belong to the same system of folds, name

ly the Trondheim synclinorium. This means that in this view the Grong 
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antiform initially was a fold with a Caledonian trend, reoriented towards 

a transverse structure (like the T¢mmeras antiform and Sn~sa and Tr¢ndelag 

synforms) and subsequently refolded by the Olden antiform. 

It is concluded that folding, and hence the formation of the Grong culmi

nation, postdated nappe emplacement in the Scandinavian Caledonides 

because the cover and basement rocks are concordantly folded in relatively 

tight folds. 

6.5. Late structural history of the Grong culmination. 

Comparison of the basement-cover relations of the northern and southern 

rim of the Grong culmination indicates that there are a number of differen

ces between these areas which indicate a discrepancy of the relative age 

of thrusting and the formation of the basement high and of the tectonic 

regime, namely: 

-Whereas at the southern rim the basement is covered by a thin, but contin

uous veneer of parautochthonous sediments, in the north this unit is 

only locally found. 

-The nature of the contact is different. In the north the contact is formed 

by shear zones and cataclasites, while in the southern region such struc

tures have not been observed. 

-In the southern region the foliation of the basement gneisses and that in 

the cover rocks is parallel, whereas at the northern rim there is always 

a discordant relation. 

-At the southern edge, basement and cover rocks are concordantly folded 

by large scale folds which are persistent in the Grong culmination, where

as in the north the contact mylonites transect the internal structure of 

the culmination. 

The occurrence of cataclasite zones has been correlated with blockfaulting 

in the basement. Because these structures are found only in the north, it 

is thought that this faulting is due to tilting of the basement along an 

axis which runs approximately E-W. In the previous section it was argued 

that cataclasis and mylonitization were alternating processes. Because 

it was found that mylonites are due to horizontal movement of the cover 

relative to the basement, it is concluded that late stage block-faulting 

was simultaneous with late stage thrusting. In this respect it is inter
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esting to discuss the pattern of the foliation in the cover rocks and 

mylonites around the north-eastern edge of the Grong culmination. 

The swing in orientation of the foliation in the coverrocks towards paral

lellism with that in the mylonites at the northern and north-eastern rim 

of the Grong culmination has been attributed to folding of flat lying mylon

ites during updoming (cf. Kollung, 1979). 

The alternative explanation is that the cover rocks moved around an existing 

basement culmination, thereby producing steeply dipping shear zones at the 

margins. In both cases a similar pattern of orientation of the foliation 

in the cover rocks would be found. However the pattern of the extension 

lineations in the mylonites around the culmination would be different. 

When a rock undergoes a large progressive simple shear, the longest axis 

of the strain ellipsoid is nearly parallel to the shear direction (Ramsay, 

1970). In mylonites this direction is parallel to the extension lineation, 

which in the case of quartz-rich rocks can be further defined with the 

quartz-c-axes orientation pattern (Tullis, 1977; Lister and Hobbs, 1980), 

in other rocks it is usually defined by alignment of inequant minerals 

(Hobbs et~, 1976). In mylonites formed during thrusting the shear 

direction, and thus the extension direction is parallel to the direction 

of the movement of the nappes (see discussion in section 1.3). 

If the pattern of the foliation in the mylonites around the Grong culmina

tion had been due to post-nappe folding, then the extension lineation in 

the myloni~es should have been folded accordingly. 

In all cases however this lineation is nearly horizontal, in the Sand~la 

region it plunges gently to the W., south of Nordli it is horizontal or 

gently plunging to the S. In Nordli the mineral lineation in the cover rocks 

curves around the north-eastern point of the culmination (Fig. 6.8). This 

pattern of lineation orientations is inconsistent with folding of initially 

flat lying lineation, but is compatible with the model of flow of the cover 

rocks around an existing basement high, the direction of thrusting having 

been influenced by the topography of the basement. 

In the Scandinavian Caledonides all rock units tend to thin out westwards 

(Gee and Zachrisson, 1974). The rock units of the cover show wedge-like 

outcrop patterns at the northern basement-cover contact, which could be 

interpreted as the result from folding of the thinned-out strata. However, 

the western and central belt of the Seve nappe are cut-out against the base
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Figure 6.8	 Orientation pattern of exten
sion lineations in cover7rocks 
around Nordli. (partly after 
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ment-cover contact in Nordli, which is ca. 30 km E from the most western
 

occurrence of these units in the central parts of the Caledonides (Williams
 

and Zwart, 1977). Also the members of the Lasterfjall and Tjopasi groups
 

(middle and lower Koli units) wedge out anomalously. In Norldli the co~
 

plete Lasterfjall group (with a thickness of ca. 1000m) is cut out within
 

a range of 50 m.
 

In the authors interpretation, the stratigraphic thinning was influenced
 

by the Grong culmination, i.e. parts of the nappe pile were lost (sheared
 

out of the succession) as a response to the obstruction,created by the cul


mination, to the movement of the nappes that overrode it at the time of
 

emplacement.
 

There is both structural and stratigraphic evidence that (late stage)
 

thrusting post-dated the formation of the Grong culmination at the northern
 

basement-cover contact.
 

At the southern rim, basement and cover are both folded by tight folds
 

partly form the Grong culmination. It is thought that in this region af


ter the formation of these structures (and hence of the culmination) no
 

further nappe transport took place.
 

Hence the acceptance of the model proposed in this section leads to the
 

conclusion that north of the Grong culmination thrusting was younger, or
 

alternatively lasted longer than south of this structure.
 

6.6. Thrusting in the southern and central Scandinavian 

Caledonides: a discussion. 

The northern rim of the Grong culmination is a large scale shear zone, it 

is interpreted that this is the result of the fact that thrusting in the 

southern and central Scandinavian Caledonides was not synchronous. 

It is interesting to speculate upon the question to what extent this dif

ference in thrusting affected the large scale geology. 

Comparing the geology of the central and southern Scandinavian Caledonides 

(north and south of the Grong culmination respectively) there are some 

marked differences, namely: 

-The so-called Nordland granite suite, which consists partly of intrusives 
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in a regular pattern of 400 km in length along the Norwegian coast stops
 

at the northern rim of the Grong culmination and cannot be traced south of
 

it.
 

-In the southern Caledonides Seve units occur as far as 50 km West of
 

Trondheim (Gee, 1980; Ramberg, 1980; Andreasson and Gorbatschev, 1980);
 

in the central Caledonides the westerly extension of the Seve nappe is
 

thought to be 150 km to the east, measured perpendicular to the grain of
 

the orogen (cf, Zachrisson, 1973; Gee and Zachrisson, 1979).
 

-The Trondheim synclinorium, which is marked by strong negative magnetic
 

anomalies that are correlated with the basement topography (Dyrelius,
 

1980) appears to die out at the Grong culmination. North of this structure
 

no negative anomalies are found, the basement being a gentle basin in the
 

area between the Grong culmination and the Borgafjell window (Kollung,
 

1979).
 

In short, the pattern of Caledonian intrusions, the cover stratigraphy
 

and the structure of the basement differ markedly, and there is no hori


zon in both parts of the Caledonides which can be correlated.
 

There are two alternative ways to explain the discrepancy:
 

i) The tectono-metamorphic regime of the central and southern Caledonides
 

was different.
 

ii) The cover of the two parts are shifted with respect to each other, e.g.
 

by a difference in the amount of nappe transport.
 

According to Ramberg (1980) the Nordland granites represent the central
 

part of the orogen. Supposing that this suite of intrusives originally
 

was continuous throughout the entire orogenic belt, then because nappe
 

movement was towards SE, its absence in the southern Caledonides could
 

indicate that here the axial zone of the orogen is located W of the Norwe


gian coast. This would imply a dextral shift of the central Caledonides
 

with respect to the southern.
 

The same relative movement could be deduced from the fact that the westerly
 

extension of the Seve in the central Caledonides is located 150 km east
 

of the most western Seve occurrence in the southern Caledonides.
 

Speculating further on this idea, the reorientation of the folds belonging
 

to the Trondheim synclinorium from a Caledonian trend in the south to a
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transverse trend in the Grong culmination could also be the result of a 

dextral shear. 

This interpretation implies that the nappes in the central Scandinavian 

Caledonides were thrusted considerably further eastwards than those in the 

south. 
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APPENDIX I
 

Whole rock chemical analyses of 13 samples from the autochthonous basement (in weight %).
 

Nr. 89.b 79.32 79.17 8c 79.20 89.a 79.8 79.20 81.10 81.15 79.31 77.22 79.5bx 

Si02 78.20 76.59 79.90 74.10 77.15 78.84 78.52 78.68 77.30 78.01 76.77 78.51 84.10 

Ti02 .06 .23 .07 .27 .26 .06 .07 .10 .24 .15 .24 .13 .02 

A1 203 11.85 11.60 10.66 13.39 11.22 11.86 11.69 11.78 12.03 11.88 11.63 11.41 7.82 

Fe 203 .76 .87 .76 .55 .46 .69 ,85 ,41 .33 .51 .67 .63 .44 

FeO .30 .55 .10 .68 1, 29 .44 .42 .69 .41 .38 .58 .47 .13 

MnO .02 .03 .03 .06 ,02 - .05 - - .04 .02 ,03 ,02 

MgO .07 .31 .07 ,32 .55 .07 .04 .09 .06 .08 .31 .28 .19 

CaO .07 .63 .05 .79 .53 .05 - .28 .41 .33 .61 .31 .10 

Na20 3.49 2.87 3.27 3.11 2.20 3,49 3.52 3.22 3.09 3,28 3.18 3.12 2.17 

K20 4.72 5.04 4.41 5.87 5,08 4.96 4.94 5.23 5. J I 5.03 5.14 5.63 3.49 

P205 .01 .06 .02 .08 .06 .02 .02 .02 .04 .06 .02 ,03 .04 

H2O .28 .44 ,28 .42 .67 .27 .26 ,29 .31 .43 .42 ,31 .58 

CO 2 

--- 
Tot. 99.83 99.22 99,62 99.14 99.49 100.85 100.53 100.79 99.33 100.19 99.59 100.86 99.10 

Specimen 79.5b is quartz-enriched by veining (Ch.2) . 

....
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APPENDIX II
 

Whole rock chemical analyses of samples of the Granite-mylonite nappe (in weigth %).
 

Nr. 00.78 79.26 81.1 c 81.1b 81.1b ' 81.9a 79 . 24' 80.39 81. 21 78.04 81.56 81.56' 81.60 80.86 79.28 78.89 

Si0 59.70 67.77 57.19 58.00 57.36 57.19 67.53 63.43 61.28 62.11 62.41 65.18 62.49 62.38 63.52 60.272 
Ti0 .72 .71 .66 .67 .72 .66 .67 .70 .73 .58 .70 .68 .69 .73 .71 .682 
A1 20 17.73 15.05 17.32 17.20 17.19 17.40 14.90 16.32 16.44 16.58 17.36 16.63 17.13 17.32 17.09 16.283 
Fe 20 .50 .17 2.68 2.80 2.89 2.20 I. 31 1.05 .78 .63 1.04 .43 .51 I. 06 .45 .813 
FeD 4.57 2.91 3.21 3.25 3.25 3.40 I. 78 3.56 4.02 4.43 3.51 3.27 3.28 3.62 3.22 3.88 

MnO .09 .08 .08 .05 .07 .07 .02 .06 .03 .06 .07 .08 .09 .06 .10 .04 

MgO 2.33 .94 2.75 2.89 2.90 2.91 .91 2.63 3.41 2.27 2.86 2.43 I. 36 2.24 I. 24 3.52 

CaD 5.00 2.96 6.00 6.44 6.44 6.00 I. 92 4.32 4.36 4.79 4.35 3.57 3.75 3.68 2.88 4.58 

Na 0 3.77 3.54 3.01 4.27 4.16 3.94 3.70 3.41 4.02 3.98 3.37 3.62 4.18 3.75 4.21 3.882
K 0 3.65 5.44 4.72 2.60 2.62 2.90 5.92 3.52 3.98 4.13 3.58 2.61 4.56 4.11 4.70 4.142
P 05 .37 .25 .38 .40 .39 .37 .24 .28 .27 .36 .26 .24 .22 .32 .24 .382
H O I. 36 .76 I. 29 I. 35 I. 32 I. 83 .50 .68 I. 38 .56 .72 I. 12 .81 .68 .92 I. 422

CO - - - .08 .20 .10 - - .10
2 

Tot. 99.79 100.58 99.29 100.10 99.51 98.97 99.40 99.96 99.98 100.48 100.23 99.97 99.07 99.94 99.48 99.88 

Sample nr's 8la-c are from one shear zone (Ch.3) 
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